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ABSTRACT

A geo-referenced simulation methodology for the prediction of aquatic exposure to individual ‘down-the-drain’
chemicals (consumer chemicals which mainly enter the environment via the domestic waste water route, 2.8
detergents) is presented. This method uses real-world data, including their spatial and temporal variability and
uncertainty. It results in statistical frequency distributions of predicted environmental concentrations (PEC).

A hybrid stochastic / deterministic simulation approach is used. Steady-state deterministic models, which
describe chemical fate, form the system’s core. A stochastic (Monte Carlo) simulation is applied on top of this.
In the (deterministic) waste water pathway model, all processes which occur in the waste water drainage area of
a discharge point are considered: emission, transport (sewers, small surface waters), and treatment (on-site
treatment, waste water treatment plants). In the river model, chemical transport and conversion in main rivers is
simulated. © 1997 IAWQ. Published by Elsevier Science Ltd
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INTRODUCTION

In this paper, the general exposure simulation concepts applied in the GREAT-ER project (Geography-
referenced Regional Exposure Assessment Tool for European Rivers) are described. The main objective of this
project (Matthies et al., 1996; Feijtel et al., in press) is the development (and verification) of an aquatic exposure
prediction tool for ‘down-the-drain’ chemicals, in a (pan-European) geo-referenced framework. This research is
carried out on behalf of the European Center for Ecotoxicology and Toxicology of Chemicals (ECETOC).

For the environmental risk assessment of chemicals, the calculation of regional predicted environmental
concentrations (PEC) is required by the EU legislation (EEC, 1993a, b, 1994a, b; ECETOC, 1993, 19%94a).
Currently, generic multimedia ‘unit world” approaches (Mackay, 1991) are used for this purpose (RIVM VROM
& WVC, 1994; ECETOC, 1994b). In these methods, average or default values are applied (e.g. 70% connection
to waste water treatment). They do not take into account any spatial or temporal variability in environmental
characteristics, river flows, or chemical emissions. The obtained results are not realistic, and are therefore only
applicable at screening level (European Science Foundation, 1995).

' Contribution to GREAT-ER #3
25i



252 G. BOENE eral.

The GREAT-ER concept was developed to obtain more reliable predictions, which are applicable at a higher
risk assessment tier than the current methods. Geo-referenced ‘real” datasets are applied instead of generic or
average values. To account for temporal variability and uncertainty, a new type of PEC is introduced. These
new PECs are defined as statistical time-distributions of predicted chemical concentrations in specific

environments. PECs will be visualized and spatially analyzed by means of a Geographic Information System
(GIS).

GENERAL SIMULATION APPROACH

From chemical market data, combined with information on the location of consumers and their emission habits,
geo-referenced domestic chemical emissions are predicted. These emissions are further processed in sewer
(and/or small surface water) and treatment models, to obtain predicted chemical fluxes to rivers. The discharge
fluxes are entered into a river model, resulting in (geo-referenced) predictions of chemical concentrations in the
considered river systems.

To deal with statistically distributed inputs and outputs, a hybrid simulation approach is used, involving both
stochastic and deterministic techniques. The model core is deterministic. By means of Monte Carlo simulation,
a stochastic layer (e.g. NRA, 1990) is added on top of this core. A large number of ‘shots’, which are discrete
samples from the distributed data set, are generated. For each of these ‘shots’, the deterministic model is called,
which contains a mechanistic description of the considered processes in the rivers and in the waste water
drainage areas. Process rates are derived from knowledge about chemical properties and process specifics.
Finally, the (discrete) results from each ‘shot’ are statistically analyzed, to obtain distributed results as
simulation output.

For reasons of data set simplicity and performance, only steady-state model formulations are applied. Hence, a
number of fundamental assumptions are made: constant chemical consumption, constant flows (within each
individual steady-state model run), and constant environmental properties (e.g. waste water treatment
infrastructure, river properties). If needed, the absence of true steady-state conditions (e.g. due to diurnal
patterns in product consumption) and the influence of long-term variations can be implicitly incorporated into
the data set through the parameters’ statistical properties.

To allow a straightforward mass-balancing approach, all determinands (chemical levels, water flows) are
expressed as fluxes. Chemical mass fluxes @ (mass / time) are applied to describe chemical loads. Water flows
are expressed as volumetric fluxes Q (volume / time). In the models, chemical concenirations C (mass / volume)
are not used, because they are not independent of water flows, and they do not describe chemical transport.
When concentrations are explicitly required, they are calculated as: C =@/ Q.

Simulations can be performed for different scenarios (i.e., evaluations of different chemicals and chemical
consumption patterns). The simulation input consists of a scenario-independent and a scenario-dependent data
set. These data are expressed as statistical frequency distributions, incorporating seasonality and parameter
uncertainty. Environmental characteristics are constant, and hence non-scenario-dependent. These include the
river network structure, flow and flow velocity distributions, discharge point locations, treatment plant
information, emission data, properties of sewers and small surface waters, etc. Chemical-specific information is
scenario-dependent: chemical properties (i.e., biological, chemical and physical properties, specific process
rates,...), and chemical market data (i.e., per capita product consumption rates). Market data are geo-referenced
in the same way as the waste water information (i.e., related to waste water discharge points).

The simulation results (PECs) are frequency distributions of chemical concentrations, encapsulating temporal
variability. For risk assessment purposes, these can be expressed as mean and 95th percentile values. Two PEC
types are produced: concentrations in each stretch of the river network, and concentrations in the small surface
waters of the waste water drainage areas. They are geo-referenced in the same way as the input data set: river
PECs are associated with a river network structure, and waste water drainage area PECs are associated with
discharge points. Within one water body, a differentiation is made between the maximal PEC (i.e., upon
discharge), the minimal PEC (i.e., after degradation processes), and an average value.
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SEGMENTATION

A strict segmentation is applied at all Jevels (Figure 1). Geographies are divided into geographical segments,
which are connected in parallel or in series. In each geographical segment, one or more processes (connected in
parallel or in series) occur. Each process further consists of one or more sub-processes (connected in parallel).
Each sub-process has an input and an output terminal. Input and output operations, as well as model
calculations, are performed at the sub-process level.

segment
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Figure 1. Segmentation at different levels

A river system is represented by means of a digital river network, which consists of an interconnected set of
‘main river’ stretches. The segmentation is determined by the occurrence of homogeneous environmental
conditions and constant flow distributions within each stretch, and by the location of discharge points. The
selection of ‘main rivers’ depends on the applied geographical scale (see below). With each waste water
discharge point into the river, a waste water drainage area is associated, where chemicals are emitted,
transported and possibly removed. The total drainage area of a ‘main river’ is segmented into Geographic Units
(GU), each of which represents the drainage area of one discharge point, and is associated with one ‘main river’
stretch (Figure 2).

A geographical segment consists of a ‘main river’ stretch, and (if a discharge occurs) a Geographic Unit (Figure
2). Interconnection between segments is through the ‘main river’ stretches. With one discharge point into the
‘main river’, one GU is associated. Hence, all waste water drainage area processes upstream of the discharge
point, are to be lumped into this single GU. These processes can be real (e.g. a single treatment plant) or
hypothetical (e.g. multiple domestic discharges grouped into a single ‘aggregated discharge’).

1
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Reality Model

Figure 2. Geographical segmentation

The modeling and simulation methodologies, as well as the GIS data methodology, are scale-independent. In
the upscaling process (i.e., moving from a smaller, detailed scale to a larger, less detailed scale), multiple
discharge points can be aggregated into single (hypothetical) discharges; several smaller rivers are no longer
considered as ‘main rivers’, but are transferred to the waste water discharge model and aggregated into a single
(hypothetical) ‘small surface water’. In the large scale approach, the mouth of a small rivers’ catchment into a
large river is represented by a discharge point. Hence, for different scales, only the geo-referenced data set is
different; the applied models are identical. In Figure 3, a system is modeled at a small (left) and at a large scale
(right). In this example, a complex system of ‘main rivers’ is used for the small scale, each with individual waste
water discharges. In the large scale approach, the system is reduced to a single ‘main river’ with a single
discharge point.
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Figure 3. Flexible geographical scale

DETERMINISTIC MODEL

In environmental exposure assessment, several applications relate to ‘new’ chemicals, of which the safe use is to
be assessed. Environmental concentration measurements of these chemicals, which are required for statistical
modeling (e.g. Helsel and Hirsch, 1992), can not be obtained. Hence, knowledge-derived deterministic models
should be applied.

In the deterministic model, all geographical segments are sequentially simulated (upstream to downstream). For
each segment, the influent (from upstream segments) is calculated; if required the waste water pathway
simulation is performed; the ‘main river’ processes are simulated; and finally the effluent (flowing to
downstream segments) is calculated.

Segment Selection

A recursive tree-walking algorithm is used to find the correct segment sequence. The algorithm climbs up into
the river network from the most downstream segment (i.e., the root), until the most upstream segments are
detected. At confluences, both upstream directions are climbed, one after the other. At bifurcations, the
upstream climbing is ended if the upstream part has already been climbed before, i.e. when coming from the
other side of the bifurcation. Next, the network is again descended. Each segment which is encountered during
the descent is selected and simulated. This way, influent data (from upstream) are always available to
downstream segments. An example of the selection methodology is shown in Figure 4 (the numbers indicate the
sequence in which the segments are called for simulation).

1 2
| end of tree | nothing special 6
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=
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bifurcation }—{nothing speciat

Figure 4. Sequential segment selection
Influent and Effluent Calculation

Segment influents and effluents are discrete values. For the influent, only chemical fluxes are calculated. Each
segment’s influent flow is set to the segment’s ‘main river’ flow, which is taken as such from the (hydraulically
consistent) geo-referenced data set. At a confluence, complete and instantaneous mixing is assumed, hence the
influent is equal to the sum of the upstream effluents. At a bifurcation, the upstream segment’s effluent is split
into two fractions, proportional to the (known) river flows in each stretch downstream of the bifurcation. The
effluent of a segment is identical to the effluent of the segment’s ‘main river’ stretch. Hence, no effluent
calculations are to be performed as such.
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Individual Process Modeling Concept

At the conceptual level (described in this paper), models are considered as ‘open boxes’, each of which applies
to one sub-process. The general model expression for each sub-process is:

Xow =a Xip+ b (1)

where x;, and x,,, are the sub-process input and output values for the considered determinand, b is the emission
value, and a is the conversion factor. Emissions and conversion factors are obtained at the detailed model level
(which is not described here). At this detailed level, several model formulations (e.g. Monod or first-order
kinetics describing biodegradation) and solution algorithms (analytical or numerical) can be applied.

Emission models are described by one emission value for each determinand. Their output is this set of emission
values. Obviously, no input is required. Chemical fate is simulated by means of transport / conversion models.
These are described by the chemical removal fraction R, which is calculated at the detailed model level. A
ground water leakage fraction L can also be applied. L is part of the sub-process outflow fractionation (see
below), taken as such from the geo-referenced data set. The input vector of a transport / conversion model, as
well as the output vector, is a set containing a value for each simulated determinand.

Waste water pathway model

The waste water pathway model is used to predict the properties of discharges into ‘main river’ stretches. It
consists of both emission and transport / conversion processes. Due to the nature of ‘down-the-drain’ chemicals,
only point discharges are applicable (diffuse emissions, e.g. via runoff, do not occur).

Three types of chemical emission into the waste water pathway are considered:
- domestic emission (blackwater and greywater);
- non-domestic emission (industrial and agricultural); and
- land runoff.

Five transport / conversion processes are considered along the pathway:
- domestic on-site treatment (e.g. septic tanks);
- sewers (combined or separate);
- waste water treatment;
- ground water leakage; and
- small surface waters.

The outflow of each sub-process is split into a number of fractions, each of which is connected to cne
downstream sub-process. One or more downstream steps can be ‘skipped’, e.g. a domestic emission outflow
fraction can be connected directly to the ‘main river’ discharge point. Emission processes are at the most
upstream level - they do not receive any inflow. The sequence of the transport / conversion processes is: on-site
treatment — sewer — treatment plant ~» ground water — surface water. The architecture of the interconnection
between processes is identical for each segment. The (simplified) interconnection for domestic waste water
pathway processes is shown in Figure 5.

Domestic
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Surface River
\%raetg; Water
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Figure 5. Domestic waste water pathway process interconnection within a segment (simplified)
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River model

The river model is used for the ‘main river’ process of all segments. The model’s inflow is the sum of the
segment influent (from upsfream segments) and the segment’s waste water discharge (if applicable). The river
model is a transport / conversion model, without leakage step. Water flows are not simulated but taken as such
from the geo-referenced data set. Hence, the process is completely determined by the chemical removal fraction
R, which is obtained at the detailed model level (e.g. Cowan et al., 1993; Trapp & Matthies, 1996).

Calculation Approach

The system of steady-state model equations for each determinand can be expressed as: (see above, equation 1)
Xi=4;- X;+ B, @

with X = state variables vector for determinand i, with elements x’; _
A; = (square) transport/conversion matrix for determinand i, with elements 'y,
B; = emission vector for determinand i, with elements 4,

The vectors X; and B, are partitioned per process, within a process per terminal, and finally within a terminal per
sub-process (e.g. sewer ~ outputs - combined sewer). The process sequence in the arrays is from upstream to
downstream; the terminal sequence is first input, then output. Hence, determinand values at a specific situation
are independent of values at any subsequent situation (nor of themselves). Consequently 4; is a lower triangular
matrix with zero-diagonal. In 4; the element a'y; is the conversion factor of x'; to x’.. In an input to output
conversion, this represents the non-removed fraction. In a transport step, this is the fraction of x'; (upstream
output) which is sent to x’; (downstream input).

Emission values are taken as such from the B, vectors, hence the 4, rows referring to emissions are all-zero.
The A, rows referring to transport/conversion inputs are partitioned into:

- a first set of columns (relating to upstream processes), which contain the upstream outflow fractions
directed to the current process; and
- asecond set of columns (refating to the current and to downstream processes), which is all-zero.

Outputs only depend on the (sub-)process inputs. The A4; rows referring to these outputs are partitioned into:

- afirst set of columns (relating to upstream processes) which is all-zero;

- a second set (relating to the inputs of the current process) which is a diagonal matrix, with the input to
output conversion factors for each sub-process on the diagonal; and

- a third set of columns (relating to the outputs of the current processes and to further downstream
situations) which is again all-zero.

The equations can not be solved using the matrix calculation
Xi=(I1-4)" B, with 7 the unity matrix 3)

because the elements of the 4; matrices are only obtained as the calculations proceed: values in A4; at row k may
be derived from (previously calculated) values of any determinand in any upstream process:

a,, = f(x,’_,.,(_,,- --,x{'_’,,,{_l) with m = number of determinands 4)

Hence, a sequential solution (from ‘top’ to ‘bottom’) is required:

-1
xy = za’“ X + b with A varying from 1 to the total number of rows (5)

k=|
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STOCHASTIC SIMULATION

The stochastic simulation -takes into account seasonality of the determinands and parameter uncertainty.
Seasonality deals with major environmental variation throughout the year(s). Parameter uncertainty deals with
the difficulties to estimate model parameters, and with the inherent variability in specific processes.

By means of Monte Carlo simulation, discrete ‘shots’ of the data and parameter set (e.g. flows, process
parameters, market data,...) are generated. With these discrete values, the entire geography is simulated, using
the deterministic model (Figure 6). In particular, discrete segment inputs and outputs are applied. The main
advantage of this approach, is that no correlation analysis between flows and chemical fluxes is needed. In an
alternative approach, individual Monte Carlo simulations are performed for each segment. Hence, segment
inputs and outputs are distributions. As flow and chemical flux are not necessarily independent, the correlation
between them must be known to allow correct Monte Carlo sampling. However, for ‘new’ chemicals, this

information may not be obtainable.
Input Monte Carl > — Discrete ‘Shot inisti
N - onte Carlo Lyt Discrete ‘Shot Deterministic
M k Distributions @ L. (all segments) Model
Discrete Result

Results
s Distributions Statistical Result3y g
(PEC) Analysis

Stochastic Deterministic

Figure 6. Stochastic and deterministic simulation

In each river stretch, a range of flows can occur. The probability of each individual flow within this range is
given by the flow distribution, which is approximated by a log-normal distribution (NRA, 1990) and which is
typically described by its mean flow and 95™ percentile low flow (Q95) (Gustard et al., 1992). A flow scenario
is defined as a percentile from a flow distribution.

For one ‘shot’, flow scenarios between segments are assumed to be fully correlated. For each ‘shot’ a single
flow percentile (which is sampled from a uniform distribution between 0 and 1) is applied to all river stretches.
This assumption implies that flow scenarios ‘follow the water flow” from upstream to downstream. The time-
lag between the occurrence of a specific flow percentile in one segment and in the immediate downstream
segment, is assumed to be equal to the first segment’s hydraulic residence time. For very large systems, the
validity of this approach may be limited, due to major climatological differences in different parts of the
catchment.

Within segments, the correlation between the waste water discharge flow and the ‘main river’ flow is to be
specified in the data set. For large rivers, it will generally be assumed that these flows are uncorrelated. Dry
weather waste water flow is obviously independent of the ‘main river’ flow. Wet weather flow in combined
sewers depends on short-term rain events, rather than longer-term climatological conditions. One can expect the
highest chemical fluxes to occur at high waste water flows (e.g. due to treatment plant bypassing and combined
sewer overflows). Hence, for chemical risk assessment, the uncorrelated approach is probably the most
appropriate, as it does not overlook this worst-case scenario (high chemical loads combined with low river
flows). For small rivers, on the other hand, correlation of river flows with waste water discharge flows may
become significant.

Parameter uncertainty is incorporated into the data set distributions. All parameters which are not flow-scenario
dependent are assumed to be uncorrelated. Hence, the sampling from the distributions is performed
independently.
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CONCLUDING REMARKS & FUTURE PLANS

A geo-referenced simulation method for the prediction of aquatic exposure to individual ‘down-the-drain’
chemicals was developed. The fate of these chemicals, taking into account emission, sewage transport,
treatment and river processes, is simulated by means of deterministic models. The natural variability, and the
uncertainty in the required information, is dealt with via a Monte Carlo simulation. This finally results in
statistical distributions of predicted environmental concentrations (PEC), which can be used for risk assessment.

A prototype of the presented simulation system was tested by means of a large sample data set, containing
16,000 geographical segments. A 1,000 ‘shot’ Monte Carlo simulation took less than 1.5 hours on 2 Windows
NT workstation (Pentium 150 MHz). This indicates the feasibility of the approach for detailed regional or large-
scale pan-European simulations. Appropriate chemical fate models for each sub-process will be implemented
into the simulator. The system will be applied to two pilot study areas (Yorkshire, UK, and Lambro, Italy) for
the surfactant LAS (linear alkylbenzene sulphonate). An environmental monitoring study will provide measured
data, required for model calibration and for results verification.
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