
Climate Variability and Change—Hydrological Impacts (Proceedings of the Fifth FRIEND World Conference  
held at Havana, Cuba, November 2006), IAHS Publ. 308, 2006. 

586

 
 

A global assessment of chemical effluent dilution capacities 
from a macro-scale hydrological model 
 
VIRGINIE D. J. KELLER1, MICK J. WHELAN2 & H. GWYN REES1 

1 Centre for Ecology and Hydrology, Wallingford, Oxfordshire OX10 8BB, UK 
vke@ceh.ac.uk 

2 Safety and Environmental Assurance Centre, Unilever Colworth, Colworth Park, Bedfordshire MK44 1LQ, UK 
 
Abstract Environmental risk assessments for “down-the-drain” chemicals (e.g. pharmaceuticals and 
household product ingredients) are generally based on a comparison between predicted environmental 
concentration (PEC) and predicted no effect concentrations (PNEC) for a generic environment with a fixed 
dilution factor. For PEC calculations spatial and temporal variability is often not explicitly taken into 
account. In the absence of detailed local-scale information for specific point-sources, spatially-explicit 
approximations can be made, based on the ratio of available surface water and domestic water consumption. 
In this paper, a new methodology is proposed for predicting surface water dilution at a global scale. The 
approach employs 0.5° resolution geographical data on national boundaries, population density, runoff (from 
water balance model calculations) and domestic water consumption to produce dilution factor maps for the 
global land surface. The proposed methodology has great potential for improving screening-level chemical 
risk assessments. 
Key words  chemicals; dilution; environmental risk assessment; GIS; global-scale; population; runoff 
 
 
INTRODUCTION 

Environmental risk assessments for chemicals usually make comparisons between Predicted 
Environmental Concentrations (PECs) and Predicted No Effect Concentrations (PNECs). For 
many so-called “down-the-drain” chemicals (such as pharmaceuticals and the ingredients used in 
household cleaning products), the principal disposal route after use is via the wastewater stream. 
Screening-level exposure assessments (i.e. PEC calculations) for these substances are usually 
based on a simple ratio of per capita chemical consumption and per-capita domestic water use. 
This is then adjusted for removal during sewage treatment, if applicable, and for dilution in the 
receiving aquatic environment using a generic dilution factor (e.g. EC, 2003). This approach is 
simple but it is also reasonably robust scientifically and is appropriate for comparative screening-
level risk assessments. However, it does not take into account spatial and temporal variability in 
dilution which changes with the relative magnitude of point-source loads and river discharge at the 
point of emission. This information may be required when trying to compare risks in different 
geographical areas with different hydrological regimes and population densities. In the absence of 
detailed local-scale information for specific point-sources, tolerable spatially-explicit approxim-
ations can be made, based on the ratio of available surface water and domestic water consumption, 
for discrete areas. Reasonable estimates of mean monthly and mean annual runoff can be obtained 
from long-term meteorological data using simple water balance models. Domestic water 
consumption can be estimated from country- or region-specific data for per-capita domestic water 
use and population density. These calculations allow the spatial variability of dilution and its 
seasonality to be examined at different spatial scales (catchment, regional, national and continental) 
anywhere in the world.   
 This paper presents a new methodology which has been developed to estimate the spatial 
variability of dilution factors using global-scale data. These predictions will inevitably be crude 
estimates of local conditions which will vary on a case by case basis but may provide a reasonable 
initial estimate which can be refined locally if required (e.g. using more sophisticated exposure 
assessment tools such as GREAT-ER (Feijtel et al., 1997). The approach can be used to compare 
screening-level PECs on a regional, country-specific or catchment basis and help to identify 
geographical areas with relatively high risk (“hot spots”), thereby guiding targeted risk mitigation 
measures at various scales. It can also be used to help generate statistical distributions of PEC 
required in probabilistic risk assessments. 
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APPROACH 

The methodology was specifically derived for estimating concentrations of “down-the-drain” 
chemicals in fresh surface waters.    
 
Concept 

PEC for raw waste water (PECSEWAGE) can be estimated from: 

W
UPECSEWAGE =  (1) 

where U is the daily per capita consumption of chemical (mg cap-1 day-1) and W is the daily per 
capita water use (L cap-1 day-1). U is calculated from the annual mass of chemical used nationally, 
T (t year-1) using:  

COUNTRYP
TU
⋅
⋅

=
365

109
 (2) 

where PCOUNTRY is the population of the country concerned. The surface water PEC (PECAQ), 
immediately after mixing, but before any decrease in chemical concentration has occurred as a 
consequence of degradation and dilution, can be estimated from: 

DF
PECFPEC SEWAGE

AQ
⋅−

=
)1(  (3) 

where F is the fraction of chemical removed in wastewater treatment, derived from monitoring 
data or from standard laboratory biodegradation and partitioning studies. DF is the dilution factor 
which is defined as: 

q
qQDF )( +

=  (4) 

where Q is the discharge (m3 s-1) of the receiving water and q is the point-source discharge (m3 s-1). 
Unfortunately, in many parts of the world, the data required to estimate DF at a local (catchment 
or river reach) scale is not readily available. However, a proxy for DF can be derived from public-
domain gridded runoff R (mm year-1) and population density ρ (cap m-2) data sets which are 
available at a global scale. Using gridded data and adopting dimensional units, DF, for any grid 
cell at a specified resolution can be defined as: 
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where W is the domestic water use per capita  (L3 cap-1 T-1), A is the cell area (L2), i is an index for 
any cell in the grid and j is an index for all cells contributing flows to cell i (i.e. defined by cell-to-
cell flow routing from the topographic divide).   
 
Runoff data 

Long-term average (usually 1960–1990) annual runoff can be predicted using macroscale hydro-
logical models (e.g. Arnell, 1999). Such models, which commonly have a resolution of 0.5º 
latitude by 0.5º longitude, have been used to define land-surface parameterization schemes in 
general circulation models (e.g. Nijssen et al., 1997) and for estimating water resource availability 
at global, continental or regional scales (e.g. Alcamo et al., 2003; Abdulla & Lettenmaier, 1997). 
 In this paper, the composite runoff fields produced by Fekete et al. (1999) were used. These 
runoff estimates were generated by combining a simple water balance model with observed river 
discharge data. The water balance model uses the data set of Legates & Willmott (1990) for global 
precipitation, soil type data from the FAO/UNESCO soil data bank (FAO/UNESCO, 1986), 
topographic data from the ETOPO5 global elevation data set (Edwards, 1989) and a contemporary  
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Fig. 1 Predicted river discharge (m3 s-1) from the annual composite runoff fields (CRF) data (Fekete et al., 1999). 
 

 
Fig. 2 Global population per grid cell derived from the Gridded Population of the World (GPW) v.2 data set 
for 1995 (SEDAC, 2000), degraded to 0.5° × 0.5° resolution. 

 
land cover classification derived from the Terrestrial Ecosystem Model (Melillo et al., 1993) and 
Olson’s land use classification (Olson, 1992).  
 The topographically-derived flow direction grid provided by Fekete et al. (1999) was used for 
accumulating runoff in the grid, thereby estimating cell-specific discharge Qi (Fig. 1). 
 
Population data 

The GPW v.2 data set for 1995 (Gridded Population of the World – GPW, SEDAC, 2000) was 
used to estimate the distribution of global population density. This data set has been adjusted to 
correspond with national-level population estimates issued by the United Nations. The resolution 
of the original data was 2.5 arc minutes which was aggregated to a 0.5° ×0.5° (latitude, longitude) 
resolution corresponding to the runoff grids (Fig. 2). 
 
Domestic water use 

Per-capita domestic water use (W) varies widely from country to country and even within 
countries as a consequence of water availability, infrastructure, wealth and habits. Individual 
values of W were generated for each 0.5° × 0.5° grid cell using mean values for each country. 
National statistics were extracted from several public domain data sources (Gleick, 1996; OECD, 
2002; WRI, 2003, FAO, 2000). Where discrepancy existed between data sources, the lowest value 
was selected to provide a more conservative value for DF. 
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Fig. 3 Predicted values of global dilution factor (DF) at 0.5° × 0.5° resolution. 
 
 
RESULTS AND DISCUSSION 
The spatial distribution of DF values calculated using equation (5) is shown in Fig. 3.   
 Large areas with low DF values are visible in the western half of North America, the Pampas 
of Argentina, North Africa and the Middle East, parts of central Asia, Australia and southern 
Africa. Values of DF in the equatorial belt and in most of northern Europe, Canada and Siberia are 
generally high. Within the methodology described here, DF can be influenced by two main factors: 
(a) surface water discharge, and (b) population density and domestic water use. Low values can be 
due to either arid conditions or very high population density (or both). It should be noted that low 
values of DF do not necessarily represent areas of high risk in receiving environments resulting 
from chemical emissions. For example, in the case of some very arid regions (e.g. the Sahara 
desert), both runoff and population density may be very low resulting in low values of DF. 
However, the impact of emissions on surface waters in these systems may not be significant 
because of negligible wastewater flow.   
 There are a number of ways in which the cell-based estimates of DF can be used. Often, 
environmental management (and associated risk assessments) is conducted on a national basis. For 
screening-level PEC assessments, a single statistic of DF (e.g. the mean or a percentile value) for 
an individual country may be required. However, the use of mean values on their own may be 
misleading, particularly for large countries with a high degree of spatial variability in population 
density and climate. The use of mapped values such as those presented here, which could include 
the influence of flow seasonality, provide a better picture of the geographical distribution of DF. 
This information would be required in probabilistic approaches to risk assessment (e.g. Feijtel et 
al., 1999).   
 The following factors are not explicitly considered in the methodology presented here but are 
likely to be important in determining actual PECs locally: wastewater treatment provision (and 
consequent chemical removal); in-sewer and in-stream losses (e.g. adsorption to sediment and 
volatilization); and the possibility that certain products are used more intensively on certain days. 
Where suitable data are available these factors might be considered in more detailed (and more 
realistic) risk assessments. 
 Further work is required to develop the proposed methodology. This includes more rigorous 
testing of the hydrological predictions with respect to gauged flows from around the world, 
including the effects of flow seasonality and the mitigating role of groundwater discharge. It is 
possible that the suitability of the hydrological model employed will vary from region to region. In 
some cases it may be necessary to apply different models to different regions of the world with the 
distribution of runoff globally derived from a composite of outputs from several models.  
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CONCLUSIONS 
This paper describes a methodology which, for the first time, allows consistent, hydrologically-
based environmental risk assessments for “down-the-drain” chemicals discharged to freshwaters to 
be performed in any country in the world. The methodology represents an intermediate level 
model between generic multi-media models (e.g. EC, 2003) and detailed spatially referenced 
catchment-scale models, such as GREAT-ER (Feijtel et al., 1997). Such an intermediate-level 
assessment can help to identify particular regions where chemical concentrations in surface waters 
may be a cause for concern and, thus, provide a means of targeting more detailed local-scale risk 
assessments and risk management measures where necessary.   
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