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General introduction:
this thesis in the context of the
state-of-the-art

1.1 Introduction

One of the most striking features of life cycle impact assessment (LCIA) is its
broadness, not only in the spatial sense — in which it should be representative for
the world as a whole — but also in the sense of the range of the environmental
impact categories to be covered — which aims at giving a complete quantitative
representation of anthropogenic influence on the environment. It is not surprising
that the pursuit of broadness could not always be combined with profundity in the
early days of LCIA development during the nineties of the former century. Now
that the foundations of LCIA have been well established, the next mission is the
optimisation of its composing parts: the assessment with respect to the individual
impact categories. Scientific fields that concern the assessment of singular impact
categories can offer a basis for these attempts, but the underlying methods can
seldom be copied without modification — largely because of the specific demands
that are posed by LCA. Moreover, not all environmental impact categories are
equally fit for inclusion in the LCA methodological framework (Udo de Haes,
2006). The toxicity-related impact categories are probably among the most
challenging ones These impact categories distinguish themselves from all other
LCA impact categories by the fact that so many substances and substance groups
are involved, each with their own mechanism with respect to the way in which
they interfere with the functioning of organisms. Multimedia transport, multi-
pathway exposure and non-linearities in the dose-response relationships, combined
with the requirement of a global range of the assessment method, further add to
the complexity of toxicity impact assessment.

Within the context of life cycle impact assessment, the design of characterisation
factors for the toxicity-related impact categories is probably one of the most com-
plex issues. This complexity is caused by the combination of the large number of
chemicals concerned, their diversity in structure and working mechanism, the large
influence of local environmental features on the distribution characteristics, the
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multi-pathway exposure of humans and the lack of a ready-to-use factors from
related scientific disciplines. In general, the more advanced LCA characterisation
factors for human toxicity are composed of three parts (Heijungs & Wegener
Sleeswijk, 1999):

1. The fate factor, representing multimedia distribution as well as longitudinal
environmental transport, degradation, immobilisation, and outflows to places
that are considered to exist outside the environmental system.

2. The intake factor, concerning the multimedia human exposure characteristics.

3. The effect factor, indicating the toxicity of the chemical under study for humans
and for the ecosystems concerned.

In ecotoxicity models, single medium exposure is usually assumed, which implies
that the combination of a fate factor and an effect factor is sufficient for the calcu-
lation of the ecotoxicity characterisation factor. Fate factors were not yet included
in the first characterisation factors for toxicity related impact categories (e.g, Hei-
jungs e# al., 1992), but have been introduced in most of the more recent models to
enhance the accuracy of the assessment. The minimum requirement for fate mod-
elling consists of a quantitative degradation measure. Most LCA fate models also
contain environmental distribution and/or longitudinal transport measures. Mul-
timedia environmental models as introduced by Mackay (1991), in which environ-
mental compartments are assumed to be homogeneously mixed, are often used as
a basis. This type of models is also popular in the field of human and environmental
risk assessment (HRA and ERA) or risk assessment of chemicals (RA), here indicated
together as HERA. The multimedia modelling concept has been introduced into
LCA toxicity characterisation in an early stage (¢f Guinée & Heijungs, 1993), and
has later on been explicitly recommended by the Society of Environmental Toxi-
cology and Chemistry (SETAC) Europe First Working Group on Life-Cycle Im-
pact Assessment (WIA-1) (Hertwich ez al, 2002).

The fact that LCA toxicity assessment and HERA make use of the same models
gives rise to the question whether both types of assessment could be combined to
one common method. However, the functional unit concept in LCA turns out to
make this impossible, since it results in the necessity to assess most processes in
the product life cycle only partially. Nevertheless, a new concept for LCA toxicity
assessment, introduced in the GLOBOX model, makes it possible to distinguish
between the potential impacts conventionally assessed with LCA toxicity assessment
and contributions of the product life cycle to actual impacts or risks, thus bringing
LCA toxicity assessment nearer to HERA than it has been until now.

Fate, exposure and effect models depend on parameter values that may vary with
climate, water flows, food consumption patterns, population densities, ecosystem
composition and other spatially diverging qualities. Most existing LCA fate models
hardly account for the spatial dependency of these parameters, typically using the
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European, the North-American, or the Japanese situation as a standard. Three
arguments plea against this lack of spatial differentiation:

1. Leaving out spatial differentiation leads to unknown deviation in modelling
results, thus diminishing overall reliability.

2. The use of European, North-American, and Japanese parameters suggests that
these models are primarily meant for use in these regions, and makes them less
attractive for use in other parts of the world.

3. Without spatial differentiation, it is impossible to distinguish between purely
potential impacts and impacts that are expressed as contribution to actual
impacts or risks.

For these reasons, the GLOBOX model has been specifically designed for spatial
differentiation with respect to fate, exposure and effect modelling. With respect to
the model structure and equations, the GLOBOX model is based on the
EUSES 2.0 model. Spatially differentiation is defined on the level of countries,
territories* and seas/oceans.

Besides spatial differentiation, the GLOBOX model also contains specific adapta-
tions to make it possible to introduce metal emissions into the model, accounting
also for speciation in the aquatic compartments. Region-specific fate and exposure
parameters — including a global but spatially differentiated hydrological cycle — and
emission and extraction estimates for a large number of substances, have been
designed specifically for the GLOBOX model. To complete the life cycle impact
assessment phase (LCIA), a set of normalisation factors has been added, making it
possible to express the results of the assessment in relative, rather than absolute
terms.

1.2 Fate

Well-known, general multimedia fate models include ChemCAN (Mackay e# a.,
1991; Mackay e# a/., 1996B, CEMC, 2003), CalTOX (McKone, 1993; McKone ¢/ 4/,
2001), SimpleBox (Van de Meent, 1993; Brandes ¢f a/, 1996; Den Hollander &
Van de Meent, 2004), HAZCHEM (Stringer, 1994), CemoS (Scheil ¢# al, 1995),
Globo-POP (Wania & Mackay, 1995), EQC (Mackay ¢/ a/, 1996A), models of the
BETR series (MacLeod e al., 2001, Prevedouros e al, 2004; Toose et al., 2004;
MacLeod ef al., 2005), G-CIEMS (Suzuki ef al., 2004) and WATSON (Bachmann,
20006). The SimpleBox multimedia fate model is included in the combined fate,
exposure and effect models USES (RIVM, VROM, WVC, 1994; Linders & Jager,
1997; Linders & Rikken, 1999) and EUSES (ECB, 1997; EC, 2004), that have been
developed for HERA-purposes. The CalTOX model is also a combined fate and

* These include overseas territories (like Réunion) and uninhabited areas (like Antarctica).
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exposure model. Most multimedia models are box models that are based on the
assumption of instantaneous homogeneous mixing within each (sub)compartment.

Globo-POP, BETR-global and BETR-world are global scale, spatially differenti-
ated fate models. In Globo-POP, the wotld is divided into nine segments, the
boundaries of which are based on climate types for each hemisphere. In BETR-
world, the world is divided into 25 parts, roughly consisting of partial continents
and oceans, respectively. Both models have been designed primarily as ‘pure’ fate
models for analytical environmental purposes.

A special feature of global multimedia fate models is the fact that polar regions are
included in these models. Since frozen soil and water surfaces cause deviations in
substance behaviour compared to the behaviour predicted by the conventional
equations for substance fate, adapted modelling assumptions are needed for these
regions. In Globo-POP, diffusion processes between air and frozen water and soil
surfaces are switched off at below zero temperatures.

Models that have been widely used for LCA toxicity assessment include CalTOX
and USES. CalTOX is used as a stand-alone LCA toxicity characterisation model
(Hertwich ez al., 2001) and is also applied for toxicity assessment in the LCA model
TRACI (Bare ¢z al, 2002). USES is used as a basis for the adapted model USES-
LCA (Huijbregts ez al., 2000), which has been used for the calculation of the LCA
toxicity characterisation factors that are included in the CML Handbook on Life Cycle
Assessment (Guinée et al., 2002).

Besides multimedia fate models, the long range air transport model EcoSense
(Krewitt e al., 1998A) has been used for LCA as well (Krewitt ef a/, 1998B). Con-
trary to the multimedia models, the EcoSense model does not assume homogene-
ous mixing within the air compartments. The model consists of a combination of
two model types: a Gaussian plume model for the short distances and a trajectory
model — including a wind rose approach by use of the Wind rose Model Inter-
preter (WMI) — for the long distance transport. The model — which has a high
degree of spatial differentiation on a grid basis — has been implemented for
Europe, Asia and the America’s, but not for Africa, Oceania, Antarctica and the
ocean regions. A similar approach, by use of a combination of the EUTREND
Gaussian plume model (Van Jaarsveld & De Leeuw, 1993; Van Jaarsveld, 1995;
Van Jaarsveld ez al, 1997) and a trajectory model, based on an adapted version of
the EcoSense WMI, has been developed by Potting (2000), and subsequently in-
troduced in the EDIP2003 model (Hauschild & Potting, 2005; Potting &
Hauschild, 2005). This last model has been implemented for Europe only. With
respect to air transport, the long range air transport models are far more accurate
than the multimedia box models. Generally they do not, however, account for the
mutual exchange between air on the one hand and surface water and soil on the
other, or for water flows between different regions. Spatial differentiation is lim-
ited to the air compartments.
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Some LCIA models contain their own implicit fate models. These models include
EDIP (Hauschild & Wenzel, 1998; Hauschild & Potting, 2005; Potting &
Hauschild, 2005) and IMPACT 2002 (Jolliet ¢# a/, 2003; Pennington ez al., 2005).
The original EDIP97 toxicity factors (Hauschild & Wenzel, 1998) used to include
degradation measures and a simplified approach for multimedia transport. The
EDIP2003 model (Hauschild & Potting, 2005; Potting & Hauschild, 2005) is sup-
plemented with a detailed air transport model, as described above. With respect to
the updated EDIP2006 factors, available through the internet (LCA Center, 2008),
it is briefly mentioned that ‘more multimedia transport’ has now been included.
The IMPACT 2002 model (Jolliet e a/, 2003; Pennington ez al, 2005) contains its
own multimedia fate model, parameterised for Western Europe in two versions: a
spatially differentiated and a general, non-differentiated version respectively. Spa-
tial differentiation is based on a grid for air distribution, while for water distribu-
tion, it is based on the demarcation of watersheds.

Several authors have introduced spatial differentiation into comprehensive LCA
impact assessment models (¢f Huijbregts ez a/., 2003; Hauschild and Potting, 2005;
Potting and Hauschild, 2005; Pennington ef af., 2005; Rochat ez a/., 2006; Humbert
et al., 2009). In some spatially differentiated multimedia models, a difference is
made between an evaluative region (for which emissions can be entered in the
model) and a larger, encompassing region of dispersion, in which the emission
region is nested. In the USES-LCA model (Huijbregts ez a/., 2000; Van Zelm ez al.,
2009), the evaluative region at the continental level (Western Europe) is not spa-
tially differentiated, but the dispersion region (the northern hemisphere) is charac-
terised by its own environmental parameters for three different climate zones.
Huijbregts e al. (2003) evaluated the influence of spatial differentiation at the con-
tinental level by comparing three different versions of the USES-LCA model, with
Western Europe, the United States and Australia as three alternative continental
levels. Pennington e al (2005) have introduced spatial differentiation in the
IMPACT 2002 model at three levels: the level of Western European watersheds
(for soil and surface water) and grid cells (for air and sea/ocean), the continental
level of Western Europe, and the global level, in which the continental level is
nested. Emissions can be entered at the watershed/grid cell or at the continental
level. Rochat ¢z al. (2006) have applied spatial differentiation at the level of conti-
nents to a global version of the IMPACT 2002 model with respect to both emis-
sion and dispersion. Another regionally differentiated multimedia model, that has
not been designed specifically for LCA, but that has been used in the LCA-
context, is BETR-North America (MacLeod ¢z @/, 2001). This model comprises
North America, differentiated at the level of ecological regions. Humbert ez /.
(2009) recently developed the IMPACT North America model, in which the
evaluative region North America — which is nested into a global dispersion level —
is differentiated at the level of several hundred zones.
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The introduction of metals in multimedia fate models causes some problems, es-
pecially in the context of LCA. It has often been remarked that metal speciation
models should be included in LCA. Since metals are not degradable, calculated
environmental concentrations may become extremely high in closed modelling
systems, especially in the surface water compartments where metals tend to end
up. As a result, the characterisation factors of metals may become disproportion-
ally large, causing metal emission to dominate environmental profiles in a way that
cannot be considered plausible. Critics on these extremely high characterisation
factors from the side of metal specialists have been accounted for by LCA special-
ists, resulting in a common workshop with specialists from both sides in Montréal
(Canada) in 2002 (Dubreuil, 2005), commissioned by the UNEP/SETAC Life
Cycle Initiative and the International Council on Mining and Metals (ICMM) and a
workshop in Apeldoorn (The Netherlands) in 2004, commissioned by ICMM
(Aboussouan, 2004). The Apeldoorn workshop resulted in the so-called Apeldoorn
Declaration, a list of common goals, described in a final report (Heijungs ef al,
2004). In the context of these goals, an international cooperation project was
started up with CML, the Radboud University in Nijmegen (The Netherlands) and
Toronto University (Canada), in order to combine the Canadian TRANSPEC
model for the behaviour of metals in surface water (Bhavsar ez a/., 2004) with LCA
toxicity characterisation modelling.

Despite the fact that speciation and complexation have not yet been included in
the well-known overall LCA characterisation models, not all models suffer from
the problem of extremely high characterisation factors. In the CalTOX model, this
problem is avoided by the assumption that the residence time of metals in the
surface water compartment is limited to one year (Hertwich ez a/, 2001). In the
EDIP model, sediment is not considered to be part of the environmental system
which implies that the sedimentation process is not counterbalanced by resuspen-
sion. This causes an effective outflow of metals from the environmental system by
sedimentation (Hauschild & Potting, 2005). Besides the TRANSPEC model — an
extension of eatlier models for the distribution of chemicals in surface water
(Diamond ef al., 1990, 1992, 1994 and 1999) which is specifically constructed for
the behaviour of metals in surface water — another potentially promising model is
WATSON (Bachmann, 2006). This last model accounts specifically for the behav-
iour of metals in soil and surface water in Europe, with a fine-meshed system of
spatial differentiation. WATSON is an extension to water and soil of the long
range air transport model EcoSense mentioned above (Krewitt e a/, 1998A).

As a basis for the GLOBOX model, we have chosen the EUSES 2.0 model of the
European Commission (EC, 2004), since this is a well-documented, recently up-
dated model that includes both fate and human exposure modelling and that has a
broad public support. The fate model included in EUSES 2.0 is SimpleBox 3.0
(Den Hollander & Van de Meent, 2004). A core characteristic of the GLOBOX
model is the extension of the model to the global scale and the introduction of
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spatial differentiation. The model is also supplemented with three extra compart-
ments: the freshwater is split up into a river and a lake compartment, and both salt
lakes and groundwater are distinguished as separate compartments. Furthermore,
the model specifically accounts for cold regions, and contains a specific module
for the assessment of metals. Many default values for environmental features — e.g,
river flows, lake area and depth and residence times in freshwater compartments —
have been replaced by regionally specific values that have been collected from
literature. For permanently and temporally frozen water and soil surfaces, absorp-
tion and volatilisation processes are switched off for the fraction of time that the
local average monthly temperature is below 0 °C. For Greenland and Antarctica,
the residence time of runoff water is set to the value of a thousand years. For met-
als, specific equations are added in order to account for speciation that may largely
diminish bioavailability. This enhances the reliability of the exposure assessment
for metals. Accumulation of metals is prevented by the choice for two different
sea compartments: an upper mixed layer (100 m) and a deeper layer. The deeper
layer is considered to be located outside the environmental system, thus acting as a
sink for pootly degradable substances. Exchange between seawater and sea sedi-
ment occurs in the shallow seas, where the total depth does not exceed the mixing

depth.

1.3 Human intake

For aquatic and terrestrial ecosystems, environmental exposure is assumed to be
directly connected to environmental concentrations within the environmental
compartment in which the organisms of each of these ecosystems dwell. In con-
trast to this single-pathway exposure, human exposure is assumed to result from
many different exposure pathways, with many different environmental compart-
ments serving either directly or indirectly as exposure intermediates. This implies
that for human exposure, specific exposure modelling is necessary.

Human exposure models are most often part of an integrated fate and exposure
model, or of an LCA toxicity model. Human exposure models are included in
USES (RIVM, VROM, WVC, 1994; Linders & Jager, 1997; Linders & Rikken,
1999) and EUSES (ECB, 1997; EC, 2004), in CalTOX (McKone, 1993; McKone e7
al., 2001), in EDIP (Hauschild & Wenzel, 1998; Hauschild & Potting, 2005; Pot-
ting & Hauschild, 2005), in IMPACT 2002 (Jolliet ¢# a/, 2003; Pennington ef al.,
2005), and in the CML ‘Guide & Backgrounds’ (Heijungs ez a/, 1992) and ‘Hand-
book’ (Guinée ¢f al., 2002). Most human exposure models contain estimates of air
inhalation, drinking water consumption, of human food consumption and of the
contamination of different types of foodstuff as a function of environmental pol-
lution. The IMPACT 2002 model (Jolliet ez al, 2003; Pennington e# al., 2005) uses
food production as a measure for total food consumption. Some models include
additional exposure pathways, such as dermal exposure or soil ingestion.
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The human exposure model of EUSES 2.0 contains parameters for dietary intake,
drinking water purification, drinking water intake, air inhalation and human body
weight. The fixed values of these parameters have been replaced by spatially differ-
entiated parameters in the GLOBOX model. Separate parameters have been added
in order to account for the fraction of drinking water assumed to be purified and
for the distribution of the origins of drinking water between groundwater, river
water and lake water, respectively. The original parameter for fish consumption
has been split into separate parameter for freshwater fish and marine fish. Food
consumption patterns have been estimated for each individual country. The origin
of the consumed food has also been accounted for, based on import and export
data of different food stuffs. Data on the fraction of the population in each coun-
try aged below 15 are used to adapt standard air inhalation rate and drinking water
consumption to spatially differentiated values. Population densities are also ac-
counted for in the exposure module - as they are in the original EUSES model.
Finally, estimates have been made for the average human body weight in each
country, accounting for the relative number of children and the prosperity level in
each individual country.

14 Effect

With respect to the toxic effect assessment of chemicals, LCA requires a specific
approach that differs from the usual risk assessment approach. For LCA, it is im-
portant that effect factors reflect the toxicity ratios between chemicals as well as
possible. Safety margins, used in case of incomplete data for regulatory purposes,
are not suitable for use in LCA effect factors (Pennington ez a/., 20006).

The effect part of toxicity models is substance-specific. Some models — ¢.g., USES-
LCA (Huijbregts ez al., 2000) and IMPACT 2002 (Jolliet e al., 2003; Pennington et
al., 2005) — contain a database with toxicity data that are used directly as effect
measures, such as ECso or EDsp (median Effect Concentration and Dose, respec-
tively) for ecotoxicity and DALY (Disability Adjusted Life Years) for human toxic-
ity. The GLOBOX model does not contain such a database. In contrast to the fate
and human intake modules, the effect module is purely conceptual in the current
stage. The concept that distinguishes the GLOBOX effect module from most
existing effect modules is the explicit introduction of a possibility to assess not
only the usual ‘potential impacts’, but also ‘actual impacts’ or risk contributions in
the context of LCA. To this end, two new, region-specific factors have been intro-
duced: a sensitivity factor (SF) and a threshold factor (TF). The SF represents the frac-
tion of the local ecosystem that is sensitive to the given substance, while the TF
indicates the fraction of the area where the background level reaches or exceeds
the no-¢ffect concentration of this substance. To obtain region-specific, actual im-
pacts, the effect factor for potential impacts should be multiplied by the SF and
the TF. For human toxicity, the sensitivity factor is set to a value of 1 (and can be
omitted), assuming equal sensitivity to toxic chemicals for all populations.
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The SF and TF can be considered as elaborations of the so called site factor (SF)
that has been introduced in the EDIP model (Hauschild & Wenzel, 1998;
Hauschild & Potting, 2005; Potting & Hauschild, 2005), representing ‘spatially
determined probability that the full impact will occur’.

With the introduction of the SF and the TF, it has been rendered possible to cal-
culate contributions to actual impacts instead of actual impacts in their full extent.
This implies that the assessment of actual impacts is made compatible with the
functional unit concept. With the introduction of the possibility to make a distinc-
tion between characterisation factors for the calculation of the conventional poten-
tial impacts (neglecting SF and TF) and actual impacts (applying SF and TF) re-
spectively, a basis has been created for the combination of 7isk minimisation (‘only
above threshold’) and general prevention (‘less is better’).

1.5 LCA characterisation methods

Numerous LCA software models are available for the performance of LCA char-
acterisation (see RIVM, 2007). The number of underlying methods is much more
limited, however. The most well-known LCA characterisation methods designed
for LCA toxicity assessment and described in international literature include Cal-
TOX (McKone, 1993; McKone ¢t al., 2001), EDIP (Hauschild & Wenzel, 1998;
Hauschild & Potting, 2005; Potting & Hauschild, 2005), USES-LCA (Huijbregts ez
al., 2000; incorporated in the CML Handbook on L.CA (Guinée et al., 2002)), and
IMPACT 2002 (Jolliet e al., 2003; Pennington e# al., 2005). The EcoSense model
(Krewitt ¢f al., 1998 A&B), that has originally been developed for the calculation of
the external costs of air pollution, has also been adapted for LCA characterisation
purposes. In 2003, a model comparison between CalTOX, EDIP, USES-LCA and
IMPACT 2002 was conducted in the context of the FEuropean project
OMNIITOX (Molander ez al., 2004). Subsequently, the UNEP-SETAC Life Cycle
Initiative has started up a collaboration between the model developers of the LCA
characterisation models CalTOX, EDIP, USES-LCA, IMPACT 2002, EcoSense
and the developers of the fate models of the BETR series (MacLeod ef a/, 2001,
Prevedouros ef al, 2004; Toose et al, 2004; MacLeod et al, 2005) and the
EcoSense-extension WATSON (Bachmann, 20006) to develop a so-called ‘consen-
sus model” for LCA toxicity characterisation. This consensus model, called USE-
tox, has been published in 2008 (Rosenbaum ¢z a/., 2008).

The most important difference between USEtox and GLOBOX is probably in
their respective starting points: while USEtox is designed from the viewpoint that
it should be transparent and parsimonious, GLOBOX is primarily intended to
reflect reality as well as possible. As a consequence, GLOBOX is characterised by
a high level of spatial differentiation, whereas the designers of USEtox have cho-
sen explicitly to refrain from this complicating subject.
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1.6 Normalisation

The interpretation of LCA profiles is not as easy as it seems. Impact scores are
expressed in complex units, and reflect environmental impacts in a way that does
not correspond directly to perceptible problems or prevailing threats. LCA not-
malisation aims at providing this ‘missing link’. To this end, each impact score is
expressed as the relative contribution to a reference situation. This reference situa-
tion consists of an environmental profile on a higher scale — that is, the environ-
mental profile of an economic system that the product life cycle is considered to
be part of. An example of such reference system is ‘the quantified environmental
impacts of the European economic system in the year 2000°. The fact that the
normalisation results are expressed in the same unit for each impact score makes it
easier to make comparisons between impact scores of different impact categories
(Norris, 2001).

Existing normalisation studies include studies by Wenzel e a/. (1997), Breedveld ez
al. (1999), Huijbregts et al. (2003), Stranddorf e a/. (2005A and B), Strauss e# al.
(20006), Bare et al. (2006) and Lundie e¢# a/. (2007). The normalisation study pre-
sented here along with the GLOBOX model is characterised by the combination
of a relatively large number of impact categories considered (15), large reference
areas (Europe and the world), and a large number of environmental interventions
(environmental emissions, extractions and land use categories) considered (860).
Moreover, the specific choice has been made to aim at the representation of envi-
ronmental interventions, caused by the economic system in the reference year,
rather than the more conventional approach to collect the environmental interven-
tions taking place in this year, thus accounting for the delay between production
and emission, e.g., of CFCs in refrigerators. With this, the normalisation approach
has been brought into line with the approach that is used in LCA case studies,
which makes it suitable as a true reference. Apart from its reference function, this
normalisation study can also be considered as an LCA study by itself, with the
economic systems in Europe and the world as its respective functional units. As
such, it indicates the relative importance of different interventions contributing to
environmental problems worldwide.

1.7 Environmental parameters

Many parameters in the fate and exposure part of the GLOBOX model are spa-
tially differentiated. Sometimes, parameters could be based directly on existing data
sets — or combined data sets — ¢.g, the surface areas of different countries and seas
and the total lake areas in each country. In many cases, data existed for a number
of regions only, making it necessary to estimate the parameter values for the re-
maining regions. Sometimes, parameters had to be estimated, composed (e.g., the
total lake area from the areas of individual lakes, and the ‘leaf crop’ consumption
from the internal use of individual fruits, vegetables and cereals, diminished with
estimates of inedible parts (skins and bones) and waste/left-overs) or calculated
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(e.g., the lengths of sea boundaries from the latitudes and longitudes of their
edges). Some parameters were taken over from the Globo-POP model (Wania &
Mackay, 1995) and transferred from the meridional zones in the latter model to
the individual countries and seas in the GLOBOX model. With respect to the
world-wide water balance, existing data had to be adapted and supplemented with
estimates in order to get a fitting, closed flow system.

1.8 Goal of this thesis
This thesis has five goals:

1. Contributing to an optimal reliability of LCA toxicity assessment by creating a
flexible, reasonably detailed system for spatial differentiation of LCA toxicity
assessment on a global scale.

2. Enhancing the accuracy of LCA modelling with respect to the behaviour of
metals in the environment.

3. The introduction of a method for the assessment of contributions of the
product life cycle to toxic risks or actual impacts, along with the conventional
assessment of potential impacts.

4. Analysing the influence of spatial differentiation on LCA characterisation
factors for human toxicity and ecotoxity by calculations on a test substance.

5. Creating an updated, global LCA normalisation sytem.

I hope this thesis will be a step forward in LCIA toxicity modelling, and that the
GLOBOX model will add to a better understanding of the toxic impacts caused by
the variety of substances that are brought into the environment for the sake of
products, and that it will not only help to realise the optimisation of product
choice and production processes, but that it will also contribute to a more funda-
mental discussion on the sustainability of present production and consumption.
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