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Abstract

Purpose The spatial dependency of pesticide emissions to
air, surface water and groundwater is illustrated and quanti-
fied using PestLCI 2.0, an updated and expanded version of
PestLCI 1.0.

Methods PestLCI is a model capable of estimating pesticide
emissions to air, surface water and groundwater for use in
life cycle inventory (LCI) modelling of field applications.
After calculating the primary distribution of pesticides be-
tween crop and soil, specific modules calculate the pesti-
cide’s fate, thus determining the pesticide emission pattern
for the application. PestLCI 2.0 was developed to overcome
the limitations of the first model version, replacement of fate
calculation equations and introducing new modules for mac-
ropore flow and effects of tillage. The accompanying pesti-
cide database was expanded, the meteorological and soil
databases were extended to include a range of European
climatic zones and soil profiles. Environmental emissions
calculated by PestLCI 2.0 were compared to results from the
risk assessment models SWASH (surface water emissions),
FOCUSPEARL (groundwater via matrix leaching) and
MACRO (groundwater including macropore flow, only
one scenario available) to partially validate the updated
model. A case study was carried out to demonstrate the
spatial variation of pesticide emission patterns due to de-
pendency on meteorological and soil conditions.
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Results Compared to PestLCI 1.0, PestLCI 2.0 calculated
lower emissions to surface water and higher emissions to
groundwater. Both changes were expected due to new pes-
ticide fate calculation approaches and the inclusion of mac-
ropore flow. Differences between the SWASH and
FOCUSPEARL and PestLCI 2.0 emission estimates were
generally lower than 2 orders of magnitude, with PestLCI
generally calculating lower emissions. This is attributed to
the LCA approach to quantify average cases, contrasting
with the worst-case risk assessment approach inherent to
risk assessment. Compared to MACRO, the PestLCI 2.0
estimates for emissions to groundwater were higher, sug-
gesting that PestLCI 2.0 estimates of fractions leached to
groundwater may be slightly conservative as a consequence
of the chosen macropore modelling approach. The case
study showed that the distribution of pesticide emissions
between environmental compartments strongly depends on
local climate and soil characteristics.

Conclusions PestLCI 2.0 is partly validated in this paper.
Judging from the validation data and case study, PestLCI 2.0
is a pesticide emission model in acceptable accordance with
both state-of-the-art pesticide risk assessment models. The
case study underlines that the common pesticide emission
estimation practice in LCI may lead to misestimating the
toxicity impacts of pesticide use in LCA.

Keywords Emission modelling - LCI - Life cycle inventory
modelling - Pesticide - PestLCI

1 Introduction
Pesticides are designed to have a toxic effect on various

organisms and hence have a high bioactivity. The bioactivity
of pesticides is most active towards target organisms but still
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highly active towards similar or even quite different organ-
isms (see for example Thompson 1996; Oturan et al. 2008;
Mitra et al. 2011). Pesticides are therefore likely to have an
effect on a broad range of organisms, no matter whether these
organisms are the intended target for the applied plant protec-
tion chemical or not. In order to assess the off-target toxicity
impact potential caused by pesticide emissions in life cycle
assessment (LCA), accurate estimates of the fraction of the
applied pesticide emitted to the environment are required.

In the current life cycle inventory (LCI) practice, it is
usually assumed that the full dose of applied pesticide is
emitted to one environmental compartment. For example, in
Ecolnvent (Swiss Centre for Life Cycle Inventories 2011), it is
assumed that the full pesticide dose is emitted to soil (Nemecek
and Kégi 2007). Depending on the definition of the borders
between technosphere and environment, these (simplifying)
assumptions can be challenged. Assuming the field borders
are defined as presented in Birkved and Hauschild (2006),
where the field is considered to belong to the production
system, the technosphere therefore includes the agricultural
soil down to 1-m depth and the air column above it, only a
fraction of the applied dose will be emitted from the techno-
sphere to the environment due to pesticide loss processes such
as degradation or uptake occurring within the technosphere.
Assuming that the full applied dose is emitted to soil further
neglects the pesticide distribution processes occurring in the
field, such as deposition on plants, volatilization, runoft and
soil leaching that determine the emissions to the environment,
and are therefore part of the LCI.

In order to estimate pesticide emissions from an agricul-
tural field, i.e. the technosphere, the first version of PestL.CI
was developed specifically for use in LCI (Birkved and
Hauschild 2006). The model estimates emissions to three
general environmental compartments: air, surface water and
groundwater. As a consequence of the narrow sets of soil
and climate data included in the model, PestLCI 1.0's appli-
cability was limited to Denmark. In addition, the model
neglected preferential flow of water through macropores
that provide a quick path for pesticide leaching to ground-
water (Kordel et al. 2008), i.e. facilitated leaching.

In order to overcome the limited data coverage of the
model databases and the modelling gaps, a new version of
the model was developed: PestLCI 2.0. Apart from extending
the model applicability to the whole of Europe and including
macropore flow, many of the fate modules present in PestLCI
1.0 were remodelled in order to include recent scientific
developments. Together, these developments have lead to an
almost completely new model in PestLCI's framework.

The aim of this paper is to present the most recent
PestLCI model, PestLCI 2.0, to compare results obtained
with the new model to two dedicated pesticide risk assess-
ment models, and to demonstrate the climate and soil spec-
ificity of the emission pattern of a pesticide across Europe,
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both for the total emitted fraction and the distribution of the
emissions over air, surface water and groundwater.

2 Methods

In this section, the overall model layout is presented togeth-
er with a brief description of the updates, expansions and
new modules of PestLCI 2.0. The supporting information
provides a detailed documentation of the new equations
used in the model.

2.1 Overall model structure and modelling platform

PestLCI 2.0 estimates the fraction of pesticide applied in the
technosphere that crosses the technosphere-environment bor-
ders and thereby becomes an emission to the environment.
The technosphere, which can be regarded as a ‘field box’,
which follows the field borders of an arable field of user-
determined dimensions reaches 1 m down in the soil column
and extends 100 m up into the air column above the soil (i.e. a
101-m high box with a bottom area equal to the field area).
The rationale of including the agricultural field in the techno-
sphere is explained by Birkved and Hauschild (2006).

The model takes into account emissions to three environ-
mental compartments: air, surface water and groundwater.
Emissions to soils outside the technosphere are not included
in the model, because emissions to soil compartments can
only occur indirectly after emission of pesticide to air,
surface water or groundwater: there is no direct path for
transport of a pesticide from a crop or soil inside the techno-
sphere to a soil outside the technosphere. PestLCI 2.0 cal-
culates emissions from the technosphere for use in LCI and
subsequently LCA. The final fate of the pesticide after
emission to the environment is handled by characterization
models as applied in life cycle impact assessment such as
USEtox (Rosenbaum et al. 2008).

The PestLCI approach is based upon fate and exposure
modelling principles as applied in relation to risk assessment
of single chemical substances (as presented by, e.g. Mackay
(2001), van Leeuwen and Hermens (1995) and EU
(European Communities 2003)). The model is hence only
valid for emission modelling of single substances. Pesticide
products consists of a several single chemical compounds
(solvents, active ingredients, wetting agents, dispersing
agents, fillers, stickers etc.), PestLCI 2.0 has only been
validated on the active ingredients of pesticide products,
but PestLCI could in principle be applied for emission
assessment of all pesticide product compounds (i.e. one
substance at a time) as far as these compounds fall within
chemical the ranges for which the model has been validated.

Figure 1 provides an overview of the model structure,
distinguishing between primary and secondary distribution
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processes. Primary distribution processes are the initial dis-
tribution processes taking place in conjunction with the
pesticide application. The primary processes determine the
fractions of pesticide active ingredient deposited on leaves
and on soil or emitted to air by wind drift. Thus, the primary
distribution defines the starting conditions for further calcu-
lations. Secondary distribution processes account for the
fate processes in the period after application.

From Fig. 1, it can be seen that after the primary distri-
bution of pesticides over leaves and soil has taken place,
PestLCI 2.0 takes into account three secondary fate process-
es on leaves: volatilization, degradation and uptake. These
secondary processes takes place in parallel, starting imme-
diately after application and ending at the start of the first
precipitation event after pesticide application. In PestLCI
2.0, it is assumed that any pesticide residue present on
leaves at the beginning of the first precipitation event after
pesticide application washes off to the soil, independent of
the amount of precipitation.

PestLCI 2.0 includes seven secondary fate processes in
the soil (see Fig. 1). The topsoil is defined as the upper 1 cm
of the soil column. Degradation and volatilization in topsoil
are processes that start immediately after application and are
assumed to terminate at the start of the first precipitation
event. At this point, the pesticide fractions available for
runoff, leaching and macropore flow are calculated based
on the fraction left in the topsoil plus the fraction being
washed off from the leaves. The fraction of pesticide in the
top soil after the first precipitation event after pesticide
application is assumed to start leaching deeper into the
subsoil towards the groundwater. Whilst leaching, the pes-
ticide is subject to biodegradation in soil and may be

intercepted by the drainage system in the field if such a
system is installed.

Whilst the modular structure of PestL.CI 1.0 has not been
changed, the modelling platform of PestLCI 2.0 has been
shifted from MS Excel to Analytica 4.2 (Lumina Decision
Support 2010). This platform change allows for a more user-
friendly interface and increased transparency of the calcula-
tions. In addition, the Analytica platform is ideal for the more
complex and iterative calculations applied in PestLCI 2.0.

2.2 Primary distribution

The primary distribution processes are pesticide emissions
by wind drift (fy), pesticide deposition on leaves (f{) and
pesticide deposition on soil (f;). The sum of these three
fractions is always 1. The distribution between leaves and
soil after wind drift emissions have been taken into account
is determined by the leave interception fraction (Linders et
al. 2000), which depends on crop type and the development
stage of the crop. Only deposition on leaf surfaces and top
soil are included in the primary distribution modelling in
PestLCI 2.0. Other surfaces possibly present in the field are
not taken into account in the initial distribution step.

For wind drift emissions, seven different loss functions
have been added, based on the IMAG Drift Calculator
(Holterman and Van de Zande 2003). These additional wind
drift loss curves allow the user to select a more accurate
representation of the field situation. The loss curves are
available for four different crop morphologies (potato, flow-
er bulb, sugar beet and cereals) and bare soil using conven-
tional spray equipment, as well as for cross-flow sprayers
used in orchards for leaved and leafless trees. All curves
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have been empirically validated up to wind speeds of 4.5 m
s~! (Holterman and Van de Zande 2003). Since it is expected
that a farmer will seek to minimize application emissions of
the costly pesticides due to wind drift, this maximum wind
speed is assumed to be valid for use in PestL.CI 2.0.

The calculation method for wind drift emissions in
PestLCI 2.0 has been further detailed compared to PestLCI
1.0. Instead of basing calculations on the average distance
represented by the distance between the middle of the spray
boom and the field edge, the distance between field edge
and each spray nozzle is now used. Given the shape of the
loss curves, with emissions rapidly falling as the distance to
field edge increases, this method results in a more accurate
calculation of the pesticide emissions across the techno-
sphere border, especially from pesticide sprayed close to
the field border. The distance between the sprayer nozzles
is by default set to 10 cm; however, this distance can be
changed by the user according to preferences.

2.3 Secondary distribution on plants

The secondary distribution processes that are modelled for
pesticide deposited on plants are volatilization, uptake and
degradation (see Fig. 1). The modelling of each of these
three processes in PestL.CI 2.0 has, to various degrees, been
modified compared to PestLCI 1.0. The individual module
changes are summarized in the following paragraphs.

2.3.1 Volatilization from leaves

PestLCI calculates the volatilization from leaves using first-
order kinetics. In PestLCI 1.0, each pesticide was assigned
one out of the possible three rate constants present in the
database, based on the pesticide's air—water distribution
coefficient. In order to improve this simplification, a new
approach was introduced based on the work of Van
Wesenbeeck et al. (2008), who regressed the evaporation rate
as a function of a chemical's vapour pressure for chemicals
with vapour pressures varying between 1.0-10* and
2.2:10* Pa. From the evaporation rate of chemicals,
the vaporization rate constant at a fixed temperature is calcu-
lated, which is then corrected according to the average atmo-
spheric temperature in the month of application. This
temperature-corrected vaporization rate constant is used to
calculate the fraction of pesticide evaporated from the plant
leaves. Electronic supplementary material (ESM) 1 contains
the equation set used for this calculation.

2.3.2 Uptake by leaves
The PestLCI approach for pesticide uptake in leaves was

based on the assumption that due to the fact that most
pesticides are lipophilic molecules (i.e. more soluble in fat
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than in water and thus having log K,,>0), leaf uptake occurs
dominantly by diffusion through the cuticle (Korte et al.
2000). The first-order uptake rate of pesticides can then be
calculated from the Arrhenius function (Baur and Schonherr
1995). This approach is unchanged, but a new regression was
made to establish the rate constant parameters. The new leaf
uptake parameters used are found in ESM 1.

2.3.3 Degradation on leaves

Pesticides deposited on the crop leaves are exposed to
sunlight and can hence be degraded by either photochemical
degradation or by direct photolysis if deposited on the upper
side of the leaves. Because little data is available regarding
the latter reaction pathway, PestLCI only considers photo-
chemical degradation, through reaction with OHe radicals as
a surrogate for the overall degradation process on leaves.
The atmospheric concentration of these radicals depends on
the light intensity, and therefore has a strong temporal and
spatial variation.

Whilst the modelling approach was not altered for
PestLCI 2.0, a new regression was made of the OHe radical
concentration as a function of light intensity, which is used
to determine the rate constant, because the regression used
in PestLCI 1.0 was found to be inaccurate at high light
intensities and therefore inaccurate for southern Europe.
As a consequence of the expanded spatial coverage of
PestLCI 2.0, the dependency of daylight length on the
latitude was included. The new regression as well as the
calculation of the daylight length is elaborated in ESM 1.

2.4 Secondary distribution in topsoil and subsoil

Modelling of volatilization, degradation and runoff process-
es in PestLCI 2.0 has been altered with varying degrees
compared to PestLCI 1.0. Since macropores form a quick
(i.e. facilitated) leaching path into the subsoil (K&rdel et al.
2008), potentially resulting in a dramatic increase of the
fraction of pesticides emitted to groundwater, PestLCI 2.0
was expanded to include preferential soil flow in the form of
macropore flow. The modelling of conventional pesticide
leaching via the soil matrix (piston flow) is unchanged
compared to PestLCI 1.0, and therefore we refer to Birkved
and Hauschild (2006) for these processes.

2.4.1 Topsoil volatilization

In PestLCI 1.0, the fraction of pesticides emitted by volatili-
zation from soil was calculated through an approach relying
on fugacity to calculate a pesticide flux. In contrast, PestL.CI
2.0 applies a simplified method requiring fewer input data in
which fugacity is used to calculate the rate constant for vola-
tilization, assuming first-order kinetics. The volatilization is
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quantified using a fugacity level 3 model, based on the ‘Sur-
face soil model’ by Mackay (2001). In this model, pesticide
molecules diffuse through the interstitial air and water in soil,
after which they cross the air boundary layer before being
considered volatilized. The details of this approach are found
in ESM 1.

An improvement included in the current approach is that
the organic carbon—water partitioning coefficient required
for the calculation of the fugacity capacity of pesticides in
soil solids is now dependent on the pH in the topsoil. For
ionic pesticides, partitioning can change by several orders of
magnitude, depending on the topsoil's pH, and is therefore
important to include.

2.4.2 Topsoil biodegradation

The approach used here to calculate the biodegradation rate
in the topsoil was not changed, and remains based on the
method given by Larsbo and Jarvis (2003): a first-order rate
constant for biodegradation in soil is corrected for the soil
temperature and moisture content.

For PestLCI 2.0, the method for determining the soil
temperature correction factor was modified by introducing
a new, simpler equation based on Boesten et al. (1996) for
calculation of the correction factor relying on one equation
that is valid for the range of top soil temperatures considered
in the model. As a second modification, the top soil tem-
perature is no longer assumed to be identical to the temper-
ature of the air. The new equation set used for top soil
biodegradation can be found in ESM 1.

2.4.3 Topsoil runoff

The approach applied to quantify runoff in PestLCI 1.0 was
valid only when the average monthly maximum daily rain-
fall was equal to or larger than 17 mm. Since many Euro-
pean regions experience periods with less precipitation, a
new approach based on Berenzen et al. (2005) has been
introduced in PestLCI 2.0. This approach relies on the ratio
of runoff water to precipitation and the fraction of pesticide
being present in top soil water. Corrections are done for the
field slope and the pesticide-specific buffer zone where
pesticide application is prohibited; increasing the distance
that runoff water has to cover in order to cross the techno-
sphere border. Details of this new topsoil runoff approach
are found in ESM 1.

2.4.4 Macropore flow and tillage

In structured soils such as clays or silty soils, the downward
movement of water not only takes place through the soil
matrix: often macropores provide a facilitated leaching path-
way that bypasses the slow matrix flow (i.e. piston flow).

Macropores may be formed by cracking of a drying soil or
by various activities, such as rain worm migration in the
soil. As a consequence of the elevated leaching rate caused
by the presence of macropores, pesticide emissions to
groundwater may be considerably higher than what should
be expected from soil matrix flow only (Kdrdel et al. 2008).

The modelling approach used in PestLCI 2.0 focused on
macropore volume and the rate at which water flows
through these macropores. Following the approach pre-
sented by Hall (1993), the water in soil pores is divided in
an immobile and a mobile part. Water does not flow in the
‘immobile’ pores. The ‘mobile’ water is divided in a slow-
flowing and a fast-flowing domain. The fast-flowing do-
main represents the macropores. The volume of water flow-
ing through macropores in PestLCI 2.0 is calculated from
the volume of water precipitated during a rainfall event and
the water storage capacity of the topsoil. If the storage
capacity is exceeded, water starts flowing into macropores.
It is assumed that the fraction of pesticide ingredients dis-
solved in the water flowing through the macropores will
quickly reach the groundwater (Villholth et al. 1998) and it
is hence considered to be emitted to groundwater without
undergoing degradation. For more details on the equations
used in the calculation for macropore flow, we refer to ESM 1.

So far, the quantification of macropore flow assumed an
undisturbed field in which pores develop through natural
processes. Tillage, defined as ‘any mechanical operation on
the soil and crop residues that aims at providing a suitable
seedbed where crop seeds are sown’ (Alletto et al. 2010),
disturbs the soil, thus affecting macropore development and
structure. Based on the literature overview presented by
Alletto et al. (2010), it was concluded that macropore leach-
ing of pesticides is reduced by a factor 7.5 when the soil is
tilled by means of conventional tillage practice. When ap-
plying conservation tillage, defined by Alletto et al. (2010)
as ‘any tillage and planting system that leaves at least 30 %
of the soil surface covered by crop residue after planting to
reduce soil erosion by water, or at least 1.1 tons of crop
residue/ha to reduce soil erosion by wind’, the leaching is
reduced by a factor 3.5. Given the small data foundation for
the latter number, conservation tillage leaching estimates
have to be applied with care.

2.5 Databases

PestLCI 1.0's applicability was limited to Danish circum-
stances, because the soil and climate databases only com-
prised data for one Danish soil and one Danish set of climate
data. PestLCI 2.0 aims at application in a European context.
For that reason, the climate and soil databases were
expanded.

A total of 25 climate sets was included in the expanded
database, covering the 16 European climate zones distinguished
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in the FOOTPRINT project (see Centofanti et al. 2008). For
each of these climate zones, up to three sets of climate data
from randomly chosen weather stations within each climate
zone were included. Each climate set consists of 10-year
averages of monthly average minimum, maximum and av-
erage temperatures, monthly average precipitation and num-
ber of rain days (Klein Tank et al. 2002), monthly solar
irradiation (European Communities 2007) and the potential
water balance, calculated from the approach presented by
Linacre (1977).

The expanded soil database now contains seven European
soil profiles with different compositions, selected from the
Spade Database (Hiederer et al. 2006) on basis of varying
clay, silt and sand content in order to cover a wide range of
likely soil compositions.

Also the pesticide ingredient database was extended by
adding the required substance property data for 20 active
ingredients of pesticides frequently used in Europe on top of
the 70 active ingredients already contained in the PestLCI
1.0 ingredient database.

2.6 Comparison with PestLCI 1.0

Selected scenarios presented by Birkved and Hauschild
(2006) were remodelled in PestLCI 2.0 and the results
obtained in the two versions of the model were compared.
This comparative validation was carried out for two scenar-
ios, summarized in Table 1: 1 kg ha™' of Bentazone applied
in May and August to maize in different growth stages on a
1 ha field using PestLCI 1.0 default settings. The soil profile
data and climate data used in PestLCI 1.0 were inserted in
PestLCI 2.0. Because monthly minimum and maximum
rainfall data were not included in PestLCI 1.0, these were
therefore calculated as 10-year averages for the climate
station Roskilde-Tune (Geodata 2011). In addition, new solar
irradiation data sources were used (European Communities
2007). For the parameters included in PestLCI 2.0 that are not
used in PestLCI 1.0, default PestL.CI 2.0 settings were applied.
A sensitivity analysis performed showed that the sensitivity of
these default modelling parameters was at least 2 orders of

Table 1 Scenarios used for the comparison of PestLCI 1.0 and
PestLCI 2.0

Parameter Scenario 1 Scenario 2

Soil Tune (DK) Tune (DK)

Climate Roskilde-Tune (DK) Roskilde-Tune (DK)
Crop type Maize Maize

Month May August

Application type Field crops Tall crops

Development
stage

Stem elongation Development

of fruit/ripening
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magnitude lower than the most sensitive model parameters.
Therefore, it can be assumed that the use of these default
parameters did not affect the accuracy of the comparison to
any considerable extent.

2.7 Comparison of PestL.CI with pesticide risk assessment
models

Compartment-specific emissions calculated by PestLCI 2.0
were compared with compartment-specific emissions calcu-
lated by the pesticide risk assessment models SWASH 3.1
for emissions to surface water (Alterra 2009) and FOCUS-
PEARL 4.4.4 (RIVM, PBL and Alterra 2011) and MACRO
4.3 (Jarvis 2001) for emissions to groundwater. FOCUS-
PEARL uses chromatographic flow to estimate emissions to
groundwater, which is comparable to the approach to calcu-
late leaching in PestLCI 2.0, but FOCUSPEARL does not
take macroporous flow into account. In order to compare the
macropore flow, MACRO was applied. This model is a
model to calculate 1-dimensional water flows in macropo-
rous soils based on a dual porosity approach.

In SWASH, surface water emissions by drainage and
runoff were quantified by application of sub-model, MAC-
RO 4.3 (Jarvis 2001). For this comparison, the
compartment-specific emission patterns of the pesticide
MCPA, a phenoxy herbicide, were quantified in both risk
assessment models and PestLCI 2.0. The properties of
MCPA required by the individual models are listed in Table
S1 in ESM 2. For all MCPA scenarios, the assumption of
one annual application of 1 kg ha ' applied to cereals was
used. The risk assessment models were run mainly using
default settings and scenarios (i.e. scenarios provided with
the models).

The PestLCI 2.0 settings in this step were chosen to
resemble the default settings in SWASH and FOCUS-
PEARL as closely as possible. With regard to geographical
settings, the comparison of MACRO applied in SWASH
was done using the four data sets for locations as close as
possible to the locations applied in MACRO. The compar-
ison FOCUSPEARL-PestLCI 2.0 was performed using six
locations in the same climatic zone, as close as possible to
the six locations modelled in FOCUSPEARL.

The months of application modelled in PestLCI 2.0 were
June to August for the comparison with SWASH, since the
scenarios in SWASH are based on pesticide applications in
one of these months, the exact moment depends on the
scenario. For the comparison with FOCUSPEARL, the
month of application used in the FOCUSPEARL scenarios
was also used in PestLCI 2.0.

Since FOCUSPEARL lacks macropore flow, an addition-
al comparison was done using MACRO which includes
both matrix flow and macropore flow. Unfortunately, the
FOCUS scenarios include only one groundwater scenario
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for MACRO. Therefore this comparison is a limited valida-
tion of the model.

The PestLCI 2.0 soil profile applied in the soil compar-
ison calculations was the ‘average’ profile, which has clay,
silt and sand fractions close to the average of the fractions of
these constituents found in the Spade database (Hiederer et
al. 2010). This average soil profile was applied since it fitted
well to the majority of the soil textures used in the SWASH
surface water scenarios (FOCUS 2001). The characteristics
of the average soil profile are listed in Table S2 in ESM 2.

2.8 Case study

A case study in which PestLCI 2.0 was carried out to
quantify the emissions of MCPA applied to potatoes in
development stage 2 (formation of basal side shoots/main
stem elongation) which is comparable to BBCH codes 20-39
(Linders et al. 2000), in order to illustrate the climate and soil
specificity of pesticide emissions. Thus, the influence of cli-
matic conditions and soil properties on the compartment-
specific pesticide emissions to air, surface water and ground-
water as well as the variation in the aggregated emissions to all
compartments was illustrated.

In order to illustrate the influence of the climatic con-
ditions on pesticide emission patterns, three climate data sets
corresponding to specific climate zones were applied in the
case study: ‘Temperate Maritime’ (Tranebjerg, Denmark;
DK), ‘Continental 2’ (Gyor, Hungary; HU) and ‘Mediterra-
nean 1° (Tessaloniki, Greece; GR). These climate sets are in
the following referred to as DK, HU and GR, respectively.
These sets are described in Table S3 in ESM 2. In order to
quantify the influence of the climatic conditions on the
emission patterns, the soil properties had to be kept constant
across all climate scenarios. For this purpose, the average
soil profile was applied, all other PestLCI 2.0 settings were
likewise kept constant across the three climate scenarios.

To demonstrate the effect of soil characteristics on
pesticide emission patterns, three soil sets were included
in the case study: high sand, average and high clay, all
having quite different fractions of organic carbon and soil
pHs. These soils will in the following simply be referred
to as sand, average and clay, respectively. The climate
data set applied in the soil comparison was the DK set.
All other PestLCI 2.0 settings were kept constant across
the three soil scenarios. The soil characteristics are given
in Table S2 in ESM 2.

In order to illustrate the combined climate and soil influ-
ence, i.e. the influence of different field locations, on pesti-
cide emission patterns, the model was run for the three
climate data sets combined with the three soil samples.
From these in total nine model scenarios, in emissions to
air, surface water and groundwater was determined.

3 Results
3.1 Comparison PestLCI 1.0 and PestLCI 2.0

Table 2 presents the emissions of bentazone calculated
by both PestLCI 1.0 and PestLCI 2.0 by application to
maize in May and August. The emission data from
PestLCI 1.0 originate from Birkved and Hauschild
(2006). The results indicate that the emissions to air
are more or less independent of model version. The
largest difference between the air emissions calculated
by two model versions is observed for the May scenario
(scenario 1). The emissions to surface water calculated
by PestLCI 2.0 are 2 orders of magnitude lower than
those calculated by PestLCI 1.0. Also, here the largest
difference between the surface water emissions calculat-
ed by two model versions is observed for the May
scenario (scenario 1). The fractions emitted to ground-
water as calculated by PestLCI 2.0 are up to approxi-
mately five to seven times larger compared to the
emissions calculated by PestLCI 1.0. The highest ratio
between the groundwater emissions calculated by two
model versions is observed for the August scenario
(scenario 2). Comparing the total emission fractions for
both scenarios in the two model versions reveals no
large differences between the aggregated emissions cal-
culated by PestLCI 1.0 and PestLCI 2.0. Moreover the
aggregated emissions are lower than 6 % of the applied
amount for both models.

3.2 Comparison of PestLCI with pesticide risk assessment
models

The results obtained from applying SWASH for quanti-
fication of emissions of MCPA to surface water are
presented in Table 3. This table also lists the emissions

Table 2 Comparison of results obtained from PestLCI 1.0 and
PestLCI 2.0 on bentazone emissions applied in May (scenario 1) and
August (scenario 2)

PestLCI PestLCI Ratio PestLCI
1.0 2.0 2.0/PestLCI 1.0
Scenario  fur 1.60-102  1.051072  0.66
1 Sow 7.60-107° 373107 491107
Saw 1.50-10°  6.8410°  4.56
Aggregated  0.025 0.017 0.69
emissions
Scenario  fu 460102 5411102 118
2 fw 1.50-10°  1.07-10°  7.13-107°
Saw 3.00107%  221:107° 7.3
Aggregated  0.048 0.056 1.18

emissions
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Table 3 Comparison SWASH

and PestLCI 2.0 results for Scenario Month SWASH emissions PestLCI 2.0 Ratio SWASH/
surface water emission emissions PestL.CI 2.0
(as fraction of applied pesticide) Drainage Runoff Total

DI August 3.06:10°2 0 3.06:10 2 2.20-107* 139

D3 July 1.00-107* 0 1.00-107* 2.00-107* 0.50

D4 August 2.10-107 6.35-107* 274107 1.60-107* 17

D5 June 1.00-1073 2.55-107° 1.03-107 9.30-107° 11

calculated by PestLCI 2.0 for comparable scenarios. The
SWASH results showed higher emissions to surface
water from drainage systems than from surface runoff.
Summing the runoff and drainage fractions showed that
the total emissions to surface water modelled by SWASH are
on average 0.86 % of the applied dose, the average
emission calculated by PestLCI 2.0 was 0.017 % of the
applied dose.

Table 4 presents the results for emissions of MCPA to
groundwater, calculated by FOCUSPEARL and PestLCI
2.0. The 20-years average emissions found by FOCUS-
PEARL for the six different locations were on average
0.12 % of the applied dose. For PestL.CI 2.0, an average of
0.019 % was found to reach the groundwater via leaching.
Including macropore flow, which FOCUSPEARL does not
include the average emissions calculated by PestLCI were
0.29 %. All data obtained from FOCUSPEARL 4.4 can be
found in Table S4 in ESM 2.

The FOCUS groundwater scenario included in MACRO,
which includes macropore flow, resulted in a groundwater
emission fraction of 3.7-10~*. The emission fraction of the
most similar PestLCI 2.0 scenario (Tours, see Table 4) was
2.1-1072, hence 7.7 times higher than MACRO.

3.3 Results from case study
3.3.1 Climatic influence on emission patterns

The PestLCI 2.0 results obtained for MCPA emission pat-
terns under three different sets of climate conditions are
summarized in Fig. 2. The data shown in Fig. 2 indicated

that the emission patterns differ according to location and
hence climate. The emissions to air increase in the order
DK<HU<GR. In contrast, the emissions to surface and
groundwater increase in the order DK<GR<HU. The vari-
ability in emissions, calculated as the ratio between the max-
imum and minimum compartment-specific emission fractions
are listed in Table 5 for both the emissions to the environmen-
tal compartments and the total emissions.

3.3.2 Soil profile influence on emission patterns

Figure 3 illustrates how the soil profiles influence the
pesticide emissions patterns. As was the case for climate
specificity, Fig. 3 reveals not only that most emissions
occurred to air, but that the emissions to surface water and
groundwater showed a clear soil dependency. The emis-
sions to these compartments increased in the order sand<
average<clay. Table 5 lists the variability in emissions to
the different compartments as well as the variability in the
total emissions.

3.3.3 Combined influence of climatic conditions and soil
profile on emission patterns

The rightmost column in Table 5 reveals how the combined
effect of varying soils and climatic circumstances leads to an
even larger variability in pesticide emissions, illustrating the
relevance of using both soil- and climate-specific data when
calculating the life cycle inventory. Table 5 shows an undis-
putable site dependency of the emissions to all compartments
considered, except for the emissions to air for the soil-specific

Table 4 Comparison FOCUSPEARL and PestLCI 2.0 (leaching results only) for groundwater emissions (as fraction of applied pesticide)

Scenario FOCUSPEARL PestLCI 2.0 emissions Ratio FOCUSPEARL/
PestLCI 2.0
Location Emissions Location Total Leaching Macropore flow
1 Chateaudun 43510° Tours 2.13:1073 1.17-10°¢ 2.1310°° 37
2 Hamburg 2.08107° De Bilt 2.07-107° 1.16:107* 1.96:10°° 18
3 Joikionen 247107 Birzai 2.55-10° 3.13:10°¢ 2.5410°° 79
4 Kremsmiinster 1.5310 Kremsmiinster 3.93-10° 2.26107* 3.71-107° 6.8
5 Okehampton 272107 Gogerddan 2.60-107 516107 2.08107° 5.3
6 Porto 5.80-10* La Coruna 3.90-10° 295107 3.61:107° 2.0
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scenario. The largest variations are observed when both cli-
mate and soil data are varied.

3.4 Sensitivity analysis

A sensitivity analysis was carried out, based on a scenario of
MCPA application in May, using the climate scenario DK and
the average soil. For this analysis, not only the model param-
eters, but also the pesticide, climate and soil input data were
varied with +10 % to determine the corresponding change in
emissions. The three parameters towards which the emissions
to each of the environmental compartments show the highest
sensitivity are listed in Table 6. The numbers given in this
table are the relative sensitivities: the ratio of change in out-
puts relative to the change in inputs. The results indicate that
emissions to air are relatively insensitive. The distance to the
field border and hence technosphere border is the most sensi-
tive parameter for emissions to air. Emissions to surface and
groundwater are mainly sensitive towards soil properties.

4 Discussion
4.1 Comparison of PestLCI 1.0 and PestLCI 2.0

Comparing the emission fractions calculated by PestLCI 1.0
and PestLCI 2.0 reveals noticeable differences, mainly

concerning the emissions to surface water and to ground-
water. The emissions to air have changed slightly as a
consequence of changes in the equations applied for quan-
tification of volatilization from leaves and soil: volatiliza-
tion from plant surfaces is in the 2.0 version based on a
simpler, regression-based equation based on Van Weesenbeeck
et al. (2008) and volatilization from top soil is calculated
based on a rate constant, replacing PestL.CI 1.0's mass flux
approach. The emissions to air are however mainly caused
by wind drift losses, so the changes are relatively small.
Focusing on surface water emissions, the observed differ-
ences can be explained by a combination of two factors.
Firstly, the approach to calculate surface runoff has been
altered. As a consequence of the inclusion of correction
factors for the slope of the field and the width of the
buffer zone, both lower than 1, runoff is predicted to lead
to lower emissions. Secondly, and most importantly, the
inclusion of macropore flow in the model is assumed to
result in facilitated transport of pesticides directly to the
groundwater leaving less pesticide residues available for
leaching through the soil matrix, a process during which
it can be intercepted by the drainage system. The surface
water emissions calculated by PestLCI 2.0 fall in the same
orders of magnitude as the emissions for a number of
pesticides given by Berenzen et al. (2005), though in the
lower end. The updated version of PestLCI calculates
higher emissions to groundwater compared to PestLCI
1.0. This is a consequence of including macropore flow.
A second reason for the increase in the groundwater emis-
sions is a change in the calculation of the filter velocity of
the soil. By applying the actual evaporation instead of
potential evaporation, a higher filter velocity is found. This
results in a higher rate of downward movement of water-
dissolved pesticide molecules through the soil, consequent-
ly lowering the fraction of pesticide degraded before the
residues reach 1-m depth where pesticide degradation is
assumed to cease, according to Larsbo and Jarvis (2003).
Concluding, the main difference between PestLCI 1.0 and
PestLCI 2.0 is found in the emissions to surface water.
The main reason for this difference is the inclusion of
macropore flow in PestLCI 2.0.

Table 5 Variability of pesticide emissions: for the climate-dependent, soil-dependent and both climate- and soil-dependent scenarios

Climate-dependent scenarios
(soil: average)

Soil-dependent scenarios
(climate: DK)

All scenarios (combined climate- and
soil-dependent scenarios)

Aair) 1.1* GR:DK®
fsw) 2.3 HU:DK
flgw) 2.3 HU:DK
Total emissions 1.2 GR:DK

1.0 Clay:average
29 Clay:sand
3.4 Clay:sand
1.2 Clay:sand

1.1 GR, clay; DK, sand
68 HU, clay; DK, sand
7.8 HU, clay; DK, sand
1.5 HU, clay; DK, sand

*This number is the ratio between maximum and minimum emissions are listed per environmental compartment and for the total emissions

° The scenario giving the highest and lowest emission to the given environmental compartment, denoted as max:min
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4.2 Comparison of emission estimates from PestLCI
and risk assessment models

Comparing the results obtained for emissions to surface water
from SWASH and PestLCI 2.0 revealed that the sum of
surface water emissions calculated by PestLCI 2.0 are up to
2 orders of magnitude lower than those calculated by
SWASH. This difference is accounted for by a combination
of two factors. Firstly, the compared models differ in inputs
and calculation methods. Even though SWASH was parame-
terized to operate with as many PestLCI input data as possible,
the parameterizations of the two models were not fully iden-
tical. For example, the drainage depth applied in PestL.CI 2.0
was 0.5 m with a drained fraction of 0.5 in all scenarios, whilst
the three scenarios included in MACRO module applied in
SWASH had different and varying drainage depths and dis-
tances between drainage pipes. Secondly, the models incor-
porated in SWASH were developed for risk assessment
purposes. PestLCI 2.0 was developed for use in LCA, which
aims at assessing average scenarios. Risk assessment on the
other hand most often aims at providing realistic worst-case
scenario estimates. The scenarios applied in this study to run
the risk assessment models are no exception from this principle

Table 6 Relative sensi-
tivities of the emissions Jair

to air, surface water and Field width —0.80
groundwater towards Solar irradiation -0.28
their three most
sensitive parameters Average temperature 0.23
Jow
Soil pH 18.0
Fractions sand, silt, clay 14.4
Potential evaporation 14.4
Jaw
Soil pH 27.1
Fractions sand, silt, clay 14.9
Potential evaporation 14.0

@ Springer

(FOCUS 2000). A difference between the model results should
therefore not come as a surprise but merely underline the
generally acknowledged differences in the two assessment
methodologies. The lower emissions to surface water calcu-
lated by PestLCI 2.0 were considered acceptable due to the
differences in the assessment methodologies.

Comparing the FOCUSPEARL and PestLCI 2.0 results
for similar scenarios showed that the calculated emissions to
groundwater by leaching generally differ up to 1 order of
magnitude. The groundwater emissions calculated with
FOCUSPEARL are all higher than those found by PestLCI
2.0, again reflecting the difference between the conservative
realistic worst-case approach applied in risk assessment
models and the average assessment approach applied in
LCA. A second reason for the observed differences is that
the soil samples used in the comparison were not matching
100 %, because PestLCI 2.0's database does not have the
FOCUS soil samples, and vice versa.

As FOCUSPEARL did not include groundwater emissions
via macropore flow, a comparison of PestLCI 2.0 and MAC-
RO was done for the only groundwater scenario present in the
MACRO version developed for the FOCUS project. The
result revealed that groundwater emissions calculated by
PestLCI were higher than those found by MACRO. This is
contrasting with the general perception of differences in ap-
proach between environmental risk assessment and LCA.
Even though the differences in soil profile may play a role
here, it may also suggest that PestLCI tends to overestimate
emissions to groundwater via macropores for some soils.

Looking at all data given in Table 4, MCPA emissions to
groundwater via macropore flow calculated by PestLCI 2.0
are in the order of 0.2-0.4 % of the applied dose. The literature
overview presented by Kordel et al. (2008) covers ten mea-
sured leaching results, of which three studies involved macro-
pore flow. The group of studies involving macropore flow
showed groundwater emissions between 0.01 and 0.117 % of
the applied dose. This suggests that the groundwater emis-
sions estimated with PestLCI 2.0 are noticeable higher, and
hence that the approach taken in PestLCI 2.0 to model macro-
pore flow might result in slightly overestimated groundwater
emission estimates for some soils. However, more scenarios
are needed to conclude on this.

Finally, the model comparisons for both surface water
and groundwater have been carried out with one pesticide
active ingredient, and hence can only be regarded as a
partial validation.

4.3 Case study

The case studies illustrate that there is a spatial dependency of
pesticide emissions, mediated through differences in terms of
climate and soil. Analysing the emissions to air reveals an
increase in emissions with increasing average ambient
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temperature, reflecting the higher volatilization rate of chem-
icals at higher temperatures. The trends in emissions to surface
water and groundwater observed from Fig. 2 emissions are the
result of two factors: the intensity and frequency of rain events.
The rain intensities (in millimeters per day) of the scenarios are
related according to HU~GR>DK, whilst the rain frequency
(time between rain events) are related GR>HU~DK. The
scenarios with higher rain intensity are expected to have more
runoff, more macropore flow and hence increased leaching of
dissolved pesticide to groundwater, whilst a longer dry period
between rain events results in more pesticide degradation and
evaporation, thus lowering the fraction available for emission
to surface water and groundwater. The sequence observed in
Fig. 2 is the result of the interplay of these two effects.

Figure 3 and Table 5 illustrate that there are clear differ-
ences in pesticide emissions between the different soil types.
The effect of including the dependence of pesticide sorption
on soil pH had a negligible effect on pesticide emissions to air,
because this emission route is dominated by wind drift emis-
sions. The explanation for the observed pattern in emissions to
surface water is found in the equations used to calculate runoff
emissions: in order to take differences in soil structure into
account, the calculation of the fraction of precipitation that
runs off from the field is based on the sand content of the soil.
Another equation is used for soils with low (i.e. less than
50 %) sand content than for soils with high sand content.
For emissions to groundwater, this difference is explained in
terms of soil pH. MCPA is a dissociating pesticide. Because
the pH of the pore water in the clay soil is higher than pore
water pH of the other soils (sand and average soils which have
comparable pHs—see Table S2 in the ESM 2), the sorption in
the clay soil is lower. Thus, the pore water of the clay soil will
contain more dissolved MCPA which results in a higher
leaching rate to groundwater. For emissions to groundwater,
the pH-dependent sorption behaviour is therefore part of the
explanation of the differences between the soil scenarios.

Table 5 shows that the largest ratio between highest and
lowest emissions to an environmental compartment oc-
curred for emissions to surface water, whilst emissions to
air were relatively invariable. Since the emissions to air
constitute a dominating part of the total emissions (see
Figs. 2 and 3), the variation in the total emissions was
relatively low: at most a factor 1.2. However, these results
were obtained by combining three sets of climate data with
three sets of soil data, so including more data might result in
a larger variation in the total emissions, in particular for
pesticides with a lower volatility, where emissions to surface
water and groundwater with their dependency on soil and
climate properties will play a more dominant role.

The aggregated emissions patterns indicate that between
2 and 3 % of the applied pesticide was emitted from the
technosphere. The results sets shown in Figs. 2 and 3
indicate that pesticide emissions have spatial variability;

especially due to climatic dependency and soil characteristic
dependency, less so in the total emissions as a fraction of the
total application dose. This observation is in sharp contrast to
the way pesticide emission inventories are calculated in cur-
rent LCA practice. Commercial available inventory datasets
such as for example Ecoinvent (Swiss Centre for Life Cycle
Inventories 2011) assume that the full dose applied is emitted
(i.e., 100 % emission), and that the emissions are to one
environmental compartment only, namely soil. Following this
approach, we consider the total emissions overestimated. As a
consequence, the environmental impact potential resulting
from the use of pesticides may be overestimated as well,
depending on the (emission compartment specific) character-
ization factors. In contrast to the current approach to calculate
the LCI data on pesticide emissions, we consider the approach
presented here more accurate and realistic and therefore capa-
ble of delivering realistic pesticide emission inventories.

4.4 Sensitivity and uncertainty analysis

The results of the sensitivity analysis (Table 6) showed that
the emissions to air were relatively insensitive towards
changes in the input parameters. The highest sensitivity for
emissions to air was observed for the field width. This was
expected, because the emissions to this environmental com-
partment are dominated by wind drift. The wind drift emis-
sions in turn depend on the distance between the spray boom
nozzle and the field border. In the sensitivity analysis of
PestLCI 1.0, the size of the field which is dependent on the
field width was given as one of the most influential param-
eters in the emissions to air (Birkved and Hauschild 2006).
The other sensitive parameters found, both for PestLCI 1.0
(Birkved and Hauschild 2006) and PestLCI 2.0 are mainly
related to emissions from plant surfaces. This is explained
by the fact that, after wind drift, volatilization from plants is
the most important source of emissions to air.

Emissions to surface and groundwater are more sensitive
than the emissions to air. From Table 6, it can be seen that
the same parameters contribute most to the sensitivity of
both emissions. The emission estimates are most sensitive
towards soil pH, which intuitively makes sense: the soil pH
determines the fraction of pesticide dissolved in the pore
water, i.e. the fraction that is available for runoff, macropore
flow or leaching. The soil constituents are included in the
algorithms to determine the fraction of rainwater that will
run off and furthermore they influence the structure of the
soil and hence the formation of macropores. Finally, the
potential evaporation is used in the calculation of the rate
of downward movement of pesticides through the soil, thus
affecting leaching rate and hence drainage fraction and
groundwater emissions. Comparing the sensitivities of sur-
face water and groundwater emissions found in Table 6 to
the sensitivity analysis done for PestLCI 1.0 (Birkved and
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Hauschild 2006) shows that soil pH is not mentioned as a
sensitive parameter for PestLCI 1.0. The reason why it
appears as a sensitive parameter for the new model version
in Table 6 is the fact that the sorption of pesticides is pH
dependent in PestL.CI 2.0, making surface water emissions
and macropore flow pH dependent.

Given that the soil pH, soil constituents and potential
evaporation are the parameters contributing most to the
sensitivity, data availability and quality for these parameters
are important to include these in emission assessment. Both
soil pH and composition are taken from measured soil
samples included in the SPADE 2.0 database (Hiederer et
al. 2006), which was developed for pesticide fate modelling
for use in risk assessment. The data validation is described
in Hollis et al. (2006). The first version of the SPADE
database, which includes soil samples from nine EU
countries, is freely available and can be used to incorporate
more soil samples in PestLCI 2.0. Calculation of the poten-
tial evaporation is done on basis of a simplified equation
proposed by Linacre (1977) in which the potential evapora-
tion is a function of latitude, elevation and temperature, thus
simplifying the assessment by leaving out the physical
property data of water and air. Even though the validation
done by Linacre (1977) shows a good agreement between
calculated and measured data, it can be expected that the
uncertainty in pesticide emissions caused by the potential
evaporation is higher than the uncertainty in the results as a
consequence of the soil properties.

A number of modules in PestLCI 2.0 require more input
data compared to the input data required for PestLCI 1.0,
thereby inducing more uncertainty. The sensitivity of the
results towards these additional parameters was taken into
account in the sensitivity analysis, revealing that the out-
comes were not sensitive towards the inputs added to ver-
sion 2.0. Assuming that representative default values have
been used for these inputs, it can be concluded that the
uncertainty in the results probably has not increased consid-
erably from version 1.0 to 2.0. In addition, for other mod-
ules the data demand was reduced.

Despite the improvements, there are some limitations in
the current model. Firstly, the modelling approach of the
macropore flow is relatively simple, resulting in some addi-
tional uncertainty in the model results. The extent of this
uncertainty could not be quantified. A more complex ap-
proach would have resulted in a considerable increase in the
input data demand and was therefore avoided. Secondly,
PestLCI 2.0 currently only takes pesticide active ingredients
into account. Many active pesticide ingredients are known
to have toxic and/or persistent metabolites, such as, e.g.
diuron (Oturan et al. 2008). If these metabolites could also
be modelled, the quality of LCIs would increase further.
Both limitations will have to be considered when a next
version of the model is prepared.
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4.5 Application and availability of the model

The results obtained with PestLCI 2.0 can be applied in
combination with characterization factors (CF) obtained
from emission route-specific impact assessment models,
such as USEtox (Rosenbaum et al. 2008), where the product
of the emission and the CF gives the characterized impact
potential. So far, little work has been done on development
of toxicity CFs for groundwater. It would be interesting to
see if characterization factors for this compartment appear in
the future characterization models. PestLCI 2.0 results can-
not be used to quantify emissions to agricultural soils, as the
model developers do not regard pesticide application to
agricultural soil as an emission to the environment, as was
explained in the model description.

PestLCI 2.0 was modelled in Analytica and is available
for download from http://www.man.dtu.dk/PestLCI. In or-
der to run the model, the Analytica Player is needed. The
Analytica Player is available for free from the website of
Lumina Decision Support. The player allows the user to
operate the model and design scenarios using the included
pesticide, climate, crop development and soil databases, as
well as changing a number of field and crop management
parameters. The player does not allow for data to be added
to the database or equations to be modified, but the authors
of this paper are open for including new data in future
updates of PestLCI 2.0.

5 Conclusions

In this paper, an expanded and updated version of the
PestLCI model has been presented. Macropore flow and
the effect of tillage have been introduced as new pesticide
fate influencing mechanisms in PestLCI 2.0. In addition
new calculation methods have been introduced for a con-
siderable number of the fate modules in order to improve the
accuracy of emission modelling from arable land. Further-
more, expanded climate, soil and active ingredient databases
were introduced, thereby widening the scope and applica-
bility of this version of the model to Europe. The model
platform was changed from Excel to Analytica.

PestLCI 2.0 results have been compared to the results of
PestLCI 1.0 for the same pesticide application scenarios. Air
emissions were comparable for both models, PestLCI 2.0
groundwater emission estimates were slightly higher than
PestLCI 1.0 due to the inclusion of macropore flow and
improved calculation of the water infiltration rate, whilst
introduction of new algorithms and macropore flow led to
considerably lower PestLCI 2.0 emission estimates to sur-
face water compared to PestLCI 1.0.

By comparing emissions to surface water and groundwa-
ter calculated by PestLCI 2.0 to results for the same
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compartments obtained by risk assessment models, the mod-
el was partially validated.

The MACRO module in SWASH was used to compare
emissions to surface water, FOCUSPEARL was used for
groundwater emissions via matrix leaching. Because this
model does not include macropore flow, the only MACRO
groundwater scenario available in FOCUS was used to
compare groundwater emissions including emissions caused
by macropore flow. For the comparisons with SWASH and
FOCUSPEARL, the majority of the results were within less
than 2 orders of magnitude, where the emission estimates of
PestLCI 2.0 in general were lower than those found by the
risk assessment models, indicating that the results are in
acceptable accordance. The differences in the results are
explained partly by the differences in input parameters and
the generally conservative approach applied in risk model-
ling as opposed to the average approach applied in LCA,
and partly by the fact that the soil samples compared were
not identical.

The comparison of groundwater emissions including mac-
ropore flow applying MACRO revealed that the emissions
calculated by PestLCI 2.0 were higher than those obtained
from MACRO, which suggests that macropore flow might be
modelled slightly conservative in the PestLCI model. How-
ever, due to the limited data availability, no definitive con-
clusions can be drawn on this modelling aspect.

Finally, the results of the case study showed that emis-
sions of pesticide to air, surface water and groundwater are
variable, depending on climatic circumstances and soil type.
Total emissions from the technosphere are only a small
fraction of the applied pesticide dose. Both results call for
a change in the way LCIs for pesticides are currently
handled.
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