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a b s t r a c t

Sustainability depends on the adoption of attitudes by the productive sector to achieve cleaner pro-
duction processes. Earth provides the resources necessary for life, but the anthropic concept of survival is
inserted in acts of consumption and production to meet the demand that hinder the achievement of
sustainability itself. On the other hand, both the supply chain and the end consumer need information
which may assist decision-making about buying products that do not harm the environment. The
conscious consumption is a growing practice worldwide and manufacturers should adopt a proactive
approach to monitor pollution and the impacts caused by their products. Aquatic ecotoxicity can affect
multiple trophic levels, compromising water quality for both human consumption and ecosystems
biodiversity. Since water is an essential resource for life, this study proposes a method for calculating the
Water Ecotoxicological Footprint of products and presents an illustrative example of application to
achieve a single indicator that can be used in comparative assessments or benchmarking. Obtained by
quantifying tangible variables in a system of monitoring, management of water use and disposal of
effluent (wastewater) in industrial and agricultural environments, this indicator aims to contribute to the
decision-making process towards sustainability since it may be showed as an informative label on the
packaging of each product answering the question: “How much does this product contribute to the
aquatic ecotoxicity?” or “How much does this product contribute to the loss of biodiversity?”. From a
product life-cycle perspective, the spatial and temporal dimensions were inserted by using a geographic
information system (GIS) for local assessments. Public policies can be established to encourage the
identification and mitigation of aquatic ecotoxicity impact throughout the product supply chain.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In a complex society, with a growing population, the supply of
demands for food and infrastructure/services is essential to guar-
antee a better quality of human life; however, this supply puts
pressure on the environment. It is estimated that 60% of natural
resources have been degraded or are used unsustainably
(Millennium Ecosystem Assessment, 2005).

Water is an essential natural resource for life and the preser-
vation of its quality is fundamental in the context of sustainability
.M. Marzullo).
to the vast majority of international organizations and groups,
including thosewith amandate focused on economic development.

We are in the ecological era and industries should consider the
green brand equity, investing more resources in green brand image,
green satisfaction, and green trust (Chen, 2010). However, the
transition to a green economy requires the adoption of specific
policies by each region/country so that it is not optional but
extremely necessary, as there is already a consensus and accep-
tance that environmental degradation is amajor threat to economic
growth. The investment in the environment increases productivity,
protects the stock of resources and boosts economic growth (ILO,
2013).

With the advent of global concern about climate changes, re-
searches for the replacement of non-renewable energy by
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renewable one have increased in recent decades (EIA, 2013a, b).
Blottnitz and Curran (2007) reviewed the assessments con-

ducted on bioethanol as renewable transportation fuel and
concluded that all the bioethanol production “is mildly to strongly
beneficial from a climate protection and a fossil fuel conservation
perspective”. However, our need for a sustainable transportation
fuel should also consider the impact on water resources. Every or-
ganism needs water to live; therefore, the water aware issue is thus
a prerequisite for sustainability.

The substitution of petroleum-based gasoline for bioethanol, for
example, has the potential to change many environmental impacts
related to land and water use in several communities. We need to
improve our understanding of trade-offs associated with bioenergy
expansion and footprinting indicators can help it.

With global climate change, rainfall levels are changing gradu-
ally and some regions of the planet are getting drier while other
areas are becoming wetter. Since water is distributed unequally,
this fact issues a warning sign regarding water supply, now and in
the future. Water shortages hinder the growth of several economic
activities, sacrificing industry, power generation, human con-
sumption and agriculture, which are increasingly competing for
water in a setting that can seriously affect food security (Lozan
et al., 2007).

The presence of pollutants in the aquatic environment cause
long term effects in population level at the endpoints. These effects
can be evaluated through experiments in the several generations
(Muyssen and Janssen, 2004). The discharges of pollutants into the
environment and the global forecasted temperature increase have
caused a permanent reduction of the biodiversity in aquatic eco-
systems (Sala et al., 2000; Thuiller, 2007).

There are several possible sources of contamination of water
bodies: inadequate disposal of effluents or solid waste from in-
dustries, mining operations, runoff with pesticides and fertilizers in
agricultural areas, among others. Besides, new chemicals are
emerging at an accelerated rate in the market and their impacts on
the environment and on human beings are still unknown (Morita,
2010). Therefore, the simple control on the discharge of few
chemicals in water bodies does not protect the aquatic
environment.

Ecotoxicity can be an indicator to evaluate the level of conser-
vation of living biota and the integrity of the environmental ser-
vices provided by it. According to Wenzel et al. (1997), some
chemicals have toxic effects when released into water bodies in
concentrations that affect living organisms, the function and
structure of aquatic or terrestrial ecosystems.

Ecotoxicity represents not only the result of the effects of iso-
lated substances, but also the interaction between them in a given
environment, disturbing the existing balance between organisms.
Synergistic, additive and antagonistic interactions that can increase
or reduce the harmful effects on aquatic organisms should be
considered. Industrial and agricultural effluents represent the
major contributions as toxic loads into watersheds and thus, the
importance to determine their ecotoxicity to the water bodies is
evident (Zagatto and Bertoletti, 2008).

This paper provides a contribution to sustainability by a pro-
posal of a new method for obtaining a Water Ecotoxicity Footprint
(WEF) indicator of products. This indicator is obtained by quanti-
fying tangible variables in a water usage monitoring system in in-
dustrial and agricultural environments.

Besides obtaining a water usage indicator per volume, under-
standing the impact of ecotoxicity on aquatic environments, as an
indicator of “footprint” or “footprinting”, is an essential stage in the
development of strategies to reduce and to mitigate these impacts
with cleaner production processes. Thus, this work is motivated by
the challenge of answering the following question to the end
consumer:

“What is the real contribution of the product to aquatic
ecotoxicity?”

This method allows an answer to this question in an eco-
labeling process. Gen (2015) defines eco-labeling as a voluntary
method which identifies overall environmental performance of a
product or service based on life cycle considerations.

According to D�Souza (2000), environmental labels are used by
business to communicate the environmentally friendly message to
consumers and they can use it as a guide to choose environmentally
friendly products.

The International Organization for Standardization (ISO) divided
environmental labeling in three types: type I includesmulti-criteria
third-party programs intended to end consumers; type II involves
self-declared environmental claims, and type III provides quanti-
fied environmental data in environmental product declarations
based on Life Cycle Assessments Standard (ISO 14020:2000; ISO
14024:1999; ISO 14025:2006; ISO 14040:2006).

According to the World Trade Organization's “Code of Good
Practice” (WTO, 2015), technical regulations, standards and pro-
cedures for conformity assessment may not be prepared, adopted
or applied with the intention of creating obstacles to international
trade. Therefore, as Rubik and Frankl (2005) suggested, environ-
mental product information, such as eco-label, needs to be linked
to national and international government policies.

2. New method framework proposal

This work began with the challenge of using the Life Cycle
Assessment method (LCA) perspective to calculate the Water Eco-
toxicity Footprint (WEF) of products considering the spatial and
temporal dimensions. Although the LCA method is considered and
recognized as being particularly useful in sustainability assess-
ments, it must be supported with more site-specific tools that can
more appropriately address issues such as land use and water use
(Bare, 2014).

Starting from a critical appraisal of the LCA method, it was
possible to propose a new method that is an association between
the guidelines in the standards in LCA (ISO 14040 and ISO 14044),
the standard regarding water footprint (ISO 14046) and the impact
assessment method suggested by USEPA (1985) and used by
CETESB (2013). The geographical variable is added for the evalua-
tion of the local impact by employing the Geographic Information
System (GIS).

The name “Water Ecotoxicity Footprint “ (WEF) is aligned with
the new ISO 14046 standard, which recommends always adding a
qualifier to the name “water footprint” (e.g., water availability
footprint, water eutrophication footprint or water ecotoxicity
footprint). The same standard also mentions that the name “water
footprint”may only be used alone if the assessment comes from an
LCA with a complete and comprehensive approach, including the
largest possible number of impact categories at themidpoint or end
point.

The proposed method is based on LCA phases, adding pre-
liminary Macro and Micro evaluations to the scope of the study
with the inclusion of local geographic variables. Several studies
underline the importance of spatial and temporal appropriate scale
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level (considering local conditions) in assessments for decisions
that have a large potential for environmental impact, including the
LCA approach (Bare, 2010, 2014)

3. Results and discussion

The results of this work present a set of equations to obtain the
WEF of any product. It also contains an illustrative example1 about
some structural phases to get WEF from hydrous ethanol (ethanol
by weight 93.0%) produced by an “X” plant in the state of S~ao Paulo,
Brazil, using as raw material the sugar cane grown in Corumbataí
river basin, a sub-basin of the Water Resource Management Unit
formed by Piracicaba/Capivari/Jundiaí rivers (PCJ Basin).

3.1. PHASE 1: goal and scope definition

Similarly to conducting a LCA, the goal of a WEF assessment be
clearly defined. In this illustrative example, the goal is to answer the
question:

“What is the real contribution of hydrous ethanol, produced in “X”
plant, to aquatic ecotoxicity?”

Normally, in an LCA study, the environmental impacts are often
described as “potential impacts” because they are not specified in
time and space and are related to an arbitrary functional unit
(Guin�ee, 2004). However, the determination of WEF impact needs
to be local in space and time. In order to solve the difficulty in
relating the performance of the product to the local impact of its
production, the premise of an “annual production control volume”
was taken into consideration, herein called “local functional unit”,
for calculating the total reference flow. This “local functional unit”
should always match the total amount of product manufactured at
that location, within the chosen time boundary (reference year).
For example, the total production of hydrous ethanol by an “X”
plant within the time boundary of 2011 was 59,861 tons.

Therefore, calculating WEF involves planning stages (the year
before), monitoring stages (reference year) and the calculation it-
self (at the end of the reference year).

In a LCA study, the product system definition does not consider
the geographical locations. When employing software that uses
pre-existing databases for developing an LCA, the control of the
whole range of possibilities is very complex, making it difficult to
use the results in comparative approaches, regarding local impacts.
Thus, our method adopts the premise of the product system
boundary to be fixed in the second tier (secondary suppliers) in
order to allow a comparison between environmental performances
of the products by WEF. The boundary is placed in the producer
output gate, i.e., the use phase has not been considered for a while.
Fixing the product system boundary is grounded in relevance. As
far as the Unit Process moves away from the producer, in the up-
stream chain, its relevance decreases in WEF calculation. Appendix
1 shows an illustrative example of reference flow to obtain the local
functional unit within the boundary of hydrous ethanol product
system. For the calculation of the ethanol reference flow, the per-
formance factors suggested by the inventory of Cavalett et al. (2013)
were adopted, where it was possible to conclude that for each 1 GJ
of energy used as ethanol hydrate function, 545.45 kg of sugarcane
were required.

The chosen method for the WEF Assessment should be clearly
specified in the study scope. The method suggested here was
1 Illustrative example with no real river flow and ecotoxicological tests results
(only simulation).
named with the following acronym: WEF/IEE/POLI/USP/BR
(method for obtaining the water Ecotoxicity Footprint (WEF)
developed under the Institute of Energy and Environment and
Polytechnic School of the University of S~ao Paulo, Brazil).

In addition to a detailed description of the technology in scope,
it is necessary to have the site definition together with the infor-
mation of where it is operating. For such reason, in our method, the
site where the product is manufactured is defined by the pre-
liminary macro and micro evaluations. Once the WEF is strictly
differentiated by conditions from production site, the same prod-
ucts with the same function, produced in different water basins,
can have different WEF. The method allows the following com-
parisons, with different possibilities of conclusion and technolog-
ical innovation opportunities aiming at improving environmental
performance:

� The same technology in different places;
� Different technologies in the same place.

This method introduces the concept of Macro and Micro pre-
liminary assessment within the scope of the study for calculating
theWEF with the mapping of river basins inwhich the Unit Process
contained in the Product System are located.
3.1.1. Preliminary macro evaluation
A macro preliminary assessment uses a Geographic Information

System (GIS) to locate each Unit Process (UP) within a new concept
of Spatial Product System. In this preliminary evaluation, informa-
tion on administrative location (counties or states), water basins
and subbasins can be obtained. It is also possible verify if the UPs
are in places where water resources are under pressure and/or
restrictions on water use.

In the illustrative example, the “X” plant and sugar cane poly-
gons are located in the Paran�a water basin; Piracicaba, Capivari and
Jundiaí river basins (PCJ river basins); Corumbataí river subbasin,
S~ao Paulo State, Brazil (Fig. 1). The PCJ is one of the most important
basins in Brazil because it supplies drinking water to 14 million
people and it is a conflict target between 2 metropolitan regions,
S~ao Paulo and Campinas, due to its water resources. There aremany
rivers under pressure in these basins.
3.1.2. Preliminary micro evaluation
At this stage, more specific information and data about sub-

basins, where each UP is located, are stored in the GIS. In the
illustrative example, Fig. 2 shows the soil erosion vulnerability map
of PCJ river basins and hypsometric map of Corumbataí river sub-
basin. It is worthy to note that the sugarcane polygons are in an area
with very high soil erosion vulnerability, which may result in load
of sediments contaminated with pesticides to the river.

Santos (2008) evaluated ecotoxicity in samples of water and
sediment of Corumbataí river during 2 years. It performed acute
toxicity tests with Chironomus xantuhus, Daphnia magna, Hydra
attenuate, Lactuca sativa and Pseudokirchneriella subcapitata. All
water and sediment samples showed toxicity for most organisms
tested and the values were higher in sediments. Corumbataí sub-
basin has soil predominantly sandy type, with rugged terrainwhere
the predominant history of sugarcane culture employs awide range
of agrochemical products. Herbicides have been detected for agri-
cultural activities in the samples with concentrations sufficient to
achieve toxicity in some tested organisms. The presence of these
herbicides suggests that Corumbataí subbasin is highly susceptible
to contamination by intensive agriculture in the region. The
contamination level of this subbasin, on a large scale, threatens the
aquatic biota (Monteiro et al., 2008).



Fig. 1. Preliminary macro evaluation of ethanol produced at the “X” plant.
Source: authors' simulation with shapefiles from INPE, ANA, PCJ and CANASAT project with data compiled in Rudorff (2010) and Adami et al. (2012).
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3.2. PHASE 2: Inventory planning and analysis

Following the process of sustainable evolution suggested by
Marzullo andMatai (2011), our method introduces the concept that
each Unit Process in any productive sector should monitor its LCI
(Life Cycle Inventory) in a gate-to-gate boundary within the context
of a proactive approach to cleaner production and sustainability.
Monitoring is a management practice able to identify improve-
ments throughout the production process.

According to Marzullo and Matai (2012), the inventories for a
Water Footprint Assessment should be characterized according to
the method to be used for impact assessment. Our method requires



Fig. 2. Preliminary micro evaluation of ethanol produced at the “X” plant.
Source: elaboration of the author with shapes provided by PCJ, CEAPLA, INPE and Canasat INPE
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data from ecotoxicity tests in effluent as well as the flow rate (water
outflow) in each Unit Process.

In general, most inventories used in LCA do not categorize the
local use of water source and regional availability, or the effluent
discharge as a flow (m3. s�1). However, midpoint impact assess-
ment categories, such as ecotoxicity, water use, land use and rare
earth/mineral use, are site specific (Bare, 2010, 2014; �Zidonien�e and
Kruopien�e, 2015). Therefore, it is necessary to regionalize the in-
ventory concerning the use of water, considering functionality as-
pects (origin and quality) as well as effluent flow rate of recipient
water bodies.

Normally, LCA inventories from databases provide a wide range
of pollutants, from simple to complex substances. International
databases (such as Ecoinvent from Swiss Centre for Life Cycle In-
ventories) involve over 300 parameters that may or not represent
all the pollution potential and real impact on awater body. In an LCI
monitoring system, as suggested, determining all these parameters
can be economically unfeasible, especially in underdeveloped and
developing countries. Besides that, the current aquatic ecotoxicity
impact evaluation methods do not consider the synergistic action
of effluent pollutants in the environment or the formation of me-
tabolites, which according toMorita (2010), can bemore harmful to
the environment than the original substances.

Agrochemical compounds, for example, can be transported by
surface runoff, leaching and atmospheric deposition according to
their mobility, persistence, water solubility and soil adsorption
capacity (Arms, 2005).

Pathogenic fungi on vegetables or fruits can cause crop failures
due to fungal diseases and it is normally controlled with the use of
fungicides with high potential of aquatic toxicity (Ribeiro et al.,
2000). Under climate change conditions, with warmer and more
humid climate expected, higher agricultural application of pesti-
cides is required, especially fungicides, contributing to impacts on
human health (Boxall et al., 2009). Moreover, changes in rainfall
patterns due to temperature variations cause extreme events like
heavy rainfall during summer that influence the movement, par-
titioning, and distribution of chemical pollutants, such as agro-
chemicals, into the aquatic environment (Noyes et al., 2009) and
the thermal and chemical stressors act synergistically (Jacobson
et al., 2008).

When making a comparative assessment of data contained in
available sugarcane agricultural inventories (Swiss Centre for Life
Cycle Inventories, 2009, 2013, and Cavalett et al., 2013) with field
data collected by Arms (2005) it was found that the assessment of
the water footprint in any impact assessment methodology would
be very inaccurate with the use of databases. With the calculation
of the potential freshwater ecotoxicity impact using PestLCI v.2.0
and USETOX models, Nordborg et al. (2014) found the contribution
of pesticide use in selected biofuel feedstock production. However,
the use of databases without considering the use of pesticides in
time as well as the local topography conditions, synergistic action
of pollutants and the receiving water body characteristics hinders
the understanding of the real contribution of such biofuel to aquatic
ecotoxicity.

The toxicity test in wastewater discharged into the aquatic
environment is an integral part of regulation and control to protect
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aquatic ecosystems used in countries as US and Canada (Dorne,
1996).

Ecotoxicological tests characterize wastewater comprehen-
sively. In addition to cover all chemical constituents, this kind of
test yields the resulting toxic effect of interactions between these
chemicals and the presence of metabolites.

The need for ecotoxicological monitoring of wastewater is an
issue discussed internationally since the 1980s (Buikema et al.,
1982). The sampling frequency must be representative from vari-
ations of the production process over the time, and ecotoxicity tests
must be performed with the most sensitive organism (Bertoletti,
2013). According to Bertoletti (2006), the choice of test organism
refers to its sensitivity to chemical agents. The sensitivity of an
organism will depend on many factors, such as nutritional level,
age, sex, stage of development, genetic characteristics, competition
between individuals or species, as well as environmental factors
such as light and temperature.

Our WEF calculation method shows the real contribution of
each product to the aquatic ecotoxicity and not only the potential
contribution (as suggested in most Life Cycle Impact Assessment
methods in an LCA). The limitation in obtaining data from various
laboratory tests to compose Life Cycle Inventories may be solved by
performing only one ecotoxicological test of the effluent that can be
documented in a life cycle inventory context.

The inventory monitoring system should be established to allow
monitoring each Unit Process interaction with the environment.
This system can be individual to each Elementary Process or each
Unit Process, according to the technological boundary used and the
level of detail required in order to better understand the use of
water resources and the impact of effluents disposal on water
bodies.

The inventory of an agricultural Unit Process must be differen-
tiated. The water intake is by precipitation and collection of surface
water for irrigation. This input of water is therefore linked to the
water requirement of each crop production and precipitation rates
of each region. The runoff is characterized as the effluent of an
agricultural unit. This inventory must be created from the
Fig. 3. Location of rain gauges and sugarcane polygons in the Corumbataí river subbasin.
Source: Author's elaboration with shapefiles from INPE, CANASAT and CEAPLA.
hydrology of the region and monitoring takes place by rain gauges
located in different sites and also georreferenced, as showed in
Fig. 3.

The agricultural effluent ecotoxicity depends on the pesticides
seasonal application, on rainfalls of each region, on runoff flows and
on the receiving water body. For this reason, time monitoring of
pesticides consumption is recommended on a weekly spreadsheet,
besides intersecting information in an inventory of each cultivated
area.

The inventory analysis phase in our method is used to quantify
and to monitor:

� Volume of water entering the Unit Process (classified by source)
[L3]

� Volume of water leaving the Unit Process (effluent) [L3]
� Effluent flow rate [L3. T�1]
� Receiving water body name and geografic coordinates
� Reference flow of receiving water body [L3. T�1]
� Effluent ecotoxicity test result [%]

Following Mutel’s (2012) suggestion, all the input and output
accounting aspects have to be georeferenced through a GIS-
Geographic Information System.

3.3. PHASE 3: Impact assessment

The impact assessment phase consists of obtaining an indicator
at the midpoint on aquatic ecotoxicity. Obtaining this indicator
comprises the calculation of the WEF itself. This assessment will
only be possible after the end of time boundary adopted to estab-
lish the reference flow and consequent relevance of each Unit
Process. Relevance depends on the amount of each material or raw
material entering the product system, in the time boundary to be
studied for the production of the “local functional unit”. Such
relevance is established by the quantity consumed of this product
divided by the total produced by the same supplier, in the same
geographical location, in the same year (marketshare).



Table 1
Method for normalization and ecotoxicological relevance classification for each Unit Process.
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This method for calculating the WEF suggests some steps in the
impact assessment phase:

� First, before the preparation of inventories, it is necessary to
know the local legislation of each Unit Process to be inventoried,
because depending on the location of the industry and the
legislation, the local environmental agency may propose
monitoring with different ecotoxicity tests as well as the
monitoring of different flows of the receiving water body (e.g.
reference flow or Q7,10 flow).

� Second, the local variable should be included by calculating the
Effluent Concentration on the Receiver Body (equation (2)).

To obtain the WEF, it is necessary to take into account the eco-
toxicological relevance (RTi), the productive relevance (PRi) and the
reference flow relevance (RFRi).

The RTi (ecotoxicological relevance) for each Unit process is
obtained by comparing the normalized limits allowed in an
increasing scale of values.

For normalization, the method determines that the limit
allowed for aquatic ecotoxicity set forth by the local environmental
protection agency (Li) must have value 1 and the ecotoxicological
relevance of each elementary process (e) or Unit process - RTi - will
be the value that EDR moves away from 1, calculated according to
Equations (1) and (2) and classified according to the scale of values
and colors suggested in Table 1:

RTi ¼
EDRi
Li

(1)

EDR ¼ EAF
ðEAF þMFRWBÞ$100 (2)

Where:
RTi¼ ecotoxicological relevance
EDR¼ Effluent Dilution in the Receiving Water Body (%)
EAF¼ Effluent Average Flow (m3. s�1)
MFRWB¼Minimum Flow of the Receiving Water Body - Q7,10
(m3. s�1)

For example, in S~ao Paulo State (Brazil), the limit established by
CETESB (2013) - Environmental Protection Agency (Li) on aquatic
ecotoxicity is calculated according to equation (3):
Li ¼
ECðIÞ50;48h or LCðIÞ50;96h

100
(3)

Where:

100¼ factor used to ensure the absence of chronic toxic effects,
the representation of various trophic levels and ecotoxicity
temporal variations.
EC(I)50,48h¼ effluent dilution that causes acute effect (immo-
bility) to 50% of microcrustacean Daphnia similis population, 48-
h exposure, expressed in %.
LC50, 96h¼ effluent dilution that causes acute effect (mortality)
to 50% of a population of fish Danio rerio or Pimephales promelas
in 96 h, expressed in %.

Only the calculation of ecotoxicological relevance is not suffi-
cient to obtain the WEF. Each Unit Process provides a different
contribution to the product WEF. Thus, it is necessary to take into
account the productive relevance and reference flow relevance
according to equation (4).

WEFi ¼ RTi:PRi:RFRi (4)

Where:

WEF i¼Water Ecotoxicity Footprint for each Unit Process “i”
RTi¼ ecotoxicological relevance for Unit Process “ i”
PRi¼ Productive Relevance
RFRi¼ Reference Flow Relevance

Ecotoxicological Relevance (RTi): normalized value that ex-
presses the classification of each elementary process and Unit
Process. This relevance is calculated from an ecotoxicity test in its
respective effluent, whereas this effluent is released individually
into the receiving water and represents the weight of ecotoxicity to
calculate the product WEF.

Productive Relevance (PRi): equivalent to the allocation factor
for economic criterion in LCA, it is calculated to allocate the eco-
toxicological load discharged in the effluent from all products
outside of that Unit Process. In case of an agricultural Unit Process,
the allocation factor should be equal to the necessary cultivated
area for each product since WEF is directly related to the applica-
tion of pesticide for a given perimeter. For example, in the
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agricultural Unit Process for sugarcane production, a certain per-
centage (allocation factor) is intended to produce sugar and
another one to produce ethanol.

Reference Flow Relevance (RFRi): means the relevance of indi-
vidual WEFi to the total WEFt. In other words, how much the
analyzed reference flow for each product entering the system
represents from its total production, in its Unit Process, called
market share.

When the Unit Process “i” has several elementary processes,
they must be aggregated by an Aggregation Factor (AF1), consid-
ering the ecotoxicological load2 of the effluent or the effluent flow
from its respective elementary unit according to equation (5):

WEFi ¼
X

WEFe:AFi (5)

Where:

WEFi¼Water Ecotoxicity Footprint for each Unit Process “i”
WEFe¼Water Ecotoxicity Footprint for each elementary process
“e”
AF1¼ Aggregation Factor calculated from the effluent flow.

At this stage, the study has a list of all WEFi of each Unit Process
(as illustrated in Annex 2), already weighted for the product being
studied. It is only necessary to group the WEFi into a single WEF of
the product by a second Aggregation Factor (AF2) according Equa-
tion (6) and illustrated in Appendix3.

WEFp;i ¼
X

WEFi:AF2 (6)

where:

WEFp,i¼ PARTIAL Water Ecotoxicity Footprint of product “ p”
produced in Unit Process “i”
WEFi¼weighted Water Ecotoxicity Footprint for each Unit
Process "i"
AF2¼ Aggregation Factor calculated from effluent flow.

In the future, when everyone will have the culture and the re-
sponsibility to monitor their own effluent, each manufacturer/
supplier can provide its customers with two types of data: Partial
Water Ecotoxicity Footprint WEFp whose calculation is made using
WEFi data and FULLWater Ecotoxicity Footprint, whose calculation
is made according to equation (7).

WEFf ;p ¼
X

WEFi:FA3 (7)

Where:

WEFf,p¼ FULL Water Ecotoxicity Footprint of product “ p” pro-
duced in the Unit Process “ i”
WEF,i¼weighted Water Ecotoxicity Footprint for each Unit
Process “ i”
AF3¼ Aggregation Factor calculated from the ecotoxicological
load of wastewater.
3.4. PHASE 4 - Results interpretation

During the result interpretation phase, all Unit Processes which
have the greatest contribution to aquatic ecotoxicity impact should
2 Ecotoxicological load ¼ (ecotoxicological relevance).(effluent flow).
be evaluated.
The interpretation phase is important to identify the critical

areas with major contribution to aquatic ecotoxicity.
During the decision-making process for choosing sustainable

products, depending on the analyzed product, the WEF obtained
indicator could become an indicative “frog” label on the packaging
(following WEF color classification showed in Table 1). This way,
the end consumer will be aware that the product to be consumed
does not contribute to aquatic ecotoxicity.
4. Conclusion

Monitoring is a management practice able to identify im-
provements throughout the production process. Each product has a
different WEF depending on the location where it is produced, i.e.,
the same product with the same function may have different WEFs.

The use of a “local functional unit” solves the LCA limitations
listed by Guin�ee (2004): the functional unit ceases to be arbitrary
and the conditions of space and time are considered, providing the
assessment with a more dynamic approach.

Our method considers a monitoring system in space and time,
starting from the principle that within an Environmental Man-
agement System, aspects and their impacts shall be minimized and
controlled independently of the volume produced. Thus, the envi-
ronmental legislation should be satisfied independently of effluent
flow rate and should not cause aquatic ecotoxicity in the water
body. This premise is intended to solve one of LCA limitations listed
by Guine�e (2004) regarding LCA to be a tool based on linear
modeling.

Local impacts onwater quality should be taken into account in a
life cycle perspective because of the essential role of water in
ecosystem functioning. Within a sustainability context, water has a
higher value than the monetary one. Our method suggests
inventory-monitoring processes within a LCA perspective for
Environmental Management and decision-making. When trying to
answer the question “what is the real contribution of the product to
aquatic ecotoxicity?” the power to choose moves to the consumer,
triggering a continuous monitoring process in the production chain
with significant improvement in water quality. The obtained indi-
cator considers other levels of the production chain, strengthening
the systemic vision required for sustainability.

Quantifying the environmental aspects within a process of
tracking inventories, as suggested, requires a new vision of values
to achieve sustainability. Currently, the monetary value of an ex-
ternality is not considered a liability. It means that normally, the
environmental liability is not provisioned to cover the obligation
that the company would have to pay to cover damage at the three
levels of impact: human health, ecosystem quality and resource
depletion. If there were a requirement for financial allocation to
cover the costs of externalities, the cost of hiring professionals to
monitor their gate-to-gate inventories could reduce the environ-
mental liabilities with consequent increase in profit.

Another aspect of a new vision of values is that the need of
hiring new workers to environmental monitoring practice creates
more jobs, consequently heating the economy.

As any impact on water bodies should be evaluated locally, the
insertion of geographic indicators for calculating WEF allows the
aquatic ecotoxicity impact category to be evaluated as a real impact
rather than a potential one (constantly evaluated in LCA
assessments).

The use of this method allows visualizing break-even points of
productive regions with high WEF and can help in the qualitative
characterization of water resources at different levels of criticality,
complementing the quantitative indicator of water footprint. The
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product WEF indicator meets the need to adapt land use and the
occupation of river basins to avoid contamination of water re-
sources. Incorporating ecotoxicity tests application in a monitoring
system of polluting activity is an important tool to assess the per-
formance of effluent treatment plants, ensure water quality and
ecosystem services. The calculation of effluent dilution in the
receiving water body and its comparison in a scale of values allows
each Unit Process to have a local WEF indicator. The indicator ob-
tained by our method allows information and comparison for
producers who want to minimize the impact of their product and
for end consumers who, in turn, use their decision-making when
choosing sustainable products.

Our method addresses the issue of Life Cycle environmental
impact assessment considering that the compilation of these im-
pacts as a “footprinting” indicator is a stage towards the develop-
ment of water use reduction strategies and impact mitigation. The
quantitative indicator (flow) and the qualitative indicator (WEF)
can be extracted using this method, thus serving as a tool in
environmental management processes.
Therefore, the WEF of products may serve as a subsidy for

establishing public policies, allowing products with low WEF to
have tax incentives to offset environmental protection costs, or
products with high WEF to have higher taxation.
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Appendix 1. Reference flow to calculate “local functional
unit” to ethanol anhydrous produced at “X” plant, within the
chosen time boundary (reference year).
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Appendix 2. WEF calculation to each Unit Process.
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Appendix 3. WEF calculation to ethanol anhydrous produced
at plant “X”.
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