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a b s t r a c t

In recent years, numerous efforts have been made to include water-related issues in life cycle assessment
(LCA) methodology. This study provides an overview of existing methods that address green water use in
LCA. In this overview, we analyse the main features of existing LCA methods used to examine changes in
long-term blue water availability caused by variations in green water flows, particularly with respect to
inventory, the characterisation model and characterisation factors.

Moreover, we propose a method of assessing impacts on terrestrial green water flows (TGWI) and
addressing reductions in surface blue water production (RBWP) caused by reductions in surface runoff
due to land-use production systems. Both TGWI and RBWP are analysed, taking into account the green
water use/atmosphere and green water use/soil interfaces.

In this proposed method, the life cycle inventory (LCI) phase considers the net green water flow that
leaves the land-use production system, allowing the study of two alternative reference land uses: 1)
quasi-natural forest and 2) grasslands/shrublands. In the life cycle impact assessment (LCIA) phase,
regional- and species-specific characterisation factors (CFs) for the amount of green water evaporated or
transpired are also proposed.

To illustrate the applicability of the proposed method, we employed a case study on Eucalyptus
globulus stands (first rotation), located in Portugal. The results show that different impacts on terrestrial
green water flows and on surface blue water production are obtained depending on the alternative
reference land use. Moreover, the case study shows that the method developed can be a useful tool
assisting in improved national E. globulus forest planning.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Anthropogenic activities associated with land-use changes and
current climate change trends have been increasing pressure on
freshwater natural resources. Numerous efforts have been under-
taken to include water-related issues in life cycle assessment (LCA)
methodology. Over the last five years, consideration of water use in
LCA has progressed rapidly, resulting in a complex set of methods
for addressing different water types and sources, pathways and
characterisation models at midpoint and endpoint levels, and with

different spatial and temporal scales (Kounina et al., 2013; Tendall
et al., 2013).

Studies have been carried out related to water abstraction and
human appropriation (e.g. Boulay et al., 2011; Mil�a i Canals et al.,
2009; Núnez et al., 2012; Pfister et al., 2009; Ridoutt et al., 2010),
the potential impacts of blue water use on ecosystems (e.g.
Hanafiah et al., 2011; Pfister et al., 2009; Tendall et al., 2014; Van
Zelm et al., 2011; Verones et al., 2013) and water pollution,
related to the discharge of eutrophying, acidifying and ecotoxic
compounds into freshwater systems (e.g. Azevedo et al., 2013;
Goedkoop et al., 2013; Helmes et al., 2012; Seppala et al., 2004;
Struijs et al., 2011). However, less attention has been paid to
green water use and green water flows. Green water use refers to
precipitation on land that does not run off or recharge the
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groundwater but is stored in the soil or temporarily stays on top of
the soil or vegetation. It also refers to the rainwater incorporated
into harvested crops or wood (Hoekstra et al., 2011). Green water
flow refers to the portions of green water used by soil and vege-
tation that is evaporated or transpired.

Both green water use/soil and green water use/atmosphere in-
terfaces should be considered in assessing the potential environ-
mental effects resulting from changes to green water flows due to
land use. The methods developed for assessing green water flows
have been more concerned with the interface between greenwater
use/soil, i.e. how a change in green water affects the regional long-
term availability of surface blue water (Fig. 1) (Mil�a i Canals et al.,
2009; Núnez et al., 2012; Ridoutt et al., 2010). The water use/at-
mosphere interface assumes particular relevance because terres-
trial evapotranspiration (ET) has been identified as a significant
source of precipitation for land-use production systems (Ellison
et al., 2012; Trenberth, 1999; Van der Ent et al., 2010). Recently,
Berger et al. (2014) have taken the first steps in considering the
water use/atmosphere interface in LCA, i.e. how land use affects the
ET that is recycled to the atmosphere and then the precipitation
that returns to the regional terrestrial ecosystem (Fig. 1). These
authors examine the atmospheric evaporation recycling within
watersheds and analyse their vulnerability to water depletion.

Human-induced vegetation can significantly change the volume
of water that is evaporated or transpired into the atmosphere in
comparison to potential natural vegetation (PNV) (Ridoutt et al.,
2010; Rost et al., 2008; Scanlon et al., 2007). Precipitation de-
pends on the evaporation from oceans and recycled moisture from
terrestrial surfaces. Van der Ent et al. (2010) have demonstrated
that 40% of global terrestrial precipitation on average originates

from terrestrial surfaces and 60% comes from oceans. Moreover,
these authors suggest that 57% of all terrestrial evaporation returns
as precipitation to land surfaces. The external forcing and climatic
parameters, such as solar radiation, aerosols and greenhouse gases,
affect sea surface temperature and therefore influence ocean
evaporation. On the other hand, terrestrial evaporation is strongly
influenced by climatic parameters (e.g. precipitation, air tempera-
ture, daily solar radiation and relative humidity), as well as by
nonclimatic parameters for soil and vegetation (e.g. soil-root zone
water holding capacity, canopy conductance and leaf area index).
The growth and resilience of vegetation is largely precipitation-
dependent and the recycled moisture contributes to regulation of
the hydrological cycle (Foley et al., 2003; Jung et al., 2010) as well as
to regulation of biomass/food production (Falkenmark and
Rockstrom, 2004; Rockstrom et al., 1999). For instance, deforesta-
tion reduces the surface roughness and leaf area, which in turn
limits the green water flows recycled into the atmosphere, thereby
contributing to a decrease in precipitation levels (Pielke et al., 2006;
Van Dijk and Keenan, 2007).

In this study, an overview of methods addressing ET is con-
ducted in order to understand how green water flows have been
and should be considered in LCA. Furthermore, we propose a
method for assessing impacts on terrestrial green water flows
(TGWI) and addressing reductions in surface blue water (river)
production (RBWP) caused by reductions in surface runoff due to a
land-use production system. This method encompasses the life
cycle inventory (LCI), which accounts for green water flows recy-
cling into the atmosphere due to specific types of land use, and
proposes regional- and species-specific characterisation factors
(CFs) in the life cycle impact assessment (LCIA) phase.
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Fig. 1. Potential environmental impact pathways related to changes in green water flows. The shaded boxes are related to the pathway focused on this study.
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