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Abstract 

Freshwater use and its consumption have emerged as areas of high environmental concern. The problems 

surrounding the management of this vital resource have stimulated public awareness, especially in the 

last decade. However, water use and related impacts are still widely excluded from Life Cycle 

Assessment (LCA) methodologies, which aim at measuring and assessing the environmentally relevant 

emissions and resources consumed, over the entire life cycle of a product or service: the supply chain, the 

product assembly, the use and disposal phase or recycling (ISO 14044). LCA is increasingly applied and 

required by industry, authorities and consumers to make sustainability decisions. One main reason of 

neglecting water has been the absence of comprehensive impact assessment methods associated with 

freshwater use. To overcome this obstacle, a method for assessing the environmental impacts of 

freshwater consumption was developed (Chapter 2). This method considers damages to three areas of 

protection: human health, ecosystem quality, and resources. The method can be used within most existing 

Life-Cycle Impact Assessment (LCIA) methods. For assessing the relative importance of water 

consumption, the method was integrated into the Eco-indicator-99 LCIA method and applied to a case 

study on worldwide cotton production. The importance of regionalized characterization factors for water 

use was also examined in the case study. In arid regions, water consumption may dominate the 

aggregated life-cycle impacts of cotton-textile production. Therefore, the consideration of water 

consumption is crucial in Life-Cycle Assessment (LCA) studies that include water-intensive products, 

such as agricultural goods. A regionalized assessment was shown to be necessary, since the impacts of 

water use vary greatly as a function of location. 

While research on freshwater use has primarily focused on agriculture as the main water consumer, 

industrial water use has recently been discussed with more emphasis, and analysis is highly demanded 

from industries in general. Chapter 3 focuses on electricity production, which is involved in almost all 

economic activities. Electricity production claims the largest share of global industrial freshwater 

consumption. Different power production technologies were analysed and compared: Due to the global 

importance of hydropower and the high variability of its specific water consumption, a climate-dependent 

estimation scheme for water consumption in hydroelectric generation was derived. Applying national 

power production mixes, we analyzed water consumption and related environmental damage of the 

average power production for all countries. For the European and North American countries, electricity 

trade is also modelled for assessing the electricity market mix and the power-consumption related 

environmental damages. When applying the method for the impact assessment developed in Chapter 2, 

water consumption dominates the environmental damage of hydropower, but is generally negligible for 

conventional thermal, nuclear and alternative power production. The variability among country 

production mixes is substantial, both from a water consumption and overall environmental impact 

perspective. 

Even more than energy production, agricultural goods are responsible for a large share of global water 

consumption and they represent important feedstocks in many product supply chain. Especially for food 

and bioenergy production, the relevance of the cropping phase heavily requires assessment of the most 

important crops. For regionalized impact assessment, inventory data on crop water consumption is 

lacking. In Chapter 4, the specific water consumption of 160 crops, covering 99.96% of globally 

harvested mass, is calculated. Additionally, as land and water resources are generally used on a trade-off 

basis, we also assessed land use for the production. In order to compare the water consumption and land 

use related impacts we apply indicators for land and water scarcity at a high geospatial resolution (5 arc 
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minutes). Cultivation of wheat, rice, cotton, maize and sugar cane, which are the major sources of food, 

bioenergy and fiber, is the main driver for water scarcity on a global scale. For some crops, water scarcity 

impacts are inversely related to land resource stress, illustrating that water consumption is often at odds 

with land use. Maize, triticale and rice are currently the most efficient grains regarding combined 

land/water assessment, in terms of global averages. However, crop-specific average values are of little 

utility, as water consumption and land use are subject to high spatial variability. This large spread in 

water and land use related impacts underlines the importance of appropriate site selection for agricultural 

activities. 

Besides the use for LCA studies, the detailed inventories and environmental impact assessment methods 

can be used for analyzing the consequences of global consumption of agricultural products. Such global 

assessments are also required for prospective assessments for policy making, especially under the aspect 

of population growth, increased meat consumption and bioenergy demand. In Chapter 5, four strategies 

to deliver the biotic output required to feed the globe in 2050 are developed and the associated 

environmental impacts on land and water resources are quantified. Precipitation regimes are modelled in 

the context of climate change, influencing irrigation and water stress. Based on the agricultural 

production pattern and related impacts of the different strategies we identified the trade-offs between land 

and water use. Intensification in arid regions currently under deficit irrigation can increase agricultural 

output by up to 30%. However, intensified crop production would lead to enormous water stress in many 

locations and might not be a viable solution. Suitable areas for expansion of agricultural land are mainly 

located in Africa, followed by South America. A combination of waste reduction with expansion on 

suitable pastures results as the best option, along with some intensification on selected areas. If in 2050, 

1st generation biofuels additionally would replace 10% of current liquid fuel consumption, the added 

impact on land and water resources would double. 

For allowing comparison of impacts due to land and water use within existing LCIA frameworks, an 

improved, regionalized impact assessment for land use was developed in Chapter 6, in addition to the 

water-consumption assessment method developed within Chapter 2. Generally, land use aspects 

dominate impact results of single-score assessment methods, for agricultural products. We therefore 

combined major land use approaches in LCA using the method Eco-indicator 99 as baseline, and 

adjusting it with regional factors for ecosystem vulnerability and net primary productivity on a high 

spatial resolution. The results reveal the global variability of land-water trade-offs in the impact of crop 

cultivation: In most regions, the impacts of land use outweigh those of water use, while in most arid 

zones the opposite case occurs, independent of the crop. 

The thesis helps to substantially improve and enhance LCA and water footprinting by providing an 

advanced and operational method for impact assessment as well as high resolution inventory data for the 

most important water-consuming processes: agricultural production (160 individual crops) and electricity 

supply for 208 countries. For illustrating the application of the work developed above, a detailed water 

footprint case study on two food products is performed in Chapter 7: In a simple, yet meaningful way the 

results allow for quantitative comparisons between products, production systems and services in terms of 

their potential to contribute to water scarcity including an analysis of their supply chain. However, while 

the high resolution inventory results for water and land allow for better managing supply chains and 

comparison of products, it is still a generic assessment based on global datasets and models, not aiming to 

replace environmental impact assessment or detailed case studies. Interpretation of the results requires 

caution and identified hotspots might be verified in further research.  
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Zusammenfassung 

Nutzung und Verbrauch von Süsswasser und die daraus resultierenden Umweltschäden sind insbesondere 

im letzten Jahrzehnt ins Zentrum des öffentlichen Interesses gerückt. Dennoch wird Wasser weitgehend 

in Ökobilanzen (LCA) vernachlässigt, obwohl diese umfassend alle relevanten Emissionen und 

Ressourcenverbräuche eines Produkts oder einer Dienstleistung entlang der Zulieferkette, in der 

Fertigung, während der Nutzungsphase und bei der Entsorgung beinhalten sollte (ISO 14044). 

Ökobilanzen werden zunehmend für Nachhaltigkeitsentscheide in der Industrie sowie von Behörden und 

Konsumenten eingesetzt. Die Wassernutzung wurde mangels einer Schadensbewertungs-Methode 

bislang vernachlässigt. Eine Bewertung von Umweltschäden durch Wasserverbrauch wird in Kapitel 2 

entwickelt. Die Methode berücksichtigt Schäden an den drei Schutzgütern Menschliche Gesundheit, 

Ökosystem Qualität und Ressourcen und kann innerhalb der meisten existierenden Bewertungsmethoden 

(LCIA Methoden) benutzt werden. Um die Relevanz von Wasserverbrauch zu bewerten wird die 

Methode in die Eco-indicator-99 Methode eingebettet und am Fall von Baumwollproduktion getestet. 

Zugleich wird die Wichtigkeit von Regionalisierung der Charakterisierungsfaktoren geprüft. In ariden 

Gebieten kann Wasser das aggregierte Resultat der Baumwollstoff-Produktion dominieren. Deshalb ist es 

besonders wichtig in Ökobilanzen von wasserbeanspruchenden Produkten den Wasserverbrauch mit zu 

berücksichtigen, insbesondere in der Landwirtschaft. Zudem wird gezeigt, dass Regionalisierung 

notwendig ist, da der Verbrauch und die Auswirkungen örtlich stark schwanken. 

Während die Forschung bezüglich Wassernutzung hauptsächlich die Landwirtschaft als 

Hauptverbraucher analysiert hat, hat die Industrie in letzter Zeit mehr Aufmerksamkeit erhalten. Kapitel 

3 analysiert die Stromproduktion, welche in den meisten Prozessen eine wichtige Rolle spielt und global 

den wichtigsten industriellen Wasserverbraucher darstellt. Dazu werden verschiedene Technologien 

verglichen. Für die Wasserkraft wird wegen der hohen Relevanz des Wasserverbrauches ein Klima-

abhängiges Modell entwickelt. Der Wasserverbrauch und die folgenden Umweltschäden der 

Stromproduktion aller Länder werden mit Hilfe der jeweiligen Technologien-Anteile analysiert. Für 

Europa und Nordamerika wird zudem der Verbraucher-Strom durch Analyse der Handelsströme 

analysiert. Bei der Anwendung der Bewertungsmethode aus Kapitel 2 überwiegt der Umweltschaden 

durch Wasserverbrauch für Wasserkraft, ist aber üblicherweise vernachlässigbar für andere 

Technologien. Die Unterschiede zwischen der Stromproduktion verschiedener Länder sind bedeutsam 

sowohl für den Wasserverbrauch als auch für die Gesamtumweltbetrachtung. 

Landwirtschaftliche Produkte sind noch relevanter für den globalen Wasserverbrauch als Strom und sie 

stellen wichtige Rohstoffe in vielen Zulieferketten dar. Insbesondere in der Nahrungsmittel- und 

Bioenergieproduktion benötigt es Analysen der wichtigsten Kulturpflanzen. Regionalisierte 

Wasserverbrauchsdaten fehlen bislang, was eine vernünftige Bewertung im Rahmen der Ökobilanz 

verunmöglicht. In Kapitel 4 wird der Wasserverbrauch von 160 Pflanzen, die 99.96% der globalen 

Erntemasse ausmachen, berechnet. Zusätzlich wird der Landverbrauch mitberücksichtigt, da Land- und 

Wasserverbrauch oft gegeneinander abgewogen werden müssen. Um die damit verbundenen 

Umweltschäden zu vergleichen, werden hochaufgelöste (5 Bogenminuten) Indikatoren für Land und 

Wasserknappheit angewendet. Der Anbau von Weizen, Reis, Baumwolle, Mais und Zuckerrohr, welche 

Hauptquellen für Nahrung, Bioenergie und Fasern sind, ist hauptverantwortlich für die globale 

Wasserknappheit. Für einige Kulturpflanzen sind Wasser- und Landstress-Werte gegenläufig und zeigen 

somit, dass weniger Wasserprobleme oftmals höhere Landschäden bedeuten. Mais, Triticale und Reis 

sind momentan global gesehen die Ressourcen-effizientesten Getreide in der kombinierten  
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Land-/Wasser-Bewertung. Da aber der Wasserverbrauch und die Landnutzung örtlich stark schwanken, 

sind solche Durchschnittswerte wenig hilfreich für eine Problembehebung. Sie zeigen aber, dass die 

Wahl der Produktionsstandorte für die Landwirtschaft elementar ist. 

Die detaillierten Inventare und die Schadensbewertung können neben der Ökobilanz auch für Analysen 

des globalen Konsums landwirtschaftlicher Güter benutzt werden. Solche Studien sind auch für 

vorausschauende Beurteilungen von strategischen Entscheiden nötig, insbesondere in Anbetracht des 

Bevölkerungswachstums und gesteigerten Fleisch- und Bioenergiebedarfs. In Kapitel 5 werden vier 

Strategien zur Versorgung der Menschheit im Jahr 2050 entwickelt und deren Umweltwirkung auf 

Wasser- und Landressourcen analysiert. Niederschlagsveränderungen durch Klimawandel und deren 

Auswirkungen auf Bewässerungsbedarf und Wasser Stress werden berücksichtigt. Aufgrund der 

unterschiedlichen Verteilung der Produktion der Strategien werden gegensätzliche Umweltwirkungen 

von Land- und Wasserverbrauch aufgezeigt. Intensivierung in ariden Gebieten, welche momentan 

mangelnd bewässern kann den landwirtschaftlichen Ertrag um bis zu 30% erweitern. Dies würde 

allerdings zu dramatischer Wasser-Knappheit in vielen Gebieten führen und ist deshalb kaum umsetzbar. 

Eine Ausweitung der Produktionsflächen ist hauptsächlich in Afrika angemessen, gefolgt von 

Südamerika. Eine Kombination von Abfallreduktion und Expansion auf zweckmäßigen Weiden erscheint 

als eine optimale Strategie. Falls im Jahr 2050 zusätzlich 10% der heutigen Treibstoffe durch 

Biotreibstoffe der ersten Generation ersetzt werden sollten, würden sich die zusätzlichen 

Umweltauswirkungen auf Land- und Wasserressourcen verdoppeln 

Um Umweltwirkungen auf Land- und Wasserressourcen innerhalb existierender LCIA Methoden 

vergleichbar zu machen, wird in Kapitel 6 eine regionalisierte Bewertungsmethode entwickelt, die 

kompatibel mit derjenigen des Wasserverbrauchs (Kapitel 2) ist. Allgemein dominiert die Landnutzung 

den Schaden von landwirtschaftlicher Produktion in „voll-aggregierenden― LCIA Methoden. Wir 

kombinierten die Landnutzungs-Wirkungskategorie der publizierten Ökobilanz-Standardmethode Eco-

indicator 99 mit regionalen Faktoren für Ökosystem Verletzlichkeit und Netto Primärproduktion mit 

hoher räumlicher Auflösung. Die Resultate zeigen die grossen globalen Schwankungen der 

Schadensverhältnisse von Wasser- und Landressourcen im Pflanzenbau. Zwar überwiegt in den meisten 

Regionen der Schaden durch Landnutzung, aber in vielen ariden Gebieten sind Beeinträchtigungen durch 

Wasserverbrauch gewichtiger, unabhängig von der Kulturpflanze. 

Diese Arbeit verbessert und erweitert die Methoden der Ökobilanz des Wasserfussabdruckes elementar, 

da sie eine global anwendbare Methode zur Bewertung des Wasser- und Landverbrauchs bietet. Zudem 

werden hochaufgelöste Wasserverbrauchdaten von relevanten Prozessen bereitgestellt: Der Anbau von 

160 Kulturpflanzen sowie Stromversorgung in 208 Ländern. Als Anwendungsbeispiel wird in Kapitel 7 

eine detaillierte Wasserfussabdruck-Studie zweier Nahrungsmittel erarbeitet: In einfacher, 

aussagekräftiger Form erlauben die Resultate der Studie Vergleiche zwischen Produkten, 

Produktionssystemen und Dienstleistungen bezüglich ihres potentiellen Beitrags zur Wasserknappheit 

vorzunehmen. Dennoch bleiben solche Studien generische Bewertungen aufgrund globaler 

Datengrundlagen und Modelle, welche nicht Umweltverträglichkeitsprüfungen oder detaillierte 

Fallstudien ersetzen können oder sollen, auch wenn sie auf hochaufgelösten Daten basieren. Die 

Interpretation der Resultate ist ein Schwerpunkt der Anwendung und erfordert Vorsicht bezüglich 

Schlussfolgerungen. Die aufgespürten Probleme sollten dabei als Indikation potentieller Schäden 

verstanden und vertieft analysiert werden. 
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CHAPTER 1 

Introduction 

1.1 Environmental concerns about water use 

Water is a vital resource for humans and natural ecosystems. In specific regions, water resources 

have been significantly under pressure by human use for more than a century, and the spread of 

water scarcity has been tremendously accelerated over the last decades (Kummu et al. 2010). 

Meeting demands for industrialisation, increasing energy consumption, as well as growing 

agricultural water demand create a multi-faceted global problem (UN 2006). Recent large-scale 

economic and ecological collapses illustrate the negative repercussions of water resource 

mismanagement. Overuse of rivers feeding the Aral Sea resulted in sudden collapse of the aquatic 

ecosystem with severe social and economic effects on local industries. 

Some argue that ―the failure to meet basic human and environmental needs for water is the greatest 

development disaster of the 20th century‖ (Gleick 2003). Sustainable access to a sufficient quality 

and quantity of water satisfying basic human needs is a human right according to the International 

Covenant on Economic, Social and Cultural Rights (UN 2002). However, about 1 billion people are 

currently lacking access to clean and sufficient water resources. From the standpoint of human rights, 

the ―productive water‖ used in commercial activities must be clearly distinguished from the ―water 

for life‖ (required to meet basic hygienic and ingestive needs). Yet, both are necessary, and access to 

both must be guaranteed (GCI 2005). In this context a distinction between economic and physical 

water scarcity is crucial: while e.g. most parts of Africa face economic water scarcity and health 

problems due to lack of water infrastructure and proper management, e.g. the Middle East and 

partially China or the US experience physical water scarcity (IWMI 2007). This distinction is 

important to decide on mitigation measures as well as for describing cause-effect chains related to 

environmental damages caused by water consumption. An indicator to assess this situation has been 

developed as the Water Poverty Index (Sullivan et al. 2003), and quantified on country level. 

 

In addition to the competition between economic sectors and households directly using water, 

hydrological water availability is important for ―environmental services‖ (WB 2004). For example, 

the protection of freshwater resources can significantly reduce costs for water-supply systems as e.g. 

shown by New York City (Postel 2005). On top of that, water flows are also required to sustain 

biodiversity in wetlands and other water dependent ecosystems. Moreover, ecosystem quality goes 

beyond ecosystem services and includes intrinsic values of functioning ecosystems such as 

biodiversity per se. While such aspects have been addressed by the Ramsar convention for protecting 

wetlands (Ramsar Convention Secretariat 2007) economic pressure still threatens many valuable 

ecosystems through unsustainable water consumption. Detailed studies of ―groundwater dependent 

ecosystems‖ have been performed case by case, (e.g. Bauer et al. 2006), but no consistent impact 

assessment of the potential environmental damages is available thus far that operates on a global 

scale. However, such a global assessment is important for relating these environmental pressures to 



 2 

products and services and raising consumer awareness. A first approach to assess environmental 

water requirements on a global level is the environmental water scarcity measure developed by 

Smakhtin et al. (2004), which takes into account the portion of available water required by the 

ecosystem. 

 

A holistic approach of combining different aspects of the water resource is suggested by integrated 

water resources management (IWRM). It represents a systematic approach for coordinated 

implementation of comprehensive programs that address water supply and demand, while complying 

with environmental water requirements in a basin or a watershed (Meire et al., 2008). IWRM should 

involve users, planners, and policy makers at all levels on a watershed level. The challenge to 

combine approaches and standpoints of multiple disciplines and to involve a variety of associated 

stakeholders makes it very complex. It is also questionable whether ecosystems are being recognised 

as a relevant stakeholder or user of freshwater in such procedures, and there is a risk that traditional 

water management will be continued under the banner of IWRM (Jewitt 2002). The implementation 

of IWRM requires transition policies such as those available under the European Water Framework 

Directive, which, some, however, consider insufficient to stimulate innovation (e.g. van der Brugge 

and Rotmans 2007). Other authors conclude that apart from some mature examples as found in 

California or France, a wide application of proper IWRM is elusive (Davis 2007). Another option to 

strengthen IWRM might be through a wider integration of stakeholder views by analysing water 

footprint or life cycle assessment (LCA) studies of relevant products (Bayer et al. 2009). The virtual 

water approach (Allan 1994) has recognised the issue of product‘s supply chain water consumption 

and the water footprint of nations presented a noteworthy investigation of the water virtually traded 

in products among countries (Chapagain and Hoekstra 2004). However, these studies only included 

water volumes without differentiating irrigation and natural water supply nor environmental impacts 

related to the water consumption. Increased level of distinction of a water footprint has been 

provided by calculating irrigation water consumption involved in bioenergy production (Gerbens-

Leenes et al. 2009). While such approaches are helpful to raise awareness about the amount and 

origin of water resources involved in the supply chain of consumer goods, they lack the ability to 

relate environmental impacts to products. A proper water footprint should additionally include 

impact assessment (Pfister and Hellweg 2009), and eventually merge with the impact category for 

water use in LCA (Berger, 2010). 

 

1.2 Water use in Life Cycle Assessment (LCA) 

Life Cycle Assessment (LCA) is a methodology to evaluate the environmental impacts associated 

with a product, process, or service by identifying and quantifying energy and resource consumption 

as well as emissions and wastes released to the environment. Thereby, opportunities for 

environmental improvement are identified and assessed. The assessment includes the entire life cycle 

of the product, process or service, encompassing the extraction and processing of raw materials, 

manufacturing, transportation and distribution, use, re-use, maintenance, recycling, and final 
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disposal; from ―cradle-to-grave‖. The physical inputs and outputs of the analyzed system are covered 

in the inventory phase (LCI), and characterized in the impact assessment phase (LCIA) as illustrated 

in Figure 1.1. LCIA includes impact categories (midpoints) and/or damage categories (endpoints): 

While midpoint methods characterize impacts in terms of a common unit within their category based 

on modelled effects (e.g. radiative forcing as CO2-equivalents for climate change), endpoint methods 

characterize a potential damage of the areas of protection (e.g. ecosystem quality and human health 

damages caused by the radiative forcing of greenhouse gas emissions) and can be used to aggregate 

impacts into single-score impacts, using weighting schemes. Hence, LCA is also designed to 

evaluate trade-offs between different environmental concerns. International standardisation of LCA 

is provided (ISO 2006a, b). 

 

 
 

Figure 1.1: Illustration of the modelling steps in Life Cycle Assessment. Environmental interventions 

(physical inputs and outputs) are covered in the inventory phase (LCI). These interventions are characterized 

in the impact assessment phase (LCIA) within impact categories (midpoints) and/or damage categories 

(endpoints). While midpoint methods characterize impacts in terms of a common unit within their category 

based on modelled effects (e.g. radiative forcing as CO2-equivalents for climate change), endpoint methods 

characterize a potential damage of the areas of protection (e.g. ecosystem quality and human health damages 

caused by the radiative forcing of greenhouse gas emissions). Graph prepared together with J. Payet and S. 

Hellweg; used subsequently also by others, e.g. UNEP. 

 

 

LCA is widely applied in industry, policy making and also by consumers to support decisions about 

choice between alternative products, process designs or supply chain options. The strength of the 

method is to track back all relevant impacts related to a product allowing the location, improvement 

or replacement of processes of high environmental concern, or with high improvement potential. 

LCA is therefore especially useful as a screening tool for environmental optimization of products and 

services or an analysis of complex systems. However, impacts of water use have been of only minor 
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concern to LCA practitioners and a comprehensive impact assessment has been lacking for decades 

(Jolliet et al. 2003, Koehler 2008). This negligence may be due to the fact that LCA has its roots in 

―Northern‖ industrialized countries and is only slowly evolving to a truly internationally applicable 

tool. Emphasis is traditionally placed on environmental issues that reflect societal priorities in 

industrialized countries, such as global warming, land use, acidification, eutrophication, ecotoxicity, 

human health impacts from toxic releases (e.g. carcinogenics) and depletion of natural resources (e.g. 

crude oil, metals). Another reason for the disregard of water resources might be the unsolved issue of 

regionalization in LCA. While water use ultimately requires regional distinction, emissions and other 

resource consumption have been largely treated by one global characterization factor in standard 

LCIA methods. This is even true for land use impacts, which is heavily variable over space (Schmidt 

2008). Also the technical solutions to handle regionalized LCA are not yet implemented in practice, 

although methods have been proposed (Mutel et al. 2009). A final handicap is the lack of appropriate 

water consumption data in current inventory databases such as ecoinvent v2.2 (ecoinvent Centre 

2010) or GaBi databases 2006 (GaBi Software 2010). The main problem is the consistency of water 

flows reported, because consumption (evaporation and product integration) is usually not reported 

and the water flows generally consist of withdrawals from different sources. In many industries, 

water use is considered equivalent to water consumption in the economic sense, and the releases are 

often neglected. Inventory of water use is in principal water accounting. 

Recently, water use has gained attention in LCA and some methods addressing water scarcity 

problems have been suggested. The LCIA method Swiss Ecoscarcity (Frischknecht et al. 2008) 

defines a target of using only 20% of the available water resources and calculates characterization 

factors on country level, which is highly problematic for countries with different climates or 

pronounced geographic water use patterns. According to the recent review of LCIA methods 

published before 2009, released by the European Commission‘s Joint Research Centre in October 

2010 (draft report), Swiss Ecoscarcity is the only available method and more comprehensive impact 

assessment is needed. Following up on the approach of using water use-to-availability figures, a 

method including environmental water requirements was published, covering the largest watersheds 

of the world. Although this method covers potential water scarcity for humans and ecosystems on 

midpoint level, it remains on a rough level of regionalization and environmental impact assessment. 

The same is true for the impact assessment suggested by Mila i Canals (2009). Specific methods on 

endpoint level have been published for impacts (a) on human health through lack of safe drinking 

water, on country level (Motoshita et al. 2010), and (b) on ecosystem quality based on groundwater-

table drawdown effects for the Netherlands (van Zelm et al. 2010) and on thermal releases from 

power plants for the Aare river (Verones et al. 2010). 

Although these methods cover some aspects of environmental impacts of water use, these methods 

are not providing characterization factors with global coverage and sufficient spatial resolution. 

Models based on hydrological units, also accounting for temporal variations of water availability are 

required. Furthermore, impacts due to lack of water for irrigation, impacts on ecosystem due to water 

consumption and depletion of long-term water storages are not sufficiently addressed. 
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1.3 Objectives of the Thesis 

The overall goal of this thesis is to provide the data and methods for integrating water consumption 

and related environmental impacts into LCA of products and services including their full supply 

chain. This implies abstraction from detailed analyses towards quantification of potential 

environmental impacts. A related sub-goal is therefore finding an optimal balance between 

complexity of cause-effect relationships between water consumption and environmental damages 

and applicability of methods developed. 

 

The specific objectives of this thesis are: 

I. To develop a regionalized impact assessment method with global coverage, allowing for (A) 

an analysis of generic water scarcity for application in water footprinting or at midpoint level in 

LCA, as well as (B) analysis of cause-effect chains leading to impact on the endpoint level and 

potential integration into aggregated LCIA results. 

II. Provision of most important inventory data required to perform an LCA, especially for the 

use in supply chains. The focus is set on the agricultural sector, which is responsible for 85% of all 

human water consumption (Shiklomanov 2003), and energy production, which is crucial in most 

LCA studies. 

III. Determination of region- and crop-specific land/water resource trade-offs in agricultural 

production, facilitating a combined evaluation of environmental impacts of these two crucial 

resources which are heavily used in global agriculture. 

IV. To illustrate the application of the developed methods and datasets to specific case studies 

and to evaluate the relevance of water consumption in the context of other environmental issues in 

these case studies. 

V. Analysis of global agricultural production regarding the use of and impacts on land and water 

resources, including assessment of future scenarios, allowing for evaluating potential future 

agricultural production systems. 

VI. To recommend how to implement the results into practice and where to focus efforts for both, 

applications and future research. 

 



 6 

1.4 Structure of the Thesis 

In this thesis the objectives are addressed by six research articles (Chapters 2-7). Chapter 8 provides 

overall conclusions and an outlook. The main content of the chapters is depicted in Figure 1.2 and 

shortly described below. 

 

 

 
Figure 1.2: Grouping of the chapters based on their main contribution to inventory (LCI), impact assessment 

(LCIA) or applications for further interpretation. 
  

 

 

 

Article 1 (Chapter 2) describes a method developed for assessing the environmental impacts of 

freshwater consumption. The impacts considered are water deprivation as midpoint category and 

damages to three areas of protection (endpoints) human health, ecosystem quality, and resources. 

The method can be used within most existing Life-Cycle Impact Assessment (LCIA) methods and is, 

as a showcase, integrated into the Eco-indicator-99 LCIA method (Goedkoop and Spriensma 2001). 

In order to include relevant environmental and socio-economic factors the method is highly 

regionalized using a geographic information system (GIS). The data can be used combining standard 

LCA software and geospatial tools such as Google Earth. The relative impact of water consumption 

in LCIA was analyzed in a screening case study on worldwide cotton production using existing 

datasets, and a detailed study on US cotton production, showing the relevance of proper spatial 

regionalization and the lack of inventory data for water consumption. 

 

Power production processes are highly relevant in many LCA studies, with regard to impact 

categories such as climate change and resource depletion. It also represents the industrial sector with 

the highest water consumption. Since no useful water inventory data has been available, Article 2 

(Chapter 3) assesses different power production systems regarding water consumption and the 

related environmental impacts. It provides inventory data and impact assessment results of average 

country production mixes to be used for analyzing supply chains 
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From a global perspective, agricultural production is the most important water user regarding both, 

water consumption and associated environmental impacts As production data have been neglected in 

many LCA databases and water consumption models with global coverage for individual crops have 

been widely lacking, Article 3 (Chapter 4) presents a model for water consumption of crop 

cultivation at a high spatial resolution. Based on crop production patterns, spatially explicit water 

consumption data are averaged on national and global level to be used for supply chain assessments. 

To allow for explicit assessment of the land/water trade-off, land occupation and associated basic 

environmental impacts are assessed and compared to water consumption, again on high spatial 

resolution and national/global average. 

As the underlying production and yield data is estimated for the year 2000 and considering plans for 

expansion of bioenergy cultivation, future assessment can be derived from this basis. Article 4 

(Chapter 5) builds on Chapter 4 and assesses the environmental impacts of various scenarios to feed 

mankind in 2050. The study is performed based on population growth and climate change estimates, 

combined with projected change in industrial, domestic and especially agricultural water 

consumption. The increase of water consumption, water stress, land occupation and land stress are 

analysed and compared for all scenarios. Water consumption and land stress are related by 

calculating land-stress equivalents based on precipitation data. This application is useful for 

comparing pressures on water and land resources of different strategies of supplying future 

population with agricultural goods. It is using the data and methods developed in Chapter 4 outside 

LCA, for a global assessment to inform policy makers about impacts of different strategies and 

potential improvements. 

In Article 5 (Chapter 6) the land use impact assessment is further developed to be compliant with 

the water impact assessment methodology according to Eco-indicator-99: The existing land use 

LCIA method without spatial differentiation has been adapted based on highly spatially resolved data 

of net primary productivity and ecosystem vulnerability in specific regions. The application to 

detailed land and water inventory data developed in Chapter 4 allows for a more specific comparison 

of land and water impacts related to agricultural production through endpoint impact assessment in 

LCA. 

While land use has been addressed in LCA of agricultural products, water consumption related 

impacts have been excluded in LCA and most water footprint studies. Article 6 (Chapter 7) presents 

a revised approach to the widely used water footprinting scheme accounting water volumes only, by 

assessing the water consumption and related impacts in detail. It is equivalent to a life-cycle midpoint 

assessment approach of water use. Case studies on two food products (pasta sauce and peanut 

sweets) using primary production data, illustrate how the presented method and data can be used for 

quantitative comparisons between products, production systems and services in terms of their 

potential to contribute to water scarcity. 
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Abstract 

A method for assessing the environmental impacts of freshwater consumption was developed. This 

method considers damages to three areas of protection: human health, ecosystem quality, and 

resources. The method can be used within most existing Life-Cycle Impact Assessment (LCIA) 

methods. The relative importance of water consumption was analyzed by integrating the method into 

the Eco-indicator-99 LCIA method. The relative impact of water consumption in LCIA was analyzed 

with a case study on worldwide cotton production. The importance of regionalized characterization 

factors for water use was also examined in the case study. In arid regions, water consumption may 

dominate the aggregated life-cycle impacts of cotton-textile production. Therefore, the consideration 

of water consumption is crucial in Life-Cycle Assessment (LCA) studies that include water-intensive 

products, such as agricultural goods. A regionalized assessment is necessary, since the impacts of 

water use vary greatly as a function of location. The presented method is useful for environmental 

decision-support in the production of water-intensive products as well as for environmentally 

responsible value-chain management.  

Keywords: Water use, water consumption, cotton, LCA, life-cycle impact assessment 

2.1 Introduction 

In many regions, human well-being and ecosystem health are being seriously affected by changes in 

the global water cycle, caused largely by human activities (UNEP 2007). Despite the relevance of 

freshwater to human health and ecosystem quality, the life cycle assessment (LCA) methodology is 

lacking comprehensive approaches to evaluate the environmental impacts associated with water use 

(e.g. Koehler 2008). Water use is often reported in the Life-Cycle Inventory phase, where resource 

use and energy and material consumption are recorded, but little differentiation is made between the 

types of water use (see e.g. ecoinvent Centre 2008). Even less attention is paid to water use in Life-

Cycle Impact Assessment (LCIA), in which emissions and resource uses are grouped and compared 

according to their environmental impacts (e.g. global warming or resource depletion): So far, impacts 

on water resources have only been described qualitatively (Owens 2001), with the exception of the 

Ecological Scarcity 2006 method (UBP06). The Ecological Scarcity method quantifies eco-factors 

on the basis of defined environmental targets (Frischknecht et al. 2008) without addressing specific 

damages to human health and ecosystems. Due to the spreading application of LCA worldwide and 

increasingly refined LCIA-methods, regional differentiation of damage characterization factors has 

gained in importance (Bare et al.2006). For an appropriate assessment of water use, regionalization is 

crucial to capture hydrological conditions. 

Several hydrological assessments of global water resources exist (e.g. Shiklomanov 1999). and 

different models of global water availability and resulting water stress have been developed 

(Vorosmarty et al. 2000, Alcamo et al. 2003) allowing for the assessment of water shortage in 

climate-change and varying population-dynamics scenarios. However, none of these methods 

explicitly considers cause-effect relationships between water use and environmental impacts. 

The goals of this paper are to (1) set up a framework for Life Cycle Inventory analysis, (2) to 

describe and model the impacts of water use on the safeguard objects, human health, ecosystems, and 
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resources (3) to present a regionalized approach for assessing water-use related environmental 

impacts within existing LCIA methods, and (4) to illustrate the application of this method and the 

relevance in a LCA case study, using the example of worldwide cotton production. 

 

2.2 Methods 

Water use in Life-Cycle Inventory Analysis. In the Life-Cycle Inventory (LCI) phase, quantities of 

water used are often reported (e.g. ecoinvent Centre 2008). Ideally, the type of use, source of water, 

and geographical location should also be documented. As recognized in earlier research (Owens 

2001), in-stream and off-stream use need to be distinguished. Water withdrawals represent off-

stream use, while in-stream use denotes the use of water in the natural water body, e.g. hydropower 

production and transport on waterways. Further, we suggest differentiating between consumptive and 

degradative use (see Figure S2.1 in Supporting Information for an illustration of the framework 

proposed). Consumptive use (water consumption) represents freshwater withdrawals which are 

evaporated, incorporated in products and waste, transferred into different watersheds or disposed into 

the sea after usage (Falkenmark and Rockstrom 2004). Degradative use describes a quality change in 

water used and released back to the same watershed, and requires a description of inputs and outputs 

in the inventory analysis. While the effect of emissions to the aquatic environment is assessed in 

conventional LCA, e.g. regarding ecotoxicity, the loss of water quality still needs to be quantified as 

a loss of freshwater resources. The water source, either groundwater, surface, brackish, or sea water 

provides a rough indicator of quality, and is differentiated in some LCI databases (ecoinvent Centre 

2008). Additionally, water should be characterized by a set of quality classes, considering, for 

instance, organic pollution and temperature increase. Degradative use would consequently be 

assessed as loss of high quality and gain of lower quality water.  

In the method outlined here, we focus on the assessment of consumptive water use (WUconsumptive), as 

it is the crucial use type from a hydrological perspective (Falkenmark and Rockstrom 2004). To 

generate a regionalized inventory for water consumption in agriculture, we use the “virtual water” 

database, which covers many crops for most countries (Chapagain and Hoekstra 2004). Virtual water 

defines the amount of water evaporated in the production of, and incorporation into, agricultural 

products, neglecting run-off. It consists of “green” and “blue” water flows (Falkenmark and 

Rockstrom 2004). Green water is precipitation and soil moisture consumed on-site by vegetation. 

Blue water, in contrast, denotes consumption of any surface and groundwater and in the case of 

agricultural production particularly irrigation water. In the framework proposed in this paper, only 

the amount of blue virtual water consumption is considered. However, virtual water currently has 

been separated into green and blue water for some crops only. Such data gaps were abridged with 

calculation routines that quantify blue water as a function of crop-property and climate data (FAO 

1999).  

 

Regionalization. The ecological impacts of water use depend on many spatial factors, such as 

freshwater availability and use patterns at the specific location under study. For the regionalized 

impact assessment of water use, we utilized a Geographic Information System (GIS) allowing data 

processing and statistical evaluation on different spatial resolutions. Impact factors were calculated 

on country and major watershed levels (e.g. the Rhine; bigger rivers as Mississippi or Murray-
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Darling are divided into sub-catchments, as defined by Alcamo et al. 2003). The watershed level is a 

more appropriate choice for the assessment, as hydrological processes are connected within 

watersheds, but in many cases only country-level inventory data is available (ecoinvent Centre 

2008).  

 

Screening Assessment with the Water Stress Index (WSI). Water stress is commonly defined by 

the ratio of total annual freshwater withdrawals to hydrological availability (WTA, eq. 1). Moderate 

and severe water stress occur above a threshold of 20% and 40%, respectively (Vorosmarty et al. 

2000, Alcamo et al. 2000). These figures are expert judgments and thresholds for severe water stress 

might vary from 20% to 60% (Alcamo et al. 2000). We advance this concept to calculate a water 

stress index (WSI), ranging from zero to one, which serves as a characterization factor for a 

suggested midpoint category “water deprivation” in LCIA. The WSI indicates the portion of 

WUconsumptive that deprives other users of freshwater.  

To calculate WSI, the WaterGAP2 global model (Alcamo et al. 2003) was used, describing the WTA 

ratio of more than 10’000 individual watersheds. The model consists of both a hydrological and a 

socio-economic part, quantifying annual freshwater availability (WAi) and withdrawals for different 

users j (WUij), respectively, for each watershed i:  

i j

j

i

i

WU

WTA
WA

           (1.1) 

where WTAi is WTA in watershed i and user groups j are industry, agriculture, and households. 

Hydrological water availability modeled in WaterGAP2 is an annual average based on data from the 

so-called climate normal period (1961-1990) (Alcamo et al. 2003). However, both monthly and 

annual variability of precipitation may lead to increased water stress during specific periods, if only 

insufficient water storage capacities are available (e.g. dams) or if much of the stored water is 

evaporated. Such increased stress cannot be fully compensated by periods of low water stress 

(Alcamo et al. 2000). To correct for increased effective water stress, we introduced a variation factor 

(VF) to calculate a modified WTA (WTA
*
, eq. 2), which differentiates watersheds with strongly 

regulated flows (SRF) as defined by Nilsson et al. (Nilsson et al. 2005). For SRF's, storage structures 

weaken the effect of variable precipitation significantly, but may cause increased evaporation. For a 

conservative assessment a reduced correction factor was applied (square-root of VF): 

*  

 -

VF WTA for SRF
WTA

VF WTA for non SRF
        (1.2)

 

VF was derived from the standard deviation of the precipitation distribution. We analyzed the 

monthly and annual precipitation provided in the global climate data set CRU TS2.0 (Mitchell and 

Jones 2005) and tested the fitting of these data for normal and log-normal distribution. For monthly 

precipitation, the Kolmogorov-Smirnov test favored the log-normal over the normal distribution for 

61% of all grid cells and for 90% of grid cells with a coefficient of variation > 0.85. For annual 

variability of precipitation, McMahon et al. (2007) investigated 1,221 un-impacted stream flows 

world-wide and found that the lognormal distribution generally fits better than the normal 

distribution. Consequently, we defined VF as the aggregated measure of dispersion of the 
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multiplicative standard deviation of monthly (s
*

month) and annual precipitation (s
*

year), assuming a 

log-normal distribution and considering precipitation data from 1961-1990 (Mitchell and Jones 

2005): 

2 2)ln( * ) ln( *yearmonths s
VF e           (1.3) 

To arrive at WTA
*
, we calculated variation factors for each grid cell i (VFi) and aggregated all VFi 

on watershed-level (VFws), weighted by the mean annual precipitation Pi [m] in grid cell i: 

1

1 n

WS i i

ii

VF VF P
P

          (1.4) 

Obviously, water stress is not linear with regards to WTA
* 
as indicated by the water stress definitions 

(see above). We adjusted the water stress index (WSI) to a logistic function to achieve continuous 

values between 0.01 and 1: 

*6.4 1
0.01

1

1 1WTA
WSI

e
           (1.5)

 

WSI has a minimal water stress of 0.01 as any water consumption has at least marginal local impact. 

The curve is tuned to result in a WSI of 0.5 for a WTA of 0.4, which is the threshold between 

moderate and severe water stress, when applying the median variation factor of all watersheds 

(VFmedian=1.8, WTA
*
=0.72). Accordingly, WTA of 0.2 and 0.6 result in WSI of 0.09 and 0.91, 

respectively (Figure 2.1a).  

The expanded WSI index can serve as general screening indicator or characterization factor for water 

consumption in LCIA, e.g. as a separate impact category in methods such as CML2001 (Guinée 

2001). It will also be used in the assessment of damages to human health. 

 

Damage Assessment. In the present work, damage assessment is performed according to the 

framework of the Eco-indicator-99 assessment methodology (EI99, Goedkoop and Spriensma 2001), 

but it can also be adapted to similar methods, such as LIME (Itsubo et al. 2004) or IMPACT2002+ 

(Jolliet et al. 2003). The potential environmental damages of water use are assessed for three Areas 

of Protection (AoP): human health, ecosystem quality, and resources.  

 

Damage to Human Health. Two major water-scarcity related impact pathways for human health are 

generally observed (UNESCO 2003): lack of freshwater for hygiene and ingestion, resulting in the 

spread of communicable diseases, and water shortages for irrigation, resulting in malnutrition. Both 

pathways are mainly relevant in developing countries. We disregard water shortages for pure 

drinking purposes as they are a problem of disasters (e.g. extreme droughts or war) (UNESCO 2003), 

and such extraordinary events are generally excluded from LCA. Damages to human health from 

malnutrition and poor hygiene are often linked (Supporting Information, Figure S2.4) but can also 

contribute independently in different settings. Here, we focus on the food production effects of water 

deprivation, because competition in water scarce areas ultimately affects irrigation. Damage arising 
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from reduced water availability for hygiene  depends on local circumstances, e.g. the distance of the 

population to the next well, and is therefore difficult to assess in LCA.  

In developing countries, freshwater shortage is associated on a regional scale with numerous 

influencing factors (e.g. lack of wastewater-treatment infrastructure), in addition to physical water 

scarcity (IWMI 2007). Socio-economic parameters are also relevant for mitigation measures of 

potential health damages. To cope with this high complexity, we evaluated three steps in the cause-

effect chain from water consumption to human health effects: 1) Quantifying the lack of freshwater 

for human needs, 2) Assessing vulnerability, and 3) Estimating quantitative health damages related 

to water deficiency. The damage (ΔHHmalnutrition,i), induced by water consumption in a watershed or 

country i (WUconsumptive,i, [m
3
]), is measured in disability adjusted life years (DALY), as in the Eco-

indicator-99 method for assessment of human health effects: 

,

1

% ,

i i

malnutrition i

malnutrition,i i agriculture i malnutrition,i malnutrition malnutrition consumptive,i

WDF EF

CF

HH WSI WU HDF WR DF WU   (1.6) 

where CFmalnutrition,i [DALY/m
3

consumed] is the expected specific damage per unit of water consumed 

(as specified in the LCI-phase). The water deprivation factor WDFi [m
3
deprived/m

3
consumed] uses the 

physical water stress index WSIi (eq. 5) and the fraction of agricultural water use WU%,agriculture,i 

which was calculated for each watershed i based on 0.5° grid-data (Vorosmarty et al. 2000). The 

effect factor EFi quantifies the annual number of malnourished people per water quantity deprived 

[capita•yr/m
3

deprived]. It incorporates the per-capita water requirements WRmalnutrition to prevent 

malnutrition [m
3
/(yr•capita)] and the human development factor HDFmalnutrition,i (eq. 7) which relates 

the human development index (HDI) to malnutrition vulnerability. The damage factor DFmalnutrition 

denotes the damage caused by malnutrition [DALY/(yr•capita)]. WRmalnutrition and DFmalnutrition are 

independent of location. 

We applied the national HDI reports for all countries (UNDP 2008) except for India, Brazil, China, 

and Russia, for which HDI-values of the main regions within these countries are applied (see 

Supporting Information). HDFmalnutrition is derived from a polynomial fit of DALY values for 

malnutrition per 100’000 people in 2002 (DALYmalnutrition,rate, WHO 2008) with corresponding HDI 

data (Figure 2.1b): 

2

1  0.30

2.03  -  4.09   2.04  0.30 0.88 

        0  0.88

malnutrition

for HDI

HDF HDI HDI for HDI

for HDI

    (1.7) 

We set WRmalnutrition equal to 1,350 m
3
/(yr•capita), the minimum direct human dietary requirement, 

including blue and green water (Falkenmark and Rockstrom 2004). This value matches modeled 

water resource thresholds for food security (Yang and Abbaspour 2003). DFmalnutrition is derived on a 

country level from linear regression of the malnutrition rate (MN%, Nilsson and Svedmark 2002) and 

DALYmalnutrition,rate (Figure 2.1c) resulting in a per-capita malnutrition damage factor of 1.84·10
-2

 

DALY/(yr•capita). 
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Figure 2.1: Inputs to the impact pathway: a) relation between WSI and WTA
*
 (blue line, logistic function), b) 

DALYmalnutrition,rate for each country (blue stars) and HDF modeled (red line, R
2 

= 0.71) based on HDI, c) 

DALYmalnutrition,rate for each country (blue stars) against corresponding MN% and linear regression (red line, R
2 

=0.26). 

Damage to Ecosystem Quality. In places where plant growth is water-limited, withdrawals of blue 

water (WUconsumptive) may eventually reduce the availability of green water and thus diminish 

vegetation and plant diversity. Riparian and groundwater-dependent vegetation is often crucial for 

ecosystems (Nilsson and Svedmark 2002, Olson and Dinerstein 1998) including birds and insects 

which are again important for the whole ecosystem e.g. for pollination and dissemination of plants 

(Falkenmark 2001). Especially in semi-arid and arid regions, terrestrial ecosystems are to large 

extent runoff dependent (Harvey 2007, Fetter 1994) and biodiversity in these areas contributes 

significantly to the overall ecosystem quality within a watershed. 

The effects of freshwater consumption on terrestrial ecosystem quality (ΔEQ [m
2
•yr]) are assessed 

following the Eco-indicator-99-method (Goedkoop and Spriensma 2001), with units of potentially 

disappeared fraction of species (PDF). PDF values are generally assessed as vulnerability of vascular 

plant species biodiversity (VPBD) (Goedkoop and Spriensma 2001). Global spatially explicit data 

for assessing water-shortage related vegetation damage are only available for net primary production 

(NPP), which we considered to be a proxy for ecosystem quality. We tested the global relation 

between VPBD and NPP and found a significant correlation (see Supporting Information, Figure 

S2.9). Nemani et al. (2003) describe the “potential climatic constraints to plant growth” based on 

long-term climate statistics applied to climate models: they developed indices from 0-1 quantifying 

growth constraints due to limited temperature, radiation, and water availability. We adopted these 

results (see Supporting Information) and included limitations from soil conditions setting the index 

to 0 for barren lands (Defries and Townshend 1994) as there is no natural vegetation that can be 

affected. The resulting fraction of NPP which is limited by water availability (NPPwat-lim) represents 
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the water-shortage vulnerability of an ecosystem, and is used as a proxy for PDF, due to the high 

correlation with VPBD (Figure S2.9). 

ΔEQ is described similarly to the assessment of land-use impacts within EI99: 

consumptive

EQ consumptive wat-lim

A tPDF

WU
EQ CF WU NPP

P

     

 (1.8)
 

where CFEQ is the ecosystem damage factor [m
2
•yr/m

3
], and P the mean annual precipitation [m/yr]. 

The ratio of WUconsumptive and P denotes the theoretical area-time equivalent which would be needed 

to recover the amount of consumed water by natural precipitation. We calculated CFEQ for each grid 

cell i on the global 0.5°-grid (CFEQ,i), before aggregating these damage factors by each watershed 

and country j, respectively, using grid-cell specific precipitation (Pi) as a weighting factor:
 

,

1
,

1

n

wat-lim i

i
EQ j n

i

i

NPP

CF

P

         

 (1.9) 

 

Damage to Resources. In many locations, precipitation has an annual cycle, so this is the minimum 

time-step for evaluating whether water resource depletion has occurred. Water stock exhaustion can 

be caused by the extraction of fossil groundwater or the overuse of other water bodies, as in the case 

of the Aral Sea. The backup-technology concept (Stewart and Weidema 2005) as used to assess 

abiotic resource depletion in EI99 (Goedkoop and Spriensma 2001), expressed in “surplus energy” 

[MJ] to make the resource available in the future, is employed here for assessing the damage to 

freshwater resources (ΔR, eq. 10). Desalination of seawater may be applied as a backup technology 

to compensate for water resource depletion (Stewart and Weidema 2005). Note that the backup-

technology concept does not imply that the amount of all water depleted will be desalinated. It 

merely serves as a theoretical indicator to make water use comparable to other types of resource use 

(for a detailed discussion see Stewart and Weidema 2005). 

desalination depletion consumptiveR E F WU     (1.10) 

where Edesalination is the energy required for seawater desalination [MJ/m
3
] and Fdepletion is the fraction 

of freshwater consumption that contributes to depletion [-]. Fdepletion serves also as characterization 

factor for the midpoint indicator “freshwater depletion”. 

We set Edesalination to 11 MJ/m
3
 based on state-of-the-art energy demand of seawater desalination 

technologies for potable water (Fritzmann et al. 2007). This matches the lower energy demand of 

operating desalination plants at 11–72 MJ/m
3
 (von Medeazza 2005). Fdepletion per water consumed in 

each watershed i (Fdepletion,i) is derived from the WTA ratio as follows: 

 - 1

,

  1 

   0      1

WTA
WTA

depletion i

for WTA
F

for WTA
 

(1.11)
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We calculated Fdepletion for countries (Fdepletion,country) by aggregating the values for Fdepletion,i of all 

watersheds in the country, using total annual withdrawal within the watershed i (WUtotal,i [m
3
]) as a 

weighting factor (eq. 12). WUtotal,i of cross-boundary watersheds located in several countries are 

assigned to these countries according to the area share of watershed i within the specific country 

(ai,country): 

, , , ,

1
, ,

1

1 n

depletion country depletion i total i i countryn
i

total i i country

i

F F WU a

WU a

 (1.12)
 

Integration into LCIA Methods. To integrate the above methodology into the existing EI99 

method, default normalization and weighting factors (“hierarchist perspective”, Goedkoop and 

Spriensma 2001) were used to calculate single-scores, denoted hereafter as EI99HA.  

 

Cotton Textiles Case Study. We illustrate our method with an example of cotton textile production. 

Cotton cultivation occupies 2.4% of total arable land (Kooistra et al. 2006) and is a globally-traded 

commodity. We used country-specific virtual water content data for cotton cultivation, yarn and 

textile production (Chapagain et al. 2006) for water-related LCIs. For fiber processing, 20% of water 

used was assumed to be consumptive. The impact assessment was performed on a country level. As 

purchasers are often unable to determine the national origin of cotton materials, the average 

worldwide impacts are also calculated based on production shares. Water related impacts were 

compared to other impacts from cotton production, assessing existing inventory data (ecoinvent 

Centre 2008) with the EI99-method (Goedkoop and Spriensma 2001). 

To test the relevance of a regionalized assessment, we calculated water demand and related 

environmental damages on watershed level for the USA, applying county-specific production data 

(National Cotton Council of America (2008) and regional irrigation requirements (IR). We 

calculated IR using the CROPWAT-model (FAO 1999) (USCROPWAT) and, in addition, an approach 

based on reported US water-use data (USestimate), as depicted in the Supporting Information. 

 

2.3 Results 

LCIA Characterization and Damage Factors. Global characterization and damage factors for 

watershed-level consumptive water use are shown in Figure 2.2. For complete lists of all watersheds 

and countries, see the Supporting Information.  

The correlation on watershed level between WSI and aggregated Eco-indicator-99-scores is R=0.51. 

The correlation is poorer in less developed countries and regions with low population-density. On 

global average, the damage categories human health, ecosystem quality, and resources contribute to 

aggregated, water-use related Eco-indicator-99-scores by 3%, 69%, and 28%, respectively. 
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Figure 2.2: Characterization and damage factors on the watershed level per m
3
 water consumed: (a) Water 

stress index, (b) damage on resources, (c) damage on ecosystem quality, (d) damage on human health, and (e) 

aggregated Eco-indicator-99 damage factor. Map (f) shows the aggregated Eco-indicator-99 damage per kg 

cotton textile on the country level. 

 

Cotton Textiles Case Study  

The irrigation requirements, yields, and the environmental impacts from water consumption of cotton 

production vary greatly from nation to nation (Table 2.1). For cotton textiles at the factory gate, the 

fraction of total damage attributable to water consumption ranges from less than one percent (Brazil) 

to 77% (Egypt) using the augmented Eco-indicator-99 assessment method. On global average, this 

fraction is 17%. The overall environmental impact of cotton textile production depends largely on 

the country of cultivation (Figure 2.2f). 

For the United States the modeled national average based on the two approaches USCROPWAT and 

USestimate lead to considerably higher water consumption than the value reported on country level 

(Chapagain et al. 2006), as shown in Table 1 and described in the Supporting Information.  
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Table 2.1. Inventory data and environmental impacts per kg cotton textile. 

 Global 

production 

share 

Consumptive 

use  

(blue water 

reported in 

Chapagain et 

al. 2006) 

[m
3
/kg] 

Water 

deprivation 

[m
3
/kg] 

Ecosystem 

Quality 

[PDF•m
2
•yr/ 

kg] 

Human 

Health  

[10
-6

 

DALY/kg] 

Resources  

[MJ/kg] 

Fraction of 

total damage 

(Eco-

indicator-99) 

caused by  

water 

consumption
a
 

Argentina 0.7% 6.11 2.01 2.71 0.206 5.45 12% 

Australia 1.4% 3.92 1.42 5.10 0 1.07 14% 

Brazil 5.6% 0.61 0.01 0.0188 0.004 0.00946 0% 

China 27.2% 2.35 0.93 0.449 0.61 3.97 5% 

Egypt 0.8% 10.79 10.15 87.1 18.36 53.9 77% 

Greece 1.8% 4.89 3.20 0.806 0.126 7.41 9% 

India 19.9% 5.73 5.16 2.12 

3.29 

11.93 15.0 24% 

Mali 0.6% 4.07 0.99 5.681 0 14% 

Mexico 0.6% 4.52 3.12 2.62 0.695 7.07 13% 

Pakistan 8.5% 9.88 9.17 15.7 20.68 41.6 52% 

Syria 0.9% 8.41 8.00 8.23 7.752 39.1 41% 

Turkey 3.3% 7.34 5.40 3.65 3.741 13.6 21% 

Turkmenistan 1.1% 14.12 13.66 13.6 12.27 65.3 53% 

United States 16.4% 1.90 0.75 0.465 0.003 2.80 4% 

Uzbekistan 4.4% 11.14 10.58 10.8 11.71 39.6 45% 

Average 93.4% 8.54 3.48 3.88 5.71 12.8 17% 

USCROPWAT
b
 16.4% 8.91 3.72 4.91 0.0274 16.7 23% 

USestimate
b
 16.4% 3.27 2.48 3.61 0.0237 13.6 19% 

a
Total damage includes state-of-the-art LCA results for final cotton textile at plant: 2.58 points/kg, 

without the damages of water consumption (ecoinvent Centre 2008, Goedkoop and Spriensma 2001).  

b
For the United States, we derived national average impacts of water consumption from data on 

watershed-level, applying two approaches (USCROPWAT and USestimate).  
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2.4 Discussion 

Inventorying Water Use. Current inventory databases only contain limited information about water 

use and therefore need to be complemented with further information on amounts and sources of 

water used. The application of national virtual water content data (Chapagain and Hoekstra 2004) is 

convenient to estimate the amount of water used for agricultural products, but it has deficiencies in 

spatial resolution and reliability. In addition, the virtual water content considers only a few industrial 

products, and water use in supply chains is neglected. Particularly for large countries, further 

characterization of the specific watersheds may be necessary to appropriately assess water-use 

related impacts, as illustrated by the US cotton case study in this paper. The two different approaches 

applied to derive the irrigation water requirements for US cotton show the difficulty of assessing 

specific water consumption. Theoretical water consumption based on CROPWAT lead to 

overestimation for cultivations that are subject to deficit irrigation. Reported data, on the other hand, 

usually represents a lower bound, because irrigation water is often unmetered or comes from 

possibly illegal private pumping. These aspects are crucial for analyzing water consumption data 

properly in LCI. Furthermore, consumptive losses from distribution and storage systems need to be 

considered. Irrigation efficiency, on the other hand, is less relevant for water consumption, as excess 

irrigation water, possibly contaminated, is recharging groundwater, although there may be additional 

evaporation. 

We have focused on blue water use, and assumed that green water consumption does not change as a 

function of the activities assessed in LCA. However, this is a simplification, and the related effects of 

potential changes in green water flows should be addressed in future research. 

For most industrial processes, water-use data is scarce and the available data is heterogeneous. To 

obtain this information in a consistent format will be a major challenge in further studies. In 

particular, water quality degradation needs to be reported and assessed, as this is a particular concern 

for industrial production. 

Water-Consumption Impact-Assessment Method. The Water Stress Index (WSI) may serve as a 

simple screening indicator for the assessment of water use, accounting for water availability and 

withdrawals. The consideration of temporal variability of water availability in WSI allows for 

assessing increased impacts in specific periods. While infrastructure may enable sufficient water 

storage and hence mitigate water stress for human needs, ecosystems will still be affected and 

additional water will be evaporated from the surfaces of water-storage systems. Therefore, we 

diminished the variation factor, which accounts for temporal variability in water availability, only for 

strongly regulated flows (eq. 2), for which large dams allow efficient storage. The environmental 

effects of such major dams, however, should be additionally assessed in LCA as in-stream storage 

(see Figure S2.1 in the Supporting information).  

Human-health damages are highly dependent on socioeconomic factors and local conditions. 

Generally, where water scarcity is affecting health, data availability is extremely poor and the 

uncertainties are therefore high. The empirical approach applied here copes with incomplete data by 

assessing the cause-effect chain stepwise, which is similar to the emission-to-impact modeling for 

toxic emissions (Goedkoop and Spriensma 2001). While we abstained from characterizing impacts 

due to lack of water for hygiene, it might become relevant for industrial water use in certain 

countries, as the purchase power of industries may dominate competition with households.  
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Terrestrial ecosystem damages are assessed in accordance with existing methods (Goedkoop and 

Spriensma 2001), using the fraction of water-limited net-primary production as a proxy for the 

number of vascular-plant species. However, only part of vascular plants are ground- or surface-water 

dependant, and aquatic ecosystems, birds, vertebrates, and unique wetlands are also affected by 

water-use. We partially addressed this limitation by implicitly assuming that all precipitation water 

contributes to ecosystem quality (eq. 8), being either evapo-transpired by vegetation on-site (green 

water) or leading to runoff (blue water). The blue water portion might only partially be consumed by 

vegetation, and aquatic ecosystems (including groundwater habitats and coastal zones) may benefit 

instead. However, in some cases all blue water is evaporated and any consumption leads to 

diminished vegetation and ecosystem quality, such as in the case of the Okavango Delta (Milzow et 

al. 2009).  

Impacts on aquatic ecosystems depend only to some extent on water quantity. Often, infrastructure 

(channeling rivers, dams) and water-quality deterioration seem to be more important to ecosystem-

quality loss than reduced water quantity (Millennium Ecosystem Assessment 2005). These aspects 

are an open research question which should be tackled in future studies. 

Damage to resources is assessed with surplus energy potentially required by future users (Goedkoop 

and Spriensma 2001). The concept of using theoretical backup technologies to assess the impacts of 

resource use (Stewart and Weidema 2005) is controversial, but does allow for a combined 

assessment of stock and flow resources. It should be interpreted as a conceptual approach of 

quantifying environmental impacts for future generations in terms of additional energy consumption 

eventually needed to compensate for water scarcity. As an approximation, the surplus-energy cost 

(Edesalination) is considered constant for all regions, although seawater desalination is not possible 

everywhere. Long-distance transportation of water can have significantly higher impacts than 

desalination alone (see Supporting Information), but water-intensive production of future generations 

could be moved closer to sea or available water resources. 

The method proposed in this paper could also be adjusted to other impact assessment methods than 

Eco-indicator 99, e.g. resource depletion could also be assessed in terms of monetary units, as done 

in LIME (Itsubo et al. 2004) and ReCiPe 2008 (Goedkoop et al. 2009). 

In addition to water consumption, degradative use can make resources unavailable for relevant users 

and consequently have an impact on human health or even resource depletion, as the use of fossil 

aquifers might be favored over water purification. Furthermore, local depletion of water stocks may 

also occur if blue water regionally available in the watershed is not completely used. On the other 

hand, watershed-WTA above 100% (eq. 11) might not lead to depletion if degraded water is reused 

downstream. Such aspects are not considered in the method proposed here.  

Water-Consumption Damage Scores. On global watershed average, the impact of water 

consumption on ecosystem quality is larger than the impact to human health and resources, using 

default Eco-indicator 99 normalization and weighting factors (Goedkoop and Spriensma 2001). One 

reason is that ecosystem-quality impacts occur in many parts of the world, whereas human-health 

and resources effects are restricted to specific regions. Freshwater-resource depletion is also 

important, contributing on average 28% of the aggregated freshwater-use related damage score, 

using the Eco-indicator-99 weighting scheme, as shown by decreasing groundwater levels around the 

world (UNEP 2007).  

 



 24 

Cotton Textile Case Study. Several studies reported water use as one of the major environmental 

issues in cotton production (e.g. Kooistra et al. 2006), which is confirmed by the regionalized results 

of our study. Both needed water quantities and impact factors vary strongly as a function of location, 

leading to high differences in the total damages from water consumption for cotton production in 

different countries (Table 2.1). However, environmental damages from water consumption through 

irrigation might be outweighed by fertilizer applications and land-use impacts if virgin land is 

occupied for cotton cultivation (e.g. deforestation in Brazil). Thus, the importance of water use will 

depend on the local conditions and the alternatives for cotton cultivation or textile production that are 

available.  

Regionalization on a country level proved not to be specific enough for large countries, as illustrated 

for the US. Therefore, large countries with varying climatic zones, such as the US, India and China 

should be assessed on a watershed level. The case-study results further highlight the importance of 

optimizing water consumption, e.g. with technological measures in water-scarce regions, and 

demand caution against shifting production to high-yielding arid areas.  

Application in LCA. The method presented in this paper describes the impact of freshwater 

consumption in the life cycle of products or processes. However, similar to the assessment of other 

impact categories in LCA, the uncertainties are large. Therefore, if an LCA study points to a 

potential environmental problem from water consumption, a more detailed assessment could be 

done. This assessment could take into account the local conditions and identify appropriate 

mitigation measures. Despite uncertainties, the proposed method represents a rigorous and 

comprehensive accounting of the environmental damages of freshwater use, an area of impact which 

has been missing in LCIA so far. For example, more and more products are assessed by greenhouse-

gas emissions and land use, but there are many products like food and biofuels where water 

consumption presents an additional important ecological dimension that needs to be considered to 

provide a more complete basis for environmental decision making and to avoid burden shifting.  

Increasing interest in regionalized LCA should improve inventory-data quality in future and reduce 

uncertainties in regionalized LCIA. In addition to data, enhanced modeling tools facilitating 

regionalized LCIA are required for researchers and practitioners. Such tools are currently under 

development. Integration of our method into existing assessment schemes will improve LCA results, 

especially for agricultural products. In addition to the assessment of water consumption, 

methodologies depicting the loss of freshwater resource due to degradative freshwater use need to be 

developed, as this issue is particularly important for industrial production. 
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2.5 Supporting Information: 

Acronyms used in the manuscript and Supporting Information 

 

 

ΔEQ Damage to ecosystem quality [m2•yr]  

ΔHHmalnutrition Damage to human health [DALY]  

ΔR Damage to freshwater resource [MJ] 

AoP Areas of protection 

CROPWAT Software tool for calculating crop-specific irrigation requirements   

CV Coefficient of variation (for normal distribution) 

CWR Crop water requirements [mm] 

DALY Disability adjusted life years  

DALYmalnutrition,rate DALY caused by malnutrition per 100‘000 people in 2002  

CFEQ Characterization factor for ecosystem quality [m2•yr/m3] 

DFmalnutrition Damage factor for malnourished people [DALY/(yr•capita)] 

CFmalnutrition Characterizatione factor for human health [DALY/m3] 

Edesalination Energy demand for converting seawater into potable water [MJ/m3] 

GIS Geographic Information System 

EI99 Eco-indicator-99 LCIA-method 

EI99HA Aggregated damage according to default Eco-indicator 99 LCIA-method 

Fdepletion Fraction of water depleted per water consumed [-] 

HDFmalnutrition Human Development Factor [-] 

HDI Human Development Index [-] 

ICC Index of plant-growth limitation attributable to a specified climate constraint [-] 

IRCROPWAT Irrigation requirements calculated according to the USCROPWAT approach [mm] 

IRestimate Irrigation requirements calculated according to the USestimate approach [mm] 

Kc Crop coefficients according to CROPWAT [-] 

LCA  Life cycle assessment  

LCI Life cycle inventory  

LCIA  Life cycle impact assessment  

meanarith Arithmetic mean (expected value of normally distributed data) 

meangeom Geometric mean (expected value of lognormally distributed data) 

MN% Population percentage suffering from malnutrition (malnutrition rate) [-] 

NPP Net primary production [g/m2•yr]  

NPPwat-lim Fraction of NPP which is limited by water availability [-] 

P Precipitation  [mm] 

PDF Potentially disappeared fraction of species [-]  

Peffective Effective precipitation according to CROPWAT [mm] 

PET Potential evapo-transpiration [mm] 

s* Measure of dispersion (for lognormal distribution ) 

SRF Watershed with strongly regulated flows  

UBP06 Ecological Scarcity 2006 LCIA method 

USCROPWAT Approach for calculating US-cotton water consumption according to CROPWAT 

USestimate Approach for calculating US-cotton water consumption based on reported data 
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Framework for integrating freshwater use in Life Cycle Assessment 

 

Figure S2.1: Concept for integrating water-use related environmental impacts in LCA. Life cycle inventory 

(LCI) data considers different types of water use: In-stream storage, consumptive use and degradative use. 

Quality aspects, which are important for water-reuse options, are covered by degradative use of freshwater 

(left graph). Based on the inventory scheme, the proposed impact assessment framework illustrates the 

damages to three areas of protection. Consequences of all freshwater-use types can damage all areas of 

protection depending on the regional conditions (right graph). 

Water Stress Index  

Test for lognormal distribution of precipitation data  

Precipitation data from the global climate data set CRU TS 2.0 (Mitchell and Jones 2005)  was 

statistically evaluated. The Kolmogorov-Smirnov Test for normal and lognormal distributions 

showed that in 61% of the grid cells the lognormal distribution performed better than the normal 

distribution. For precipitation data with high coefficient-of-variation (CV), corresponding to a high 

variation factor (VF), the share of grid cells with precipitation data better described by lognormal 

distribution grows to 70%, 75%, and 90% for CV greater than 0.5, 0.7, and 0.85 respectively (Table 

S2.1). The p-value is only acceptable for high coefficients-of-variation (Table S2.1). 

VF Variation factor applied on WTA [-] 

VPBD Vascular plant species biodiversity [#species/10‘000km2] 

WA Annual water availability [m3/yr] 

WDF Water deprivation factor [-] 

WPI Water poverty index [-] 

WRmalnutrition Per-capita water requirement to prevent malnutrition [m3/(yr•capita)] 

WSI Water Stress Index  [-] 

WTA Ratio of total annual freshwater withdrawals to availability [-] 

WTA* Water scarcity factor: WTA•VF  [-] 

WU Annual water use [m3/yr] 

WU%,agriculture Share of total water withdrawals used for agricultural purpose 

WUconsumptive Consumptive water use (inventory flow specified in LCI) [m3] 
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Table S2.1. Analysis of monthly precipitation data on the global 0.5°-grid  

 CV>1 CV>0.85 CV>0.7 CV>0.5 CV>0.25 CV<0.25 

Number of watersheds 

where normal 

distribution fits better 

44 626 2923 7621 15763 4606 

Number of watersheds 

where lognormal 

distribution fits better 

2776 5403 8935 17973 28769 2476 

Share of watersheds 

where lognormal 

distribution fits better 

98% 90% 75% 70% 65% 35% 

P-value for preference 

of lognormal over 

normal distribution 

5% 12% 23% 50% 86% - 

 

 

Variation factor (VF) 

 

 

Figure S2.2: VF calculated for each watershed based on data for each 0.5° grid cell.  
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Figure S2.3: WTA
*
 calculated for each watershed in %. 

Health impacts scheme 

Human health impacts due to water shortage can occur as a consequence of lack of water for food 

and for hygiene, expressed by malnutrition and diarrhea, respectively. Figure S2.4 illustrates how 

these two impacts are interconnected: The correlation of DALYs caused by malnutrition and diarrhea 

is very high. Water scarcity is only one relevant factor besides water-supplying infrastructure and 

other diseases which additionally reduce the resilience of humans against adverse conditions. Special 

consideration must also be given to hygiene education as lacking hygiene is often a consequence of 

insufficient knowledge and awareness.  

 
Figure S2.4: Linear regression and 95% mean prediction interval for reported DALYs from malnutrition and 

diarrhea (WHO 2008). 
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Intermediate Results 

Human Development Index (HDI) 

In order to improve the level of regionalization for HDI, we used HDI data on regional level for 

China, Brazil, India, and Russia in addition to the national HDI data for the rest of the world (Table 

S2.2).  

 

 

Table S2.2: Sources of HDI-values applied in our study. 

Data applicability Base year  Data source 

Country-level data 

(177 countries) 

2005 http://hdr.undp.org/en/media/hdr_20072008_en_indicator_tables.pdf 

Chinese regions 2003 http://www.undp.org.cn/downloads/nhdr2005/NHDR2005_complete.pdf 

Brazil regions 2000 http://www.pnud.org.br/atlas/tabelas/index.php  

Russian regions 2004  

(& 2003) 

http://hdr.undp.org/en/reports/nationalreports/europethecis/russia/russian

_federation_2007_en.pdf  

India regions 2001  

(& 1991) 

http://planningcommission.nic.in/reports/genrep/nhdrep/nhdreportf.htm   

Estimates (for data 

lacks in reporting) 

various http://en.wikipedia.org/wiki/List_of_countries_by_Human_Development

_Index  

 

HDI data of 2005 was applied as reference data in our method. Regional data that was older was 

adapted to 2005 as follows: A conversion factor of 1.04 was derived for Russia, China and Brazil 

(increase of national HDI from base year of regional data to 2005). For India, available regional HDI 

data (2001) shows significant differences as compared to the national data provided by UNDP. 

Therefore, we adjusted the factors to the original development state of 1991 as follows: 

2005, i 1991, i 1991, iHDI  = HDI  1.75 1.359  (HDI   0.306)   (S1)
 

where HDI2005,i is the calculated HDI for 2005 and HDI1991,i the reported HDI for 1991 in the region i 

in India. The conversion factor of average national HDI from 1991 to 2005 is 1.62. The developed 

function is leading to a factor of 1.25 for most developed regions and 1.75 for least developed 

regions in 1991, which is representing the regional differences of reported HDI increase between 

1991 and 2001 for the individual regions. The resulting HDI values are shown on regional/national 

and watershed level in Figure S2.5. National and regional HDI are attributed to watersheds weighted 

by population density (CIESIN 2004).
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Figure S2.5: a) HDI values on country level (regional level for China, Brazil, India, and Russia). b) HDI 

values attributed to watersheds, weighted by population density (CIESIN 2004). 

  

a) 

b) 
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Human Development Factor (HDFmalnutrition) 

HDFmalnutrition (equation 7 in the manuscript) is calculated on watershed level based on regional HDI 

data (Figure S2.6). 

 

Figure S2.6: HDFmalnutrition on watershed level.  

 

 

Shares of water use for different applications 

The share of water use for agricultural production (WU%,agriculture, parameter in equation 6 in main 

text) is depicted in Figure S2.7.  

 

 

Figure S2.7: Agricultural water use (WU%, agriculture) for each watershed based on 0.5°-grid data (Vorosmarty et 

al. 2000). 

 

  



 35 

Results of damage assessment for human health 

The damage according to Eco-indicator 99 (Goedkoop and Spriensma 2001) (EI99HA-pt/m
3
) due to 

lack of water for irrigation is shown in Figure S2.8.  

 

Figure S2.8: EI99HA-factor due to lack of water for agriculture (EI99HA-pt/m
3
)  

Ecosystem quality damages 

Relation of NPP and VPBD-classes 

VPBD has been reported worldwide, distinguishing 10 classes by number of species per 10’000 km
2
 

(Barthlott et al. 1999). Using these data and data for NPP (Imhoff et al. 2004) on the global 0.5° grid, 

a correlation analysis was performed. The Pearson correlation coefficient (R) was 0.60 (T-test: p-

value < 0.001). Additionally, watershed averages for NPP and VPBD were analyzed showing a 

strong correlation (R= 0.99; p-value < 0.065) for watersheds with average VPBD below 2000 

species/10’000 km
2 

(Figure S2.9), representing more than 98% of the global land area. For classes 

with higher species diversity (> 2000 species/10’000 km
2
), no positive correlation could be 

determined. One reason for this lack of observed correlation is that very high VPBD depends mainly 

on geodiversity, i.e. topographical differences within the 10’000km
2
 grid (Barthlott et al. 1999). 

In addition to mean values, 5% and 95% percentiles (Figure S2.9), the relation of net primary 

production (NPP) and the ten classes of vascular plant species biodiversity (VPBD) is demonstrated 

for watershed averages (Figure S2.10).  
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Figure S2.9: Average NPP (Imhoff et al. 2004) for the 10 VPBD classes analyzed on watershed level 

(solid/blue) and the corresponding 5% and 95% percentiles (dashed/red). 

 

 

 
Figure S2.10: Data of NPP and VPBD analyzed on watershed level. According to Tukey (1977), the boxplot 

describes the median, quartiles, whiskers and outliers of the NPP-values for each VPBD class. 
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Calculation of water-limited net primary production (NPPwat-lim) 

The data on climatic constraints to plant growth as provided by Nemani et al. (2003) consist of 

indices for three individual climate constraint factors (ICC): water (ICCwater), temperature 

(ICCtemperature), and solar radiation (ICCradiation). Several climate factors can be limiting at the same 

time. Climate-induced impacts on plant growth were simulated with climate models and quantified 

over the course of a year providing indices for the average annual share of plant-growth limitation 

due to insufficient water and solar radiation and too low temperature (Nemani et al. 2003). The 

resulting indices (ICC) range from 0 to 1. Situations are possible in which plant growth can be 

limited by all three factors on annual average. If, for instance, two indices were 1, a fraction of 50% 

was attributed to each limiting factor, in order to prevent double counting of impacts. We developed 

a factor discounting the portion of plant growth which is limited by temperature (ICCtemperature) and 

solar radiation (ICCradiation), as we try to assess the fraction of plant growth (represented by NPP) 

which is only limited by insufficient water availability (NPPwat-lim): 

(1 )
2

temperature radiation

wat-lim water

affected fractiongrowth limitation

ICC ICC
NPP ICC  (S2) 

where NPPwat-lim consist of a growth limitation factor due to lack of water (ICCwater) and an affected 

fraction factor discounting the portion of growth which is limited by further climatic constraints. For 

barren land, we set NPPwat-lim to zero as natural vegetation does not exist which could be affected by 

limited water availability. The resulting NPPwat-lim values are illustrated on the 0.5° grid level in 

Figure S2.11. 

 

 
Figure S2.11: NPPwat-lim (dimensionless) calculated for individual 0.5°-grid cells. 

Calculation of ecosystem damage according to the Eco-indicator 99 method 

We adapted our impact assessment method to the Eco-indicator 99 LCIA method (EI99), which uses 

different classes of species diversity for assessing ecosystem quality in different impact categories. 

This approach has many deficiencies such as neglecting animal species groups (e.g. insects, birds, 

mammals, amphibians) with their specific habitat preferences, which are supporting ecosystem 

functions by providing functional links between habitats in the landscape (Koellner and Scholz 

2008). Yet, this approach allows for modeling impacts on ecosystems in a consistent way. As water 

use is similar to land use being vital for life on earth, we chose vascular plant species as the relevant 
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indicator and based the vulnerability assessment on NPPwat-lim (as described in the main text). This is 

a simplified approach as water consumption may also cause major environmental impacts to aquatic 

ecosystems and groundwater habitats. Still, we consider vascular plants an appropriate assessment 

indicator because they provide the primary products to the food chain and therefore are fundamental 

for the function of an ecosystem. Similar ecosystem relevance has been reported for groundwater 

dependent vegetation and wetlands (Nilsson and Svedmark 2002) which are particularly important in 

dry climates for birds and insects which contribute to ecosystem functioning by pollination or 

dissemination of plants (Falkenmark 2001). Especially in semi-arid and arid regions, ecologically 

important ecosystems are to large extent blue water dependant (Bauer et al. 2006, Jolly et al. 2008, 

Loheide et al. 2009, Falkenmark and Lannerstad 2005, Costanza et al. 1998, Lubczynski 2009, 

Eamus et al. 2006) and hence they are crucial for the ecosystem quality of the total catchment area.  

The resulting ecosystem characterization factors CFEQ on the 0.5° grid level are illustrated in Figure 

S2.12.

 

Figure S2.12: Ecosystem characterization factor CFEQ (=ΔEQ/ WUconsumptive) [m
2
•yr/m

3
], calculated for 

individual 0.5°-grid cells.  

Damages to resources 

Water depletion 

The fraction of water depleted per water amount consumed (Fdepletion) was calculated on watershed 

level and is shown in Figure S2.13. This fraction is proposed as midpoint category for freshwater 

depletion in LCA and builds the basis for modeling the surplus energy required to make freshwater 

available in future by applying substitution technologies. 
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Figure S2.13: Fraction of water depleted per water amount consumed (Fdepletion), calculated on the watershed 

level. 

 

Surplus Energy 

In addition to the data provided in the main publication, we considered energy-demand data for 

potable water production by seawater desalination as given in the LCA study of (Vince et al. 2008). 

The authors report energy requirements greater than 16.2 MJ/m
3
. This study also includes energy 

used for operating the water-transport infrastructure. Water transport might substantially increase the 

environmental impacts but is generally neglected in the backup technology concept. Neglecting 

water transport from sea to desalination sites might, however, compensate for overestimation of 

water depletion in cases in which water abstracted above the availability rate is returned to the 

watershed (see also the discussion on the water stress index in the main publication). Water transport 

in the Ebro River watershed, for instance, was characterized with an energy demand of 3.99 to 4.07 

kWh/m
3
 required for a distance of about 400 to 710 km (Raluy et al. 2005). Based on this data, we 

defined a distance of 400 to 700 km as representative value for water transport supplied by an energy 

expenditure of 4 kWh/m
3
 (14.4 MJ/m

3
). Assuming a lognormal distribution, the expected value for 

water-transport distance is 529 km per 14.4 MJ /m
3
 corresponding to 0.027 MJ/(m

3
•km). Hence, a 

transport distance of 404km doubles the energy requirements of water from desalination (11 MJ/m
3
, 

average energy demand for state-of-the-art seawater-desalination technologies as described in the 

main publication). If water is pumped to areas of high altitude, an additional energy demand of 9.8 

MJ/m
3
 (representing the potential energy) has to be considered for lifting water over each 1000m of 

elevation. For the city of Ürümqi (Xinjiang) in China, which is the major city in the world farthest 

located from sea, water transport over 2500km and up to an elevation of 800m above sea level would 

be required to provide desalinated sea water. Overall, the energy requirement would amount to 87 

MJ per m
3
 drinking water delivered (11 MJ/m

3
 for desalination, 7.8 MJ/m

3
 for transport to higher 

elevations and 68 MJ/m
3
 for transport from sea). Such extreme cases are not correctly represented in 

our method. However, technology evolution may significantly lower the energy requirements for 

such regions in future and in reality these areas may depopulate, causing a reduced water demand. 
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Resulting factors for Life cycle impact assessment (LCIA) 

Single-score indicator (EI99HA) 

The aggregated EI99HA-factors and the contributions of the areas of protection (AoP) are shown in 

Table S2.3 as average of watershed values: arithmetic mean, weighted average by available water 

amounts and weighted average by water withdrawals. Additionally, maximal values occurring are 

presented. In all cases, standard normalization and weighting factors were applied, according to the 

“hierarchist perspective” (Goedkoop and Spriensma 2001). Correlation of the aggregated results and 

impacts on individual AoP and WSI are shown in Table S2.4. The correlation between our results 

and the water poverty index (WPI) is shown in Table S2.5. Correlation with the Ecological Scarcity 

2006 method (UBP06, (Frischknecht et al. 2008)) on watershed level is shown in  

Table S2.6.  

 

 

Table S2.3. Average damages due to water consumption on the watershed level are expressed in EI99HA-

pt/m
3
 (bold values) and contribution of AoP to aggregated EI99HA factors in % (italic values in brackets). 

Additionally, maximal values for each damage are shown on the watershed level in EI99HA-pt/m
3
.  

 Resources 
Ecosystem 

quality 
Human health  

Aggregated 

EI99HA-factor 

Arithmetic mean 
0.0149 

(28%) 

0.0362 

(69%) 

0.0014 

(3%) 

0.0525 

(100%) 

Weighted average by 

availability 

0.0024 

(14%) 

0.0152 

(86%) 

0.0000 

(0%) 

0.0176 

(100%) 

Weighted average by 

withdrawal 

0.0687 

(53%) 

0.0603 

(47%) 

0.0002 

(0%) 

0.1292 

(100%) 

Maximal values 0.2616 14.4710 0.2566 14.4710 

 

 

Table S2.4. Correlation (R-values) between WSI, damage on AoP and aggregated EI99HA factors. 

Correlation Human health Resources Ecosystem quality EI99HA factor 

WSI 42% 73% 19% 51% 

Human health  28% 5% 19% 

Resources   19% 63% 

Ecosystem quality    88% 
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Table S2.5. Correlation (R-values) between impact factors developed on country level and indicators of the 

WPI: Resources (Res), Access (ACC), Capacity (Cap), Use (Use) and Environment (Env) (Sullivan and 

Meigh 2007). Note that negative correlation indicate common appraisal, as high WPI indicates wealth and not 

poverty. 

 Res Acc Cap Use Env WPI 

EI99HA factor -0.51 0.08 0.06 0.27 -0.25 -0.12 

Resources -0.46 0.18 0.15 0.30 -0.28 -0.02 

Human health -0.25 -0.18 -0.23 0.36 -0.23 -0.23 

Ecosystem quality -0.44 -0.05 -0.06 0.10 -0.12 -0.22 

WSI -0.45 0.21 0.22 0.28 -0.27 0.02 

 

 

 

 

 

Table S2.6. Correlation (R-values) between impact factors from UBP06 (Frischknecht et al. 2008) and impact 

factors developed in this paper. 

 

WSI Human health Resources Ecosystem quality EI99HA factor 

81% 35% 90% 19% 58% 

 

Regional WSI values, characterization factors and EI99HA-factors 

Results for the water-stress index and the characterization factors for human health, ecosystem 

quality impacts and damages to freshwater resources as well as aggregated EI99HA-factors on the 

country level are shown in Table S2.7. The results on the watershed level are available as separate 

files, containing the factors (Impact_factors_waterhed.xls) and a file containing the location of 

each watershed as ASCII file for using in GIS-software (ASCII_rasterdata_watershed_ID.txt). 

These files are available free of charge via the Internet at: http://pubs.acs.org 

http://pubs.acs.org/
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Table S2.7: Water stress index and characterization factors for all 175 countries, for which data was available. EI99HA-points are calculated based on the 

default Eco-indicator 99 method (Goedkoop and Spriensma 2001). 

 

Country Name 

Country 

code 

(ISO 

3166-1) 

 

 

Water 

stress 

Index 

[-] 

Characterisation factors EI99HA [points/m
3
] 

Human health 

[10
-6

 DALY/m
3
] 

Ecosystem 

quality 

[m
2•

yr/m
3
] 

Resources 

[MJ/m
3
] 

Human 

health 

[points/m
3] 

Ecosystem 

quality 

[points/m
3] 

Resources 

[points/m
3] 

Aggregated 

factor 

[points/m
3] 

Afghanistan AFG 9.66E-01 1.61E+00 9.95E-01 4.30E+00 4.17E-02 7.76E-02 1.02E-01 2.22E-01 
Albania ALB 1.31E-01 5.67E-02 1.16E-01 0.00E+00 1.47E-03 9.06E-03 0.00E+00 1.05E-02 

Algeria DZA 7.90E-01 7.47E-01 6.15E-01 2.38E+00 1.94E-02 4.79E-02 5.67E-02 1.24E-01 

Angola AGO 1.91E-02 8.25E-02 3.23E-01 0.00E+00 2.15E-03 2.52E-02 0.00E+00 2.74E-02 

Argentina ARG 3.52E-01 3.62E-02 4.75E-01 9.54E-01 9.40E-04 3.71E-02 2.27E-02 6.07E-02 

Armenia ARM 9.83E-01 6.60E-01 4.79E-01 0.00E+00 1.71E-02 3.74E-02 0.00E+00 5.45E-02 

Australia AUS 4.02E-01 0.00E+00 1.45E+00 3.03E-01 0.00E+00 1.13E-01 7.22E-03 1.20E-01 

Austria AUT 9.55E-02 4.31E-03 5.85E-02 0.00E+00 1.12E-04 4.56E-03 0.00E+00 4.68E-03 

Azerbaijan AZE 9.03E-01 6.21E-01 4.53E-01 3.37E-01 1.61E-02 3.53E-02 8.02E-03 5.95E-02 

Bangladesh BGD 4.99E-01 2.14E+00 8.59E-02 3.18E+00 5.55E-02 6.70E-03 7.56E-02 1.38E-01 

Belarus BLR 7.57E-02 4.91E-03 1.79E-01 0.00E+00 1.28E-04 1.40E-02 0.00E+00 1.41E-02 

Belgium BEL 7.15E-01 0.00E+00 1.57E-01 0.00E+00 0.00E+00 1.23E-02 0.00E+00 1.23E-02 

Belize BLZ 1.02E-02 4.78E-03 6.84E-02 0.00E+00 1.24E-04 5.33E-03 0.00E+00 5.46E-03 

Benin BEN 1.75E-02 6.14E-02 3.19E-01 0.00E+00 1.60E-03 2.49E-02 0.00E+00 2.65E-02 

Bhutan BTN 1.67E-02 4.02E-02 2.52E-01 0.00E+00 1.05E-03 1.96E-02 0.00E+00 2.07E-02 

Bolivia BOL 3.69E-01 4.68E-01 1.40E-01 3.16E+00 1.22E-02 1.09E-02 7.53E-02 9.84E-02 

Bosnia and 
Herzegovina 

BIH 7.72E-02 3.40E-03 1.02E-01 0.00E+00 8.85E-05 7.92E-03 0.00E+00 8.01E-03 

Botswana BWA 6.75E-01 1.14E+00 1.75E+00 0.00E+00 2.95E-02 1.37E-01 0.00E+00 1.66E-01 

Brazil BRA 6.59E-02 1.95E-02 8.90E-02 4.48E-02 5.08E-04 6.94E-03 1.07E-03 8.52E-03 

Brunei BRN 1.01E-02 0.00E+00 4.59E-02 0.00E+00 0.00E+00 3.58E-03 0.00E+00 3.58E-03 

Bulgaria BGR 3.89E-01 8.13E-02 2.76E-01 1.49E-01 2.11E-03 2.15E-02 3.54E-03 2.72E-02 

Burkina Faso BFA 1.54E-02 4.09E-02 7.59E-01 0.00E+00 1.06E-03 5.92E-02 0.00E+00 6.03E-02 

Burundi BDI 1.22E-02 4.88E-02 9.84E-02 0.00E+00 1.27E-03 7.68E-03 0.00E+00 8.94E-03 

Cambodia KHM 8.93E-02 6.71E-02 6.57E-02 0.00E+00 1.74E-03 5.13E-03 0.00E+00 6.87E-03 

Cameroon CMR 1.11E-02 1.33E-02 1.18E-01 0.00E+00 3.47E-04 9.21E-03 0.00E+00 9.56E-03 

Canada CAN 1.02E-01 0.00E+00 1.29E-01 5.08E-01 0.00E+00 1.01E-02 1.21E-02 2.22E-02 

Central African 
Republic 

CAF 1.02E-02 2.49E-03 1.56E-01 0.00E+00 6.47E-05 1.22E-02 0.00E+00 1.22E-02 

Chad TCD 2.73E-02 8.42E-02 8.81E-01 0.00E+00 2.19E-03 6.87E-02 0.00E+00 7.09E-02 

Chile CHL 7.36E-01 1.54E-01 2.66E-01 1.04E+00 4.00E-03 2.08E-02 2.48E-02 4.95E-02 
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Country Name 
ISO-

code 

Water 

stress 

Index 

[-] 

Human health 

[10
-6

 DALY/m
3
] 

Ecosystem 

quality 

[m
2•

yr/m
3
] 

Resources 

[MJ/m
3
] 

Human 

health 

[points/m
3
] 

Ecosystem 

quality 

[points/m
3
] 

Resources 

[points/m
3] 

Aggregated 

factor 

[points/m
3
] 

China CHN 4.78E-01 3.13E-01 2.30E-01 2.04E+00 8.14E-03 1.80E-02 4.85E-02 7.46E-02 
Colombia COL 3.74E-02 1.46E-02 4.66E-02 7.40E-02 3.80E-04 3.63E-03 1.76E-03 5.78E-03 

Comoros COM 0.00E+00 0.00E+00 1.68E-01 0.00E+00 0.00E+00 1.31E-02 0.00E+00 1.31E-02 

Congo (Democratic 
Republic of the) 

COD 1.04E-02 1.32E-02 7.76E-02 0.00E+00 3.43E-04 6.05E-03 0.00E+00 6.39E-03 

Congo (Republic of 
the) 

COG 1.00E-02 1.75E-02 7.34E-02 0.00E+00 4.54E-04 5.73E-03 0.00E+00 6.18E-03 

Costa Rica CRI 1.63E-02 9.20E-03 6.24E-02 0.00E+00 2.39E-04 4.87E-03 0.00E+00 5.11E-03 

Cote d'Ivoire CIV 1.18E-02 2.68E-02 1.23E-01 0.00E+00 6.97E-04 9.62E-03 0.00E+00 1.03E-02 

Croatia HRV 5.48E-02 4.41E-03 1.12E-01 0.00E+00 1.15E-04 8.74E-03 0.00E+00 8.86E-03 

Cuba CUB 2.28E-01 1.01E-01 9.65E-02 9.61E-02 2.64E-03 7.52E-03 2.29E-03 1.24E-02 

Cyprus CYP 8.75E-01 0.00E+00 2.12E-01 1.10E-01 0.00E+00 1.65E-02 2.61E-03 1.91E-02 

Czech Republic CZE 1.44E-01 1.27E-03 1.54E-01 0.00E+00 3.30E-05 1.20E-02 0.00E+00 1.20E-02 

Denmark DNK 6.90E-02 0.00E+00 1.40E-01 0.00E+00 0.00E+00 1.09E-02 0.00E+00 1.09E-02 

Djibouti DJI 3.99E-02 2.30E-01 4.35E+00 5.92E-02 5.99E-03 3.40E-01 1.41E-03 3.47E-01 

Dominican Republic DOM 1.14E-01 1.23E-01 9.06E-02 0.00E+00 3.20E-03 7.07E-03 0.00E+00 1.03E-02 

Ecuador ECU 1.80E-01 1.98E-01 9.65E-02 5.78E-02 5.14E-03 7.52E-03 1.38E-03 1.40E-02 

Egypt EGY 9.77E-01 1.77E+00 8.39E+00 5.19E+00 4.60E-02 6.54E-01 1.23E-01 8.23E-01 

El Salvador SLV 1.55E-02 2.37E-02 7.50E-02 0.00E+00 6.16E-04 5.85E-03 0.00E+00 6.47E-03 

Equatorial Guinea GNQ 1.03E-02 2.65E-05 6.19E-02 0.00E+00 6.89E-07 4.83E-03 0.00E+00 4.83E-03 

Eritrea ERI 6.14E-01 5.12E-01 2.57E+00 3.32E-01 1.33E-02 2.00E-01 7.89E-03 2.22E-01 

Estonia EST 2.74E-02 4.09E-04 1.67E-01 0.00E+00 1.06E-05 1.30E-02 0.00E+00 1.30E-02 

Ethiopia ETH 2.05E-01 7.59E-01 5.79E-01 0.00E+00 1.97E-02 4.52E-02 0.00E+00 6.49E-02 

Falkland Islands 
(Islas Malvinas) 

FLK 0.00E+00 0.00E+00 6.91E-01 0.00E+00 0.00E+00 5.39E-02 0.00E+00 5.39E-02 

Fiji FJI 1.00E-02 9.08E-03 4.21E-02 0.00E+00 2.36E-04 3.28E-03 0.00E+00 3.52E-03 

Finland FIN 4.16E-01 4.40E-05 1.62E-01 7.42E-03 1.14E-06 1.26E-02 1.76E-04 1.28E-02 

France FRA 1.81E-01 0.00E+00 1.46E-01 2.68E-02 0.00E+00 1.14E-02 6.38E-04 1.20E-02 

French Guiana GUF 1.00E-02 8.82E-07 3.43E-02 0.00E+00 2.29E-08 2.68E-03 0.00E+00 2.68E-03 

French Polynesia PYF 0.00E+00 0.00E+00 5.91E-03 0.00E+00 0.00E+00 4.61E-04 0.00E+00 4.61E-04 

French Southern & 
Antarctic Lands 

ATF 0.00E+00 0.00E+00 2.43E-01 0.00E+00 0.00E+00 1.90E-02 0.00E+00 1.90E-02 

Gabon GAB 1.01E-02 5.68E-04 7.54E-02 0.00E+00 1.48E-05 5.88E-03 0.00E+00 5.90E-03 

Gambia, The GMB 1.59E-02 3.25E-02 1.99E-01 0.00E+00 8.44E-04 1.55E-02 0.00E+00 1.63E-02 

Georgia GEO 6.83E-01 4.57E-01 1.17E-01 0.00E+00 1.19E-02 9.09E-03 0.00E+00 2.10E-02 

Germany DEU 1.20E-01 4.99E-04 1.55E-01 0.00E+00 1.30E-05 1.21E-02 0.00E+00 1.21E-02 

Ghana GHA 5.53E-02 1.27E-01 1.94E-01 0.00E+00 3.31E-03 1.52E-02 0.00E+00 1.85E-02 

Greece GRC 7.11E-01 2.80E-02 1.79E-01 1.65E+00 7.28E-04 1.40E-02 3.92E-02 5.39E-02 

Greenland GRL 0.00E+00 0.00E+00 4.12E-02 0.00E+00 0.00E+00 3.21E-03 0.00E+00 3.21E-03 
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Guatemala GTM 1.23E-02 1.65E-02 9.76E-02 0.00E+00 4.28E-04 7.62E-03 0.00E+00 8.04E-03 
Guinea GIN 1.82E-02 7.30E-02 1.58E-01 0.00E+00 1.90E-03 1.23E-02 0.00E+00 1.42E-02 

Guinea-Bissau GNB 1.17E-02 7.06E-02 1.37E-01 0.00E+00 1.84E-03 1.07E-02 0.00E+00 1.25E-02 

Guyana GUY 1.12E-02 9.97E-03 5.07E-02 0.00E+00 2.59E-04 3.96E-03 0.00E+00 4.21E-03 

Haiti HTI 5.10E-02 1.91E-01 1.23E-01 0.00E+00 4.96E-03 9.60E-03 0.00E+00 1.46E-02 

Honduras HND 1.34E-02 2.35E-02 5.84E-02 0.00E+00 6.10E-04 4.56E-03 0.00E+00 5.17E-03 

Hungary HUN 9.54E-02 4.39E-03 2.94E-01 0.00E+00 1.14E-04 2.29E-02 0.00E+00 2.30E-02 

Iceland ISL 1.01E-02 0.00E+00 5.58E-02 0.00E+00 0.00E+00 4.36E-03 0.00E+00 4.36E-03 

India IND 9.67E-01 2.24E+00 3.97E-01 2.82E+00 5.82E-02 3.10E-02 6.71E-02 1.56E-01 

Indonesia IDN 1.80E-01 1.97E-01 3.53E-02 0.00E+00 5.13E-03 2.75E-03 0.00E+00 7.89E-03 

Iran IRN 9.12E-01 7.19E-01 1.12E+00 7.05E+00 1.87E-02 8.73E-02 1.68E-01 2.74E-01 

Iraq IRQ 9.74E-01 1.05E+00 1.35E+00 3.64E+00 2.73E-02 1.05E-01 8.65E-02 2.19E-01 

Ireland IRL 2.24E-02 0.00E+00 1.22E-01 0.00E+00 0.00E+00 9.48E-03 0.00E+00 9.48E-03 

Israel ISR 9.96E-01 1.10E-01 5.43E-01 5.23E+00 2.87E-03 4.24E-02 1.24E-01 1.70E-01 

Italy ITA 2.73E-01 0.00E+00 1.34E-01 2.00E-01 0.00E+00 1.05E-02 4.75E-03 1.52E-02 

Jamaica JAM 1.26E-02 9.92E-03 1.76E-01 0.00E+00 2.58E-04 1.37E-02 0.00E+00 1.40E-02 

Japan JPN 3.23E-01 0.00E+00 6.40E-02 7.77E-01 0.00E+00 4.99E-03 1.85E-02 2.35E-02 

Jordan JOR 9.73E-01 4.39E-01 1.75E+00 3.64E+00 1.14E-02 1.37E-01 8.67E-02 2.35E-01 

Kazakhstan KAZ 6.16E-01 2.46E-01 9.72E-01 2.22E+00 6.39E-03 7.58E-02 5.27E-02 1.35E-01 

Kenya KEN 2.08E-02 6.00E-02 7.63E-01 0.00E+00 1.56E-03 5.95E-02 0.00E+00 6.11E-02 

Korea, Democratic 
People's Republic of 

PRK 3.65E-01 6.21E-01 9.64E-02 0.00E+00 1.62E-02 7.52E-03 0.00E+00 2.37E-02 

Korea, Republic of KOR 5.97E-01 0.00E+00 1.06E-01 5.68E-01 0.00E+00 8.23E-03 1.35E-02 2.17E-02 

Kuwait KWT 1.00E+00 6.43E-03 1.99E+00 1.06E+01 1.67E-04 1.55E-01 2.51E-01 4.07E-01 

Kyrgyzstan KGZ 9.97E-01 8.15E-01 6.05E-01 5.55E+00 2.12E-02 4.72E-02 1.32E-01 2.01E-01 

Laos LAO 2.52E-02 1.80E-02 1.17E-01 0.00E+00 4.67E-04 9.13E-03 0.00E+00 9.60E-03 

Latvia LVA 1.86E-02 4.61E-04 1.74E-01 0.00E+00 1.20E-05 1.36E-02 0.00E+00 1.36E-02 

Lebanon LBN 8.30E-01 5.53E-01 5.06E-01 0.00E+00 1.44E-02 3.95E-02 0.00E+00 5.38E-02 

Lesotho LSO 9.93E-01 1.59E+00 5.31E-01 0.00E+00 4.13E-02 4.14E-02 0.00E+00 8.27E-02 

Liberia LBR 1.01E-02 6.09E-02 4.78E-02 0.00E+00 1.58E-03 3.72E-03 0.00E+00 5.31E-03 

Libya LBY 9.88E-01 4.71E-01 8.19E-01 5.61E+00 1.22E-02 6.39E-02 1.33E-01 2.10E-01 

Lithuania LTU 3.54E-02 5.56E-04 1.63E-01 0.00E+00 1.45E-05 1.27E-02 0.00E+00 1.27E-02 

Luxembourg LUX 1.00E-01 0.00E+00 1.45E-01 0.00E+00 0.00E+00 1.13E-02 0.00E+00 1.13E-02 

Macedonia MKD 5.26E-01 2.19E-01 2.50E-01 0.00E+00 5.70E-03 1.95E-02 0.00E+00 2.52E-02 

Madagascar MDG 2.79E-02 1.09E-01 2.55E-01 0.00E+00 2.82E-03 1.99E-02 0.00E+00 2.27E-02 

Malawi MWI 1.21E-02 5.58E-02 4.12E-01 0.00E+00 1.45E-03 3.21E-02 0.00E+00 3.36E-02 

Malaysia MYS 4.34E-02 4.21E-03 3.73E-02 0.00E+00 1.09E-04 2.91E-03 0.00E+00 3.02E-03 

Mali MLI 2.69E-01 1.55E+00 8.97E-01 0.00E+00 4.02E-02 7.00E-02 0.00E+00 1.10E-01 
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Mauritania MRT 8.54E-02 7.06E-02 6.91E-01 3.07E-03 1.83E-03 5.39E-02 7.31E-05 5.58E-02 
Mauritius MUS 0.00E+00 0.00E+00 8.05E-02 0.00E+00 0.00E+00 6.28E-03 0.00E+00 6.28E-03 

Mexico MEX 7.56E-01 1.68E-01 6.35E-01 1.71E+00 4.38E-03 4.95E-02 4.08E-02 9.47E-02 

Moldova MDA 1.43E-01 3.60E-02 3.46E-01 0.00E+00 9.36E-04 2.70E-02 0.00E+00 2.79E-02 

Mongolia MNG 5.33E-02 1.43E-02 5.91E-01 3.06E-02 3.71E-04 4.61E-02 7.28E-04 4.72E-02 

Morocco MAR 8.44E-01 1.97E+00 1.13E+00 3.42E+00 5.13E-02 8.85E-02 8.14E-02 2.21E-01 

Mozambique MOZ 1.97E-01 4.85E-01 4.47E-01 8.02E-02 1.26E-02 3.49E-02 1.91E-03 4.94E-02 

Myanmar (Burma) MMR 1.84E-02 2.42E-02 9.20E-02 0.00E+00 6.28E-04 7.17E-03 0.00E+00 7.80E-03 

Namibia NAM 1.75E-02 2.68E-02 2.52E+00 0.00E+00 6.96E-04 1.96E-01 0.00E+00 1.97E-01 

Nepal NPL 1.00E+00 2.90E+00 2.46E-01 0.00E+00 7.53E-02 1.92E-02 0.00E+00 9.45E-02 

Netherlands NLD 3.06E-01 0.00E+00 1.93E-01 0.00E+00 0.00E+00 1.50E-02 0.00E+00 1.50E-02 

New Caledonia NCL 0.00E+00 0.00E+00 8.09E-02 0.00E+00 0.00E+00 6.31E-03 0.00E+00 6.31E-03 

New Zealand NZL 2.26E-02 0.00E+00 9.05E-02 0.00E+00 0.00E+00 7.06E-03 0.00E+00 7.06E-03 

Nicaragua NIC 2.95E-02 3.50E-02 5.69E-02 0.00E+00 9.10E-04 4.44E-03 0.00E+00 5.35E-03 

Niger NER 1.71E-01 6.23E-01 1.30E+00 0.00E+00 1.62E-02 1.01E-01 0.00E+00 1.17E-01 

Nigeria NGA 2.98E-01 1.18E+00 3.59E-01 0.00E+00 3.06E-02 2.80E-02 0.00E+00 5.87E-02 

Norway NOR 8.35E-02 0.00E+00 6.37E-02 0.00E+00 0.00E+00 4.97E-03 0.00E+00 4.97E-03 

Oman OMN 9.82E-01 3.87E-01 1.74E+00 5.83E+00 1.01E-02 1.36E-01 1.39E-01 2.84E-01 

Pakistan PAK 9.67E-01 2.18E+00 1.65E+00 4.38E+00 5.67E-02 1.29E-01 1.04E-01 2.90E-01 

Palestine Territory 
(West Bank) 

PSE 9.99E-01 2.11E-01 9.39E-01 1.60E+00 5.48E-03 7.33E-02 3.80E-02 1.17E-01 

Panama PAN 1.15E-02 6.38E-03 4.69E-02 0.00E+00 1.66E-04 3.66E-03 0.00E+00 3.82E-03 

Papua New Guinea PNG 1.00E-02 0.00E+00 3.20E-02 0.00E+00 0.00E+00 2.49E-03 0.00E+00 2.49E-03 

Paraguay PRY 1.30E-02 3.71E-03 1.67E-01 0.00E+00 9.65E-05 1.30E-02 0.00E+00 1.31E-02 

Peru PER 7.16E-01 6.53E-01 1.27E-01 3.42E+00 1.70E-02 9.92E-03 8.13E-02 1.08E-01 

Philippines PHL 3.96E-01 1.54E-01 5.31E-02 1.38E-02 4.01E-03 4.14E-03 3.29E-04 8.49E-03 

Poland POL 7.00E-02 1.96E-03 2.02E-01 0.00E+00 5.11E-05 1.57E-02 0.00E+00 1.58E-02 

Portugal PRT 5.73E-01 0.00E+00 1.92E-01 0.00E+00 0.00E+00 1.50E-02 0.00E+00 1.50E-02 

Puerto Rico PRI 1.39E-02 0.00E+00 1.25E-01 0.00E+00 0.00E+00 9.75E-03 0.00E+00 9.75E-03 

Qatar QAT 1.00E+00 1.21E-01 4.18E+00 6.70E+00 3.15E-03 3.26E-01 1.59E-01 4.89E-01 

Reunion REU 0.00E+00 0.00E+00 1.06E-01 0.00E+00 0.00E+00 8.29E-03 0.00E+00 8.29E-03 

Romania ROU 9.93E-02 6.25E-03 2.45E-01 4.65E-02 1.63E-04 1.91E-02 1.11E-03 2.04E-02 

Russia RUS 1.11E-01 5.37E-02 1.16E-01 1.83E-01 1.40E-03 9.01E-03 4.35E-03 1.48E-02 

Rwanda RWA 2.25E-02 3.39E-02 9.93E-02 0.00E+00 8.82E-04 7.74E-03 0.00E+00 8.62E-03 

Saudi Arabia SAU 9.95E-01 5.57E-01 1.54E+00 9.85E+00 1.45E-02 1.20E-01 2.34E-01 3.69E-01 

Senegal SEN 1.13E-01 6.62E-02 7.93E-01 3.27E-01 1.72E-03 6.18E-02 7.78E-03 7.13E-02 

Serbia and 
Montenegro 

SCG 9.75E-02 6.98E-03 1.74E-01 0.00E+00 1.81E-04 1.36E-02 0.00E+00 1.38E-02 
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Sierra Leone SLE 1.05E-02 9.38E-02 5.69E-02 0.00E+00 2.44E-03 4.44E-03 0.00E+00 6.87E-03 
Slovakia SVK 9.30E-02 4.21E-03 1.41E-01 0.00E+00 1.10E-04 1.10E-02 0.00E+00 1.11E-02 

Slovenia SVN 9.54E-02 4.39E-03 5.06E-02 0.00E+00 1.14E-04 3.94E-03 0.00E+00 4.06E-03 

Solomon Islands SLB 1.00E-02 0.00E+00 3.40E-02 0.00E+00 0.00E+00 2.65E-03 0.00E+00 2.65E-03 

Somalia SOM 1.50E-01 8.76E-01 2.41E+00 3.88E-03 2.28E-02 1.88E-01 9.22E-05 2.11E-01 

South Africa ZAF 6.87E-01 1.19E+00 1.21E+00 1.58E-02 3.08E-02 9.43E-02 3.75E-04 1.25E-01 

Spain ESP 7.15E-01 0.00E+00 3.45E-01 1.75E+00 0.00E+00 2.69E-02 4.16E-02 6.85E-02 

Sri Lanka LKA 6.11E-01 9.40E-01 8.70E-02 2.69E-01 2.44E-02 6.78E-03 6.40E-03 3.76E-02 

Sudan SDN 3.18E-01 4.91E-01 1.05E+00 2.30E-02 1.28E-02 8.17E-02 5.47E-04 9.50E-02 

Suriname SUR 1.35E-02 7.09E-03 3.56E-02 0.00E+00 1.84E-04 2.78E-03 0.00E+00 2.96E-03 

Svalbard SJM 0.00E+00 0.00E+00 2.41E-01 0.00E+00 0.00E+00 1.88E-02 0.00E+00 1.88E-02 

Swaziland SWZ 2.35E-02 1.54E-01 6.15E-01 0.00E+00 4.01E-03 4.79E-02 0.00E+00 5.20E-02 

Sweden SWE 4.02E-02 0.00E+00 1.23E-01 0.00E+00 0.00E+00 9.58E-03 0.00E+00 9.58E-03 

Switzerland CHE 9.23E-02 9.34E-05 5.60E-02 0.00E+00 2.43E-06 4.37E-03 0.00E+00 4.37E-03 

Syria SYR 9.99E-01 9.68E-01 1.03E+00 4.89E+00 2.52E-02 8.02E-02 1.16E-01 2.22E-01 

Tajikistan TJK 9.99E-01 1.29E+00 7.24E-01 2.38E+00 3.36E-02 5.65E-02 5.67E-02 1.47E-01 

Tanzania, United 
Republic of 

TZA 1.30E-02 6.71E-02 2.96E-01 0.00E+00 1.74E-03 2.31E-02 0.00E+00 2.48E-02 

Thailand THA 5.34E-01 1.59E-01 1.32E-01 0.00E+00 4.14E-03 1.03E-02 0.00E+00 1.45E-02 

Timor Leste TLS 1.00E-02 0.00E+00 3.74E-02 0.00E+00 0.00E+00 2.92E-03 0.00E+00 2.92E-03 

Togo TGO 1.47E-02 3.02E-02 1.87E-01 0.00E+00 7.85E-04 1.45E-02 0.00E+00 1.53E-02 

Trinidad ‘n Tobago 

Tobago 

TTO 5.06E-01 9.87E-02 4.54E-02 0.00E+00 2.57E-03 3.54E-03 0.00E+00 6.11E-03 

Tunisia TUN 9.07E-01 9.08E-01 8.34E-01 3.18E+00 2.36E-02 6.50E-02 7.58E-02 1.64E-01 

Turkey TUR 7.79E-01 5.39E-01 5.26E-01 1.96E+00 1.40E-02 4.10E-02 4.67E-02 1.02E-01 

Turkmenistan TKM 9.95E-01 8.94E-01 9.88E-01 4.76E+00 2.32E-02 7.71E-02 1.13E-01 2.14E-01 

Uganda UGA 2.26E-02 3.38E-02 8.02E-02 0.00E+00 8.80E-04 6.26E-03 0.00E+00 7.14E-03 

Ukraine UKR 3.00E-01 1.45E-01 2.56E-01 9.95E-01 3.76E-03 2.00E-02 2.37E-02 4.74E-02 

Unit Arab Emirates 

Emirates 

ARE 9.98E-01 2.15E-01 3.44E+00 8.92E+00 5.58E-03 2.69E-01 2.12E-01 4.87E-01 

United Kingdom GBR 3.95E-01 0.00E+00 1.14E-01 5.88E-01 0.00E+00 8.88E-03 1.40E-02 2.29E-02 

United States USA 4.99E-01 2.13E-03 3.10E-01 1.87E+00 5.53E-05 2.42E-02 4.45E-02 6.87E-02 

Uruguay URY 1.15E-02 2.31E-03 3.83E-02 0.00E+00 6.00E-05 2.99E-03 0.00E+00 3.05E-03 

Uzbekistan UZB 9.85E-01 1.09E+00 1.00E+00 3.69E+00 2.83E-02 7.82E-02 8.78E-02 1.94E-01 

Vanuatu VUT 1.00E-02 0.00E+00 6.37E-02 0.00E+00 0.00E+00 4.97E-03 0.00E+00 4.97E-03 

Venezuela VEN 2.95E-01 1.15E-01 1.01E-01 8.61E-01 3.00E-03 7.85E-03 2.05E-02 3.14E-02 

Vietnam VNM 3.50E-01 3.89E-01 7.35E-02 1.66E-01 1.01E-02 5.73E-03 3.95E-03 1.98E-02 

Western Sahara ESH 1.48E-01 2.10E-04 1.22E+00 0.00E+00 5.46E-06 9.52E-02 0.00E+00 9.52E-02 

Yemen YEM 9.42E-01 2.58E+00 4.45E+00 8.22E+00 6.70E-02 3.47E-01 1.96E-01 6.09E-01 

Zambia ZMB 1.16E-02 4.80E-02 4.05E-01 0.00E+00 1.25E-03 3.16E-02 0.00E+00 3.28E-02 

Zimbabwe ZWE 1.92E-01 3.59E-01 8.88E-01 0.00E+00 9.33E-03 6.93E-02 0.00E+00 7.86E-02 
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Case study: Cotton production 

Cotton products are chosen for the application of the developed method due to the high economic 

and environmental relevance on a global scale. As cash crop, cotton lint is traded on stock markets 

and covers approximately 50% of the world rough fiber demand. Cotton cultivations are estimated to 

cover 31 million hectares worldwide (2.4% of total arable land) involving about 20 millions farmers 

who completely depend on cotton production and 30 millions that alternate cotton with other crops 

(Kooistra et al. 2006). In 2003-2007, main producing countries were China (27% of global 

production), India (20%), USA (16%), Pakistan (9%), Brazil (6%) and Uzbekistan (4%) (National 

Cotton Council of America 2008). We used two data sources to calculate impacts from cotton textile 

production: For assessment of water consumption we applied the virtual water data (Chapagain et al. 

2006) whereas for other environmental interventions (emissions and resource uses) ecoinvent2.01 

data (ecoinvent Centre 2008) were applied. We also compared the yield and allocation factors used 

for different cotton production as shown in Table S3.8. The two data sets match quite well. As no 

national data is available for conventional LCA (ecoinvent Centre (2008), all countries were assessed 

in a generic way applying the US data set from ecoinvent2.01. Also, fiber processing to the final 

textile was only assessed regarding water consumption (Chapagain et al. 2006). The blue virtual 

water calculated for processing is not 100% consumptive. We set the consumptive portion to 20% as 

common for industrial water use (Shiklomanov 1999) leading to a process water consumption of 99 

liters per ton final textile. Using the data provided in Chapagain et al. (2006), we covered 15 of the 

16 most important producer countries while no data is reported for Burkina Faso (1.2% of global 

production). 

 

Table S2.8. Comparison of virtual water (Chapagain et al. 2006) and ecoinvent2.01 data (ecoinvent Centre 

(2008) for cotton products 

 Yield seed 

cotton USA  

[t/ha] 

Allocation factor 

cotton lint 

[-] 

Allocation factor 

cotton seed 

[-] 

Blue virtual water for 

cotton lint USA 

[m
3
/kg] 

Ecoinvent 2.01 1. 92 2.18 0.22 1.48 

Virtual water 1. 86 2.34 0.28 1.35 

  

Watershed Analysis USA   

In order to calculate impacts from cotton production on the watershed level, we needed to specify 

regionalized water consumption data. To be in line with the virtual water report we adopted the 

method of CROPWAT (FAO 1999) to calculate the theoretical regional water requirements 

(USCROPWAT, see below). However water-consumption data reported is often dramatically lower than 

the amounts estimated with Cropwat. Thus, we used a simplified approach to estimate water-

consumption data based on reported data (USestimate, see below), as a second approach. We 

aggregated the water requirements on watershed level to derive related impacts and finally derived 

national averages based on the production amount within each watershed (which are derived from 

county production data, National Cotton Council of America 2008) as shown in Figure S2.14. 
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Figure S2.14: Production volume (average of 2002-2006) aggregated on watershed level (based on county 

production data, National Cotton Council of America 2008). 

Irrigation requirements for USCROPWAT 

We calculated irrigation requirements (IRCROPWAT) according to CROPWAT (FAO 1999) for each 

0.5° grid cell of the USA on a monthly basis as crop water requirements (CWR) minus effective 

precipitation  (Peffective). CWR is obtained multiplying Kc-values (crop coefficients) by potential 

evapotranspiration (PET) data (Ahn and Tateishi 2008) for each cell. To calculate these Kc-values in 

CROPWAT, we set the plantation start to April 1 and the harvesting time to October 13 as shown in 

Table S2.9. Monthly effective precipitation (Peffective,monthly) was calculated from monthly 

precipitation (Pmonthly, reported by the “CRU 2.0 TS” database, Mitchell and Jones 2005) based on 

the “USDA soil conservation” method, which is the default in CROPWAT: 

,

(125 0.2 )
250

125

0.1 125 250

monthly
monthlymonthly

effective monthly

monthly monthly

P
for P mmP

P

P for P mm

 (S3)
 

We calculated the IRCROPWAT for each grid cell and aggregated it on watershed level, weighted by 

cotton-production volume (Figure S2.14, National Cotton Council of America 2008). The resulting 

irrigation requirements are shown in Figure S2.15 leading to a national average of 644mm. 
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Table S2.9: Cotton cultivation schedule and corresponding crop coefficients (Kc), potential evapotranspiration 

(PET, Ahn and Tateishi 2008) and monthly precipitation (Pmonthly, (Mitchell and Jones 2005) ) used to calculate 

irrigation requirement according to CROPWAT (FAO 1999). PET and Pmonthly are specified on each 0.5° grid 

cell for each month which is then attributed to the corresponding 30-days Period. Only half of October’s 

precipitation is attributed to the last period which last only 15 days.  

Period  Duration 

[days] 

Crop coefficient (Kc)  

calculated in  

CROPWAT (FAO 1999) 

Potential evapo-

transpiration 

(PET) 

Precipitation 

(Pmonthly) 

April 1 - 30 
30 0.35 April April 

May 1 - 30 30 0.61 May May 

May 31 – June 29 30 1.09 June June 

June 30 – July 29 30 1.2 July July 

July 30 – August 28 30 1.18 August August 

August 29 – September 27 30 0.92 September September 

September 28 – October 13 15 0.68 October 50% of 

October 

 

 

  

Figure S2.15: Theoretical irrigation requirements based on CROPWAT calculations (IRCROPWAT): US 

production average is 644 mm. 

Irrigation requirements for USestimate  

Chapagain et al. (2006) quantified crop water requirements (CWR) for cotton cultivation in the USA 

to be 512 mm. As the crop period lasts a bit more than half a year, annual precipitation (Pannual, [mm]) 

of about 1000 mm would provide enough water, assuming evenly distributed precipitation. This is a 

rather low value, as global data of cotton production assume about 1000 mm CWR for dry climates 

(Chapagain et al. 2006), whereas in the USA cotton is also cultivated in rather wet areas in south-

eastern states. Furthermore, the virtual water report set blue water use to 52% of calculated CWR 

(Chapagain et al. 2006), corresponding to the share of cotton under irrigation reported for USA 
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(Chapagain et al. 2006). This implies that cotton is grown without or under deficit irrigation, which 

would lead to reduced yields. We used a different simplified approach to account for cotton 

production under water deficit by assuming 1000 mm CWR as the value for driest and 500 mm for 

the wettest regions in USA. Consequently, we set irrigation requirements to 1000 mm for areas 

without precipitation and 0 mm for areas with precipitation above 1000mm/a (500 mm per crop-

period). We used a linear function between these extreme values to calculate irrigation requirements 

IRestimate [mm] on the 0.5-Grid: 

1000estimate annualIR mm P  (S4)
 

This function does not account for annual variation of precipitation but it considers the increased 

CWR in dryer climate. However, such increased CWR might also lead to higher yields what is 

neither investigated in this study nor in the virtual water report (Chapagain et al. 2006). We 

calculated the IRestimate for each grid cell based on precipitation data (Mitchell and Jones 2005) and 

aggregated it on watershed level, weighted by production volume (National Cotton Council of 

America 2008). The resulting irrigation requirements are shown in Figure S2.16 resulting in a 

national average of 231 mm. 

 

  

Figure S2.16: Calculated irrigation requirements based on the simplified approach (IRestimate): US 

production average is 231mm. 

 

Impact assessment 

The specific impact per kg of seed cotton from irrigation is quantified, using national average yield 

data from Chapagain et al. (2006) for both approaches outlined above. Allocation of impacts to 

cotton fibers (cotton lint), yarn and textile was done according to virtual water calculation 

(Chapagain et al. 2006).  
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Results and Discussion 

Watershed analysis US 

Resulting EI99HA-scores on watershed level are shown in Figure S2.17 and Figure S2.18 for 

IRCROPWAT and IRestimate, respectively. Results aggregated on country level are presented in Table 

S3.10. The virtual water content is calculated applying constant yield (as reported in Chapagain et al. 

2006) and does not include variation of yield for different production types (highly irrigated areas 

might yield significantly more cotton). This results in 8.11 and 2.92 m
3
/kg cotton lint for IRCROPWAT 

and IRestimate, respectively, which is high compared to the analysis on the country level showing 

values of 1.34 m
3
/kg cotton lint. The differences in the life cycle impact assessment (LCIA) in terms 

of EI99HA-scores is even higher, as national impact scores in the USA are averaged over all states, 

including also all water-abundant regions where no cotton is grown. 

Furthermore, the virtual water content of cotton reported for the USA by Chapagain et al. (2006) 

seems to be very low compared to other countries and is also significantly differing from our 

regionalized calculations based on the same method (CROPWAT). This fact reveals the need for 

further and more detailed studies on regionalized virtual water contents of products in order to 

provide better LCI for regionalized LCA. Specific yield factors should also be considered in regional 

data collection, especially if cultivations under water deficit are included. This is the case in the 

USA, where only 52% of cotton is irrigated (Chapagain et al. 2006). Additionally, new calculation 

methods might be developed to capture better the blue water consumption or existing plantations. 

Our results based on the simplified approach (USestimate) matched the irrigated cotton share for USA, 

calculating a fraction of irrigated cotton of 61% on the watershed level (production sites that were 

located in areas with less than 1000 mm/y were assumed to be irrigated). On the 0.5 grid level, 

USestimate results an irrigated crop share of 42%, which corresponds to the 41% stated in Kooistra et 

al. (Kooistra et al. 2006).  
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Table S2.10. Result from Watershed analysis of cotton production in the United States for USCROPWAT and 

USestimate 

 USestimate USCROPWAT 

Irrigation requirements [mm] 231.5 644.3 

 
Seed 

cotton 

Cotton 

lint 

Cotton 

seed 

Seed 

cotton 

Cotton 

lint 

Cotton 

seed 

Inventory 

data 

Production [10
6
 bales] 20.9 7.31 13.6 20.9 7.31 13.6 

Virtual water [m
3
/kg] 1.24 2.92 0.34 3.46 8.11 0.96 

WSI Deprivation [m
3
/kg] 0.96 2.25 0.27 1.45 3.39 0.40 

Impact from  

water 

consumption 

Resources [MJ/kg] 5.18 12.14 1.43 6.42 15.05 1.78 

Ecosystem quality 

[m
2
•yr/kg] 

1.40 3.28 0.39 1.91 4.48 0.53 

Human health  

[10
-6

Daly/kg] 
0.0092 0.022 0.0025 0.011 0.025 0.0030 

Resources  

[EI99HA-pt/kg] 
0.12 0.29 0.034 0.15 0.36 0.042 

Ecosystem quality 

[EI99HA-pt/kg] 
0.11 0.26 0.030 0.15 0.35 0.041 

Human health  

[EI99HA-pt/kg] 
0.00024 0.00056 0.00007 0.00028 0.00065 0.00008 

Aggregated score 

[EI99HA-pt/kg] 
0.23 0.54 0.064 0.30 0.71 0.083 
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Figure S2.17: EI99HA-score per kg seed cotton based for USCROPWAT.  

 

 

Figure S2.18: EI99HA-score per kg seed cotton based for USestimate. 

 

Global analysis 

Results of the cotton study for yarn and lint production are given in Table S2.11 and Table S2.12 

respectively. The shares of the three AoP related to the total damage score according to the Eco-

indicator 99 methodology is given for each country in Table S2.13. 

For the global average of yarn at plant and cotton fibre at farm, water consumption causes 23% and 

26% of total damage according to EI99, respectively. 
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Table S2.11. Inventory data (adopted from Chapagain et al. 2006) and resulting impact per kg cotton yarn for 

major production countries (covering 93.4% of world production) and global average. For the United States, 

average impacts are derived from watershed inventory and impact assessment based on IRCROPWAT 

(USCROPWAT) and IRestimate (USestimate). Total damage includes state-of-the-art LCA results for cotton yarn (1.65 

points/kg, ecoinvent Centre 2008). 

Yarn Production 

share 

Water 

consumption 

[m
3
/kg] 

Water 

deprivation 

[m3/kg] 

Ecosystem 

Quality 

[PDF•m
2
•yr/ 

kg] 

Human 

Health 

[DALY/kg] 

Resources 

[Surplus 

MJ/kg] 

EI99HA-

score 

caused by 

water use 

[pt/kg] 

Portion of 

total damage 

(EI99HA) 

caused by  

water 

consumption 

Argentina 0.7% 5.61 1.97 2.67E+00 2.03E-07 5.35E+00 0.34 17% 

Australia 1.4% 3.43 1.38 4.96E+00 0.00E+00 1.04E+00 0.41 20% 

Brazil 5.6% 0.11 0.01 9.97E-03 2.19E-09 5.02E-03 0.00 0% 

China 27.2% 1.85 0.88 4.26E-01 5.79E-07 3.77E+00 0.14 8% 

Egypt 0.8% 10.29 10.05 8.63E+01 1.82E-05 5.34E+01 8.47 84% 

Greece 1.8% 4.40 3.13 7.88E-01 1.23E-07 7.24E+00 0.24 13% 

India 19.9% 5.23 5.06 2.08E+00 1.17E-05 1.47E+01 0.82 33% 

Mali 0.6% 3.57 0.96 3.20E+00 5.53E-06 0.00E+00 0.39 19% 

Mexico 0.6% 4.03 3.04 2.56E+00 6.78E-07 6.90E+00 0.38 19% 

Pakistan 8.5% 9.39 9.08 1.55E+01 2.05E-05 4.11E+01 2.72 62% 

Syria 0.9% 7.91 7.90 8.13E+00 7.66E-06 3.87E+01 1.75 52% 

Turkey 3.3% 6.84 5.33 3.60E+00 3.69E-06 1.34E+01 0.70 30% 

Turkmenistan 1.1% 13.63 13.56 1.35E+01 1.22E-05 6.48E+01 2.91 64% 

United States 16.4% 1.40 0.70 4.34E-01 2.98E-09 2.62E+00 0.10 6% 

Uzbekistan 4.4% 10.64 10.48 1.07E+01 1.16E-05 3.93E+01 2.07 56% 

Average 93.4% 4.06 3.41 3.82E+00 5.63E-06 1.26E+01 0.74 23% 

         

USCROPWAT 16.4% 8.46 3.53 4.66E+00 2.60E-08 1.57E+01 0.74 31% 

USestimate 16.4% 3.04 2.35 3.41E+00 2.24E-08 1.27E+01 0.57 26% 
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Table S2.12. Inventory data (adopted from Chapagain et al. 2006) and resulting impact per kg cotton lint for 

major production countries (covering 93.4% of world production) and global average. For the United States, 

average impacts are derived from watershed inventory and impact assessment based on IRCROPWAT 

(USCROPWAT) and IRestimate (USestimate). Total damage includes state-of-the-art LCA results for cotton lint (1.19 

points/kg, ecoinvent Centre 2008). 

Cotton lint Production 

share 

Water 

consumption 

[m
3
/kg] 

Water 

deprivation 

[m3/kg] 

Ecosystem 

Quality 

[PDF•m
2
•yr/ 

kg] 

Human 

Health 

[DALY/kg] 

Resources 

[Surplus 

MJ/kg] 

EI99HA-

score 

caused by 

water use 

[pt/kg] 

Portion of 

total damage 

(EI99HA) 

caused by  

water 

consumption 

Argentina 0.7% 5.38 1.90 2.56E+00 1.95E-07 5.14E+00 0.33 22% 

Australia 1.4% 3.29 1.32 4.76E+00 0.00E+00 9.97E-01 0.40 25% 

Brazil 5.6% 0.11 0.01 9.52E-03 2.09E-09 4.80E-03 0.00 0% 

China 27.2% 1.77 0.85 4.09E-01 5.55E-07 3.62E+00 0.13 10% 

Egypt 0.8% 9.88 9.65 8.28E+01 1.75E-05 5.12E+01 8.13 87% 

Greece 1.8% 4.22 3.00 7.56E-01 1.18E-07 6.95E+00 0.23 16% 

India 19.9% 5.02 4.86 1.99E+00 1.12E-05 1.41E+01 0.78 40% 

Mali 0.6% 3.43 0.92 3.07E+00 5.31E-06 0.00E+00 0.38 24% 

Mexico 0.6% 3.86 2.92 2.45E+00 6.51E-07 6.62E+00 0.37 24% 

Pakistan 8.5% 9.01 8.71 1.49E+01 1.96E-05 3.95E+01 2.61 69% 

Syria 0.9% 7.59 7.58 7.80E+00 7.35E-06 3.71E+01 1.68 59% 

Turkey 3.3% 6.56 5.11 3.45E+00 3.54E-06 1.29E+01 0.67 36% 

Turkmenistan 1.1% 13.08 13.01 1.29E+01 1.17E-05 6.22E+01 2.79 70% 

United States 16.4% 1.34 0.67 4.17E-01 2.86E-09 2.51E+00 0.09 7% 

Uzbekistan 4.4% 10.21 10.06 1.02E+01 1.11E-05 3.77E+01 1.99 63% 

Average 93.4% 7.89 3.28 3.67E+00 5.40E-06 1.21E+01 0.71 26% 

       

  
  

USCROPWAT 16.4% 8.12 3.39 4.48E+00 2.50E-08 1.50E+01 0.71 37% 

USestimate 16.4% 2.92 2.25 3.28E+00 2.15E-08 1.21E+01 0.55 31% 
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Table S2.13: Shares of damage categories to the aggregated impact (EI99HA) from water consumption. 

 % Resources % Ecosystem Qualtiy % Human health 

China 65% 24% 11% 

India 43% 20% 37% 

United States 65% 35% 0% 

Pakistan 36% 44% 20% 

Brazil 13% 82% 6% 

Uzbekistan 45% 40% 15% 

Turkey 46% 40% 14% 

Greece 73% 26% 1% 

Australia 6% 94% 0% 

Turkmenistan 53% 36% 11% 

Syria 52% 36% 11% 

Egypt 15% 79% 6% 

Argentina 37% 61% 2% 

Mali 0% 63% 37% 

Mexico 43% 52% 5% 

Global average 51% 34% 15% 

USCROPWAT 51% 49% 0% 

USestimate 53% 47% 0% 
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Abstract  

Purpose: Freshwater use and consumption is of high environmental concern. While research has 

primarily focused on agricultural water use, industrial water use has recently become more 

prominent. Because most industries employ relatively low amounts of water, our study focuses on 

electricity production, which is involved in almost all economic activities and has a considerable 

share of the global water consumption.  

Methods: Water consumption data for different power production technologies was calculated from 

literature. Due to the global importance of hydropower and the high variability of its specific water 

consumption, a climate-dependent estimation scheme for water consumption in hydroelectric 

generation was derived. Applying national power production mixes, we analyzed water consumption 

and related environmental damage of the average power production for all countries. For the 

European and North American countries, we further modeled electricity trade to assess the electricity 

market mix and the power-consumption related environmental damages. Using the Eco-indicator 

99single-score and compatible freshwater consumption damage assessments, the contribution of 

water consumption to the total environmental impact was quantified. 

Results and discussion: Water consumption dominates the environmental damage of hydropower, but 

is generally negligible for fossil thermal, nuclear and alternative power production. However, as the 

impact of water consumption has high regional variation, it can be relevant for many power 

technologies in water scarce areas. The variability among country production mixes is substantial, 

both from a water consumption and overall environmental impact perspective. The difference 

between electricity production and market mixes is negligible for most countries, especially for big 

countries such as the USA. In Europe, where intensive international electricity trade exists, the 

difference is more significant. When contrasted with the relatively high uncertainties in water 

consumption figures particularly for hydropower, the additional error from using production mixes 

instead of market mixes is rather small. 

Conclusion: Power production is one of the major global water consumers and involved in life cycles 

of almost any human activity. Covering the water consumption related environmental damage of 

power generation closes one important gap in Life Cycle Assessment and also improves data 

availability for the emerging field of water footprints. 

 

Keywords: Life Cycle Assessment; dams; regionalization; life-cycle impact assessment; water 

consumption, power production 
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3.1 Introduction 

Water resources have only recently been addressed in Life Cycle Assessment (LCA) and their 

assessment still lacks wide application. With annual withdrawals of 4000 billion tonnes of freshwater 

(Rockstrom et al. 2009) including 700 billion tonnes of groundwater (Zektser 2007), it is by far the 

most extracted natural resource by mass, and its related environmental impacts need to be quantified 

and evaluated. Currently, reliable water inventories for most economic sectors are quite sparse, and 

meaningful assessments are limited. Some LCA databases, such as the ecoinvent v2.1 database 

(ecoinvent Centre 2008), provide basic data on water use, and most available life cycle impact 

assessment (LCIA) methods differentiate consumptive and degradative water use (Pfister et al. 

2009a; Mila i Canals et al. 2009; Bayart et al. 2010). Water consumption (consumptive use) denotes 

the part of the freshwater which is not released back to the original watershed; primarily due to 

evaporation and product integration. Other operational impact assessment methods provide 

characterization factors for water withdrawals based on a water stress index (Frischknecht et al. 

2008) and exergy (Bosch et al. 2007). 

Agriculture is responsible for 85% of the overall global freshwater consumption (Shiklomanov 

2003), and causes significant environmental damages (Pfister et al. 2009a; Pfister 2009b). Power 

production represents the vast majority of industrial water consumption. In the USA, power 

generation uses more freshwater than irrigation in agriculture (Weber et al. 2010). Yet, the 

consumptive share of water used in US power production is still much lower than in agriculture. 

Reservoirs and cooling water use, both relevant for power production, have been identified as 

globally important water consumers (Mila i Canals et al. 2009). However, a comprehensive analysis 

of water-use related environmental impacts caused by power generation is still lacking: regionally 

specific water-use impacts and the influence of the local climate on evaporation rates from reservoirs 

and on cooling water requirements have not been addressed.  

In this paper we provide global data on direct freshwater consumption in power production with a 

country-level resolution and analyze the relevance of water-use related environmental impacts in 

comparison to traditional LCA impact categories. We further calculate water consumption and 

related impacts of electricity market mixes in 29 European countries, Canada, Mexico, and the 

United States, analyzing the effect of international electricity trade. 

3.2 Methods 

3.2.1 Specific water consumption for different power production systems 

We analyze water consumption (i.e. the part of water that is not released back to the watershed of 

origin) of different power production systems by screening publicly available datasets. Data on water 

consumption is limited, as most reported data account for total water use, i.e. withdrawals. From an 

environmental point of view, however, total water use is less relevant than water consumption 

because consumed freshwater reduces freshwater availability for downstream users such as 

ecosystems. Withdrawn water which is released back to the environment with a reduced quality 

(degradative water use) and associated potential adverse effects on the environment are mainly 

captured by the impact assessment of the related emissions. Most of the reports differentiate among 

hydropower, fossil thermal (oil, coal and natural gas), nuclear and alternative (including wind, solar, 
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waste and geothermal) power production. Some publications additionally specify consumptive water 

use for different technologies and different climates (see Table 3.1). In this study, we analyze 

electricity generated by technology groups: hydropower, fossil thermal, nuclear and alternative 

power generation. The latter encompasses wind, solar, waste and geothermal installations, as well as 

small-scale hydropower and electricity production from waste materials and waste heat. We assume 

that the only water input for power plants is freshwater. This is a simplification as the source of 

water depends on the geographic location and cannot be addressed in detail in this analysis. As plants 

located along the coastline often apply saltwater for cooling purposes, this assumption represents an 

overestimation of freshwater consumption for power plants using seawater. Based on the 

considerable variability of reported power plants water consumption figures we estimate, low and 

high boundaries of direct water consumption to reflect different available technologies within a 

technology group (see Table 3.2). These values are considered as the 95% confidence interval and 

are applied to derive dispersion factors (k-values) as described by Slob (1994).  

For fossil thermal and nuclear power generation, infrastructure and fuel provision are generally of 

low overall environmental importance (Peiu 2007) and also water conusmption is relatively low 

(Fthenakis and Kim 2010). In contrast, for hydropower and most alternative energy generation plants 

(e.g. photovoltaics), infrastructure significantly contributes to the total environmental performance 

(Ribeiro and da Silva 2010). Water consumption for infrastructure of all technologies, however, only 

marginally adds to the environmental profile. For hydropower, water consumption related to mixing 

concrete accounts for less than 1% of the overall life cycle water consumption. Accordingly, we 

analyze water consumption only during the operations phase of power generation, while the full life 

cycle is included for all other impact categories. 

 

Table 3.1. References used to estimate specific water consumption in power generation. The sources 

specifically list water consumption of different power production types. 

Reference Power production types described  

National Renewable Energy Laboratory (NREL), US (Torcellini et al. 

2003) 
Hydropower and total thermal (per US state) 

American Wind Energy Association (AWEA), US, (Feeley et al. 2006) Coal, nuclear, natural gas, oil, wind, PV 

Southern Illinois University Carbondale, US, (Dziegielewski and Bik 

2006) 
Fossil thermal and nuclear (including ranges) 

The university of Texas at Austin, US, (Stillwell et al. 2009) 

Fossil thermal, coal,three types of natural gas, 

nuclear, concentrated solar power  

(including ranges) 

US Department of Energy, US, (Melillo et al. 2009) Total thermal, geothermal (US avergae) 

U.S. Gological Survey, US, (Solley et al. 1998) Total thermal (US average) 

Gleick PH, US, (1994) Hydropower 

Electric Power Research Institute (EPRI), US, (EPRI 2002) Fossil thermal, nuclear, geothermal, biomass 

EPRI & US Department of Energy, US, (EPRI and U.S. Department of 

Energy 1997) Geothermal  

Aquapower, Switzerland, (SN Energie Gruppe 2008) Hydropower (Swiss case) 

Kadigi et al., Tanzania, (2008) Hydropower (Tanzanian case) 
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Table 3.2. Calculated average direct water consumption of main power production technologies including 

high and low estimates [m
3
/MWh] based on the sources outlined in Table 3.1. k95% is the dispersion factor 

used to describe the uncertainty in a lognormal distribution representing the 95% confidence interval (Slob 

1994). 
 

Power generation technology Water consumption [m
3
/MWh] 

Average Low estimate High estimate k95% 

Fossil thermal  1.5 0.6 2.0 1.8 

Nuclear 2.3 1.5 3.5 1.5 

Hydropower 25 1.0 600 24.5 

Alternative (wind, solar, waste, geothermal, 
and others) 

0.2 0.004 4.4 33.2 

 

3.2.2 Regional water consumption of hydropower production including climatic 

factors 

Hydropower is the most significant consumer of water with high differences among power stations, 

mainly due to specific plant geometry and climate. Region-specific water consumption of 

hydropower installations is calculated with state-level data from the USA (Torcellini et al. 2003) and 

climatic data. In this study, plant geometry and other specific infrastructure characteristics are not 

included, as this information is not available for the datasets used. We use potential 

evapotranspiration (PET) and aridity data of the region where the hydroelectric installations are 

located as proxy for climatic conditions. PET directly influences consumptive water use in water 

storages, and aridity relates evaporation to water availability. The latter determines the water flows, 

and consequently the required storage time, per unit of electricity generated. Aridity is expressed by 

an aridity index (AI), which denotes the quotient of PET and precipitation (P). PET data (FAO 2004) 

and P data (New et al. 2002), which are both available on a 10 arc minutes resolution, are aggregated 

on state level considering the reported locations of hydropower plants in the USA (National Atlas 

2009). We include only those stations for which hydropower generation is the first or second 

operating priority (besides e.g. irrigation). To derive a climate-dependent water consumption 

function, we perform separate linear regressions of PET and log(AI) with hydropower water 

consumption data on state-level. The specific hydropower water consumption at location i (WChydro,i) 

is the average result of the two linear regression functions for PET (WCPET,i) and log(AI) (WCAI,i): 

  

, , ( 0.6531 2.338)

, 12.50 10 0.1544
2 1152

iPET i AI i AIi
hydro i

WC WC PET
WC      (3.1) 

The relation of the model results (WChydro) and the measured values is represented by a Pearson 

correlation coefficient of 0.77 at a high significance level (S3.1). Still, this function only covers a 

limited range of the variability of USA state-specific water consumption in hydropower production: 

The lowest and highest WChydro,i  results of individual USA states are applied to calculate the 95% 

interval resulting in a k-factor of 2.81. Modeling climate-specific water consumption thereby reduces 

the remaining uncertainty according to error propagation from a k-factor of 24.5 to 20.6, which 
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represents the geometry-related variability. Specific water consumption of hydropower is calculated 

for each country based on country average P and AI data. In the United States, we use the state-level 

differentiated results and derive corresponding state-specific damage factors. All water consumption 

is allocated to electricity generation, even for dams with multiple purposes (e.g. irrigation and 

drinking-water supply), as there is no way to attribute such damages objectively even on USA state 

level, and basic power production has usually the highest priority (Torcellini et al. 2003). This 

allocation procedure is reasonable for estimating the upper boundaries of the environmental impact 

of water consumption in hydropower generation.  

3.2.3 Water consumption and related impacts in national power production mixes 

On a global scale, data availability is restricted to reports on national power production, i.e. with a 

country-level resolution, and no consistent water consumption information is available. To set up a 

global inventory of water consumption in power production we use national electricity production 

data of the year 2005 (Energy Information Administration 2009) and apply the water consumption 

estimates derived above (Section 3.2.1 and Section 3.2.2 for hydropower) to the respective 

generation technologies of the national production mixes. We assess these production mixes with 

country-specific characterization factors for water consumption following the method of Pfister et al. 

(2009a). 

3.2.4 Relevance of water-consumption impacts in power production  

3.2.4.1 Environmental damage of global and national power production 

For each power-production technology, we derive an average global inventory using the average of 

all technology-specific datasets for different countries available in the ecoinvent database (ecoinvent 

Centre 2008). We calculate the global electricity mix and related environmental damage, employing 

the country electricity production mixes, the global average technology-specific inventories, and the 

Eco-indicator 99 (EI99HA) methodology (Goedkoop and Spriensma 2001) for impact assessment. 

The environmental damages of the associated water consumption, as calculated in Section 3.2.3, 

represent regionalized results compliant with EI99HA (Pfister et al. 2009a). We use these data to 

quantify the relevance of water-use related impacts in power production systems for individual 

countries and the global electricity mix. The single score assessment according to EI99HA, including 

water consumption damages, is denoted ―EI99+‖. The calculated damage is valid for marginal 

changes in power consumption as water-related damage is non-linear (Pfister et al. 2009a). For the 

global power mix we therefore assess the marginal change of electricity production, and assume the 

current technology mix.  

3.2.4.2 Uncertainties  

For each electricity generation technology, the uncertainties of environmental impacts are derived on 

two levels: regional variability, and the uncertainty of life-cycle environmental flows (emissions and 

resource consumption) of individual power production technologies. For this purpose, the available 

datasets in the ecoinvent database v2.1 (ecoinvent Centre 2008) are analyzed. The k-factors for 

regional variability of inventory flows are aggregated per impact category based on the impact 
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assessment results (EI99HA scores) of different datasets representing  the same technology, 

assuming log-normal distributions (Slob 1994). The propagation of uncertainty of individual 

environmental flows into the EI99 impact-category damage scores is analyzed by Monte-Carlo 

analysis for the following ecoinvent processes, which we assume to represent generic uncertainty of 

inventories for the respective power generation technologies: (1) ―Electricity, hard coal, at power 

plant/UCTE U‖ for coal power, (2) ―Electricity, natural gas, at power plant/UCTE U, Electricity‖ for 

gas power, (3) ―Electricity, nuclear, at power plant/UCTE U‖ for nuclear power and (4) ―Electricity, 

hydropower, at power plant/DE U‖ for hydropower. The resulting 2.5 and 97.5 percentiles are used 

to calculate k-factors. The combined uncertainty of generic environmental flow uncertainty and 

regional variability is computed through error propagation (Slob 1994), assuming these factors to be 

uncorrelated. As alternative power production is very heterogeneous and of minor importance on 

global scale, we did not analyze these technologies in further detail.  

3.2.5 Water consumption in national power market mixes 

Due to international trade of electricity, power production and market mixes within countries might 

differ considerably. To assess the consequences on environmental damages, we analyze the 

electricity trade for the North American and European markets. We follow the approach suggested 

by Frischknecht et al. (2007): Electricity imports and national production are inputs to a national 

power market mix, which again is exported to other countries and hence includes proportional re-

export of imported power. In order to properly describe the electricity trade system of n countries, we 

create a technosphere matrix T separating power production (P) and power markets (M). T consists 

of four sub-matrices with n
x
n elements, where n is the number of countries: production to production 

(PP), production to market (PM), market to production (MP) and market to market (MM): 

PP PM
T

MP MM
. 

         (3.2) 

The PP and MP matrices are set to zero for two reasons: (i) According to the modeling approach in 

the ecoinvent v2.1 database, we assume power production and its supply chain to use electricity 

supplied by the market and not from production itself (PP). (ii) This electricity supply from the 

market to the power plant is modeled on plant-process level and thus not further considered on the 

level of the national production mix (MP). Power use involved in power generation (e.g. electricity 

used to pump water to pumped-storage hydropower plants) is therefore a background process of our 

trade system and omitted in the market mix calculations. PM is a diagonal matrix depicting the 

shares of own nation-wide production in the national power market mixes, and MM describes the 

shares of border-crossing electricity imports of each country from its neighboring countries. The 

electricity market mix of a country‘s final supply is derived from solving the following equation 

according to Leontief (1970): 

-1
X=(I-T)

 

          (3.3) 

where X is the resulting process activity matrix and I the identity matrix. X has a format equivalent 

to T and describes the process activity (matrix rows) required to produce the output of each process 

(matrix columns). The n
x
n elements of the upper right quadrant of X (PMx) show the electricity 
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shares of all producing countries contributing to the electricity market mix of a selected country 

(columns sum up to 1) and represents the main result. The n
x
n elements in the lower right quadrant 

(MMx) indicate the cross-market electricity flows induced by electricity trading (diagonal elements 

are >1 if re-exports exist). PPx is an identity matrix (i.e. production mix of 1 kWh requires a 

production mix with 1 kWh output) and MPx equals zero (i.e. there is no market mix input for the 

production mix). 

For the calculation of European electricity market mixes, we use the cross-border power exchange 

and national power production data provided by European Network of Transmission System 

Operators for Electricity (ENTSO-E, 2010). The most recent data is valid for the year 2007 and 

covers 29 European countries (all ENTSO-E member states excluding Latvia, Lithuania and 

Estonia). For the North American electricity market mixes we apply trade data reported by the US 

Energy Information Administration (EIA) for the year 2007 (Energy Information Administration 

2009). The national power market mixes are calculated using the specific inventories and impact 

scores of power generation technologies (see Section 3.2.3 and 3.2.4) of the exporting countries. 

3.2.6 Spatially explicit distribution of water consumption in thermal power production 

Thermal power generation generally includes nuclear and fossil thermal (coal, gas, oil) power 

production plants. Water consumption estimates for thermal power generation are provided on global 

level by Alcamo and colleagues (GWSP Digital Water Atlas 2008). They modeled total water 

consumption of thermal power production on a high spatial resolution (0.5 arc minutes), but have not 

provided specific consumption factors per electricity amount produced. To check the 

representativeness of the water-consumption values for thermal power generation presented in Table 

3.2, we aggregate their water consumption data on country level and perform a multiple linear 

regression with the country-specific nuclear and fossil thermal electricity generation as reported by 

EIA. This analysis results in specific water-consumption estimates for fossil thermal and nuclear 

power (Table 3.3) which are only 48% and 72% of the values calculated above (Table 3.2). In 

addition to this comparison, Alcamo‘s data set is used to plot the total environmental damage of 

water consumption in thermal power production in each model cell (roughly 50km*50km) applying 

the geographically specific impact characterization factors from Pfister et al. (2009a). 

 

Table 3.3. Country-specific water consumption in thermal power production based on Alcamo et al. (GWSP 

Digital Water Atlas 2008) using multiple linear regression total water consumption per country and respective 

power production data from EIA (Energy Information Administration 2009). The global average and 

percentiles are weighted by the countries‘ generation of thermal power. 

 

Power generation technology Water consumption [m3/MWh] 

Global average 2.5 % percentile 97.5 % percentile k95% 

Conventional thermal  0.7 0.1 1.9 4.0 

Nuclear 1.7 0.3 4.3 4.0 

Total thermal 1.1 0.2 2.6 4.0 
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3.3. Results 

3.3.1. Regional environmental impact of water consumption  

The freshwater-consumption related environmental damages of the electricity production mixes of 

208 countries were calculated and the results are provided as separate XLS-file in the Supporting 

Information (SI), together with the corresponding environmental damages computed in the standard 

EI99HA assessment and the global warming potential with a 100 year time horizon (GWP 100a), 

according to IPCC (2007). The file also includes respective dispersion factors and impact scores per 

area of protection. A map of the water consumption volumes and related damages per MWh of 

electricity produced in each country is presented in Figure 3.1a-b.  

In addition, environmental impacts of water consumption in the global power production mix were 

calculated as estimates to be applied for electricity consumption in background processes (see 

Section 3.2.3 and Table 3.4). The damage scores of the global power mix are mainly caused by the 

17% share of hydropower. 

Water consumption is particularly important in many water abundant countries, e.g. Brazil, Norway, 

Congo, Switzerland, and Canada, because of high shares of hydropower. In contrast, high 

environmental damage from water consumption is mainly observed in water scarce countries which 

operate some hydropower plants, for instance in Pakistan, Afghanistan, Egypt, and Peru. Countries 

such as the USA, Australia, and Egypt feature high per-capita reduction potentials as indicated by the 

per capita environmental impact of national power generation (Figure 3.1c). The regionally specific 

water consumption of thermal power production demonstrates the spatial distribution and 

concentration of environmental damages, pinpointing parts of Europe, the Americas and Asia that 

suffer from relevant water pressures induced by thermal power generation (Figure 3.1d). 

Environmental hotspots are especially found in arid regions such as Egypt, whereas in Europe and 

the eastern USA environmental impacts are spatially distributed and not concentrated on a small area 

(Figure 3.1d). 
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Figure 3.1. Water consumption and related impacts of the national power production mixes: (a) Country-

specific inventory, (b) Country-specific aggregated EI99+ damage scores per MWh of electricity produced, 

(c) Country-specific environmental damage per capita and year. (d) Spatial distribution of environmental 

impact summed per model cell (0.5° resolution) and year for thermal power production only. 

 

 

Table 3.4. Global average environmental impact of water consumption in power production, including high 

and low estimates for each power production technology. Values are calculated on the basis of country-

specific production mixes and related water-consumption damages. Low and high estimates are based on low 

and high water consumption estimates of the selected technologies (Table 3.2), except for hydropower for 

which climate-dependent values were applied (section 3.3.2.3). 

 

  Water consumption 

  Average 
[m

3
/MWh] 

Low estimate 
[m

3
/MWh] 

High estimate 
[m

3
/MWh] 

Global power mix  5.55 0.79 103 

 
Power generation 

technology 

 
Global production 

share 

Water consumption related environmental damages 

Average 
[EI99-pts/MWh] 

Low estimate 
[EI99-pts/MWh] 

High estimate 
[EI99-pts/MWh] 

Fossil thermal  66% 0.12 0.05 0.16 

Nuclear 15% 0.09 0.06 0.13 

Hydropower 17% 1.43 0.05 29.33 

Alternative  2% 0.008 0.00 0.18 

Global power mix 100% 0.33 0.041 2.69 
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3.3.2. Contribution of water consumption to overall environmental damage – regional 

differences and uncertainties  

The overall environmental assessment of the global average electricity production mix (see Section 

3.2.3 and 3.2.4) indicates that water consumption is of rather minor relevance for the thermal 

production technologies, while for hydropower it contributes the vast share of the total 

environmental damage (79% of EI99+ single-scores, Figure 3.2). Compared to fossil thermal 

production systems, hydropower causes only low overall environmental damage per electricity unit 

produced. Interestingly, hydropower performs overall worse than nuclear power generation 

according to the EI99+ assessment. 

Table 3.5 provides a selection of countries with high importance of water consumption due to high 

shares of hydropower and/or high water-related damage factors for power generation. In areas with 

high water scarcity, such as Egypt water consumption contributes significantly to the environmental 

damage of all power producing technology groups (Table S3.2), with the exception of fossil thermal 

electricity generation.  

In the global power mix, water consumption makes up between 0.3% (low estimate) and 5.4% (high 

estimate) of the total environmental damage, with an average contribution of 1.3% (Table S3.3). The 

use of fossil fuels and the emission of respiratory inorganics are the impact categories adding most to 

the overall damage score of global electricity production. Building on the error propagation 

calculations for the global electricity mix (see Section 3.2.4.2), water consumption impacts have the 

highest dispersion factors (k=8.05), followed by radioactive emissions (k=3.56), carcinogenic 

pollutants (k=3.30) and land use (k=3.24) (Table S3.3). The k-factor for the overall damage score, in 

contrast, amounts to only 1.39, assuming no correlation among impact categories. 

 

 

 
 

Figure 3.2. Environmental damage of global average power production, quantified in EI99+ points (including 

water consumption). The global mix and individual power production technologies are assessed based on 

national electricity generation and related damage factors.  
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Table 3.5. Water consumption, the associated environmental damage and the total damage of national power 

production mixes. Selection of countries sorted by the specific damage from water consumption  

 

 Water consumption Other categories Total damage 

 (EI99+) 

[EI99-pts/MWh] 

Water consumption  

damage share 

[%] 

Country Inventory 

[m
3
/MWh] 

Damage 

[EI99-pts/MWh] 

Damage 

 [EI99-pts/MWh] 

Chile 16.64 8.44 19.29 27.73 30% 

Afghanistan 31.41 7.31 10.77 18.08 40% 

Namibia 40.31 6.77 1.59 8.36 81% 

Kyrgyzstan 26.87 5.79 5.58 11.36 51% 

Tajikistan 32.32 5.36 1.19 6.54 82% 

Ethiopia 34.12 4.19 0.79 4.98 84% 

Lesotho 29.12 4.18 0.39 4.57 92% 

Egypt 8.04 3.52 35.19 38.71 9% 

Pakistan 15.75 3.50 25.97 29.47 12% 

Sudan 15.68 2.57 27.94 30.51 8% 

Nepal 20.30 2.28 0.39 2.67 85% 

Mozambique 32.23 1.68 0.39 2.06 81% 

Peru 23.43 1.65 9.24 10.89 15% 

Mali 28.44 1.51 18.75 20.26 7% 

Iran 5.41 1.46 36.72 38.18 4% 

Kenya 22.64 1.42 13.33 14.76 10% 

Zimbabwe 21.77 1.41 17.16 18.57 8% 

Malawi 30.98 1.22 1.19 2.41 51% 

Syria 6.01 1.13 36.32 37.45 3% 

Uzbekistan 6.97 1.12 35.12 36.24 3% 

Zambia 30.74 1.07 0.79 1.86 58% 

Morocco 4.31 1.04 37.19 38.22 3% 

 
3.3.3 Contrasting production mixes with market mixes 

3.3.3.1 North American electricity market 

The differences in water consumption and associated environmental damage between the production 

and market mixes of Mexico, Canada, and the USA are very low (Table 3.6), which correlates with 

the relatively low electricity trade. For all countries investigated, the water consumption related 

damage is low compared to other impact categories (Figure S1).  
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Table 3.6. Water consumption and related damage of electricity production and market mixes for Mexico, 

Canada and the USA. 

 

Country Water consumption 

(m
3 

/ MWh) 

 Water-consumption related damage 

(EI99+ / MWh) 

Production-mix Market-mix  Production-mix Market-mix 

Canada 15.52 15.20  0.344 0.353 

Mexico 4.28 4.29  0.406 0.406 

United States 6.19 6.29  0.598 0.595 

 

3.3.3.1 Detailed analysis for the European electricity market 

Similar to the North-American electricity market, country-specific production and market mixes in 

general do not differ considerably in respect to water-consumption related environmental damages 

(Figure 3.3). In comparison to the production mixes, a relatively high increase in the water-

consumption related damages can only be observed for the Portuguese market mix (48%), while for 

Croatia and Austria the attributed water-consumption impacts are lowered by roughly 20% through 

electricity trade. Considering the overall damage in EI99+ scores, the differences become more 

pronounced for some countries which are characterized by major international trade of electricity, 

such as an increase for Switzerland and Slovakia and a decrease for Luxembourg and Moldova 

(Figure S2).  

  

 

Figure 3.3. Environmental damages caused by water consumption in the electricity production and market 

mixes for different European countries, measured in EI99+ scores. 
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3.4 Discussion 

3.4.1 Modeling approach and application 

The water consumption data applied in this study features high uncertainty as it is based mainly on 

estimates derived from various literature datasets. Although we found a good match among different 

sources, variability is relatively high within different technologies, especially for hydropower and 

alternative power production. For an adequate assessment of alternative power production options, 

more information on the specific technologies and their actual shares in the production mix would be 

required. Yet, alternative generation technologies generally play only a minor role in the national and 

global production mixes, when contrasted to hydropower. For hydropower, the different types of 

dams in operation cause significant variation in water consumption. These fluctuations very much 

depend on the hydraulic head of the power station and the relation between the water flow and the 

surface area of the pond or reservoir. In general, hydropower installations are differentiated in run-

of-the-river plants with minimal storage, and reservoirs with large storage volumes. Operational and 

infrastructure details are, however, unique to each particular plant and hence are difficult to evaluate 

on a global scale. By implementing a climate-dependent modeling procedure for water consumption 

in hydropower production, we capture crucial parameters for evaporative losses and thus express part 

of the uncertainty as climatic variations within countries. For detailed analyses, assessment of 

individual hydropower plants including actual electricity amount generated, storage features, specific 

climatic conditions as well as allocation of the evaporative losses to electricity generation and other 

purposes (e.g. irrigation or flood control) is required. As our results allocate all water consumption of 

dams to power production, we overestimate the impact of hydropower production. For 2005, we 

calculated global water consumption by hydropower to amount to 65 km
3
/yr, which is 29% of 

estimated total consumptive water use from all reservoirs including those for irrigation and water 

resources management (222 km
3
/yr) (Shiklomanov 2000). This share seems reasonable because 

irrigation, by far the most important water consumer, often directly uses runoff water or 

groundwater. Water consumption for infrastructure, as compared to the operation phase, seems only 

relevant for alternative power production technologies with low overall water consumption, such as 

photovoltaic, wind and small-scale hydropower plants. Such figures could be included in more 

detailed analyses of alternative power generation. 

Despite these limitations, the global average estimates for water consumption values and EI99+ 

damage scores for specific generation technologies (Table 3.2, Figure 3.2 and Table S3.3) can serve 

as generic estimates, for instance, for simplified screening assessments and supply-chain analyses. If 

electricity use proves to be crucial in a screening analysis, then the detailed LCA study should apply 

country-specific damage factors (as provided in the XLS-file of the SI) or perform a detailed analysis 

of individual power plants. The contribution to variance of power generation in the overall LCA 

damage score should then be considered in comparison to the uncertainty introduced by other 

interventions. However, for a proper analysis, all impact assessment factors would need uncertainty 

information to be coupled with the uncertainties of inventory flows. 
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3.4.2 Regional and temporal aspects  

The regionally changing environmental performance of power generation is mainly driven by the 

respective national power production mixes and the related damage factors for water consumption. 

Adjusting the inventory and damage factors to a geographically explicit resolution finer than country 

level, as presented in this work for thermal power production (see Section 3.2.6), would further 

improve the quality and representativeness of hydropower water consumption estimates and allow 

for enhanced accuracy of the impact assessment. The generation of such data is subject to further 

research. Since variability in national power production mixes was demonstrated to be significant in 

terms of water consumption and environmental damage, the global average estimates should 

therefore only be applied if no reliable information is at hand. Also analysis of the supply chain 

processes such as water consumption of natural gas extraction should be further investigated 

including the related impacts: such water consumption impacts may become relevant where supply 

chains in water stressed areas are involved in power production in water abundant areas. 

Apart from the geographical dimension in power modeling, temporal aspects become important, as 

different market mixes could be chosen for an analysis depending on the season of the year or the 

time of day during which electricity is used. Such a temporal differentiation could reflect certain 

power generation practices, for instance storing water in pumped storage hydropower plants (e.g. as 

practiced in Switzerland to buffer peak demands in Western Europe).  

3.4.3 Relevance of water consumption in the overall life cycle assessment 

Power production has been shown to be responsible for 40% of anthropogenic and 24% of total 

greenhouse gas (GHG) emissions (Stern 2006).Our study indicates that power-related water 

consumption only contributes 4 % to the total global water consumption (90 km
3
/yr compared to 

2291 km
3
/yr, status: 2005 (Shiklomanov 2000)). In this context, the trade-off between the water 

footprint and the carbon footprint of hydropower and fossil thermal electricity production becomes 

relevant: Hydropower plants generally feature low GHG emissions, but consume substantially more 

water than thermal generation systems. Viable solutions to mitigate both, water stress and climate 

change, are alternative energy technologies such as photovoltaic and wind power together with 

nuclear power. However, the environmental performance of nuclear power is highly debatable as 

conventional LCA does not cover all relevant environmental damages (e.g. long-term effects of 

radioactive wastes). Biomass-based electricity production might be favorable in some cases, but due 

to the impacts related to the agricultural production of the biomass this electricity type  needs to be 

carefully evaluated. Thermal power production using irrigated energy crops might even result in 

severe impacts from water consumption.  

Comprehensive LCA studies which outline the un-aggregated results for individual impact categories 

as required by the ISO standard on LCA (ISO 2006) are therefore important. Including water 

consumption impacts into the assessment of power production also questions the finding that ―fossil 

energy use is identified by all methodologies as the most important driver of environmental burden 

of the majority of the commodities included, with the main exception of agricultural products‖ 

(Huijbregts et al. 2010) – if we consider electricity as a commodity. Similarly, a pure focus on the 

water footprint (Chapagain and Hoekstra 2004; Pfister and Hellweg 2009; Ridoutt and Pfister 2010) 

neglects significant environmental damages and related trade-offs, which should always be 
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investigated from a comprehensive environmental perspective. Further relevant topics in power 

production are cooling-water releases (thermal pollution) and in-stream water use for hydropower. 

For both interventions, framework methodologies have been developed (Verones et al. 2010; 

Humbert and Maendly 2009) but need additional refinement to be broadly applicable and to supply 

geographically resolved characterization factors. Previous results show that fossil thermal and 

nuclear power production is significantly affected by cooling water releases (Verones et al. 2010). 

This is especially relevant for the case of nuclear power which scores very low in current LCA 

studies. Impacts of dams on the ecosystems of downstream and upstream river sections seem to be 

also relevant for hydropower production (Humbert and Maendly 2009). Furthermore, the change in 

nutrient contents, sediment deposition and GHG emissions of dams are so far widely neglected. In 

addition to such shortcomings, regionalized characterization factors for impact categories other than 

water consumption, such as eutrophication, acidification and land use, are needed to facilitate a more 

representative assessment of power generation. 

The results of this study are based on the EI99 method and the water impact assessment method 

developed by Pfister et al. (2009), which represents current state of the art. Other methods may 

produce different results concerning the relevance of water consumption. A cross-comparison of the 

EI99+ results presented above with new results calculated with the ReCiPe method (Goedkoop et al 

2009) (for implementation of the water-consumption assessment into the ReCiPe method and the 

new impact scores computed see SI) shows rather insignificant changes. However, the ReCiPe 

aggregated damage assessment resulted generally a higher relative weight of water consumption. 

 

3.4.4 Appropriate power mix 

Depending on the location of power use, different generation technologies are involved. We 

analyzed power production mixes on the global and national level to indicate the transfer of 

production-caused environmental damages to consumers in different countries. For Europe and 

North America, market mixes were calculated to better determine the involved power generation 

technologies in the electricity provision, including trade patterns. In contrast to our study, the 

electricity market mixes reported in the ecoinvent database (v2.1) do not account for re-exports of 

imported electricity. This shortcoming has been shown here to have relatively low relevance on a 

country level for both, water related impacts as well as overall environmental performance, except 

for some nations with high trade shares such as Switzerland or Austria. Differences in total 

environmental damages (EI99+ scores) between the calculated market mixes and production mixes 

are more significant. For larger countries such as the USA, sub-national market mixes should be 

derived to achieve more precise estimates for the environmental footprint of prower generation. If 

the focus changes from attributional to consequential LCA, the marginal technology needs to be 

defined for each electricity market using economic analysis. In addition to the technology type, the 

location of the marginal technology should be specified to appropriately assess the site-dependent 

impacts of water consumption. This information adds another dimension to the consequential 

approach providing a basis for optimizing power transmission and production prices. With the 

current data availability, however, consequential analyses have to be performed on a case by case 

basis. For an accurate analysis of power production, especially in a national or regional context, the 
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trade with renewable energy certificates should be taken into account as consumer can chose the 

power technology independent of  the market mix. Such certificates can be included in the inventory 

while impacts of changed transmission patterns should be considered in future research. 

 

3.5 Conclusions 

Due to the enormous and still rising electricity use, water consumption in power production is 

relevant on global scale. While agriculture is by far the most important water consumer, electricity 

use with its inherent water-consumption impacts should be considered when assessing water 

consumption related environmental impacts of industrial processes. As such, the results of this study 

facilitate the inclusion of a considerable part of background water consumption and associated 

environmental damages of the majority of industrial processes. However, if biomass-based electricity 

generation is involved a more comprehensive analysis of water consumption in the agricultural value 

chain is required. By providing regionalized damage values for water consumption and other 

environmental impacts in the electricity production of 208 countries this work enables an enhanced 

assessment of electricity on country level with a global coverage. The international trade of 

electricity is generally less important than differences in national production mixes, although in 

Europe electricity trade has some environmental relevance. Future studies should focus on improved 

modeling of hydropower water consumption, improved estimates of uncertainties, regionalized 

assessments of emissions, and consequential aspects, including trade of electricity, electricity 

certificates and plant specific buys. 
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3.6 Supporting Information 

3.6.1. ReCiPe 

In order to evaluate the relevance of water consumption within an assessment applying the ReCiPe 

(HA) method (Goedkoop et al. 2009), we adjusted the EI99(HA) damage score results of water 

consumption for all three areas of protection to the ReCiPe (HA) approach. While human health 

damage scores in DALYs can directly be transferred from EI99+ to ReCiPe, ecosystem damage 

scores in―PDF 
. 
m

2 . 
yr‖ are transformed to ―species 

. 
yr‖ by multiplying with the factor 1.6E-08 

(based on land occupation impacts). For the conversion of resources damages from EI99+ to ReCiPe, 

the costs of desalination are assessed with a value of 1$/m
3
 of water desalinated, which equals twice 

the minimal costs currently incurred when operating desalination plants (http://green.blogs. 

nytimes.com/2009/09/21/on-the-pursuit-of-cost-effective-desalination/). This preliminary analysis 

with the ReCiPe method has been performed to show the implications of changing results due to the 

update of the EI99 method (Goedkoop and Spriensma 2001), i.e. ReCiPe method. However, for a 

sound integration of the water impact assessment method into ReCiPe, further methodological work 

is required. The ReCiPe results are presented in the separate XLS-Table of this SI (Worksheet 

―RECIPE_estimates‖). 
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3.6.2. Tables and Figures 

Table S3.1. Statistical information on the climate dependent water consumption model for hydropower 

(WChydro): The correlation results of the measured data and the individual regression results for potential 

evapotranspiration (PET), the aridity index (AI) and the final model (WChydro).  

 

 WChydro 

 

Combined 

model 

PET 

 

Linear regression 

AI  

Log-transformed linear 

regression 

Pearson Correlation .774
**
 .321 .594

**
 

Significance (2-tailed) .000 .145 .004 

N 22 22 22 
 
**. Correlation is significant at the 0.01 level (2-tailed). 

 

 

 

 

Table S3.2 Environmental damage of water consumption for different power production technologies (EI99+ 

scores per MWh), applying the highest watershed / national damage factors to average, low and high estimates 

of water consumption.  

 

Power production 

technology 

Environmental damage of water consumption (EI99+/MWh)  

Applying the maximum global 

watershed damage factor (14.47 

EI99+/m
3
)
 

Applying the maximum country 

damage factor (Egypt: 0.823 EI99+/m
3
) 
 

Average
1 

Low
1
 High

1
 Average

1
 Low

1
 High

1
  

Fossil  conventional thermal 2.17E+01 8.68E+00 2.89E+01 1.23E+00 4.94E-01 1.65E+00  

Nuclear 3.33E+01 2.17E+01 5.06E+01 1.89E+00 1.23E+00 2.88E+00  

Hydropower 3.62E+02 1.45E+01 8.68E+03 2.06E+01 8.23E-01 4.93E+02  

Alternative systems (e.g. PV, 
wind and geothermal) 

2.89E+00 5.78E-02 6.37E+01 1.65E-01 3.29E-03 3.62E+00  

1 
Average, low and high estimates refer to the respective water consumption values presented in Section 3.2.1.   
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Table S3.3. Uncertainty estimates and EI99HA/EI99+ damage scores for the different impact categories, 

including high and low estimates, for the global average technology mix of power generation.  

 

Impact 
category 

k-factors
1 

EI99HA / EI99+ scores per MWh of power generated 
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9
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Acidification/ 
Eutrophication 

1.23 1.85 1.91 7.78E-01 3% 1.49E+00 3%
3
 4.07E-01 3%

3
 

Carcinogens 2.68 1.96 3.30 9.94E-01 4% 3.28E+00 7%
3
 3.01E-01 2%

3
 

Climate 
change 

1.13 1.75 1.78 3.56E+00 14% 6.33E+00 13%
3
 2.00E+00 15%

3
 

Ecotoxicity 1.60 1.86 2.18 1.47E-01 1% 3.20E-01 1%
3
 6.74E-02 0%

3
 

Fossil fuels 1.49 1.42 1.70 1.04E+01 41% 1.76E+01 35%
3
 6.10E+00 45%

3
 

Land use 2.68 1.90 3.24 3.85E-01 2% 1.25E+00 3%
3
 1.19E-01 1%

3
 

Minerals 1.30 1.60 1.71 4.07E-02 0% 6.96E-02 0%
3
 2.38E-02 0%

3
 

Ozone layer 1.53 1.27 1.63 4.97E-04 0% 8.10E-04 0%
3
 3.05E-04 0%

3
 

Radiation 3.54 1.11 3.56 9.83E-02 0% 3.50E-01 1%
3
 2.76E-02 0%

3
 

Resp. 
inorganics 

1.21 1.84 1.90 8.64E+00 34% 1.64E+01 33%
3
 4.55E+00 33%

3
 

Resp. 
organics 

1.57 1.48 1.81 4.43E-03 0% 8.01E-03 0%
3
 2.45E-03 0%

3
 

Total EI99HA   1.39
1
 2.50E+01 99% 4.71E+01

3
 95%

3
 1.36E+01

3
 100%

3
 

Water 
consumption 

  8.05
2 

3.32E-04 1.3% 2.69E+00 5.4%
3
 4.13E-02 0.3%

3
 

Total EI99+   1.39 2.50E+01 100% 4.98E+01
3
 100%

3
 1.36E+01

3
 100%

3
 

1 
k-factors (dispersion factors) represent the uncertainty of individual environmental flow estimates and different 

inventory datasets of power generation technologies as supplied by the ecoinvent v2.1 database (see section 

3.2.4.2). For water consumption, the dispersion factor “k combined” is directly derived as described in section 

3.2.1, while for the other impact categories it is based on error propagation of k-values for environmental flows 

and regional variability.  

2 
Note that the k-factor from water consumption is by far the highest but does not significantly translate into the 

EI99+ single score uncertainty due to the low contribution of water consumption to total damage (5%). 

3 
These total EI99HA and total EI99+ scores are the sums of low and high estimates, respectively, and thus do not 

represent the k-factor of the total EI99HA and EI99+ scores (both 1.39, assuming uncorrelated impact categories). 

They would represent the 95% confidence interval for assuming complete positive correlation of all impact 

categories, and hence feature k-factors of 1.86 and 1.91 for total EI99HA and total EI99+ scores, respectively. 

  



 82 

 

Figure S3.1. EI99+ damage scores for different impact categories for the electricity market mix in Mexico, 

Canada and the USA, compared to the global average power mix. ―Resp.‖ denotes respiratory impacts. EI99 

scores are calculated based on global average technology inventories and country production mixes. 

 

 

Figure S3.2. Total environmental damage of electricity production in European countries measured as EI99+ 

scores: Production mixes (Prod Total) and market mixes (Market Total) are compared to the supply mixes as 

calculated in the ecoinvent database v2.1 (Ecoinv Total), which neglects re-exports of imported electricity.   
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Abstract 

 

Global agricultural production is causing pressure on water and land resources in many places. In 

addition to local resource management, the related environmental impacts of commodities traded 

along international supply chains need to be considered and managed accordingly. For this purpose, 

we calculate the specific water consumption and land use for the production of 160 crops, covering 

99.96% of globally harvested mass. We quantify indicators for land and water scarcity with high 

geospatial resolution. This facilitates spatially-explicit crop-specific resource management and 

regionalized life cycle assessment of processed products. Cultivation of wheat, rice, cotton, maize 

and sugar cane, which are the major sources of food, bioenergy and fiber, is the main driver for water 

scarcity. According to globally averaged production, substituting biofuel for crude oil would have a 

lower impact on water resources than substituting cotton for polyester. For some crops, water 

scarcity impacts are inversely related to land resource stress, illustrating that water consumption is 

often at odds with land use. On global average, maize performs better than rice and wheat in the 

combined land/water assessment. High spatial variability of water and land use related impacts 

underlines the importance of appropriate site selection for agricultural activities.  

 

Brief: Both, amount and related impacts of water and land used in farming vary largely by location 

and reveal trade-offs between these resources in different settings. 
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4.1 Introduction 

 

Almost 40% of the world population and many ecosystems are suffering from water scarcity (Oki 

and Kanae 2006). Global stress on water and land resources is increasing as a consequence of 

population growth and higher calorific demands on food. Agricultural production is currently 

responsible for 85% of global consumptive freshwater use (Shiklomanov 2003) and it is projected to 

double by 2050 (Tilman et al. 2002). Global production of biologically-derived energy and material 

sources (e.g. biofuels and biological textiles) is expanding and will most likely lead to a substantial 

increase in agricultural production in the future (Melillo et al. 2009). As a result of these pressures, 

water scarcity and land degradation rival climate change as major environmental concern in many 

regions of the world. Hence, there is a strong need for accurate estimates of water and land use and 

linked environmental impacts, and for relating these to agricultural commodities.  

The environmental impacts of water consumption and water stress are manifold. Aquatic organisms 

may be directly affected by water abstraction, while groundwater-dependent terrestrial ecosystems 

downstream of the location of water use may also suffer from reduced water availability 

(Falkenmark and Rockstrom 2004; Maxwell and Kollet 2008; Millennium Ecosystem Assessment 

2005). Water scarcity decreases crop yields, and people, especially in the developing world, may 

suffer from malnutrition (Pfister et al. 2009). Fossil groundwater resources, reservoirs, and lakes are 

already being depleted in many regions (Rockstrom et al. 2007). All these environmental impacts are 

heavily dependent on spatial conditions. One liter of water consumed in the Nile watershed, for 

instance, does not compare to one liter of water from the Mississippi, because water is much scarcer 

in the Nile watershed. Therefore, it is necessary to weigh water use according to the environmental 

relevance at the specific location. From a ―polluter pays‖ perspective it is highly relevant to associate 

environmental impacts with products. Depending on the crop type, the production system and the 

environmental conditions, large differences regarding water and land use are observed. 

Environmental assessment metrics are required to compare cultivation of alternative crops and in 

different locations. The resulting insights are equally relevant for guiding producer or consumer 

decisions, especially in the field of product-based life cycle assessments (LCA) (Pfister et al. 2009) 

and the emerging water-footprint analysis (Gerbens-Leenes et al. 2009; Pfister and Hellweg 2009; 

Ridoutt and Pfister 2010), which focus on life cycles of products and services, encompassing the 

entire value chain.  

Environmental impacts from using land and water, which are limiting resources in agriculture, show 

substantial trade-offs: Yield maximization leads to diminished land use, but can result in low water-

efficiency irrigation (Rockstrom et al. 2007; Wisser et al. 2008). Rainfed agriculture in semi-arid 

regions, in contrast, occupies more land than irrigated cultivation. Generally, agriculture can either 

expand to areas with productive natural ecosystems in humid areas or on irrigated marginal lands in 

arid climates. A combined assessment of land and water-use associated impacts of agriculture has 

been lacking so far in the literature. 

In this paper, we model global water consumption and land use in the cultivation phase of 160 crops 

(Table S4.1) with a high spatial resolution of 5 arc-minutes.  For assessing the environmental 

relevance of water consumption, we weigh the irrigation water volume with a spatially-explicit 

water-stress index (WSI) ranging from 0-1 (Pfister et al. 2009). In order to contrast the estimated 

water-use impacts with those related to land use, the area and time of land occupied is modeled and 

weighted with a land-stress index (LSI). Using the scarcity indicators proposed, we assess the impact 



 86 

to land and water resources of global crop-cultivation and discuss the related trade-offs. Both, 

different crops and production locations are compared. To include the socio-economic perspective of 

the agricultural sector, crops are also evaluated with respect to their economic value. Finally, to 

demonstrate the relevance of freshwater use and its interrelation with climate change and land use, 

the case of textile and biofuel production is selected, as biotic fiber and energy production compete 

for the limited natural resources by replacing fossil resources.  

 

 

4.2 Methods  

Quantifying water consumption and land use. Spatial distributions of yield and production 

volumes of each crop are provided from analysis of remote sensing and statistical data (Monfreda et 

al. 2008; Ramankutty et al. 2008). From these studies, land use per agricultural output can be directly 

quantified on high spatial resolution.  

Water consumption refers to the amount of water that is not released back to the watershed from 

which it has been withdrawn, i.e. due to evaporation or plant uptake. We estimated water 

consumption applying the ―green‖ and ―blue‖ water concept (Falkenmark and Rockstrom 2004): 

Green water denotes water available from precipitation and soil moisture, while blue water 

represents ground and surface water. Total water consumption (TW) in this study includes green and 

blue water consumption, while blue water consumption (BW) only accounts for irrigation water and 

direct groundwater uptake by deep roots (e.g. by grapes). 

 

Theoretical water consumption. Crop water requirements per crop period (CWR; mm) are 

calculated for each crop on a monthly basis (index i) as defined in the CROPWAT model (FAO 

1999):   

, , 0,c i c i i

i i

CWR ET K ET           (4.1) 

where for each month i and crop c, ETc,i (mm) is the specific evapotranspiration, Kc,i (–) is the 

specific crop coefficient and ET0,i (mm) is the reference evapotranspiration as reported by FAO 

(FAO 2004).  

Kc-values, the starting date and durations of the growing phases are provided for all crops for 6 

global climate zones in Chapagain et al. (Chapagain and Hoekstra 2004). Based on this data, we 

calculate daily Kc-values and averaged them for each month of the growing period to derive monthly 

Kc,i values. Theoretical total water consumption including both blue and green water (TWCROPWAT; 

m
3
 Mg

-1
) is computed applying yield values (Mg ha

-1
) which are available for each crop on a 5 arc-

minute grid for the year 2000 (Monfreda et al. 2008): 

10
CROPWAT

CWR
TW

Yield
          

 

(4.2) 
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Irrigation water requirements (IWR) per crop period are calculated by summing the monthly 

irrigation requirements (IWRmonthly), which were quantified for each grid cell according to 

CROPWAT (FAO 1999): 

, , , , , ,

,

, , ,0

c i e monthly i c i e monthly i

monthly i

c i e monthly i

ET P for ET P
IWR

for ET P
            (4.3) 

where IWRmonthly,i is the IWR in month i (mm) and Pe,monthly,i is effective precipitation in month i 

(mm). Effective precipitation denotes the precipitation share actually available to crops. To increase 

robustness of the results, we used the average IWR resulting from applying two different approaches 

to calculate Pe,monthly,i (Supporting Information).  

The theoretical blue water consumption (BWCROPWAT; m
3
 Mg

-1
) is derived from IWR and related 

yield values (Mg ha
-1

): 

10CROPWAT

IWR
BW

yield

          

(4.4)

  

Deficit water consumption. CWR and IWR calculations are based on theoretical water consumption 

under optimal irrigation. In practice, less water than calculated IWR is often applied for irrigation 

due to lack of irrigation facilities or for reasons of enhanced crop water-productivity (Jongschaap et 

al. 2009). Such deficit irrigation is often optimized in regions where land is not a limiting resource 

and water is rather scarce (e.g. Australia). In order to compute the area shares of irrigated cropland 

(IrrCropland%; %), we combine a global map of percentages of irrigated area (IrrArea%; %) (Siebert 

2007) with a global map of cropland shares (Cropland%; %) (Ramankutty et al. 2008). Accordingly, 

the deficit blue water consumption of each crop (BWdeficit; m
3
 Mg

-1
) is obtained by: 

% 10deficit

IrrCropland IWR
BW

yield

         

(4.5)

 

In this calculation, we assume that all crops in each grid cell have an equal fraction of area under 

irrigation.  

Deficit irrigation reduces total water consumption (TWdeficit) by the difference of BWdeficit and 

BWCROPWAT. 

Expected water consumption. Both theoretical and deficit total water consumption tend to rather 

represent estimation boundaries than expected results. Theoretical water consumption overestimates 

irrigation water consumption where water deficit irrigation is practiced. Deficit water consumption 

as calculated above generally underestimates water consumption as actual irrigation might be higher 

than reported in available datasets. We used the arithmetic mean of the theoretical and deficit 

irrigation calculations to quantify expected the water consumption TW and BW.. As variation in the 

different model outcomes can be considerable, we calculated the variation factors (VF) as the range 

between maximum and minimum values normalized by the average result.  

Assessing the impact of water use. The competitive pressure on regionally available water due to 

water scarcity is a function of water use, availability and variability in precipitation, indicated by the 

Water Stress Index (WSI, Figure S4.1; see (Pfister et al. 2009) for the deduction of this indicator). 
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We call the WSI-weighted water volume consumed ―RED (Relevant for Environmental Deficiency) 

water‖. RED water is measured in m
3
 water-equivalents (m

3
eq) and represents a surrogate indicator 

for the amount of water deficient to downstream human users and ecosystems. WSI is available for 

the major watersheds of the world (more than 11‘000) (Pfister and Hellweg 2009) and is transformed 

to the 5 arc-minute resolution for the calculations of RED water. 

The RED water consumption (RW; m
3
 Mg

-1
) is derived by multiplying BW by the water stress index 

(WSI) in the specific location i (Pfister and Hellweg 2009): 
 

i i iRW BW WSI            (4.6) 

 

Land stress. Similar to water-use related environmental impacts (RED water), the impacts due to 

land occupation vary regionally. Quality of land is complex, comprising intrinsic values (e.g. 

biodiversity) and ecosystem services (e.g. carbon sequestration potential). There is currently no 

consensus on one single indicator to quantify land quality (Zhang et al. 2010). We used the net 

primary productivity (NPP; kg C m
-2

 yr
-1

) of the natural reference vegetation in the respective grid 

cell j (NPP0,j) as a proxy for potential land quality. NPP is an ultimately scarce resource on earth and 

one of the major and objectively quantifiable metrics for ecosystem services (Zhang et al. 2010). 

Both from an ecosystem services and land scarcity perspective higher NPP values are considered 

valuable, although ecosystem value does not always correlate with NPP. Our approach does not give 

credits for the remaining land-quality attributes, e.g. differences in ecological quality between 

different crops or farming practices such as organic production. Studies of land-use impacts have 

indicated that biodiversity is largely reduced in agricultural production and only a minor part of 

ecosystem quality is left. NPP0 data on a 5 arc-minutes resolution (Haberl et al. 2007) is acquired to 

calculate a land stress index (LSI), ranging from 0-1 (Figure S4.1): 

0,

0

j

j

,max

NPP
LSI

NPP
             (4.7) 

where NPP0,j is NPP0 in grid cell j and NPP0,max is the maximal NPP0 of natural vegetation on the 

earth (~1.5kg C m
-2

 yr
-1

, (Haberl et al. 2007)). 

The area directly occupied for a defined time period by the production of a certain crop, i.e. the area-

time equivalent (Atgrowth; m
2
 yr kg

-1
) is specified by the yield (Mg ha

-1
) and the crop period (tc; yr) 

For perennial crops tc is 1 year as the yield is reported per year even if the cultivation period differs. 

Crops are usually cultivated in the most productive period of the year, and between two crop 

rotations some period of fallow is generally required due to soil or temperature limitations. We 

therefore relate the duration of land occupation to the length of the growth period (LGP; yr, (Fischer 

et al. 2000)), i.e. the share of the year when temperature and soil moisture permit crop growth: 

10

1 10

c j c

occupation

j c

t LGP yield for t LGP
At

yield for t LGP

       

(4.8)
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The land stress related to crops, measured in m
2 

yr land-equivalents (m
2 

yreq kg
-1

), quantifies loss of 

natural, productive land in equivalents of the globally most productive areas and is calculated for 

each grid cell j as: 

,j j occupation jland stress LSI At            (4.9) 

 

Economic values of crops. While for the comparison of different grains the impact per weight is an 

appropriate reference to evaluate alternatives from a nutritional point of view, this is not meaningful 

for comparing grains with other crops for food, fiber or biofuel production, such as tomatoes, vanilla 

or sugar cane. Hence, the results are related to economic values of the crops. These are estimated 

based on producer prices in the five most populated countries: China, India, USA, Indonesia and 

Brazil. These countries are main producers of  agricultural goods, cover different climatic regions, 

and include 48% of global population (UN Population Division 2009). The producer prices are 

retrieved from PRICESTAT (FAO 2009) for 121 crops and the years 2000-2006. Further details are 

described in Supporting Information. 

Biomass vs. fossil fuels. We analyzed the life cycle cumulative energy demand of cotton fiber and 

biofuels from five feedstocks, and calculated the net difference to polyester and fossil fuels they 

would offset, respectively. Cotton competes with polyester in textile production. Assuming general 

equivalence in functionality, we approximate that 1kg of cotton textile replaces 1 kg of polyester 

(Kalliala and Nousiainen 1999). Production of 1 kg of cotton textile consumes between 40.6 and 47.7 

MJ fossil fuel (average: 44.2 MJ kg
-1

) (Kalliala and Nousiainen 1999) whereas polyester textiles 

require approximately 82.2 MJ kg
-1

 (including energy in feedstock) for the entire production chain 

(Kalliala and Nousiainen 1999). To produce 1 kg of cotton textile, 2.43 kg of seed cotton is required 

(Chapagain et al. 2006). This results in a fossil fuel saving of 15.6 MJ kg
-1

seed cotton (Table 

S4.2).Life-cycle fossil fuel savings of the major first-generation biofuels (Zah et al. 2007) compared 

to the fossil fuels they can replace are examined. We include energy losses in the production chain 

(Table S4.3) and compute the fossil fuel energy saving per mass of harvested feedstock (Table S4.4). 

Finally, we relate RED water and land stress caused by biomass production to the respective net 

fossil energy savings. 

 

4.3 Results  

 

Global distribution and hotspots of agricultural water and land use. Total water consumption 

(TW) per tonne (Mg) of harvested crop depends only weakly on climatic conditions. Thus, the global 

distribution of total water consumption reflects almost directly the degree of agricultural activity 

(Figure S4.2). A similar regional distribution of intensity is obtained for land and water use (Figure 

S4.3A). However, e.g. in Pakistan there is mainly pressure on water resources and almost no land-

use impacts; in Indonesia we find the opposite case. The summed land stress of all crops per model 

cell directly indicate local pressure on land resources. BW estimates need to be put in relation to the 

available water for a hotspot assessment of water scarcity (Figure S4.3B): agriculturally caused water 

stress, quantified as the ratio of annual blue water consumption to availability, are heavily influenced 
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by precipitation amounts. This analysis may shift hotspots of water consumption. For example, in 

China, critical regions extend from the Northeast to the Northwest.   

 

Product-related analysis. For product-related assessments, the RED water and the land stress were 

quantified per crop. Our analysis shows that wheat, rice, cotton, maize (excluding forage), and 

sugarcane, account for 49% of the RED water and 42% of land resource stress caused by worldwide 

agriculture (Figure S4.4). Three of these crops, namely wheat, rice and maize, provide about 60% of 

the current global food calorific content and contribute in total between 37% and 38 % to global 

RED water and land stress. In addition to their use as foodstuffs, maize and sugarcane are also major 

sources of biofuel feedstock, whereas cotton supplies about 40% of global textile fibers (Chapagain 

et al. 2006).  

Spatial variability of RED water varies largely as both irrigation intensity and water stress fluctuate 

substantially among different climatic regions. Figure 4.1 depicts the spatially explicit RED water 

per tonne for wheat, rice, and maize. Wheat production in central and northern Europe, for instance, 

is mostly rainfed and therefore has almost no blue and RED water consumption, whereas large 

environmental impacts may result from wheat production in arid regions, such as Texas or northern 

India. Similarly, rice, which is almost irrigation-free in South-East Asia, features high RED water in 

central Asia. Spatial variability is not bound to country boundaries, but rather to climatic and 

hydrological conditions. In fact, for many crops the coefficient of variation (CV) of RED water 

consumption is higher within countries than the global CV of the same crops (Supporting 

Information, Table S4.8).  

Comparison of median and 25%-percentiles of country average RED water values for ten major 

crops with the respective worldwide production-weighted average (Figure S4.5) indicates that a large 

production share is situated in areas with water scarcity: The global production-weighted average is 

higher for the considered crops than the median values and for cotton, sugarcane and groundnuts, 

even above the quartiles. 

The average RED water per US Dollar ($) economic turnover for 121 considered crops is 0.97 m
3

eq 

$
-1

. Most crops (83%) feature a value between 0 and 2.00 m
3

eq $
-1

 but there are also exceptions: Oil 

crops grown mainly in developing countries, such as castor and safflower, have the highest values 

(15.8 and 9.8 m
3

eq $
-1

, respectively), which reflects high water consumption for low value crops. The 

land stress of global agricultural turnover is 4.11 m
2
yreq $

-1
. Highest values of more than 20 m

2
yreq $

-

1
 are attributed to production of low-yielding crops such as millet, sorghum and coconut, while 

vegetables and fruits feature lowest values. 
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Figure 4.1. Specific RED water consumption of the globally most important crops: wheat, rice and 

maize. 
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Land/water trade-off. Comparing current global average land stress and RED water of the different 

cereal types with the overall average of all grains reveals four compartments of relative 

environmental performance (Figure 4.2A): While maize and rice perform better than average 

regarding land and water impacts (++), wheat and millet have higher impacts in both dimensions (--). 

Oats, rye, and barley are typically grown in temperate, productive climates without irrigation and 

feature higher relative land than water pressures (-+). These results need to be qualified by their large 

variability in blue water consumption and yields (blue ovals in Figure 4.2A) and care should be taken 

in using these results for generalized crop evaluations. For instance, millet performs rather badly 

with regard to both dimensions. This is due to very low yields as millet is often cultivated with low 

intensity and in unfavorable climatic conditions where high-performance crops might not grow. The 

latter aspect reflects the non crop-specific dimension: The spatial distribution of cultivation highly 

influences the global average value. The land/water tradeoff is therefore more a question of location 

than of crop characteristics. Figure 4.2B indicates the areas where the pressure on water resources is 

relatively more important than land use or vice-versa. Water use is generally more relevant in arid 

areas, but also in relatively humid areas in India and northeastern China, where intensive irrigation 

and population pressure leads to high water impacts. 

Production of fibers vs. biofuels. Cotton needs more than twice the amount of RED water per MJ 

of fossil fuel saved compared to rapeseed, the highest value for biofuel feedstock (Table 4.1). 

Considering current global crop production, palm oil biodiesel is the best option concerning water 

consumption for reducing fossil fuel use. Yet, palm oil globally has higher impacts on land than 

sugarcane and would be less favorable regarding ecosystem damage and greenhouse gas emissions if 

tropical forests are replaced (Fargione et al. 2008).  

 

 

Table 4.1. RED water and Land stress impacts per fossil fuel offset by various bioenergy crops and for cotton 

fiber.  

Feed-stock 
Feedstock 

Origin 

Net fossil fuel  

offset of crops
*
 

(GJ Mg
-1

) 

RED Water per  

fossil fuel offset  

(m
3
eq GJ

-1
) 

Land stress per  

fossil fuel offset 

(m
2
yreq GJ

-1
) 

Cotton global mix 15.6
 

84.3
* 

101
* 

Maize USA 4.10 

 

10.4 83 

 global mix 21.8
†
 151

†
 

Sugar cane 
Brazil 

global mix 

2.02 

 

0.54 

16.9
†
 

45 

40
†
 

Palm oil 
Malaysia 

global mix 

10.6 

 

0.06 

0.35
†
 

37 

51
†
 

Soy bean 
USA 

global mix 

6.98 

 

12.7 

20.4
†
 

158 

160
†
 

Rape-seed 
Switzerland 

global mix 

11.2 

 

0.85 

36.0
†
 

102 

159
†
 

 

*
 Results are based on net fossil fuel offset by bio-based goods compared to conventional fuels and polyester, 

respectively. The figures also account for life-cycle energy demand and energy content of feedstock for 

polyester. 
 

†
 Calculated based on energy offset of specified countries and global average RED Water and land stress of 

feedstock. 
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Figure 4.2. Land/water tradeoff: global average RED water and land stress of the most relevant grains with ± 

0.5 SD described by blue ovals (A). We split the chart in 4 compartments by the average values for total grain 

production: 0.927 m
2
yreq kg

-1
 and 182 litereq kg

-1
. Considering total global crop production, the ratio of water 

to land impacts maps high relevance of water use in red areas (B). 
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4.4 Discussion 

 

Appropriateness of resource indicators. The deviations between agricultural water consumption 

and general water stress (compare Figure S4.3) illustrate that total and blue water consumption are 

often not sufficient indicators of stress on water resources. Therefore, an additional weighting is 

needed for meaningful product assessments and comparisons of water footprints. While for global 

analysis of water consumption the ratio of total water use to availability has been established as an 

indicator of water stress (Alcamo et al. 2003), for single product-related information RED water is a 

suitable choice (Ridoutt and Pfister 2010). RED water accounts for crop- and location-specific 

irrigation water consumption and weighs it with cumulated water use and availability in the 

respective region. These are all relevant factors when it comes to the resource-related impact of 

water consumption. Compared to conventional total or blue-water footprints (Chapagain and 

Hoekstra 2004), the RED water indicator thus includes more information that helps to differentiate 

products according to their environmental relevance. For instance, tropical crops like coffee, cacao or 

palm oil become less relevant in RED water assessments compared to their total and blue water 

assessment, while crops mainly grown in areas with high water scarcity, such as cotton, remain of 

high relevance.  

Concerning land use, a simplified indicator for land scarcity was defined in order to be able to apply 

it globally. Although this indicator does not capture all major effects of land use, such as biodiversity 

loss or carbon sequestration by soils, it is a feasible and useful first step to quantitatively account for 

land scarcity and efficiently capture one of the crucial aspects of land quality. Intensity of land use 

and effects of crop rotations are not included. 

Application of results. The presented results allow us to enhance life-cycle based product 

information such as ecolabels of food products, biofules and textiles, which currently often only 

address climate-change impacts (‗carbon footprinting‘), which is of limited usefulness for 

agricultural products. Although the presented indicators are rather coarse and based on many 

simplifications, their use is important to jointly account for impacts on land and water resources in 

decision-making of various stakeholders. These impacts are otherwise not considered. There is a 

large demand for such environmental product information by consumers and particularly by retailers 

and food processing companies. They use this information in sourcing their products and, in the 

process, may induce a reduction of demand for high-impact commodities. For broader applications, 

the water consumption and land use data modeled on high spatial resolution for most crops provides 

required inventories for better assessing agricultural products in LCA. Our results are hence closing 

an important data gap for assessing products using biomass as feedstock. Also, the information may 

be employed as a screening device to identify products that require a more detailed assessment on 

farm level, potentially leading to revised regional resource management strategies to address scarcity 

of water or land.  

Optimization of global agriculture requires special evaluation of local circumstances. Variation in 

specific water consumption and land use also depends heavily on soil properties, crop management, 

and socio-economic factors. Aside from this, the information on spatially resolved impacts may be 

used as a basis for integrating compensatory mechanisms or offsetting programs to the assessment of 

impacts. This would (a) make relatively harmful products more expensive, thus lowering demand, 

and (b) provide a means of financing ecosystem service or biodiversity conservation programmes, 

complementing similar efforts to reduce and compensate for greenhouse gas emissions. On a country 
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level, per-capita land stress and RED water consumption can be used to identify economies with high 

reduction potentials (Figures S4.6-S4.7). 

Comparison to previous studies. Previous studies extrapolated global estimates from a limited set 

of agricultural crops (Siebert and Döll 2010; Rost et al. 2008; Liu et al. 2009) or on a country-based 

spatial resolution (Chapagain and Hoekstra 2004). In comparison with these studies, our global total 

water consumption results are in the lower range (5519 km
3 

yr
-1

 compared to 5500 - 8000 km
3
 yr

-1
), 

while the global blue water (BW) estimate is rather high (1772 km
3
 yr

-1
, compared to 929 – 1870 

km
3
 yr

-1
). The relatively low total water (TW) reflects deficit irrigation (supply below full crop-water 

requirement) practiced in many regions of the world to improve crop water productivity or due to 

lack of irrigation facilities. The presented blue water consumption values are rather high as they are 

based on effective yields, which are often much lower than modeled yields, and also implicitly 

include rainwater harvesting techniques and plant groundwater uptake. However, due to the high 

uncertainty in irrigation coverage, specific blue and RED water consumption should be further 

evaluated with the deficit-irrigation estimates (Figure S4.2, Tables S4.6-S4.7) for assessing the 

robustness of the results: Deficit irrigation practices are included in our BW estimates by averaging 

the theoretical optimal irrigation-water consumption and irrigation amounts based on the reported 

share of irrigated area (BWdeficit). BWdeficit can thus be considered to represent the lower margin of 

irrigation-water demand. Especially in Africa and tropical regions, where irrigation is often absent 

these low estimates might be more appropriate – although not conservative regarding environmental 

performance. Under this consideration, millet and quinoa which feature the highest RED water 

among grains become less critical. 

The main benefits of our study are the combined land/water assessment based on common sources 

and the provision of regionally explicit water consumption values for a large range of individual 

crops, covering most of worldwide agricultural output. Within countries, large variations in water 

consumption and environmental impacts exist (Figure 4.1, Figure S4.3). Country average 

information, as practiced in many previous studies, therefore does not allow for a proper analysis, in 

particular not for countries such as China, India and the USA. The current study hence allows for 

more detailed and precise assessments. 

Land-water tradeoff. Global agricultural production shows a clear spatial tradeoff between water 

and land resource pressure (Figure 4.2). Temperate regions with relatively low natural NPP and high 

water availability are performing best in the combined land/water assessment. However, these 

regions are already occupied and future expansion of agricultural production needs further evaluation 

of potential impacts. Here, the combined land/water assessment illustrates the need for a 

multidimensional assessment, including further potential indicators. To test the theoretical plant-

specific differences in land use and water consumption, we modeled irrigation water demands for 

maize and wheat applying theoretically attainable yields from FAO (33) on generally suitable areas 

for cereal production: No significant difference in yield and irrigation requirements is observed 

although current production shows a high gap (Figure 4.2A). The current differences may be due to 

additional properties of the crops (e.g. drought resistance) or economic profitability, resulting in cash 

crops to be grown with priority at suitable production sites. They also illustrate the role of miss-

harvest and poorly managed agriculture as drivers for overuse of natural resources. As we used data 

on actual yields and irrigation in our study such effects are included and add to the spatial variability 

and further indicate priorities to take action. Thus, Figure 4.2A should be understood as a description 

of the status quo of current global average impacts of grain production on land and water resources, 
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with limited usefulness for decision-making on crop choices without including spatial variability 

(Figure 4.1, Figure 4.2B). 

The example of millet illustrates some of the limitations of our assessment: High land and water 

impacts are most likely because millet is drought resistant and therefore often grown on marginal 

lands with low productivities. Consequently, yields are rather low and land demand rather high. 

Low-intensity cultivation is only partly compensated by the low LSI of such regions, while less 

disturbance of the environment is not accounted for in the assessment of land stress. Reduced water 

consumption can be accounted for by applying BWdeficit as discussed above. 

Biomaterials. To minimize water stress per unit of fossil fuel depletion avoided, our findings 

suggest that driving with biofuels is currently more sustainable than dressing in cotton. Equivalent 

calculations for land use show less total variability among crops, and cotton performs within the 

range of an average biofuel. Although cotton textiles are widely used, their application should be re-

considered. However, environmental impacts of biofuels are also substantial and fossil fuel 

consumption should be rather limited by reducing energy demand and using renewable energy 

sources other than biofuels. 

Outlook. The combination of the local and global assessments will help to compare the 

environmental impacts of intensification and expansion scenarios in the future and to decide upon 

where investment in agriculture could be most reasonably allocated. This study provides the basis for 

a global comparison regarding water and land use. In addition, inclusion of trade data may allow 

connecting the location and severity of environmental impacts to the goods consumed for 

implementing the polluter pays mechanisms. This ultimately supports the development of less water-

intensive economies and to invest in sustainable local water resource management. Furthermore, our 

results allow the inclusion of water and land use impacts in LCA, by providing detailed inventory 

data with global coverage, and also enhance the applicability of water footprints.  
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4.5 Supporting Information  

 

Effective Precipitation (Pe,monthly). Pe,monthly denotes the monthly precipitation amount actually 

available to crops, and is calculated from monthly precipitation data (Pmonthly). We used Pmonthly data 

reported by the “CRU 2.0 TS” database (Mitchell and Jones 2005)  and applied two different 

approaches to calculate Peff,monthly,i that are suggested in CROPWAT (FAO 1999): (i) the default 

“USDA soil conservation” method (Pe,monthly,USDA) and (ii) the alternative FAO method (Pe,monthly,FAO): 
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Economic values of crops. We calculated the average value of each crop based on the producer 

prices in five countries (China, India, USA, Brazil and Indonesia) weighted by the country-specific 

production volume and used the average producer price as proxy for the global crop value. We 

refrained from using world market prices as we are interested in the value of the crops independent 

of whether they are traded as global commodities or traded only in local and regional markets.  

For plantain, mixed grain, vetches and lupine no prices were available for the five major countries 

selected. Plantain economic value is calculated based on the top nine producer countries reporting 

producer prices (Uganda, Colombia, Nigeria, Ghana, Rwanda, Peru, Côte d'Ivoire, Cameroon and 

Democratic Republic of Congo). All producing countries reported in PRICESTAT (FAO 2009a) are 

used to calculate prices of mixed grain, vetches and lupine. The prices for papaya in Brazil did not 

seem realistic (ranging from 10 to 12‘713 USD per tonne for the individual years 2000-2006) and 

therefore these values were excluded. As no prices were available for forage crops, we neglected 

them in this analysis. 

 

 

Spatial variability and national/global average values. Crop-production related values of total 

(TW), blue (BW), deficit blue (BWdeficit), RED and deficit RED (RWdeficit) water consumption, land 

occupation and land stress for all producing countries are derived by aggregating the respective 

values over all raster cells in each country, using total annual production of each crop i within each 

cell j (CropPi,total,j; tonne) as a weighting factor. For global average values the same procedure is 

applied. Cross-boundary cells are assigned to the country with the highest share of area in that cell: 
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Calculating country average total water consumption values results in a loss of information about 

spatial variability of water use. Countries include often several climatic zones influencing 

evapotranspiration losses and water availability. We therefore calculated the production-weighted 

coefficient of variation (CV) of all RED water values within a country i (using grid cell results 

within each country), where CV is the ratio of standard deviation (δ) to the mean (μ):  

CVi = δi / μi       (S4.4)
 

CVi of RED water consumption for the most relevant crops and the top producer countries are 

presented in Table S4.7. These country values are compared to the CV of global production for each 

crop, to assess whether the relative variability within a country is lower than for the global 

production: In many countries, the relative variability is larger, as shown in Table S4.7, and reveals 

the importance of more detailed regionalized analyses beyond country levels.  

 

 

 
Figure S4.1. Global distribution of the water stress index (WSI; adopted from Pfister et al.(2009)) and the 

land stress index (LSI).   
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Figure S4.2. Total (TW), blue (BW) and deficit blue (BWdeficit) water consumption summarized for each cell.  
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Figure S4.3. Aggregated RED land values for each grid cell caused by crop production of the 160 

considered crops. 

 

 
 

Figure S4.4. Shares of total global RED water (light gray) and land stress (dark gray) for 

cultivation of 160 crops (sorted by RED Water). 

 

 
 

Figure S4.5. RED water consumption per US Dollar ($) producer price for the globally most 

relevant crops in terms of RED water. 
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Figure S4.6. Land stress (m

2 
yr-equivalents) of total agricultural production per capita and year for each 

country. 

 

 

 

 
Figure S4.7. RED water consumption (m

3
-equivalents) of total agricultural production per capita and year for 

each country.  
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Table S4.1. List of the 160 crops which have been modeled in this paper. Together, they account for 99.96%
*
 

of the mass of total global crop production as reported by the production data from FAOSTAT (FAO 2009b).  

Abaca  Cherry  Green corn  Oilseed nes
†
 Sorghum  

Agave  Chestnut  Green onion  Okra  Sorghum (forage) 

Alfalalfa  Chickpea  Green pea  Olive  Sour cherry  

Almond  Chilies etc. Groundnut  Onion  Soybean  

Anise etc Cinnamon Hazelnut  Orange  Spice nes
†
 

Apple  Citrus nes
†
 Hemp Papaya  Spinach  

Apricot  Clove  Hop  Pea  Stone fruit nes
†
 

Areca  Clover  Jute  Peach etc Strawberry  

Artichoke  Cocoa  Jute like fiber Pear  String bean  

Asparagus  Coconut  Kapok seed  Pepper  Sugar beet  

Avocado  Coffee  Kiwi  Pigeon pea  Sugarcane  

Bambara  Cotton  Kola nut  Pimento  Sugar nes
†
 

Banana  Cowpea  Legumes nes
†
 Pineapple  Sunflower  

Barley  Cranberry  Lemon/lime Pistachio  Swede (forage) 

Bean  Cucumber etc Lentil  Plantain  Sweet potato  

Beet (forage) Currant  Lettuce  Plum  Tang etc 

Berry nes
†
 Date  Linseed  Poppy  Taro  

Blueberry  Eggplant  Lupin  Potato  Tea  

Broad bean  Fibre nes
†
 Maize  Pulse nes

†
 Tobacco  

Buckwheat  Fig  Maize (forage) Pumpkin etc Tomato  

Cabbage  Flax  Mango  Quinoa  Triticale  

Cabbage (forage) Fonio  Melon etc Ramie  Tropical fruit nes
†
 

Canary seed Forage nes
†
 Melon seed  Rapeseed  turnip (forage) 

Carob  Fruit nes
†
 Millet  Raspberry  Vanilla  

Carrot  Garlic  Mixed grain Rice  Vegetable nes
†
 

Carrot (forage) Ginger  Mixed grass Root nes
†
 Vegetable (forage) 

Cashew  Gooseberry  Mustard  Rubber  Vetch  

Cashew apple  Grape   Nutmeg  Rye  Walnut  

Cassava  Grapefruit etc Nut nes
†
 rye (forage) Watermelon  

Castor  Grass nes
†
 Oats  Safflower  Wheat 

Cauliflower  Green bean  Oil palm  Sesame  Yam  

Cereal nes
†
 Green broad bean Oilseed (forage) Sisal  Yautia  

 

* Not considered are Jojoba, Leeks, and Tea nes (not else specified),due to lack of regionalized production data, as well as 

Brazil nuts, Chickory, Gums, Hempseed, Karite, Mate, Mushroom, Peppermint, Persimmon, Popcorn, Pyrethrum, Quince, 

and Tung, due to lack of plant specific Kc-values.  
† 

Note that the term “nes” stands for “not else specified,” which means that statistics do not specifically describe the product 

within a product group. 
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Table S4.2: Fossil fuel saving of cotton textiles compared to polyester textiles, the global average water 

consumption (TW, BW and RED water) of seed cotton and the resulting RED water per unit of saved fossil 

energy. 

 

 

Fossil resource 

savings per 

cotton fabric 

cotton fabric 

per seed 

cotton 

fossil resource 

savings per kg 

seed cotton 

TW per kg 

seed cotton 

BW per kg 

seed cotton 

RED water 

per kg seed 

cotton 

RED water per 

fossil resource 

saving 

 (MJ kg-1) (kg kg-1) (MJ kg-1) (m3 Mg-1) (m3 Mg-1) 

 

(m3 Mg-1) (m3 GJ-1) 

 38 0.41* 15.6 3408 1698 1314 84.3 
*
 based on Chapagain et al. (2006) including economic allocation among co-products 

 

 

 

Table S4.3: Energy content, fossil fuel consumption (considering the life cycle until the final production) and 

resulting fossil fuel consumption per energy content of biofuels and conventional fossil fuels 

 

Feedstock Origin Fuel  

Energy 

content of 

fuel 
*
  

Life cycle fossil 

energy demand 
†
  

Fossil energy / energy 

content of fuel 

    (MJ kg
-1

)  (MJ kg
-1

)  (MJ MJ
-1

) 

Maize  US Ethanol 99.7%   26.8  21.2  0.79 

Sugarcane Brazil Ethanol 99.7%  26.8  3.46  0.13 

Palm oil Malaysia Methylester 37.2  10.8  0.29 

Soybean US Methylester 37.2  11.3  0.30 

Rapeseed Switzerland Methylester 37.2  17.4  0.47 

         

Crude oil global mix Gasoline (Petrol)  42.5  55.9  1.32 

Crude oil global mix Diesel  42.8  53.4  1.25 
*
 net calorific value; from EMPA report (Zah et al. 2007).

 

†
 net calorific value; Life cycle fossil fuel demand from the ecoinvent database v2.01 (ecoinvent Centre 2008), at final 

fuel production facility. Includes feedstock in the case of crude oil. 
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Table S4.4: Fossil fuel saving of biofuels compared to conventional fuels and RED water per unit of saved 

fossil energy. 

Feedstock Origin 

Fossil fuel 

saving per 

energy 

content
* 

Energy 

yield 

(energy 

content of 

the crop) 

Net fossil 

fuel 

saving 

per kg 

crop 

TW per  

kg crop 

BW per  

kg crop 

RED 

water per  

kg crop 

RED water 

per fossil 

fuel saving 

  (MJ MJ
-1

) (MJ kg
-1

) (MJ kg
-1

) (m
3
 Mg

-1
) (m

3
 Mg

-1
) (m

3
 Mg

-1
) (m

3
 GJ

-1
) 

Maize  US 0.52 7.81
†
 4.10 537.8 202.4 42.4 10.4 

 global mix    862.9
§
 239.1

§
 89.5

§
 21.8

§
 

Sugarcane Brazil 1.19 1.70
†
 2.02 136.6 35.4 1.08 0.5 

 global mix    171.3
§
 61.6

§
 34.1

§
 16.9

§
 

Palm oil Malaysia 0.96 11.02
‡
 10.55 678.2 14.3 0.6 0.1 

 global mix    946.7
§
 103.7

§
 3.6

§
 0.4

§
 

Soybean US 0.94 7.40
†
 6.98 2046.2 793.7 84.5 12.7 

 global mix    1744.9
§
 688.1

§
 143.5

§
 20.4

§
 

Rapeseed Switzerland 0.78 14.31
†
 11.16 1213.7 108.6 9.5 0.9 

 global mix    1252.8
§
 648.2

§
 401.3

§
 36.0

§
 

 

* 
fuel saving compared to gasoline for maize and sugarcane; compared to diesel for palm oil, soybean and rapeseed 

(data in Table S3). 
†
 net calorific value ; energy contained in the final fuel per kg of harvested crop, based on data from the EMPA report 

(Zah et al. 2007). 
‡
 net calorific value; energy contained in the final fuel per kg of harvested crop, calculated based on ecoinvent v2.01 

(ecoinvent Centre 2008) and data from the EMPA report (Zah et al. 2007). 
§ 

calculated based on energy data for specified countries combined with global average virtual water content. 
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Table S4.5. Global sums of TW, BW and RED Water of agricultural production for the mean, minimum 

(deficit) and maximum (theoretical/CROPWAT) values of the 4 different calculation methods described 

above. 

 

 Global water consumption (m3) 

 Mean Maximum 

(theoretical) 

Minimum 

(deficit) 
 

TW 5.52E+12 6.72E+12 4.18E+12 

BW 1.77E+12 3.32E+12 6.01E+11 

RED Water 8.73E+11 1.41E+12 4.44E+11 

    

 

Occupation 

Land stress 

Global land use (km2*year) 

9.74E+06 

3.78E+06 

 

 

 

 

Table S4.6. Land stress, RED Water and RWdeficit for each crop and each country are provided as separate 

XLS-tables (Dataset S1). 

 

 
XLS-file Worksheet 

Land stress TABLE_SI_Ctry_crop.xls Land_stress 

RED water TABLE_SI_Ctry_crop.xls RED_water 

RWdeficit TABLE_SI_Ctry_crop.xls RW_min 
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Table S4.7. Production-weighted global average land stress and total (TW), blue (BW), deficit blue 

(BWdeficit), RED and deficit RED (RWdeficit) water values for each crop. 

 Land stress TW BW BWdeficit RED Water RWdeficit 

 (m
2
 yr Mg

-1
) (m

3
 Mg

-1
) (m

3
 Mg

-1
) (m

3
 Mg

-1
) (m

3
 Mg

-1
) (m

3
 Mg

-1
) 

Wheat 1'018 1'164 517 202 292.8 168.7 

Rice 822 1'735 294 155 170.7 101.2 

Barley 1'272 959 375 63 137.6 39.7 

Maize 619 863 239 69 89.5 44.7 

Rye  1'345 299 89 18 28.2 11.0 

Oats  1'661 993 390 36 78.4 15.8 

Millet  3'206 4'254 741 114 447.2 96.9 

Sorghum  2'060 2'618 553 157 275.0 101.8 

Buckwheat  1'884 2'231 797 132 262.3 81.2 

Quinoa 3'853 2'497 744 202 329.0 173.0 

Fonio  3'781 4'716 349 14 226.6 10.4 

Triticale  680 268 54 5 17.3 3.1 

Canary seed 3'717 3'431 1'489 27 255.0 9.3 

Mixed grain 903 975 304 13 37.5 4.8 

Cereal nes 2'585 2'907 497 37 159.3 23.0 

Potato  157 231 94 27 36.3 16.5 

Sweet potatoe 159 220 78 18 27.0 10.0 

Cassava  425 546 50 6 8.0 2.5 

Yautia  574 894 123 32 34.6 12.6 

Taro  786 1'194 106 7 7.7 4.9 

Yam  200 310 49 1 1.6 0.1 

Root nes 299 349 147 22 53.2 15.3 

Sugar cane 79 171 62 28 34.1 22.6 

Sugar beet 80 97 48 16 21.0 10.4 

Sugar nes 605 888 250 90 38.7 19.5 

Bean  3'195 4'213 793 214 445.3 165.6 

Broad bean 1'198 1'805 880 375 576.3 328.7 

Pea  1'329 1'507 575 85 170.4 51.2 

Chick pea 2'654 3'244 820 333 666.6 289.8 

Cow pea 7'694 9'215 983 15 228.7 6.7 

Pigeon pea 3'374 4'601 280 50 171.4 45.6 

Lentil  3'916 5'821 2'762 753 2'138.4 697.6 

Bambara  2'573 1'915 1'605 31 79.1 7.9 

Vetch  2'063 2'746 1'637 341 881.3 247.1 

Lupin  1'861 1'306 2'417 78 245.5 56.8 

Pulse nes 3'118 3'292 2'427 700 1'370.5 558.9 

Cashew  9'001 17'586 6'254 967 2'698.2 739.0 

Chestnut  1'593 3'417 1'285 392 617.6 221.7 
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Almond  3'076 7'574 5'030 2'348 4'069.1 2'093.9 

Walnut  1'511 4'266 2'650 1'549 2'113.6 1'395.3 

Pistachio  1'079 9'706 8'603 4'523 7'510.9 4'039.8 

Kola nut  9'221 19'340 5'915 80 671.5 16.3 

Hazelnut  2'045 5'033 3'031 902 2'022.9 615.1 

Areca  4'732 9'621 2'732 904 1'596.4 516.8 

Nut nes 4'782 9'413 2'545 614 1'035.9 400.2 

Soybean  1'117 1'745 688 128 143.5 60.4 

Groundnut  2'086 2'364 1'478 310 750.3 235.1 

Coconut  1'415 2'709 507 144 202.8 76.8 

Oil palm  538 947 104 6 3.6 1.2 

Olive  1'616 3'271 1'806 572 1'442.8 471.6 

Castor  3'920 10'773 6'200 2'249 5'310.1 2'124.8 

Sunflower  2'415 2'726 1'262 218 407.1 108.8 

Rapeseed  1'781 1'253 648 250 401.3 211.6 

Safflower  4'163 4'986 3'681 1'096 2'843.2 964.1 

Sesame  5'664 7'802 1'261 436 635.4 295.2 

Mustard  2'356 1'929 550 27 115.1 5.2 

Poppy 4'844 2'084 229 23 150.5 20.2 

Melon seed  3'551 4'644 1'041 20 318.7 10.5 

Kapok seed  8'243 15'409 2'434 752 484.0 247.8 

Cotton  1'580 3'408 1'698 906 1'314.2 789.1 

Linseed  4'124 4'890 1'270 200 373.1 144.8 

Oilseed nes 6'165 6'206 3'512 664 1'761.5 523.7 

Cabbage (forage) 69 84 22 4 3.0 0.3 

Artichoke  322 689 347 159 210.1 113.3 

Asparagus  840 1'715 468 234 287.1 174.4 

Lettuce  80 97 43 23 29.2 18.7 

Spinach  91 124 49 23 27.6 16.7 

Tomato  79 153 88 52 65.2 47.3 

Cauliflower  89 129 54 30 38.8 25.2 

Pumpkin etc. 172 226 66 29 45.0 24.5 

Cucumber etc. 127 202 64 27 39.7 21.3 

Eggplant  129 177 80 39 40.0 24.5 

Chillie etc. 173 254 84 28 38.1 19.2 

Green onion 116 160 37 11 18.1 6.3 

Onion  187 309 159 67 102.8 51.8 

Garlic  275 431 180 90 111.5 69.2 

Green bean 229 324 122 55 76.7 40.6 

Green pea 233 304 161 64 94.1 49.0 

Green broad bean 630 683 314 67 150.8 31.4 
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String bean 220 326 118 35 28.0 12.5 

Carrot  121 127 69 34 46.1 29.6 

Okra  317 293 213 45 113.0 40.9 

Green corn 316 521 141 53 42.0 23.1 

Carob  2'125 4'899 3'046 915 1'981.0 605.3 

Vegetable nes 169 226 90 30 43.9 20.5 

Banana  372 807 245 67 84.4 39.1 

Plantain  1'087 2'033 649 40 30.4 9.6 

Orange  272 443 148 64 92.5 53.6 

Tang etc. 313 551 184 79 121.7 64.8 

Lemon & lime 263 518 236 122 166.3 100.5 

Grapefruit etc. 229 370 100 44 72.0 36.9 

Citrus nes 874 1'604 619 32 220.7 25.2 

Apple 323 691 333 154 237.6 128.7 

Pear  346 759 340 172 251.5 141.9 

Apricot  431 1'115 697 310 549.2 270.4 

Sour cherry 964 1'336 495 79 118.4 36.2 

Cherry  644 1'295 718 292 425.8 200.4 

Peach etc. 340 782 342 186 243.9 155.7 

Plum  949 1'896 617 281 362.8 216.2 

Stone fruit nes 425 1'708 1'263 578 1'077.5 497.8 

Strawberry  443 376 100 36 44.0 29.9 

Raspberry  897 771 258 28 30.9 4.5 

Gooseberry  668 463 95 6 16.6 1.7 

Currant  515 413 130 11 16.9 2.2 

Blueberry  1'045 704 78 4 2.2 0.3 

Cranberry  658 425 115 3 5.1 0.1 

Berry nes 280 412 221 104 163.8 78.3 

grape   379 592 363 161 246.2 127.2 

Water melon 79 136 55 26 36.7 21.8 

Melon etc. 97 146 78 38 56.5 32.8 

Fig  1'127 2'555 1'518 681 1'141.2 584.0 

Mango  624 1'645 741 328 532.0 273.0 

Avocado  641 1'130 416 157 198.0 110.1 

Pineapple  306 248 48 8 13.1 3.0 

Date  156 1'902 1'672 794 1'522.7 743.2 

Cashew apple 2'230 3566 753 55 60.7 3.5 

Kiwi  209 369 189 108 113.9 80.6 

Papaya  325 567 165 25 65.0 13.8 

Tropical nes 699 1'549 474 196 273.2 136.0 

Fruit nes 652 1'430 532 206 347 168.6 
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Maize (forage) 111 132 61 14 16.6 8.1 

Sorghum (forage) 126 105 53 9 19.9 5.7 

Rye forage 69 101 48 10 11.3 2.3 

Grass nes 154 140 101 17 29.8 8.7 

Clover  41 150 139 132 132.8 130.1 

Alfalalfa  115 150 62 16 16.8 6.8 

Oilseed (forage) 162 164 50 3 4.8 0.3 

Legume nes 99 136 53 14 13.6 4.2 

Cabbage 127 195 63 26 34.3 20.2 

Mixed grass 231 139 48 11 20.6 7.8 

Turnip (forage) 104 120 21 3 2.9 0.2 

Beet (forage) 25 26 8 1 1.0 0.2 

Carrot (forage) 232 158 12 0 0.8 0.0 

Swede (forage) 64 60 10 1 0.4 0.0 

Forage nes 109 164 87 35 72.3 33.1 

Vegetables (forage) 64 74 37 13 19.4 11.7 

Coffee  9'810 16'375 3'763 497 472.4 116.1 

Cocoa  12'188 22'112 5'316 301 203.8 59.9 

Tea  3'557 9'187 3'740 1'434 2'278.6 1'064.2 

Hop  1'597 2'667 1'445 843 68.9 25.7 

Pepper  4'426 5'781 2'111 602 979.2 276.4 

Pimento  3'768 10'705 5'484 2'211 4'007.2 1'890.5 

Vanilla  82'809 136'150 30'865 3'733 714.8 123.4 

Cinnamon 12'701 23'457 3'183 1'146 869.9 442.3 

Clove   34'449 59'701 6'079 1'303 729.7 377.2 

Nutmeg 16'799 36'864 13'715 5'546 8'998.5 4'723.9 

Anise etc. 4'645 5'212 3'467 1'521 3'035.4 1'409.8 

Ginger  1'660 2'905 365 123 255.1 119.6 

Spice nes 2'287 4'387 1'463 644 1'403.8 626.7 

Flax  3'351 3'202 1'077 290 373.9 242.5 

Hemp  1'818 2'651 538 267 386.3 199.8 

Jute  1'778 2'653 320 145 274.5 129.2 

Jute-like fiber 2'624 4'144 1'178 521 807.8 347.2 

Ramie 2'039 4'133 1'503 597 754.2 397.2 

Sisal  6'351 7'810 2'558 161 313 67.4 

Agave  6'136 6'515 996 143 125.7 24.2 

Abaca  9'435 19'067 2'929 909 459.6 199.2 

Fibre nes 8'588 9'917 5'637 296 1'454.2 58.6 

Tobacco  1'214 2'089 679 206 302.6 120.6 

Rubber  7'003 13'151 2'128 606 540.9 227.0 
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Table S4.8. Coefficient of variation (CV) of RED water in countries with high agricultural output and for the global production, based on production-weighted cell 

values for crops with high global water consumption. Country-level CV values larger than CV-values of the global production are marked in orange color. 
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Argentina 3.7 6.0 2.2 4.3 3.2 2.8 0.9 2.9 4.9 - 4.2 4.8 0.6 4.3 1.4 0.5 0.0 

Australia 1.7 0.4 1.8 1.0 1.6 2.0 1.6 1.4 2.1 - - 1.0 1.2 3.0 1.5 1.2 1.5 

Brazil 1.2 7.6 1.3 10 11 0.8 5.3 1.7 5.8 3.4 - 6.0 - 10 1.3 1.7 3.3 

Canada 2.1 - 2.3 0.8 - 2.5 - 0.2 - - - 5.0 2.9 - 0.7 0.5 - 

China 0.9 2.5 1.0 1.4 1.5 1.9 2.7 1.7 1.2 2.6 - 1.0 2.2 1.2 0.8 1.0 1.5 

Egypt 0.3 0.1 0.4 0.3 0.2 0.2 0.2 0.2 0.3 - 0.5 0.3 - 0.3 0.3 0.2 0.2 

France 1.2 2.9 1.1 1.7 1.6 0.9 - 2.6 - - 3.4 2.5 1.1 - 1.8 3.0 - 

Germany 0.5 - 0.5 0.6 0.2 0.6 - 0.3 - - - 0.5 0.6 - 0.6 0.4 - 

India 0.6 0.9 0.7 1.4 1.9 0.9 0.8 0.5 0.6 0.8 - 0.7 0.5 0.5 0.8 0.4 0.5 

Indonesia - 3.4 - 3.3 - 2.0 4.6 1.4 4.2 4.4 - - - - - - 4.1 

Iran 0.6 0.6 0.8 0.8 - 0.6 0.5 0.5 - - 0.5 1.2 - 0.4 0.5 0.6 - 

Italy 2.0 2.3 2.5 3.3 1.9 1.5 - 0.6 - - 0.9 2.3 2.5 - 2.0 2.1 - 

Japan 3.0 2.3 2.7 - - 3.2 1.2 2.7 1.6 - - - - - 2.7 3.7 - 

Mexico 0.7 2.4 1.7 2.2 1.7 1.0 2.3 2.1 1.6 2.9 0.6 0.3 - 1.0 1.4 0.6 2.0 

Myanmar 2.5 2.8 2.4 3.3 - 0.8 0.8 1.1 0.8 0.8 - 1.1 0.8 0.8 0.4 - 0.6 

Nigeria 0.6 3.2 - 3.2 2.0 2.8 1.9 4.5 1.4 0.4 - - - 2.2 - - 2.1 

Pakistan 0.6 0.7 1.1 0.9 0.7 0.6 0.6 - 0.7 - - 1.2 0.6 0.5 0.8 - 0.7 

Philippines - 6.8 - 6.5 - 0.9 2.1 2.5 2.6 2.9 - - - 1.3 - - 2.9 

Russia 1.4 2.6 1.8 1.7 0.5 2.1 - 1.7 - - - 1.0 2.9 2.9 2.1 1.8 - 

 South Africa 1.4 - 0.7 0.9 0.7 0.7 2.2 1.0 0.5 - - 0.9 - 0.7 1.3 0.6 0.2 

Spain 1.2 0.5 1.3 0.9 - 1.2 - 0.4 - - 0.5 0.9 0.7 0.3 0.7 0.6 - 

Thailand 5.4 1.2 - 1.9 3.5 0.6 1.4 0.7 1.0 1.4 - 1.5 - 1.1 - - 1.4 

Turkey 0.9 0.9 0.8 0.9 1.1 0.8 - 0.3 0.5 - 0.7 0.9 0.0 0.4 0.8 0.8 - 

Ukraine 2.0 2.0 2.4 2.1 0.0 2.3 - 2.0 - - - 2.1 2.7 - 1.9 1.8 - 

UK 1.4 - 1.8 - - 1.6 - - - - - - 1.5 - 1.5 - - 

USA 2.5 1.5 2.3 2.5 1.5 2.3 1.0 2.7 1.9 - 0.3 1.8 1.8 1.3 3.0 0.5 0.1 

Viet Nam 1.5 2.1 2.5 5.8 - 2.4 1.4 2.5 2.0 1.6 - - 0.8 2.8 0.0 - 1.5 

Global Production 1.1 1.6 2.4 2.0 2.4 1.5 1.2 2.1 1.2 1.7 0.7 1.8 1.3 0.8 1.1 0.8 0.7 
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ABSTRACT 

 

Global stress on water and land resources is increasing as a consequence of population growth and 

higher calorific food demand. Many terrestrial ecosystems have already massively been degraded for 

providing agricultural land, and water scarcity related to irrigation has damaged water dependant 

ecosystems downstream of the locations of water use. Coping with the food and biomass demand of 

an increased population, while minimizing the impacts of crop production, is therefore a massive 

upcoming challenge. In this context, we develop four strategies to deliver the biotic output for 

feeding the globe in 2050. Expansion on suitable and intensification of existing areas are compared 

to assess associated environmental impacts, including irrigation demand, water stress under climate 

change, and the productivity of the occupied land. Based on the agricultural production pattern and 

related impacts of the different strategies we identified the trade-offs between land and water use. 

Intensification in arid regions currently under deficit irrigation can increase agricultural output by up 

to 30%. However, intensified crop production would lead to enormous water stress in many locations 

and might not be a viable solution. Furthermore, intensification alone will not be able to meet future 

food demand and must be combined either with land expansion or with a reduction of waste by at 

least 50% along the food supply chain. Another side condition is that the future demand for 

agricultural products does not exceed the level of current per-capita meat and bioenergy 

consumption. Suitable areas for expansion of agricultural land are mainly located in Africa, followed 

by South America. The increased land stress is of smaller concern than water stress modelled for full 

intensification. Therefore, a combination of waste reduction with expansion on suitable pastures 

results as the best option, along with some intensification on selected areas. Our results suggest that 

minimizing environmental impacts requires fundamental change in agricultural systems and 

international cooperation, by producing crops where it is most environmentally efficient and not 

where it is closest to demand or cheapest.   

 

Keywords: water scarcity, land use, water footprint, future scenarios, agriculture, expansion.  
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5.1. Introduction 

Agricultural production is currently accountable for 85% of global water consumption (Shiklomanov 

and Rodda 2003) and projected to double by 2050 (Tilman et al. 2002). Irrigated area is expected to 

rise by a factor of 1.9 by 2050, while climate change is amplifying water stress by changing patterns 

of water availability in many parts of the world (Lobell et al. 2008). Finally, global production of 

biological energy resources is expanding and accelerates growth of agricultural production (Melillo 

et al. 2009). As a consequence of these pressures, water scarcity and land clearing represent major 

environmental concerns worldwide.  

The environmental impacts of water consumption and water stress are manifold. While aquatic and 

water dependent organisms are directly affected by water abstraction, there are also significant 

indirect effects. For instance, terrestrial ecosystems downstream of the location of water use may 

suffer from water stress through reduced natural water availability and groundwater drop (Maxwell 

and Kollet 2008; Costanza et al. 2007). Agricultural land transformation and occupation have direct 

ecological impacts on site as well as on the surrounding landscape (Köllner 2000). Generally, 

agricultural cultivation deprives the land of most of its ecological value, e.g through biodiversity 

degradation and disturbance of ecosystem functions. 

Coping with population growth as well as additional per-capita food demand represents a major 

challenge in feeding humanity in the future: The world average caloric intake of about 2800 kcal per 

person-day in the year 2000 is judged adequate for average activities (Lundqvist 2008). However 

there are still about 570 million people living in countries with an average of less than 2200 kcal per 

person-day, which is considered the minimal amount to meet basic nutritional needs (Loftas and 

Ross 1995). Clearly, this situation needs to be improved, while at the same time taking care that the 

impact on the environment remains limited. 

The objective of the current paper is the evaluation of the environmental impacts of water and land 

use related to the future demand of agricultural goods. For this purpose, four cases with different 

strategies to increase food supply are modeled for the year 2050. These cases shall facilitate the 

evaluation of potential impacts on land and water resources of each of these strategies. Furthermore, 

the spatial distribution of land and water use shall be characterized and compared, to illustrate the 

environmental consequences and regional ―hot spots‖ resulting from different actions. The results are 

intended to provide a basis for policies supporting the reduction of environmental impacts, while 

enabling agricultural production to feed the global population. 
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5.2. Methods 

5.2.1 Strategies development 

Four cases are developed which all describe strategies to provide enough food for sufficiently 

feeding the future global population. It is assumed that distributional concerns are taken care of and 

that basic sustainability criteria are met, e.g. that no further land expansion is performed on rainforest 

area and agricultural expansion does not cause freshwater resource depletion. Therefore, the 

strategies do not include the full range of possible developments, as several optimistic, sustainable 

assumptions are made. Rather, they serve as vehicles to evaluate and identify reasonable strategies to 

reach a desirable state of the future, in terms of world food supply. 

To meet the future world food demand, global food provision needs to increase with population 

growth. We use an average of UN (UN Population Division 2009) and US census (U.S. Census 

Bureau 2009) figures to project population growth from 6.1 billion in 2000 to 9.2 billion in 2050. 

This means a rise by 51%. In order to account for some increased production in regions with existing 

malnutrition, a total increase in food provision by 60% is assumed to be necessary.  

Additional demand of food can be met with different strategies such as agricultural expansion or 

intensification and waste reduction. In reality, these two strategies will not be taken in isolation but 

in combination. However, to illustrate the environmental effect of both strategies, we developed one 

separate case per strategy first:  In Case 1, intensification on current agricultural area by increasing 

irrigation and fertilization as well as reduction of food waste is assumed. By contrast, Case 2 entails 

expansion only on pastures and Case 3 expansion on both, pastures and natural ecosystems. Finally, 

a fourth strategy was added where a combination of intensification and expansion is assumed (Case 

4) allowing for increased per-capita consumption.  An overview of the characteristics of all four 

strategies is presented in Table 5.1. 
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Table 5.1. Specification of the strategies for agriculture in 2050.  

 Case 1  Case 2 Case 3 Case 4 

Goal Feed global 

population 

 

Feed global 

population  

 

Feed global 

population  

 

Feed global 

population with 

increased 

meat/biofuel 

production 

Description Intensification on 

existing agricultural 

land (including waste 

reduction) 

Expansion to 

pastures 

Expansion to 

pastures & natural 

ecosystems (e.g. 

forests) 

Intensification, 

waste reduction 

& expansion 

Increase of 

production on 

current 

agricultural 

areas 

 

+26% agricultural 

output (Supporting 

Information). 

Calculated based on 

difference between 

output of optimal and 

current irrigation 

- - See Case 1 

Reduced food 

losses  

Food losses after 

harvest and waste at 

distribution and 

household level 

reduced by 50% 

(based on (Lundqvist 

2008)) 

- - See Case 1 

Agricultural 

expansion  

- 100% expansion on 

pastures which are 

at least moderately 

suitable for rainfed 

cereals according to 

(Fischer et al. 2000) 

62.5% expansion on 

pastures and 37.5% 

on natural 

ecosystems; which 

are highly suitable for 

rainfed cereals 

according to (Fischer 

et al. 2000) 

See Case 2 

Crops involved 

in analysis 

All 160 crops Expansion of maize 

and wheat only, 

distribution based 

on analysis of most 

suitable cereal in 

each region (Fischer 

et al. 2000) 

Expansion of maize 

and wheat only, 

distribution based on 

analysis of most 

suitable cereal in 

each region (Fischer 

et al. 2000) 

All 160 crops for 

intensification;  

maize and 

wheat for 

expansion 
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Meat and dairy consumption is supposed to remain at the current level (around 500 kcal per capita 

and day) in Cases 1-3, as forecasts of increased meat consumption per capita are considered 

unsustainable.  

In addition to meat and dairy, also the cultivation shares of biofuels and other non-edible crops, such 

as cotton or tobacco, are expected to remain at the level of the reference year (2000) in Cases 1-3. 

Further expansion is considered unrealistic due to recognized negative effects on the environment 

from such cultivation, including pressure from high irrigation water use (Dominguez-Faus et al. 

2009). However, non-edible crops could be cultivated at the expense of meat production when 

combining intensification and expansion to provide additional agricultural output for increased meat, 

fiber or biofuel production (Case 4). It represents a situation with higher material welfare but 

additional environmental burdens.  

All strategies take the impact of climate change on precipitation into account. As there are many 

climate models available, we used the multi-model average predictions of precipitation change of the 

IPCC A1B scenario (IPCC 2007a) for the 2050s (21 models, (IPCC 2007c). This approach best 

matches our assessments of population growth and socio-economic developments. In addition to the 

four cases with distinct strategies, a base case with constant food production (year 2000 level) is 

defined. The purpose of this case is to separately analyze the effects on water scarcity caused by 

changed crop water consumption due to climate change and due to projected increased domestic and 

industrial water use.  

 

5.2.1.1  Case1: Agricultural intensification and reduction of food waste 

With this strategy, productivity on existing agricultural areas is improved by (i) meeting optimal 

irrigation water demand (assuming adequate fertilization where required) and (ii) by reduction of 

food losses in the supply chain and at home by 50%, based on (Lundqvist 2008). No agricultural land 

expansion is assumed. 

 

5.2.1.2  Case 2: Pasture Expansion 

The expansion strategies presume that increased food production will be supplied by doubling the 

current grain production from maize, rice, and wheat (1.75·10
9
 tonnes of grain), as these crops 

provide about 60% of food calories (Loftas and Ross 1995). However, in the analysis, expansion of 

rice cultivation is excluded. This choice was made, as rice production is mainly favorable over maize 

and wheat in areas with rainforests (Fischer et al. 2000) and our study rejects expansion to such 

sensitive ecosystems. In Case 2, agricultural expansion is assumed to occur on pastures which are 

reported to be at least moderately suitable for rainfed cereals production regarding climate and soil 

conditions (Fischer et al. 2000). This strategy assumes optimal irrigation that completely meets crop 

water requirements (CWR) and proper fertilization on the expansion areas. No intensification of 

current agricultural area or enhanced production-chain efficiency is considered.  
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5.2.1.3 Case 3: Extensive expansion 

Expansion is assumed to occur on pastures and natural ecosystems which are reported to be highly 

suitable for rainfed cereals production (Fischer et al. 2000), as opposed to Case 2 in which also 

moderately suitable areas are used. Further assumptions are equivalent to Case 2. Due to limited 

availability of pastures on highly suitable areas, 37.5% of expansion occurs on natural areas such as 

forests. 

 

5.2.1.4 Case 4: Intensification and expansion (combination of Cases 1&2) 

Increased productivity on existing agricultural areas by universally meeting irrigation water demands 

coupled with enhanced food supply and consumption efficiency (as in Case 1) would result in 

additional 60% of current food energy uptake. Agricultural output from expansion (as in Case 2) 

would provide another additional 1.75·10
9
 tonnes of grains available for increased biofuel or meat 

production. For maize processed as first-generation biofuel, this amount could replace about 7.2 

billion GJ (7.2·10
18 

joules) of fossil energy, assuming 4.1 GJ net fossil energy saving per tonne of 

maize (Chapter 4). This additional bioenergy corresponds to 1.4% of the world‘s current energy 

demand (Energy Information Administration 2009a) or 7.8% of liquid fuel consumption in global 

transportation (Energy Information Administration 2009b) in 2006. Alternatively, this additional 

food energy could more than triple current meat and dairy production, and offer a doubled meat and 

dairy supply per capita in 2050.  

 

5.2.2 Model description 

To model land and water use in the four cases a geographic information system (GIS) with a cell size 

of 5 arc minutes (less than 10 km, depending on the latitude) was used. Total water consumption 

(TW) and optimal irrigation water consumption (also called blue water, BW) is calculated based on 

evapotranspiration, precipitation and plant growth seasons, according to the CROPWAT model 

(FAO 1999) (see Supporting Information). Land use is calculated based on the yield and growth 

periods of the different crops according to Chapter 4 and corresponding land stress is derived 

applying a weighting based on potential net primary productivity (NPP0) to land use (see Supporting 

Information). 

 

5.2.3 Quantification and location of agricultural output in each case 

5.2.3.1 Production increases through intensification (Cases 1 and 4) 

The potential for increased production for each crop (Prodincrease,i (%)) in each model cell i is 

estimated by the ratio of theoretical crop water consumption modelled under irrigation meeting crop 

water requirements (TWtheory) and the actual crop water consumption in the year 2000 (TWactual), 

both modeled in Chapter 4. We employed the equation and the crop-specific yield correction factors 

(ky, Table S5.1) from FAO (Doorenbos 1986):  

,

max,

1
( 1) 100%

1 ( (1 ))
increase i

i
y

i

Prod
TW

k
TW

      (5.1) 
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In principal, the overall relative increase in food energy production (Energyincrease) is calculated based 

on the production-weighted average Prodincrease of every crop (Equation 2). As mass-energy ratio of 

different crops varies (e.g. significantly between tomatoes and wheat) we separately analyzed the 

Prodincrease of the main cereals rice, wheat and maize (providing ~60% of all food energy, i=1-3). 

Energyincrease due to Prodincrease of the remaining 157 crops (providing ~40% of all food energy, i=4-

160) are assumed to be proportional to the annual production tonnage (Prod): 

, ,

1 3 4 160

1 3 4 160

* *

60% 40%

increase i i increase i i

i i

increase

i i

i i

Prod Prod Prod Prod

Energy
Prod Prod

    (5.2) 

According to our calculations, optimal irrigation could raise agricultural edible energy production by 

26%.  In order to meet the strategy goal of 60% additional edible energy demand without expansion, 

overall energy losses from field to fork need to be reduced by a factor of 1.27: from currently 56% 

(Lundqvist 2008) to 44%. Such increased energy intake efficiency could be achieved by reducing 

harvesting losses and waste in distribution and households by 50%. 

 

5.2.3.2 Production increases through expansion (Cases 2, 3 and 4) 

The impacts of expansion are calculated based on projected yields for optimized intensive maize and 

wheat cultivation based on (Fischer et al. 2000) (see section 5.2.1.2). The location of expansion is 

optimized based on best suitability for rainfed production and with priority on pastures.  

As a side-effect, expansion on pastures leads to decreased meat and dairy production. Therefore, we 

analyzed reductions in pasture production for cases 2/4 and 3 (Supporting Information, I.5) and 

estimated the energy loss in animal food products as well as for the overall human diet (Table 5.2). 

The calculated loss in meat energy reveals to be less than 3%, and corresponds to less than 0.5% of 

total food energy. These values indicate a minor relevance of this aspect and hence the potential 

decrease in meat and dairy production from pastures is neglected in the strategies. 
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Table5.2. Loss of food from pastures due to transformation into cropland  

 

 Productivity 

loss of global 

pastures  

 

Consequent meat & 

dairy output change1 

Resulting change in total food 

energy due to  changed meat & 

dairy output2 

Case 2 / 4 -6.1% -2.7% -0.4% 

Case 3 -3.7% -1.6% -0.2% 

1 
44% of fodder energy comes from pastures, based on (Wirsenius 2003) 

2 
meat and dairy provide 15% of total food energy (Lundqvist 2008) 

 

 

5.2.4 Projected crop water consumption and related water stress 

Changes in precipitation due to climate change and consequent changes in irrigation water demand 

were taken into account in all cases. WaterGAP 2.0 results for the IPCC scenario A2 in the time span 

of 2050-2060 (―WaterGAP2050sA2‖) (Alcamo et al. 2007) are used for our  calculations because the 

precipitation average of the ―ECHAM4-OPYC‖ model for scenario A2 applied in WaterGAP 2.0 in 

2050-2060 corresponds to the IPCC ―multi-model average‖ calculations for 2050 in Scenario A1B 

(IPCC 2007c). We calculated the change in precipitation compared to the climate normal period 

(1961-1990), on the ―T42‖ resolution (ca. 2.8° cell size). These predicted precipitation changes were 

interpolated to 5 arc-minutes resolution for each month to calculate effective rainfall. Plant 

adaptation to changed climate, changed reference evapotranspiration, climate zone shifts and 

potentially increased plant-growth productivity due to increased CO2-concentration in the 

atmosphere (Rost et al. 2009) are neglected in these calculations.  

The concept of water stress index (WSI) as proposed by (Pfister et al. 2009) was used to assess the 

impact of water consumption on downstream users. WSI  is a spatially resolved function of the 

withdrawal-to-availability ratio within each watershed, and was based on the WaterGAP 2.0 model 

(Alcamo et al. 2003). For the prospective WSI of the year 2050 (WSI2050), there are two main factors 

that need to be considered: changed water availability through climate change (as described above) 

and changed withdrawals due to changing human activities. As the predicted population growth in 

the WaterGAP A2 scenario is 25% higher than in the IPCC scenario A1B selected in this study, the 

change in withdrawals is proportionally adjusted in each watershed to the A1B population increase. 

In doing so, we assume the per-capita withdrawal in 2050 to be equal in the A1B and A2 scenario, 

according to the estimations of a previous study (Shen et al. 2008). WaterGAP projections do not 

cover expansion of irrigation (Alcamo et al. 2007). However, due to the bigger population and thus 

increased water consumption in 2050, we add the additional irrigation water use from expansion and 

intensification of our simulations to the withdrawal calculations of ―WaterGAP2050sA2‖. All 

additional irrigation water consumption required for agricultural expansion and intensification in the 

different cases are met by irrigation water withdrawals, globally assuming an optimistic irrigation 

efficiency of 70% (Hanasaki et al. 2008). Such efficiency can be achieved by using lined water 

distribution canals and sprinkler irrigation (Brouwer et al. 1989) or a mix of drip irrigation, sprinkler 
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and flood irrigation. Thus this reflects improved technological standards as can be expected in the 

future, while efficiencies of 95%, as achieved by drip irrigation and with high potential in developing 

countries (Postel et al. 2001), seem not realistic on global average. 

 

5.2.5 Impact of increased land use  

Land use is calculated based on the yield and growth periods of specific crops and the natural length 

of growth period (Chapter 4, Supporting Information). To assess the environmental impact of land 

use, we used an indicator based on the potential net primary productivity (NPP0) of the used land, 

normalized by the global maximal NPP0 value of 1.5kg carbon/(m
2 

*yr) (Haberl et al. 2007). It 

therefore presents the land use in equivalents of the most productive and hence absolutely scarce 

areas of the world. It does not explicitly account for the ecological quality of land, such as 

biodiversity. 

5.2.6 Comparing pressure from projected land and water use in agriculture 

Environmental impacts from land and water use show trade-offs. Yield maximization can result in 

irrigation with low water efficiency (Rockstrom et al. 2007; Doorenbos 1986; Wisser et al. 2008) 

(Case 1). On the other hand, rainfed agriculture generally occupies more productive land than 

irrigated cultivation (Cases 2-3). Agricultural expansion can either be on productive ecosystems or 

marginal lands, with intensive and extensive production, respectively. For capturing these trade-offs 

and in order to quantitatively compare global agricultural production regarding use of land and water 

resources, a conversion factor is proposed that helps to express irrigation water consumption in terms 

of land-stress equivalents, i.e. equivalents of most productive land. Assuming that water availability 

contributes equally to the productivity of land as other parameters, such as temperature, soil 

properties and solar radiation, we suggest to derive the conversion based on the average precipitation 

of 2500 mm/yr (Mitchell and Jones 2005) on areas with maximal NPP0 (which are used as reference 

for land stress calculations). The resulting conversion factor is hence 0.4 (m
2
*yr)/m

3
 and represents 

the time-area equivalent of most productive areas needed to replenish a certain amount of freshwater 

consumed.  
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5.3. Results 

5.3.1 Spatial distribution of production increase 

5.3.1.1 Intensification strategy (Case 1) 

The relative rise of crop water consumption for agricultural intensification as modeled in Cases 1 and 

4 show a distinct spatial distribution (Figure 5.1): The highest potential for enhanced irrigation exists 

in dry climates where deficit irrigation is currently prevalent. Accordingly, in such regions crop 

production can be raised the most. However, since water is also very scarce in these regions, the 

expected impacts from irrigation are most pronounced (section 5.3.3). Among the main hotspots of 

increased production are Western US, Australia, and Western China. Further details on crop-specific 

production increases are given in Table S5.1. Maize and wheat, which are often cropped in relatively 

dry climates, play the most important role, while rice production will only slightly increase.  

 

 

Figure 5.1: Intensification: increase of crop water consumption of agricultural production in Cases 1 and 4 

compared to the year 2000.  

 

 

5.3.1.2 Expansion strategies (Cases 2 and 3) 

In both expansion cases production will increase the most in Africa. Additional energy requirements 

in 2050 are covered by 1.43*10
9
 tonnes of maize and 3.2*10

8
 tonnes of wheat in Case 2, and by 

1.46*10
9
 tonnes of maize and 2.9*10

8
 tonnes of wheat in Case 3. Wheat production expands globally 

in Case 2 and mainly in Europe in Case 3 (Figure 5.2, Figure S5.1). For maize, however, production 

increases result mainly in expansion in Africa and partly in South America for both cases. 
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Figure 5.2. Maps depict regions with increased grain production (sum of maize and wheat) reported as 

additional tonnes per grid cell (5 arc minutes grid): Case 2 (expansion on pastures which are at least 

moderately suitable for rainfed cereals) and Case 3 (expansion on pastures and other ecosystems on highly 

suitable areas for rainfed cereals.  

 

 

  

Case 2 

Case 3 
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5.3.2 Increased irrigation water consumption  

Global increase in annual irrigation water consumption accounts for 1125, 169, 142 and 1294 billion 

m
3
 in Cases 1, 2, 3 and 4, respectively as presented in Table 5.3: For Cases 1 (intensification) and 4 

(intensification and expansion), the increase in crop cultivation tremendously increases the current 

global irrigation water consumption of 1772 billion m
3
/yr (Chapter 4). Case 1 is thereby much more 

irrigation-water intensive than the current situation, in contrast to Cases 2 and 3 as expansion takes 

place mainly on rain-fed areas. In Case 4 (combining Cases 1 and 2) both agricultural output as well 

as irrigation water consumption is almost doubled. Thus, irrigation-water intensity remains roughly 

constant.  

The four cases feature substantial variations in spatial distribution of additional irrigation water 

consumption (Figure 5.3). The expansion Cases 2 and 3 indicate most pronounced increases in 

Africa and South America, while Cases 1 and 4 show a less pronounced pattern. Change in irrigation 

water consumption through climate change only (base case) is listed per continent in Table 5.4: 

Precipitation changes result in globally lower irrigation water consumption. However, there are 

regional differences. For instance, irrigation water consumption will slightly increase in South 

America, Europe and Australia. 

 

 

Table 5.3. Global increase in annual total and irrigation water consumption and land stress (relative increase 

compared to the year 2000 is indicated in the brackets). In the year 2000, average WSI is 0.493 and total land 

stress equivalent from land and water use is 4.49 million km
2
*yr. 

 

 Case1 

(efficient 

intensification) 

Case 2 

(expansion on 

pastures) 

Case 3 

(rainfed 

expansion) 

Case 4 

(expansion and 

intensification) 

Total Water (km
3
) 1’203 (+22%) 1’088 (+20%) 1’077 (+20%) 2291 (+42%) 

Irrigation Water (km
3
) 1’125 (+64%) 169 (+10%) 142 (+8%) 1’294 (+73%) 

Average WSI 0.569 0.484 0.479 0.559 

Land stress  

(1000 km
2
*yr)  

none 552 (+14%) 534 (+14%) 552 (+14%) 

Irrigation water land-stress 

equivalent  

(1000 km
2
*yr) 

450 (+64%) 68 (+10%) 57 (+8%) 518 (+73%) 

Total  land-stress equivalent 

(land & water) (1000 

km
2
*yr) 

450 (+10%) 620 (+14%) 591 (+14%) 1070 (+24%) 

Total land-stress equivalent 

/ edible energy produced  

(m
2
*yr / 1000 kcal) 

 

0.28 (-13%) 0.23 (-29%) 0.23 (-29%) 0.21 (-33%) 
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Figure 5.3: Increased irrigation water volumes for each grid cell for the Cases 1, 2, 3 and 4. 

Case 2 

Case 1 

Case 4 

Case 3 
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Table 5.4. Continental sums of irrigation water consumption of the base case (only precipitation change, 

without change in crop production) for 2050 compared to the current situation in m
3
. 

CONTINENT 

Irrigation water 

consumption 2050 

Irrigation water 

consumption 2000 

Irrigation water consumption of 2050 related 

the level of 2000 

Asia 7.58E+11 8.48E+11 89% 

North 

America 2.93E+11 3.00E+11 98% 

Europe 2.27E+11 2.16E+11 105% 

Africa 2.07E+11 2.43E+11 85% 

South 

America 1.22E+11 1.17E+11 104% 

Oceania 1.93E+08 2.69E+08 72% 

Australia 4.93E+10 4.79E+10 103% 

World 1.66E+12 1.77E+12 94% 

 

5.3.3 Water stress index projections for 2050 (WSI2050 ) 

The water stress index (WSI) can be used to roughly indicate areas of no (<0.1), low (0.1-0.4), 

moderate (0.4-0.6), high (0.6-0.9) and extreme (>0.9) water scarcity. The prospective WSI2050 values 

and their distribution show remarkable differences depending on the strategies among each other and 

also compared to the base case of constant agricultural production (Figure 5.4). The base case 

presents high WSI2050 values in arid or highly populated regions (e.g. Saudi Arabia and India). While 

increased irrigation intensity (Case 1) mainly adds to water stress in the US, Europe, Eastern 

Australia and Western Africa, agricultural expansion (Case 2 and 3) raises water stress in Southern 

Africa and Eastern South America. The WSI2050 of combined intensification and irrigation (Case 4) 

is mainly driven by the intensification part except for Southern Africa. 

 

Figure 5.4: Water stress index (WSI, dimensionless) of the projected cases for 2050, based on withdrawal and 

availability data from WaterGAP 2.0. The increased withdrawal due to expansion and/or intensification has 

been added based on the additional irrigation water calculation for each of the cases. The base case derived 

without increased production to reflect change of precipitation and industrial/domestic water use. 
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5.3.4 Projected land stress 

Figure 5.5 shows the increase in annual land stress that occurs for Cases 2/4 and for Case 3. They 

feature a similar pattern, but exclusive expansion on pastures (Cases 2/4) is more intensive and 

concentrated on a limited extent. Case 1 has no increase as no expansion occurs.  

 

 

 
 

 
 

Figure 5.5: Increased annual land stress due to expansion measured as km
2
*yr per grid cell (5 arc minutes 

grid): exclusive expansion on pastures in Cases 2 & 4 (top) and on pastures and natural ecosystems in Case 3 

(bottom). 

 

Cases 2/4 

Case 3 



 129 

5.3.5 Combined impact on land and water resources 

Combination of irrigation water consumption, expressed as land stress equivalents, with land stress 

shows that water intensive production (Case 1) causes significantly higher environmental impacts per 

energy output, compared to expansion of agricultural lands on pastures and natural ecosystems 

(Cases 2 and 3, Table 5.3). However, comparing the future land and water impact caused by 

agriculture per unit of food energy provided with the situation in the year 2000, reveals that the 

specific combined land and water impacts are lower for each case (Table 5.3). Especially land 

impacts are significantly lower due to high-yield production and exclusion of expansion on highly 

productive areas. 
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5.4. Discussion 

5.4.1 Methodological approach and uncertainties  

In the present study, several cases are set up to meet future nutritional needs. These cases are not 

meant to be realistic predictions of the future, but rather they illustrate the environmental 

consequences of a range of strategic actions that may lead to this desirable state.  

We evaluate these strategies focusing on two environmental impacts, namely land and water stress. 

Although we consider these two impacts to be crucial impacts, agricultural activities have further 

environmental effects that are neglected in the present work, such as eutrophication, energy use and 

climate change or toxicity-related impacts through application of pesticides. These impacts have 

been shown to be relevant in previous studies (Melillo et al. 2009) and should therefore not be 

disregarded, but taken into consideration in combination with the results presented here. 

Additionally, all uncertainties related to the methods applied for the assessment of impacts from 

water and land use (Chapter 4) also apply to this study. For instance, while the indicators used reflect 

the impact on resource stress, in terms of scarcity, impacts such as on biodiversity are not explicitly 

addressed. Furthermore, land stress does not account for increased impact on environment due to 

intensive agricultural production compared to extensive or organic practices nor for irreversible or 

long-term impacts of land conversion from natural or pasture to agricultural land. However it 

provides a transparent quantification of land scarcity and impact related to occupation of productive 

land. This has been identified as one of the main environmental concerns in agriculture. 

To resolve the tradeoff between land and water consumption, a conversion factor is proposed. This 

conversion factor from water to land stress equivalents needs to be interpreted with caution. While 

precipitation provides a transparent conversion based on natural water and land availability, it does 

not account for effective environmental impacts specific to terrestrial or aquatic ecosystems.  

Further uncertainties arise from the quantification of future water and land consumption, which 

depend on uncertain estimates of both population growth and economic development. Even more 

uncertain are predictions of water availability. The forecasts of 21 climate change models presented 

in the IPCC reports are diverse and often project different trends. Therefore, large uncertainties are 

attached to the adopted average monthly precipitation forecasts.  

The calculation of irrigation water consumption depends on climatic factors and is based on a 

straightforward calculation (FAO 1999). The growth period parameters are adjusted to six major 

biomes which results in relatively low accuracy along the borders of each zone, while highly 

regionalized data on crop cultivation, precipitation and evapotranspiration are used. Thus, although 

simplifications are made, our estimations of water consumption are very advanced in terms of spatial 

resolution and number of crops considered. 

A critical parameter for land and water use modeling is the crop-specific yield. Good agricultural 

practice is assumed for both, the yield improvements for intensification based on the ky factors as 

well as the modeled yields for expansion of maize and wheat production. However, such positive 

development might not be achieved in practice everywhere, resulting in higher land and water use 

per food energy output. Also concerns about long-term soil fertility of areas transformed from 

pasture to agricultural land need to be considered, especially regarding soil organic carbon, erosion 

losses and sustainable fertilization. While transformation of pastures has been selected including 
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constraints of soil features, fertilizer provision might be problematic in many of the expansion 

regions. 

Important to note is that cultivating crops where it is most suitable for environment rather than where 

it is closest to demand or cheapest results in changed and potentially increased trade flows. Enhanced 

trade affects socio-economic conditions and might also lead to further food losses or increased 

energy use, which has not been considered in this study.  

 

5.4.2 Strategy comparison 

Global irrigation water consumption needed to increase agricultural production is by a factor of 7-9 

higher for intensification (Cases 1 and 4) than for expansion (Cases 2 and 3). These results reflect the 

benefit of rainwater use on expansion areas. By contrast, Case 1 has no additional impact from land 

use, while in Cases 2 and 3 land stress increases. The tradeoff between land- and water-related 

impacts of both strategies, expansion and intensification, is thus obvious. Case 3 (rainfed expansion) 

has comparable impacts on water and land use as Case 2 (expansion on pastures), although it features 

2*10
5
 km

2
*yr of land stress from currently natural areas. This expansion on natural ecosystem might 

be weighted higher regarding its environmental value and metrics for this should be explored in 

future. 

Important to note is that Case 1 does not produce the same amount of food on the field but improves 

food supply chain by minimizing waste. Also the expansion scenarios could have been coupled with 

waste reductions, leading to less environmental impacts. A mix of expansion and intensification 

(such as Case 4) indicates that future relative increase in pressure is likely to be higher on water than 

on land resources, provided that - as assumed in the cases - rainforests and other unique ecosystems 

are protected. Water stress is driven mainly by increased water consumption, while precipitation 

changes due to climate change are of minor relevance. In absolute terms of land-stress equivalents 

per food energy produced, increased pressure by water consumption in the intensification scenario is 

higher than land stress from expansion (Table 4). 

In Case 1, irrigation water consumption increases mainly in Asia, followed by North America, 

Europe and Africa. By contrast, in Case 2 and 3 irrigation water consumption as well as land stress 

mainly increases in Africa and South America (Figure S1). These findings underline the need to 

advance agriculture of developing countries, in particular in Africa and partially also South America, 

to better distribute agricultural activities in favorable regions and alleviate future environmental 

problems of hotspots. While, from a nutritional point of view, the expansion on pastures currently 

used for meat and dairy production has only a minor impact on overall food energy provision (Table 

2) it might cause severe social and cultural problems e.g. for nomadic cultures. Such problems are 

not considered in this study. 

As the resource consumption per edible energy is considerably lower in all cases compared to current 

production, scenarios without such improvements might feature 20-50% higher global impacts. 

Additionally, expansion on rainforest and other unique ecosystems or concentrated overuse of water 

resources might lead to a much worse picture, way beyond the level of Case 4. 

In any case, the increased efficiency is overcompensated by the absolute increase in agricultural 

activities. For instance, compared to the current production volume (base case) the area of severely 

water-stressed regions will significantly increase (Figure 4). These results also match estimated 
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future agricultural water use reported by (Shen et al. 2008), which estimated additional agricultural 

water withdrawals to be roughly 1*10
3
 km

3
 for the 2050 IPCC A1B scenario. This corresponds to 

7*10
2
 km

3 
water consumption according to our assumptions of 70% irrigation efficiency and matches 

the average of our four cases. 

5.5. Conclusion 

Our cases illustrate potential consequences of increasing agricultural production on a detailed and 

highly spatially-resolved level. Thereby, they provide a transparent evaluation of potential future 

agriculture for policy making. It could be shown that it is possible to decrease the specific 

environmental impacts with good agricultural practice and well distributed expansion and/or 

intensification. Increased production potentials are mainly located in developing countries, in 

particular in Africa and parts of South America. In order to be able to feed the future generations, it 

is therefore absolutely necessary to develop agriculture in these regions. Still, land or water resources 

(and most likely both) will become increasingly stressed.  

Given that the overall water and land stress increase, drought resistant crop varieties, improved 

rainwater harvesting, and water conservation should be fostered, especially in semi-arid tropical 

regions (Rosegrant and Cline 2003) which are suggested for the lion share of increased agricultural 

production through intensification. However, with technical improvements such as intensification, 

there is always a risk that increased production will be favored over concentration on a smaller area. 

In this context, the local and global perspectives need to be coupled: The presented results can assist 

comparative analyses of and decisions about intensification or expansion in agriculture. In 

combination with local natural resource management and socio-economic studies, our results can 

also support decision on where investment in agriculture works best. 

Considering that our strategies are based on assumptions of good agricultural practice and socio-

economic development (e.g. fair distribution of food resources), huge obstacles for implementation 

exist. However, our strategies illustrate that, provided these challenges can be overcome, it is 

theoretically possible to supply enough food for 50% more people on earth, without the need of 

rainforest cut-down. In particular, the reduction of the incredible share of food that is currently 

wasted (56% from field to fork) could bring enormous benefits. Also, agricultural expansion into 

suitable areas for rainfed cultivation has a high potential to save water and alleviate water stress 

(Table 2). This result provides hope but also shows that an immense amount of water and land is 

required and needs to be managed wisely for satisfying the additional food demand. 

 

Acknowledgements 

The authors thank R. Juraske and F. Stoessel for helpful discussions regarding agricultural practice, 

C. Putzlar, H. Haberl, K. Erb for sharing information on NPP, M. Floerke, C. Tebaldi, and S. 

Staudenmayer for providing data for assessing future cases. This project was supported by the 

Seventh Framework Programme of the European Commission within the ―PROSUITE‖ project. 

 

  



 133 

References 

Alcamo J, Doll P, Henrichs T, Kaspar F, Lehner B, Rosch T, Siebert S (2003) Development and 

testing of the watergap 2 global model of water use and availability. Hydrological Sciences 

Journal 48 (3):317-337 

Alcamo J, Florke M, Marker M (2007) Future long-term changes in global water resources driven by 

socio-economic and climatic changes. Hydrological Sciences Journal-Journal Des Sciences 

Hydrologiques 52 (2):247-275 

Brouwer C, Prins K, Heibloem M, Division FLaWD (1989) Irrigation water management: Irrigation 

scheduling. International Institute for Land Reclamation and Improvement and FAO Land 

and Water Development Division  

Costanza R, Fisher B, Mulder K, Liu S, Christopher T (2007) Biodiversity and ecosystem services: 

A multi-scale empirical study of the relationship between species richness and net primary 

production. Ecological Economics 61 (2-3):478-491 

Dominguez-Faus R, Powers SE, Burken JG, Alvarez PJ (2009) The water footprint of biofuels: A 

drink or drive issue? Environmental Science & Technology 43 (9):3005-3010.  

Doorenbos JK, A.H.; (et al.) (1986) Yield response to water. Fao irrigation and drainage paper no. 

33. Food and Agriculture Organization of the United Nations (FAO), Rome 

Energy Information Administration (2009a) The international energy annual (iea). 

http://www.eia.doe.gov/emeu/iea/contents.html. Accessed December 11 2009 

Energy Information Administration (2009b) International energy outlook 2009, table 70. 

http://www.eia.doe.gov/oiaf/ieo/graphic_data_transportation.html. Accessed December 13 

2009 

FAO (1999) Cropwat for windows. 4.3 edn. Food and Agriculture Organization of the United 

Nations, Rome, Italy 

Global agro-ecological zones 2000 (2000) FAO & IIASA. 

http://www.iiasa.ac.at/Research/LUC/GAEZ/index.htm. Accessed August 3 2009 

Haberl H, Erb KH, Krausmann F, Gaube V, Bondeau A, Plutzar C, Gingrich S, Lucht W, Fischer-

Kowalski M (2007) Quantifying and mapping the human appropriation of net primary 

production in earth's terrestrial ecosystems. Proceedings of the National Academy of 

Sciences of the United States of America 104 (31):12942-12945.  

Hanasaki N, Kanae S, Oki T, Masuda K, Motoya K, Shirakawa N, Shen Y, Tanaka K (2008) An 

integrated model for the assessment of global water resources part 2: Applications and 

assessments. Hydrology and Earth System Sciences 12 (4):1027-1037 

IPCC (2007a) Climate change 2007: Impacts, adaptation  and vulnerability. M.L. Parry, O.F. 

Canziani, J.P. Palutikof, P.J. van der Linden and C.E. Hanson edn. Cambridge University 

Press, Cambridge, UK 

IPCC (ed) (2007b) Contribution of working group i to the fourth assessment report of the 

intergovernmental panel on climate change. Cambridge University Press, Cambridge, United 

Kingdom and New York, NY, USA 

Köllner T (2000) Species-pool effect potentials (spep) as a yardstick to evaluate land-use impacts on 

biodiversity. J Clean Prod 8 (4):293-311 

Lobell DB, Burke MB, Tebaldi C, Mastrandrea MD, Falcon WP, Naylor RL (2008) Prioritizing 

climate change adaptation needs for food security in 2030. Science 319 (5863):607-610.  



 134 

Loftas T, Ross J (1995) Dimensions of need: An atlas of food and agriculture. Food and Agriculture 

Organization, Rome 

Lundqvist J, C. de Fraiture and D. Molden (2008) Saving water: From field to fork – curbing losses 

and wastage in the food chain. SIWI Policy Brief. SIWI, Stockholm 

Maxwell RM, Kollet SJ (2008) Interdependence of groundwater dynamics and land-energy 

feedbacks under climate change. Nature Geoscience 1 (10):665-669 

Melillo JM, Reilly JM, Kicklighter DW, Gurgel AC, Cronin TW, Paltsev S, Felzer BS, Wang X, 

Sokolov AP, Schlosser CA (2009) Indirect emissions from biofuels: How important? Science 

326 (5958):1397-1399.  

Mitchell TD, Jones PD (2005) An improved method of constructing a database of monthly climate 

observations and associated high-resolution grids. International Journal of Climatology 25 

(6):693-712 

Pfister S, Koehler A, Hellweg S (2009) Assessing the environmental impacts of freshwater 

consumption in lca. Environmental Science & Technology 43 (11):4098-4104.  

Postel S, Polak P, Gonzales F, Keller J (2001) Drip irrigation for small farmers -- a new initiative to 

alleviate hunger and poverty. Water International 26 (1):3-13 

Rockstrom J, Lannerstad M, Falkenmark M (2007) Assessing the water challenge of a new green 

revolution in developing countries. Proceedings of the National Academy of Sciences of the 

United States of America 104 (15):6253-6260 

Rosegrant MW, Cline SA (2003) Global food security: Challenges and policies. Science 302 

(5652):1917-1919. doi:10.1126/science.1092958 

Rost S, Gerten D, Hoff H, Lucht W, Falkenmark M, Rockstrom J (2009) Global potential to increase 

crop production through water management in rainfed agriculture. Environmental Research 

Letters 4 (4). doi:10.1088/1748-9326/4/4/044002 

Shen YJ, Oki T, Utsumi N, Kanae S, Hanasaki N (2008) Projection of future world water resources 

under sres scenarios: Water withdrawal. Hydrological Sciences Journal-Journal Des Sciences 

Hydrologiques 53 (1):11-33 

Shiklomanov IA, Rodda JC (2003) World water resources at the beginning of the 21st century. 

International hydrology series. Cambridge University Press, Cambridge 

Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002) Agricultural sustainability and 

intensive production practices. Nature 418 (6898):671-677 

World population: 1950-2050 (2009) http://www.census.gov/ipc/www/idb/worldpopgraph.php. 

Accessed January 25 2010 

UN Population Division (2009) 2008 revision of world population prospects. United Nations 

Department of Economic and Social Affairs,  

Wirsenius S (2003) The biomass metabolism of the food system: A model-based survey of the global 

and regional turnover of food biomass. Journal of Industrial Ecology 7 (1):47-80 

Wisser D, Frolking S, Douglas EM, Fekete BM, Vorosmarty CJ, Schumann AH (2008) Global 

irrigation water demand: Variability and uncertainties arising from agricultural and climate 

data sets. Geophysical Research Letters 35 (24).  



 135 

5.6 Supporting Online Material 

Materials and Methods 

Crop water requirements (CWR)  

Crop water requirements (CWR; mm/crop period) are calculated for each crop on a monthly basis 

(index i) as suggested in CROPWAT (FAO 1999):   

, , 0,c i c i i

i i

CWR ET K ET   (S5.1) 

where index ETc,i (mm/month) is the specific evapotranspiration of crop c in month i, Kc,i (–) is the 

specific crop coefficient and ET0,i (mm/month) is the reference evapotranspiration reported by the 

FAO (FAO 2004).  

Kc-values, starting date and durations ofthe growing phases are provided for all crops for 6 global 

climate zones in Chapagain et al. (Chapagain and Hoekstra 2004). Based on this data, we calculated 

daily Kc-values and averaged them for each month of the growing period to derive monthly Kc,i 

values. Total theoretical total water consumption (TWtheory, also referred to as virtual water; m
3
/t) is 

calculated applying yield values (t/(ha*crop period)) to CWR. The actual yields are reported for each 

crop on a 5 arc-minute grid by Monfreda et al.  (Monfreda et al. 2008) for the year 2000: 

10
theory

CWR
TW

Yield
 (S5.2) 

 

 

Irrigation water requirements (IWR)  

Irrigation water requirements (IWR) per crop period were calculated by summing the monthly 

irrigation requirements (IWRmonthly), which were quantified for each grid cell according to 

CROPWAT ((FAO 1999)): 

,monthly i

i

IWR IWR

 

(S5.3) 
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(S5.4) 

where IWRmonthly,i is the IWR in month i (mm/month) and Peffective,monthly,i is effective precipitation per 

month i (mm/month). Effective precipitation is available to crops after losses to evaporation. To 

increase robustness of the calculations, Peffective,monthly,i was calculated from monthly precipitation data 

(Pmonthly, reported by the “CRU 2.0 TS” database,(Mitchell and Jones 2005)) with two approaches: (i) 

based on the “USDA soil conservation” method (Peffective,monthly,USDA) which is applied as default in 

CROPWAT (FAO 1999) and (ii) the FAO method (Peffective,monthly,FAO): 

, ,

(125 0.2 )
250

125

0.1 125 250

monthly
monthlymonthly

effective monthly USDA

monthly monthly

P
for P mmP
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(S5.5) 
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(S5.6) 

 Peffective,monthly,USDA and Peffective,monthly,FAO are used to calculate IWRUSDA and IWRFAO, respectively.

 
The theoretical virtual irrigation water consumption (BW, also referred to as blue water content; 

m
3
/t) is calculated by dividing the IWR by yield values (t/(ha*crop period)): 

10
IWR

BW
yield

 

(S5.7)

 

IWRUSDA and IWRFAO are used to calculate BWUSDA and BWFAO, respectively. 

 

Land use 

We principally followed the approach used in Chapter 4 to quantify impacts of land use: 

The net primary productivity (NPP; kg C/(m
2
*year)) of the natural reference vegetation in the 

respective grid cell j (NPP0,j) is used as a proxy for the potential land quality. This approach does not 

account for the remaining qualities of the land, e.g. differences in ecological quality between 

different crops or farming practices such as organic production. Land stress index (LSI) is derived 

according to Chapter 4 as follows: 

0,

0

j

j

,max

NPP
LSI

NPP
 (S5.8) 

 

where NPP0,j is NPP0 in grid cell j and NPP0,max is the maximal NPP0 of natural vegetation on the 

earth (~1.5kg C m
-2

 year
-1

)). NPP0 data at 5 arc-minutes resolution is taken from Haberl et al. (2007). 

The area directly occupied for a defined time period by the production of a certain crop, i.e. the area-

time equivalent (Atgrowth; m
2
*year/kg) is specified according to Chapter 4 by the yield (tonne/ha) and 

the crop period (tc; year): 

10c
growth

j

t
At

yield
  (S5.9) 

For perennial crops tc is 1 year as the yield is reported per year even if the cultivation period is 

different. Crops are usually cultivated in the most productive period of the year, and between two 

crop rotations some period of fallow is generally required due to soil or temperature limitations. 

Hence, the effective land occupation for seasonal crops is more than just the land use during the 

actual crop period. According to Chapter 4 we related the land use to the length of the share of the 

year when temperature and soil moisture permit crop growth, or the natural growth period (LGP; 

year), as follows: 

For : 10

1
For : 10

c

growth

c occupation

j

growth
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j c

t
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yield LGP

At
t LGP At

yield t   

(S5.10)
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Land stress (m
2
*year/kg) for each grid cell j is thus calculated according to Chapter 4 as: 

,j j occupation jland stress LSI At   (S5.11) 

and denotes the natural productivity-weighted area-time equivalent used for the production of a crop.  

 

Ky-values (for intensification scenario) 

 

Table S5.1. Overview of increased TW and production from intensification for 17 crops showing high water 

consumption on global scale. TWtheory and TWmax data are taken from Chapter 4; Ky-values from (Doorenbos 

1986). 
  

Crop TWtheory/TWactual Ky-value Increase in production 

    

Wheat 1.27 1.10 30% 

Rice 1.08 1.00* 8% 

Cotton 1.21 0.85 18% 

Maize 1.25 1.25 33% 

Sugarcane 1.21 1.20 26% 

Groundnut 1.44 0.70 27% 

Soybean 1.37 0.85 30% 

Olive 1.35 1.00* 35% 

Barley 1.29 1.00* 29% 

Sorghum 1.18 0.90 16% 

Rapeseed 1.30 1.00* 30% 

grape 1.35 0.85 28% 

Apple 1.22 1.00* 22% 

Mango 1.23 1.00* 23% 

Potato 1.27 1.10 30% 

Coconut 1.13 1.00* 13% 

Sunflower 1.22 0.95 21% 
 

* assumed value of 1.00 according to (Doorenbos 1986). 
  

 

Change in global pasture productivity 

 

We calculated the total productivity of global pastures (TNPPp) based on the actual NPPi (Haberl et 

al. 2007), and the respective areas of pasture (Ap,i) in each grid cell i:  

,p i P i

i

TNPP NPP A

  

(S5.12) 

The loss of TNPPp is calculated as the TNPPp of the areas replaced by agricultural expansion. It is 

further related to the TNPPp of all pastures in 2000 to calculate the relative loss of pasture 

productivity and the consequent loss of meat and dairy production due to expansion in 2050 for the 

different cases.  
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Results 

Expansion areas  

 

Figure S5.1: Distribution of totally increased annual grain production per continent and cereal (million 

tonnes) for scenario 2 (left) and scenario 3 (right). 

 

 

 

  

(million  
tonnes) 

(million  
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Abstract 

The environmental impact of land and water use in agriculture is highly variable on a global scale. Generally, 

these aspects dominate impact results of single score assessment methods such as eco-indicator 99 (EI99). 

Currently, no regional inventories have been provided on a global scale, and also regionalized, comprehensive 

impact assessment methods are lacking. We combined major land use approaches in LCA using EI99 as 

baseline, and applying spatially resolved factors based on ecosystem vulnerability and net primary 

productivity on a spatial resolution of 5 arc-minutes (<10*10km
2
). Application of the resulting 

characterization factors in combination with water-use impact assessment reveals the global variability of 

regionalized inventories and impacts for crops in relation to global averages. In most cases, the impacts of 

land use outweigh those of water use. The results indicate locations of special environmental concern and are 

thus valuable to decision makers, such as producers, retailers, and consumers. 

 
Keywords: LCIA, water use, land use, regionalization, energy crops 
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6.1 Introduction 

Water and land use are key elements for environmental impact assessment of agricultural production 

(Köllner 2000; Pfister et al. 2009). In traditional LCA studies of agro-products using established 

methods such as Eco-indicator 99 (EI99), land use generally dominates the aggregated 

environmental impact (Pfister et al. 2009). However, recent development of LCIA methods for water 

use and their application have shown that water consumption is also highly relevant and may, 

depending on the location, even outweighs land use in importance. Spatial variability is a crucial 

feature in water and land use LCIA, and therefore regionalized methods are needed. While water-use 

impact methods are commonly regionalized, prominent methods for assessing land use are not 

spatially differentiated. We therefore developed geographically explicit land use impact factors. 

Currently, one of the mostly commonly employed methods assesses ecosystem quality through the 

indicator ―potentially disappeared fraction of plant species‖ (Köllner 2000) and is implemented in 

the EI99 methodology (CFLU,EI99, [PDF]) (Goedkoop et al. 2001). Factors are provided for different 

types of land use. Other methods assess biotic productivity of the ecosystem as a function of net 

primary productivity (NPP, [gC/(m
2
*year)]) or its derivatives, and some are based on soil quality 

(Mila I Canals et al. 2007). Integration of NPP values implicitly covers additional biodiversity 

aspects such as vertebrate diversity or rainforest hotspots (Pfister et al. 2008). Other authors focused 

on vulnerability and scarcity of the ecosystem to improve the ecosystem quality assessment 

(Weidema et al. 2001). In spite of all these approaches, a consistent and compatible regional model 

for both land and water use impacts in LCA is still missing. Such a method is needed to 

appropriately assess and compare the environmental performance of agricultural goods.  

 

6.2 Methods 

Our regionalized LCIA approach is targeting impacts on ecosystem services and is therefore 

complementary to the plant species biodiversity metric. We adjusted the land use characterization 

factors provided in EI99 (CFLU,EI99) based on NPP values of the potential natural vegetation (NPPo,i) 

in each location (on a 5 arc-minutes resolution) and integrate regional vulnerability factors to adjust 

the regional impacts (ecoregion-specific). We also provide regionalized factors for the carbon 

sequestration potential (CSP) of land transformation and occupation (Müller-Wenk et al. 2010) and 

its climatic impact. 

The final step is the combination of our LCIA scheme for land and water use with global land 

occupation and water consumption inventory data of the most relevant energy crops for analyzing 

optimization potentials and the land water trade-off. 

 

6.2.1. Land use method 

 

In order to capture the most significant impacts from land use we include land occupation, land 

transformation and the related impact on climate change, biodiversity and productivity of the 

ecosystem as depicted in Figure 6.1. Biodiversity is included on a local and regional level. Impacts 

of land use on climate change are modeled as prevented CSP and regionalized on biome level. The 

impacts are given as damage on ecosystems in units of PDF*m
2
*year and CO2-eq., respectively, and 
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finally compared on the single score level of EI99. Soil-quality related impacts (Mila I Canals et al. 

2007) are not specifically addressed here but implicitly captured by CSP and NPP0,i considerations.  

 

 

Figure 6.1: Regionalized impact assessment scheme for land use based on EI99, consisting of land occupation 

and transformation impacts. PDF is regionally adjusted by NPP0 for each pixel (NPP-factor) and by ecosystem 

vulnerability (z/LI-factor) for each ecoregion. CSP factors are included on biome level. 

 

Land occupation 

The most obvious intervention of land use is occupation. For impacts on ecosystem quality, we 

combined the species-based and NPP approaches, using the land occupation characterization factors 

provided in EI99 (CFLO,EI99) as baseline and applying spatially resolved NPP values of the potential 

natural vegetation (NPP0,i) from Haberl et al.  (2007), for deriving regionalized characterization 

factors of land occupation (CFLO,i) for each location i. The values are normalized with the average 

NPP0 of Swiss lowlands (NPP0,SLL = 650 gC/(m
2
*year)), as the CFLO,EI99 factors are developed for 

this region. Thus, the ratio of NPP0,i and NPP0,SLL,functions as a weighting factor for regionalization. 

LO, LO,EI99 0,i   0,SLLCF  CF *NPP / NPPi         (6.1) 

Using NPP0 for the spatial differentiation is an objective measure for the productivity of the land, 

which is crucial for life supporting functions. As productive land is limited on global scale, the most 

productive lands are also most attractive for human activities and should therefore also be assigned 

higher weights from a resource-competition perspective. 

In addition to the local impact, we also developed a regional impact describing the ecosystem 

vulnerability (zLIj) for each ecoregion j:  

,

*100
(100 ) /100 (100 )

n

k j k
j k

j

j j

p
z

zLI
HFI HFI

        (6.2) 

where HFIj is the human footprint index quantifying the disturbance of natural ecosystems by 

humans (Sanderson et al. 2002), z the species-area accumulation factor, γ the standard z-factor of 

forest habitat (0.35), pj,k  the area share of habitat k, and σk the LU change sensitivity factor of habitat 

k for species in the ecoregion. We differentiate two habitats per ecoregion: σforest (1.0) and σgrass-shrub 

(0.6).  
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The combined local and regional characterization factors for ecosystem quality (CFEQ,occupation,i,j) is 

described as follows: 

j0,i

EQ,occupation,i,j LO, EI99 EI99

0,SLL PA0445

/

zLINPP
 CF *  1 z  

NPP zLI

z LI factorNPP factor

CF

 

    (6.3)  

where zLIPA0445 is zLI of ecoregion PA0445 (comprising Swiss lowlands). AtLO is the area-time 

occupied. Impacts on climate change (CSP [CO2]) are assessed applying the occupation factors of 

Müller-Wenk et al. (2010) in the respective biomes. 

 

Transformation 

Land transformation is commonly treated as an inventory parameter (elementary flow) of processes. 

However, land transformation should be treated as a separate process, i.e. clearing land. Due to the 

lack of reliable regionalized inventory data, a factor for average transformation might be related to 

land occupation. The allocation of transformed land to subsequent land uses is so far not consistently 

included in LCA and is a question of the system boundary choice. Concerning crop production, the 

system boundaries should include the global agricultural system: Due to international trade and an 

increasing population, land transformation is inevitable to satisfy food, fibre and energy demands of 

humanity. This view also matches the consequential perspective which tries to assess the effect of an 

action on the relevant market and its consequences instead of allocating damage to different outputs 

of the system.  Globally, fertile land is a limited resource. Hence, if global demand for agricultural 

goods increases, the occupation of productive land will eventually lead to transformation of natural 

ecosystems such as rainforests in other parts of the world - even if the studied production site is not 

directly implying land transformation.  

The transformation of land should be attributed among agricultural production systems and other 

causes such as logging or peat harvesting. To take a conservative approach we attributed all damage 

to crop production and pastures: The amount of the annual global transformation from natural land 

and pastures to agricultural land is attributed to the reference agricultural area using the total land 

occupied by agriculture in 2007 as denominator. We used the land use changes from 1907-2007 and 

1987-2007 and averaged the results to calculate annual global impacts of transformation 

(IMPACTglobal,year) based on data from Ramankutty (2010). The transformation impact factor 

(CFtransformation,i) attributes the damage based on the NPP0,i of each pixel i: 

Global,year 0,i

transformation, i

agri.year 0,global

IMPACT NPP
CF = *

area NPP
      

(6.4) 

where NPP0,global is the global average NPP0 on croplands: 611gC/(m
2
*year). The currently used 

restoration time for ecosystem quality in EI99 of 30 years has been adapted to updated data by 

Schmidt (2008) for different vegetation types and adapted based on the geographical position 

(elevation and latitude) as suggested by Weidema et al. 2001. 

The reference system is based on the biomes forest and grasslands, respectively, and represents the 

latitude and altitude of the Swiss lowlands. Grasslands have restoration times of 50 years leading to a 

transformation time (duration of the transformation impact) of 25 years while for forests and 

shrublands, the restoration time is estimated to 500 years (Schmidt 2008). We split the latter 
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restoration time curve, based on the fact that a managed forest will be restored in 50 years and 

having about 80% of the original quality according to EI99. As described in Figure 6.2 this leads to a 

two-phase restoration with a relevant transformation time (ttransform) of 75 years (shaded area) for 

forests and shrublands. 

For CO2-emissions (CSP), we used the transformation factors of Müller-Wenk (2010). 

 

 
Figure 6.2: Two-phase restoration for forest and shrub biomes (dark area): a fast recovery of quality in the 

first 50 years (t0-t1) and a slow recovery to the original quality in the remaining 450 years (t1-t2). The 

corresponding transformation time (ttransform) is consequently 75 years (light area). 

 

Aggregated impact (transformation + occupation) 

The aggregated impacts for each pixel i are derived as follows: 

, , , , ,CSP i CSP occupation i CSP transformation iCF CF CF

        

(6.5) 

, , , , , ,EQ landuse i EQ occupation i EQ transformation iCF CF CF

        

(6.6) 

 

 

6.2.2. Impact assessment of energy crops 

 

The resulting regionalized factors require spatially differentiated inventories, as e.g. growth periods 

vary substantially with climate. We used inventories of important energy crops (Table 6.1) on a 

spatial resolution of 5 arc-minutes from the year 2000, provided by Pfister et al. (unpublished) for 

land and water use. Water impacts are assessed by the regionalized LCIA method of Pfister et al. 

(2009). National and global average impacts of each crop are derived based on the relative 

production in each modeled cell in order to provide the impact of the average produced product.  
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6.3. Results 

6.3.1. Damage factors for land use 

 

Figure 6.3: EI99-points per m
2
year land use regarding ecosystem quality (left) and climate change change 

impacts on human health (right). Ecosystem quality impacts are significantly higher.   

 

6.3.2. EI99-scores per kg energy crop 

Land use impacts are generally higher than water use impacts (Table 6.1). However, regional aspects 

are crucial among as well as within countries as illustrated by the example of wheat in Figure 6.4. 

Spatially explicit results might therefore contradict country or global averages. Table 6.1 lists the 

global average impacts of land use and freshwater consumption for all energy crops investigated, 

measured as both, impacts on ecosystem quality and in EI99 aggregated single scores. Water 

consumption contributes significantly to the EI99-scores also through resource depletion and impacts 

on human health, increasing the relative relevance of freshwater consumption. Land use impacts on 

climate change with consequences on human health are not relevant on the EI99 single-score level. 

Still, land use causes higher impacts on global average than water consumption for the analyzed 

energy crops, except for rapeseed, soybean and sunflower. 

 

 

  

Ecosystem quality           Climate change 



 148 

 

 

Figure 6.4: EI99-scores per kg wheat produced: Water use (left), land use (right). The ratio of water to land 

use impact is given in the bottom map indicating the relative importance of water and land in LCA of wheat. 

 

 

 

Table 6.1. Global, production-weighted average impacts of land use (including transformation) and water 

consumption for different energy crops measured as impact on ecosystem quality and aggregated Eco-

indicator 99 single-scores (EI99-pts).  
 

  Ecosystem quality [PDF*m
2
*yr/kg] EI99-pts / kg 

 Land Water Water/land ratio Land Water Land+Water Water/land ratio 

 wheat  3.30 0.42 13% 0.26 0.07           0.33  27% 

 rice  2.66 0.21 8% 0.21 0.04           0.25  19% 

 barley  4.11 0.22 5% 0.32 0.03           0.35  9% 

 maize  2.00 0.18 9% 0.16 0.03           0.19  19% 

 rye  4.35 0.07 2% 0.34 0.01           0.35  3% 

 millet  10.38 0.54 5% 0.81 0.1           0.91  12% 

 sorghum  6.67 0.65 10% 0.52 0.08           0.60  15% 

 buckwheat  6.09 0.17 3% 0.48 0.04           0.52  8% 

 quinoa  12.46 0.1 1% 0.98 0.08           1.06  8% 

 potato  0.51 0.05 10% 0.04 0.01           0.05  27% 

 cassava  1.38 0.01 1% 0.11 0           0.11  0% 

 sugarcane  0.26 0.05 20% 0.02 0.01           0.03  41% 

 sugarbeet  0.26 0.03 12% 0.02 0.01           0.03  41% 

 soybean  0.37 0.21 57% 0.02 0.05           0.07  205% 

 oilpalm  0.17 0.02 12% 0.01 0           0.01  0% 

 sunflower  0.78 0.4 51% 0.06 0.08           0.14  131% 

 rapeseed  0.57 0.32 56% 0.05 0.08           0.13  164% 
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6.4. Discussion 

Our results clearly show the importance of regionalized inventory and impacts assessment as 

compared to global average values generally used in LCA. While biomes and ecoregions are suitable 

for regional ecosystem aspects and carbon emissions for land use, only the highly regionalized data 

for NPP0 allows capturing the productivity of land, which is crucial to assess the relative importance 

of an area regarding major ecosystem services relevant for humanity and nature. Starting from the 

highest available relevant spatial resolution facilitates optimization of agricultural practice by 

identifying hotspots of environmental concern and by identifying potential areas of relatively low 

environmental harm. Based on local production amounts, national or global averages can be derived 

and, in combination with markets and trade information, the proper production mix can be attributed 

to a specific regional activity. 

The wheat example shows clearly the trade-off between land and water use: the least land use impact 

is found in areas with high water impacts such as north-west India and south-west USA (Figure 6.4). 

And although water on global average only causes a quarter of the land impact, in these regions 

water use is by far more damaging than land use.  

Among energy crops, we found large differences. For instance, the impact scores of maize and millet 

differ by almost a factor 5 on global average (Table 6.1). In the case of millet, poor agricultural 

management and low yields might contribute significantly to high impacts.  

Future method development should include more taxons for species diversity and further analysis of 

ecoregion features and vulnerability measures as well as soil-related impacts. Integration into other 

methods such as RECIPE or IMPACT2002 might change the results if climate change impacts on 

ecosystem quality are included or different weighting are applied. Furthermore, allocation of 

transformation damages to biomaterial harvesting needs to be examined on a regional and ecoregion 

scale, including driving market mechanisms. 

 

  



 150 

References 

Goedkoop M, Spriensma R. (2001): Eco-indicator 99, a damage oriented LCA impact assessment 

method. Methodology report Nr. 1999/36a. 3rd ed. The Netherlands, Amersfoort. 

Haberl, H., et al. (2007). Quantifying and mapping the human appropriation of net primary 

production in earth's terrestrial ecosystems. PNAS 104(31): 12942-12945.  

Koellner T. (2000): Species-pool effect potentials (SPEP) as a yardstick to evaluate land-use impacts 

on biodiversity. Journal of Cleaner Production 8:293-311. 

Milà i Canals L, et al. (2007): Key elements in a framework for land use impact assessment within 

LCA. International Journal of LCA 12(1):5-15. 

Müller-Wenk, R. and M. Brandão (2010). Climatic impact of land use in LCA – carbon transfers 

between vegetation/soil and air. International Journal of LCA 15(2): 172-182. 

Pfister S. et al. (2008): Water-use related ecosystem impacts: Comparing different indicators on 

global scale, http://www.lcainfo.ch/df/DF35/DF35_08_Pfister_DF35Water.pdf. 

Pfister, S., Koehler, A., Hellweg, S. (2009): Assessing the environmental impacts of freshwater 

consumtion in LCA. Environ Science and Technology, 43(11): 4098–4104.  

Ramankutty N. (2010): Global cropland and pasture data. McGill University. 

Schmidt, J. H. (2008): Development of LCIA characterisation factors for land use impacts on 

biodiversity. Journal of Cleaner Production 16(18): 1929-1942.  

Sanderson, E. W  et a.l (2002): The human footprint and the last of the wild. Bioscience 2002, 

52(10): 891-904. 

Weidema BP, Lindeijer E. (2001): Physical impacts of land use in product life cycle assessment. 

Final report of EURENVIRON-LCAGAPS on land use. Lyngby, Denmark. 

 

  

http://www.lcainfo.ch/df/DF35/DF35_08_Pfister_DF35Water.pdf


 151 

CHAPTER 7 

A revised approach to water footprinting to make transparent 
the impacts of consumption and production on global 
freshwater scarcity 

 

Bradley G. Ridoutt
a
 and Stephan Pfister

b 

 

     

 

Published in Global Environmental Change, 

Volume 20, Issue 1, pp.113–120, 2009 

 

 

a 
CSIRO Materials Science and Engineering, Private Bag 10, Clayton, Victoria 3169, Australia 

b 
ETH Zurich, Institute of Environmental Engineering, 8093 Zurich, Switzerland 

  



 152 

Abstract 

Through the interconnectedness of global business, the local consumption of products and services is 

intervening in the hydrological cycle throughout the world to an unprecedented extent. In order to 

address the unsustainable use of global freshwater resources, indicators are needed which make the 

impacts of production systems and consumption patterns transparent. In this paper, a revised water 

footprint calculation method, incorporating water stress characterisation factors, is presented and 

demonstrated for two case study products, Dolmio® pasta sauce and Peanut M&M's® using primary 

production data. The method offers a simple, yet meaningful way of making quantitative 

comparisons between products, production systems and services in terms of their potential to 

contribute to water scarcity. As such, capacity is created for change through public policy as well as 

corporate and individual action. This revised method represents an alternative to existing volumetric 

water footprint calculation methods which combine green and blue water consumption from water 

scarce and water abundant regions such that they give no clear indication about where the actual 

potential for harm exists. 

 

7.1 Introduction 

The assessment of product water footprints has raised the awareness of the extent and magnitude that 

local businesses and consumers are intervening in the hydrological cycle throughout the world 

(Chapagain and Hoekstra, 2008). This is viewed as a positive development because, in many places, 

freshwater has become a scarce and overexploited natural resource (UNESCO-WWAP, 2006) 

leading to a wide range of social and environmental concerns (Falkenmark, 2008). There is an 

estimated one billion people in developing nations lacking access to safe drinking water and more 

than two billion people lacking adequate water for sanitation (Bartram, 2008). The demands for 

freshwater by industry and especially by agriculture are causing groundwater resources to be 

depleted and surface water resources to be abstracted in ways which compromise freshwater 

ecosystem health (Smakhtin, 2008). Pressure on freshwater resources is also intensifying rapidly 

with climate change, population growth, continuing economic development and the expansion of 

biofuel crops, raising the concern of governmental and non-governmental organisations alike. For all 

of these reasons, many businesses are seeking to demonstrate good corporate citizenship by 

measuring, reporting and addressing negative impacts arising from water use in their operations and 

product life cycles (Chapagain and Orr, 2009). 

 

The water footprint of a product is typically the sum of all water consumed in the various stages of 

production and therefore the same as its virtual water content (WFN, 2009). This usually includes so-

called blue water appropriated from surface and groundwater resources, green water which is rainfall 

consumed through crop evapotranspiration, and gray (or dilution) water, being the volume of 

freshwater needed to assimilate emissions to freshwater (Chapagain et al., 2006; Chapagain and Orr, 

2009). Milà i Canals et al. (2009) and Ridoutt et al. (2009a) have also extended the concept to 

include water consumed in the use phase of the product. Water footprints have been calculated for a 

wide range of products, including cotton (Chapagain et al., 2006), tea and coffee (Chapagain and 
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Hoekstra, 2007), meat products (Galloway et al., 2007) and Spanish tomatoes (Chapagain and Orr, 

2009), to name a few. Data from these and other like studies are now being reproduced widely in the 

popular media to the extent that the term water footprint has become part of the local vernacular in 

many countries, much like the term carbon footprint. Many companies are also piloting water 

footprint studies of their supply chains.  

 

However, apart from the similarity in name, product carbon and water footprints share few other 

characteristics. Considering carbon footprints, they are expressed as a single figure in the units of 

carbon dioxide equivalents (CO2-e). This is calculated using characterisation factors, such as those 

published by the IPCC, which describe the global warming potentials of the various greenhouse 

gases (GHGs). As a result, the carbon footprints of different products and services can be 

meaningfully compared. In addition, the GHG emissions arising from different forms of 

consumption are additive, meaning that emissions can be totalled for a nation, a business, an 

individual or the life cycle of a specific product. Emissions associated with one form of consumption 

can also be offset by savings elsewhere. Carbon footprints are also comparable with the global 

warming potential (GWP) midpoint indicator used in life cycle assessment (LCA). As such, carbon 

footprinting is a streamlined form of LCA, with commonality in approach to life cycle inventory and 

impact modelling.  

 

Unfortunately, these attributes do not apply to water footprints as they are presently calculated. 

While there are many examples of water footprints expressed as a single figure (e.g. bread 40 l per 

slice; beer 75 l per glass; coffee 140 l per cup; milk 1000 l per l; cotton T-shirt 2700 l per shirt; rice 

3400 l per kg; cheese 5000 l per kg; beef 15,500 l per kg; www.waterfootprint.org), these are not 

produced using a normalisation process. Most water footprints are the crude summation of more than 

one form of water consumption (blue, green and gray water) from locations that differ in terms of 

water scarcity. As such, water footprints of different products are not comparable. The water 

footprint concept has also evolved independently from the discipline of life cycle assessment and 

accordingly there is no clear relationship between a water footprint and potential social and/or 

environmental harm. At present, it is not clear what good would result from choosing a product or 

production system on the basis of it having a lower water footprint. Indeed, a product with a lower 

water footprint could be more damaging to the environment than one with a higher water footprint 

depending upon where the water is sourced. 

 

It is therefore not surprising that many have viewed the popularisation of the water footprint concept 

with concern because of the potential for misinterpretation and confusion. In order for it to become a 

useful driver of sustainable consumption and production, the water footprint concept is in need of 

substantial further development. Our research concerns the incorporation of water stress 

characterisation factors into a revised water footprint concept. This revised approach, which is 

demonstrated using two case study food products, represents a solution to many of the 

abovementioned weaknesses in current water footprint calculation methods. 

 

http://www.waterfootprint.org/
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7.2 Background 

The CSIRO (Commonwealth Scientific and Industrial Research Organisation, Australia) has been 

working with Mars Australia in the development and application of life cycle-based sustainability 

indicators for the agri-food sector. In the first stage of this research, a detailed inventory of life cycle 

water use was conducted for a selection of case study products, including Dolmio® pasta sauce and 

Peanut M&M‘s®. What distinguishes this work from other published water footprint studies is its 

focus at the product brand level rather than the product category level, as well as the complexity and 

variability of the numerous associated supply chains and the use of primary production data. Rather 

than basing our analyses on national-level statistics, we have sought to obtain data which is 

representative of the specific supply chains associated with each product, following a similar 

approach to that described for carbon footprinting in PAS2050 (BSI, 2008). Product water footprints 

were subsequently calculated following the approach of Chapagain et al. (2006). Further details are 

described in Ridoutt et al. (2009a). 

 

For the two case study products, 575 g Dolmio® pasta sauce and 250 g Peanut M&M‘s®, each 

manufactured and consumed in Australia, the total water footprints (hereafter termed volumetric 

water footprints) were 202 and 1153 litres respectively (Table 7.1, Ridoutt et al. 2009a). However, 

due to the different proportions of blue, green and gray water, it is not obvious which product water 

footprint is of more serious concern. This is despite the pasta sauce having a volumetric water 

footprint less than one fifth of the Peanut M&M‘s®. This illustrates the point that different kinds of 

water consumption should not be simply added to produce a water footprint because the opportunity 

cost and the impacts associated with each form of freshwater consumption differ. For example, in the 

case of Dolmio® pasta sauce, tomato growing consumes irrigation water. In the absence of 

production, this water would be fully available for some other productive purpose or could remain in 

the river system and contribute to the environmental flow. On the other hand, Peanut M&M‘s® 

require cocoa derivatives, and the growing of cocoa beans consumes large quantities of green water. 

However, cocoa beans are typically grown as a tropical rainforest understory crop and it is 

questionable whether there would be any additional stream flow or groundwater recharge in the 

absence of production. 

 

Table 7.1. Volumetric product water footprints for Dolmio® pasta sauce and Peanut M&M‘s® manufactured 

and consumed in Australia showing the proportions of blue, green and gray water (Ridoutt et al., 2009). Blue, 

green and gray water are defined in the text (Section 7.1). 

 

 
Total water footprint 

(litre) 

Blue water 

(%) 

Green water 

(%) 

Gray water 

(%) 

Dolmio® pasta sauce (575 g)   202 63.3 10.6 26.1 

Peanut M&M‘s® (250 g) 1,153 10.9 85.7   3.4 

 

A further complicating factor is the regional nature of freshwater scarcity (Pfister et al., 2008; 

Chapagain and Orr, 2009). For carbon footprinting, the normalisation process for different 

greenhouse gases is simplified by the use of global characterisation factors, i.e. GHG emissions are 

regarded as making an equivalent contribution to global warming regardless of the location where 
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they are produced (high altitude emissions arising from aviation being a notable exception). 

However, in the case of water footprinting, regional impact factors are necessary. Naturally, the 

impact of water consumed in a region of water abundance is in no way comparable to water 

consumed where scarcity exists. For example, in the case study of the Mars products, the same 

amount of water consumed in crop production in the Murray Darling Basin of Australia might be 

much more harmful compared to water consumed in crop production in southern coastal areas of 

Côte d‘Ivoire. 

 

7.3 Methods 

In order to demonstrate an improved water footprint calculation method, incorporating water stress 

characterisation factors, the abovementioned case studies were revisited. A description of the revised 

water footprint schema and water stress characterisation factors follows: 

 

7.3.1 Revised water footprint schema 

As already mentioned (Section 7.1), current water footprint calculation methods have evolved 

independently of LCA and a weakness is their lack of correspondence with any defined social or 

environmental impact category. Therefore, in order to progress the water footprint concept it has 

been necessary to consider the major impacts associated with water appropriated into product life 

cycles. This endeavour has much in common with the UNEP/SETAC Life Cycle Initiative project 

which is developing a framework for assessing freshwater use in LCA (Koehler, 2008; Koehler et al., 

2008). As discussed above, a feature of carbon footprinting is its compatibility with LCA and it is 

desirable that the same occurs for water footprinting as this will provide a basis for comparing the 

relative importance of product water footprints against carbon footprints and other environmental 

burdens. 

 

7.3.1.1 Green water consumption 

Agri-food product life cycles appropriate green water through land occupation and there are three 

major impact pathways. Firstly, occupation of land limits the availability of that land and thereby 

access to the green water for other social purposes. For example, if land in Australia is being used to 

produce wheat, that same land and its associated green water is not available for other kinds of 

agricultural enterprise. Secondly, land use influences the partitioning between green and blue water 

and thereby the availability of blue water for other social purposes and the environment. Of 

particular concern in the Australian context is the transformation of pasture into industrial forestry 

with deep rooted tree species which, in certain circumstances, may increase evapotranspiration and 

reduce stream flow (Benyon et al., 2007). Thirdly, additional green water for food and fibre 

production can be accessed by conversion of natural ecosystems into agricultural land. In this case, 

the impact is loss of natural ecosystems and habitat. 
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7.3.1.2 Blue water consumption 

Blue water is surface or groundwater and it is mainly appropriated into agri-food product life cycles 

as irrigation water in farming and process water in factories. Water for irrigation and industry 

competes with water for domestic use. However, as noted by Rijsberman (2006), the appropriation of 

blue water into agri-food product life cycles is generally not the reason why people lack safe water 

for drinking and adequate water for sanitation. Such people are generally not affected by water 

scarcity in the physical sense but by a lack of access to adequate water services. Alternatively, they 

may be victims of extraordinary events such as extreme drought or war (Pfister et al., 2009). 

Malnutrition is a more likely impact of blue water consumption, in particular in developing nations 

where shortage of irrigation water may limit subsistence food production. That said, where blue 

water resources are consumed at a rate that exceeds the short term replacement, and where non-

renewable blue water resources are consumed (e.g. fossil groundwater resources), this is a form of 

resource depletion that limits availability to future users. On the other hand, water for irrigation and 

industry competes with water for the environment with the potential to negatively impact aquatic 

biodiversity and the health of riparian, floodplain and estuarine ecosystems. Indeed, there is 

mounting evidence that this is a serious global concern (Falkenmark and Molden, 2008). 

 

7.3.1.3 Proposed calculation method 

Based on the preceding discussion, we propose that the main concern relating to water consumption 

in agri-food product life cycles is the potential to contribute to water scarcity and thereby limit the 

availability of freshwater for human uses and for the environment (Figure 7.1). In this way, the direct 

consumption of blue water resources is important, as well as the changes in blue water availability 

associated with land use. In regards to the latter, most agricultural systems intercept less precipitation 

than the natural ecosystems they replace (Scanlon et al., 2007). Indeed, simulations using the LPJmL 

dynamic global vegetation and water balance model suggest that globally, river discharges have 

increased by 6.6% as a result of transformation of natural ecosystems to crop and grazing land (Rost 

et al., 2008). An alternative approach to categorising land use effects on stream flow has been 

offered by Milà i Canals et al. (2009) involving a distinction between sealed and unsealed land use 

types and assumptions about the value of runoff from heavy rainfall to ecosystem health. In this 

study, we have taken a conservative approach and not sought to include the additional blue water 

resources arising from agricultural land use. 
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Figure 7.1. Revised method of calculating product water footprints incorporating water stress characterisation 

factors. As a conservative approach, most agricultural production systems can be assumed to have no negative 

impact on blue water resource availability as a result of land occupation. 

 

 

It is argued that the consumption of green water per se does not contribute to water scarcity. Until it 

becomes blue water, green water does not contribute to environmental flows which are needed for 

the health of freshwater ecosystems nor is it accessible for other human uses. Green water is only 

accessible through access to and occupation of land. Indeed, green water is only one of the many 

resources acquired through land occupation: access to solar radiation, wind and soil are others. This 

is not to downplay the importance of green water as a vital natural resource. Indeed, green water 

dominates in current global food production and will become more important if food security for a 

growing world population is to be met (Rockström et al., 2009). However, due to the inseparability 

of green water and land (except via the impacts of land use on flow, as mentioned above), the 

consumption of green water in agri-food product life cycles is better considered in the context of the 

land use impact category. For example, the issue of using agricultural land to produce biofuels 

concerns the ethical use of arable land rather than water, even though green water is consumed in the 

process. This is because biofuel crops, if they are rainfed, do not contribute to water scarcity. 

However, they do consume land which might otherwise be used for food production. 

 

The third element is gray water (Chapagain et al., 2006; Chapagain and Orr, 2009). The rationale is 

to include in the water footprint calculation a measure of the impact on water resource availability of 

emissions to freshwater from a product system. The gray water calculation method is admittedly 

imperfect as a litre of water extracted directly from a resource is not physically or conceptually the 

same as a litre of water assimilating an emission. Nevertheless, it is considered beneficial to include 

the gray water calculation rather than lose from the water footprint any consideration of the impacts 

of water quality degradation on usable water quantity. However, in the context of LCA, emissions to 

freshwater would normally be considered under other impact categories such as eutrophication or 

freshwater eco-toxicity, applying complex fate and effect models. 
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This proposed water footprinting schema represents a substantial departure from existing water 

footprinting approaches. Importantly, what is being proposed now has a clearly defined goal, being 

the avoidance of water scarcity. It is also noted that this water footprint schema is broadly consistent 

with the water deprivation midpoint indicator being proposed for LCA by Pfister et al. (2009). 

 

7.3.2 Water stress characterisation factors 

To obtain water stress characterisation factors relevant to each location where water was consumed, 

the water stress index (WSI) developed by Pfister et al. (2009) was used. Briefly, the WSI is based 

on the WaterGAP 2 global hydrological and global water use models (Alcamo et al., 2003) with 

modifications to account for monthly and annual variability of precipitation and corrections to 

account for watersheds with strongly regulated flows. The index follows a logistic function ranging 

from 0.01 to 1. It is tuned to result in a WSI of 0.5 for a withdrawal-to-availability ratio of 0.4, which 

is commonly referred to as the threshold between moderate and severe water stress (Vorosmarty et 

al., 2000; Alcamo et al., 2000). The WSI has a spatial resolution of 0.5 degrees (Figure 7.2), which is 

more relevant to describing water stress at a local watershed level than indicators which are based on 

national or per capita statistics (Rijsberman, 2006). Especially for large, heterogeneous countries like 

Australia, China, India and the US, national statistics provide little insight into local water scarcity. 

 

 
Figure 7.2. Global representation of the water stress index (Pfister et al., 2009). 

 

 

For the two case study products, Dolmio® pasta sauce and Peanut M&M‘s® produced in Australia, 

the location of water consumption at each point in the product life cycle was defined as precisely as 

possible. In some cases, such as for particular factories, the specific coordinates were able to be 

identified. In other cases, such as for commodity agricultural ingredients, only a region within a 

country was able to be described, and not the specific farms, therefore a range of WSI values were 

averaged to produce a representative characterisation factor. For the water consumed in the product 

use phase, an average WSI value for Australia was applied, as the case study products are distributed 

nationally. To calculate the stress-weighted water footprint, water consumption at each point in the 

product life cycle (as defined in 3.1.3) was multiplied by the relevant characterisation factor (e.g. 

0.011 for sugar processing in the Clarence River Catchment of northern NSW, Australia; 0.996 for 



 159 

tomato cultivation in the San Joaquin Valley of California). These results were then summed to 

enable reporting at the product level, with scaling used to account for minor ingredients, such as 

herbs and spices. Separate calculations were performed including and excluding gray water to enable 

a comparison to be made. 

 

7.4 Results 

The stress-weighted water footprints of Dolmio® pasta sauce and Peanut M&M‘s® were 141 and 13 

litres respectively when gray water was included and 98 and 5 litres respectively when gray water 

was omitted (Table 7.2). For these two products, the gray water requirement made a substantial 

contribution to the overall stress-weighted water footprint (30% and 62%), suggesting that the 

impacts of water quality degradation were important, and this may well be typical of agri-food 

products generally. What is also immediately apparent are the differences compared to Table 7.1 

where the volumetric water footprints for these two products were 202 and 1153 litres. Whereas the 

volumetric water footprint of Dolmio® pasta sauce was less than one fifth that of Peanut M&M‘s®, 

the stress-weighted water footprint of Dolmio® pasta sauce was over ten times greater.  

 

 

Table 7.2. Stress-weighted water footprints (excluding and including the gray water component) for Dolmio® 

pasta sauce and Peanut M&M‘s® manufactured and consumed in Australia. Also shown is the distribution 

across the value chain. 

 Dolmio® pasta sauce Peanut M&M‘s® 

 Excluding 

gray water 

Including 

gray water 

Excluding 

gray water 

Including 

gray water 

Stress-weighted water footprint (litre) 98 141   5 13 

Distribution across value chain (%)     

 Agricultural production 96 97 92 97 

 Ingredient processing     1.3     0.9      1.7     0.7 

 Mars‘ operations     0.3     0.2     6.3     2.6 

 Packaging     0.9     0.6    <0.1   <0.1 

 Use phase     1.6     1.1    0  0 

 

 

Regardless of the absolute differences in the stress-weighted water footprints of these two case study 

products, in both cases it was the agricultural stage of production which, by far, made the greatest 

contribution (97% in each case, Table 7.2). For Dolmio® pasta sauce, the use phase contributed 

slightly over 1% of the stress-weighted water footprint. Other parts of the value chain (primary 

processing of agricultural ingredients, Mars‘ operations and packaging) contributed less than 1% 

each (Table 7.2). For Peanut M&M‘s®, there was no water used in the product use phase. The next 

most important contribution to the stress-weighted water footprint came from the Mars‘s operations 

(2.6%) followed by the primary processing of agricultural ingredients (0.7%) and packaging (<0.1%, 

Table 7.2). Minor differences were observed when gray water was excluded from the stress-weighted 

water footprint calculation; however, the agricultural stage of production remained dominant (Table 

7.2). 
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When considered on an ingredients basis, important differences were observed between the 

volumetric and stress-weighted water footprints (Table 7.3). Whereas the volumetric water footprint 

method directed attention to cocoa derivatives as the ingredient of greatest concern, the stress-

weighting method highlighted tomato products. The results obtained using the latter approach were 

deemed to make the most intuitive sense. Tomatoes are typically grown under irrigation in hot and 

dry climatic regions. As such, tomato production has the potential to contribute significantly to local 

water scarcity, limiting the availability of freshwater for environmental flows and alternative human 

uses. On the contrary, cocoa beans are predominantly grown as a tropical rainforest understory crop 

without irrigation and with little or no use of fertilizers and other agro-chemicals. As such, the 

potential of cocoa production to contribute to water scarcity is very small. 

 

 

Table 7.3. Major agricultural ingredients contributing to the volumetric and stress-weighted water footprints 

(including gray water) of Dolmio® pasta sauce and Peanut M&M‘s® manufactured and consumed in 

Australia. Volumetric water footprint data: Ridoutt et al. (2009). 
 

Ingredient 

Volumetric 

water footprint 

(litre) 

Stress-weighted 

water footprint 

(litre) 

 Dolmio® pasta sauce 

 Tomato products 149.9 133.9 

 Sugar   22.9   <0.1 

 Onion   12.0     1.8 

 Garlic     5.9     0.1 

 Minor ingredients     3.3     1.9 

 Peanut M&M‘s® 

 Cocoa derivatives 690.1     4.1 

 Peanuts 140.2     1.1 

 Sugar 135.1     0.9 

 Milk derivatives 133.6     5.3 

 Palm oil derivatives   27.3   <0.1 

 Minor ingredients   17.8     0.2 

 Tapioca starch     7.9     0.5 

 

For Dolmio® pasta sauce, tomato products contributed more than 95% of the stress-weighted water 

footprint (Table 7.3). The locations where the tomatoes were sourced, northern Victoria in the 

Murray Darling Basin and the San Joaquin Valley in California, had local water stress 

characterisation factors of 0.815 and 0.996 respectively (on a scale of 0.01 to 1). In contrast, sugar, 

which was the ingredient making the second highest contribution to the volumetric water footprint of 

Dolmio® pasta sauce, made almost no contribution to the stress-weighted water footprint because 

the local water stress characterisation factor for the production region was 0.011. Although being less 

important in the Dolmio® pasta sauce recipe, onion products were sourced from regions having 

water stress characterisation factors that ranged from 0.025 to 0.998, suggesting that there is scope to 

reduce impacts on water scarcity through selective procurement. 
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For Peanut M&M‘s®, dairy products contributed most to the stress-weighted water footprint, with 

ingredients sourced from the San Joaquin Valley in California being of more concern than 

ingredients sourced from the South Island of New Zealand (local water stress characterisation factor: 

0.017). Cocoa derivatives and peanuts were the next most important ingredients (4.1 and 1.1 litres 

respectively, Table 7.3). However, none of the ingredients in a 250 g bag of Peanut M&M‘s® had a 

stress-weighted water footprint that was comparable in magnitude to the tomato products in a 575 g 

jar of Dolmio® pasta sauce. 

 

Finally, it is of interest to note that for Dolmio® pasta sauce and Peanut M&M‘s®, manufactured 

and consumed in Australia, much of the stress-weighted water footprint occurred outside Australia 

(48 and 81% respectively), highlighting the extent to which producers and consumers intervene in 

the water cycle in locations far from their local environment. 

 

7.5 Discussion 

In order to address the unsustainable use of global freshwater resources, indicators are needed which 

make the impacts of production systems and consumption patterns transparent. In this study, a 

revised water footprint calculation method was introduced, which incorporates water stress 

characterisation factors. Using two case study products, Dolmio® pasta sauce and Peanut M&M‘s®, 

we demonstrate this revised calculation method and show that stress-weighted water footprints can 

differ substantially from water footprints calculated using existing methods on a simple volumetric 

basis. Indeed, the two sets of results obtained in this study suggested completely different priorities 

for corporate action. 

 

7.5.1. Advantages of the revised water footprint calculation method 

One of the most important features of the revised water footprint calculation method is that it enables 

meaningful comparison both between different products and between the different stages of a 

particular product‘s life cycle. For example, a 575 g jar of Dolmio® pasta sauce has a potential to 

contribute to water scarcity that is more than ten times that of a 250 g bag of Peanut M&M‘s® 

(Table 7.2). Furthermore, within the life cycle of Dolmio® pasta sauce, 97% of the potential to 

contribute to water scarcity occurs in the production of agricultural ingredients (Table 7.2), with 

tomato cultivation being by far the greatest concern (Table 7.3). Therefore, for companies wanting to 

exercise good water stewardship, the revised water footprint calculation method provides a 

quantitative means of identifying priorities and directing actions. This provides an alternative to 

volumetric water footprinting methods which combine green and blue water consumption from water 

scarce and water abundant regions such that they give no clear indication about where the actual 

potential for harm exists. 

 

The revised water footprint calculation method can also provide a meaningful basis for corporate 

sustainability reporting. Many businesses in the food industry are already reporting on direct water 

use and setting targets for reduction (e.g. CIAA, 2007; AFGC, 2005). However, as demonstrated in 

this study, for many, if not most agri-food products, the majority of the impacts from life cycle water 
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use occur in the agricultural stage of production. As a rule of thumb, in the food and grocery supply 

chain, the relative water intensity of the primary production, manufacturing and uses phases are 

100:1:10 (AFGC, 2003). As such, many businesses are now embracing the life cycle concept 

(UNEP, 2007) and reporting of sourcing and supply chain issues is increasing in the food industry 

(GRI, 2008). A few companies, such as Coca Cola (Liu, 2008), have even made declarations about 

becoming water neutral, which in most cases will inevitably require some degree of water offsetting. 

However, a constraining factor to date has been the lack of methodology enabling water 

consumption in one location to be compared with a water saving or improvement in another 

(Hoekstra, 2008). Again, the revised water footprint calculation methodology introduced in this 

paper may represent a way forward. 

 

Like carbon footprints, water footprints also have the potential to enable consumers to become more 

aware of the impacts of their purchasing decisions and thereby take greater responsibility for their 

consumption patterns. As already mentioned, existing volumetric water footprints are misleading and 

confusing because consumers have no means of interpreting a number which is an aggregation of 

blue, green and dilution water, especially when the water use has occurred in locations of undeclared 

water stress. In this regard, the stress-weighted water footprints calculated using the revised method 

have the potential to be expressed in units which are normalised according to the local water stress in 

the country of consumption (e.g. Australian-equivalent water footprint, Table 7.4). In this way, a 

consumer can compare the product water footprint with the direct consumption of water in their 

home country, which is simple and should make intuitive sense for that consumer. Therefore, the 

consumption of a 575 g jar of Dolmio® pasta sauce in Australia has the same potential to contribute 

to water scarcity as the direct consumption of 350 litres of water in Australia (Table 7.4). Similarly, 

the consumption of a 250 g bag of Peanut M&M‘s® in Australia has the same potential to contribute 

to water scarcity as the direct consumption of 31 litres of water in Australia. As a point of 

comparison, the Australian-equivalent water footprint of mango consumed in Australia is 217 l/kg 

(Ridoutt et al., 2009b). For a consumer, this kind of information is thought to be meaningful. As 

another point of reference, householders in Melbourne are currently being encouraged by the 

government to limit domestic water use to 155 litres per person per day. We are not however 

suggesting that avoiding the use of 31 litres of water in Melbourne is a direct substitute for the water 

use associated with the consumption of a bag of Peanut M&M‘s®, since 81% of the stress-weighted 

water footprint of Peanut M&M‘s® occurs outside Australia. 

 

Table 7.4. Stress-weighted and Australian-equivalent water footprints for Dolmio® pasta sauce and Peanut 

M&M‘s® manufactured and consumed in Australia. The Australian-equivalent water footprints were 

calculated using the national average water stress index (WSI, Pfister et al., 2009) for Australia. Normalised 

product water footprints such as these could enable consumers to compare the potential to contribute to water 

scarcity through consumption of a product with the direct consumption of the same volume of water in their 

home country. 
 

  
Stress-weighted water footprint 

(litre) 

Australian-equivalent water footprint 

(litre) 

Country WSI 
Dolmio® pasta 

sauce 
Peanut M&M‘s® 

Dolmio® pasta 

sauce 
Peanut M&M‘s® 

Australia 0.402 141 13 350 31 
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In the global context, one of the greatest challenges is to meet future food demands within the 

constraints of sustainable freshwater consumption. Already there is an estimated 963 million 

undernourished people in the world (FAO, 2008a) and demand for food is forecast to double by 2050 

based on projected population and socio-economic growth (FAO, 2008b). At a practical level, the 

impact of food consumption patterns on global freshwater resources must become less intense. 

Traditionally, water resources management has focussed on increasing supply and where supply has 

become limited demand management has become necessary, typically in relation to direct water 

consumption by the domestic, industrial and agricultural sectors. However, demand for water by the 

industrial and agricultural sectors derives from demand for goods and services by consumers. At the 

consumer level, indirect water use through the consumption of goods and services far exceeds direct 

water consumption, perhaps by an order of magnitude (Molden et al., 2007). Governments are 

therefore encouraged to complement demand management strategies for water with strategies which 

take into consideration indirect (or virtual) water use though consumption of goods and services. The 

revised water footprint calculation method may contribute to making such interventions possible. 

 

7.5.2. Drivers created by the revised water footprint calculation method 

The revised approach to product water footprinting described in this study is designed to encourage 

food product manufacturers and retailers to reduce the negative impacts arising from water use in the 

life cycles of the products they develop and sell. A range of practical interventions are highlighted. 

Firstly, due to the importance of water consumed in primary production, the sourcing of agricultural 

ingredients from locations of high water stress will be discouraged. Also discouraged will be the 

sourcing of agricultural ingredients from regions where there is a high irrigation water demand. For 

example, Chapagain and Orr (2009) assessed the blue water requirements of fresh tomato production 

in Spain and reported a range of 14.2 m
3
/t to 117 m

3
/t, a range of over 8-fold. Similarly, Chapagain 

et al. (2006) describe a range of blue water requirements for cotton ranging from 46 m
3
/t (Brazil) to 

5602 m
3
/t (Turkmenistan), a range of over 120-fold. While these are volumetric water footprints and 

not stress-weighted water footprints, they still illustrate the enormous variability that exists and 

therefore the great potential to alleviate water scarcity through selective procurement of agricultural 

commodities. 

 

Even within a particular region, opportunities exist to source from farms which are most efficient in 

their irrigation water use. For example, in the case of tomato production, farms employing drip 

irrigation systems are much more efficient than those using furrow systems. As such, the revised 

water footprint calculation method will encourage investments in farming systems which increase the 

efficiency of irrigation water use, decrease runoff and leaching of fertilizers and other agri-

chemicals, and increase the productivity of rainfed production systems. For food manufacturers, the 

revised water footprint calculation method will also encourage investments in factories to improve 

water use efficiency, water reuse and recycling as well as wastewater reduction and treatment. It will 

also encourage new factories to be located in regions of freshwater abundance rather then scarcity. 

Reducing waste is another obvious way of reducing water consumption (Lundqvist et al. 2008). 
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This approach to product water footprinting is not intended to address other valid concerns which are 

less directly related to water scarcity. One example is the loss of natural ecosystems through 

agricultural expansion. Another is the goal of increasing the calorific or nutritive value of food per 

unit of water consumed, which has been described as an important strategy in meeting future food 

production requirements (Liu and Savenije, 2008; Rockström, 2003). For the same reasons that 

product carbon footprints are not expressed on a calorific or nutritive basis (PAS2050, 2008), we do 

not see the potential for this kind of reporting as a useful everyday indicator of sustainable 

consumption and production. Product water footprinting is also not expected to effectively address 

local issues pertaining to watershed management. For a particular freshwater ecosystem, the natural 

variability in flows can be great and the relationship to ecosystem health extremely complex 

(Arthington et al., 2006; King and Brown, 2006; Richter et al., 2006; Acreman et al., 2008). As such, 

sourcing products from a region of greater water abundance does not ensure that the specific 

environmental flow requirements of river systems are necessarily being met. Environmental flow 

requirements encompass not only a volume, but also timing and duration (Smakhtin, 2008). 

Therefore, although product water footprinting promises to be a useful driver of sustainable 

consumption and production, with potential to encourage global-scale change with respect to 

freshwater resource consumption, other approaches to environmental protection and management 

will also be required. 

 

7.6. Conclusion 

The most significant way that humans intervene in the global hydrological cycle is in the production 

of agri-food products (Rost et al., 2007) and oftentimes, as demonstrated in this study, these impacts 

occur far from where the consumption of food takes place. By making transparent the relationship 

between the production and consumption of these and other products and the unsustainable use of 

global freshwater resources, a capacity will be created for change through public policy and through 

corporate and individual action. The revised water footprint calculation method, introduced and 

demonstrated in this report, provides a way of making simple, yet meaningful comparisons between 

products and production systems in terms of their potential to contribute to water scarcity. The 

incorporation of water stress characterisation factors is deemed essential in linking global 

consumption to freshwater scarcity, since freshwater scarcity is largely a local and regional concern. 

 

Two priorities for further research have also been identified. Firstly, there is a need for targets for 

reducing pressure on global freshwater resources that decision makers can respond to. In terms of 

climate change, carbon dioxide concentrations in the atmosphere have been a key scientific indicator 

that has been used to underpin the setting of GHG pollution reduction targets, e.g. 20% by 2020; 

80% by 2050. However, at present there is no equivalent basis for deriving water footprint reduction 

targets. As already mentioned, an increasing number of companies are piloting water footprint 

studies of their operations and supply chains. This is occurring with the notion that water footprints 

need to be reduced. Other companies have set the aspiration of becoming water neutral, but without a 

clear understanding as to how this can be determined. The setting of water footprint reduction targets 

would provide a benchmark for policy makers in both the public and corporate sectors. 
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Finally, our research points to land use as another important sustainability indicator. The revised 

water footprint calculation method introduced in this report does not specifically account for green 

water consumption. This is because green water consumption does not contribute directly to water 

scarcity. However, the availability of green water is one factor that determines the productive 

capacity of land, and productive land is itself a scarce resource. Animal products have been reported 

to have much higher volumetric water footprints compared to cereal-based products 

(www.waterfootprint.org), leading to claims that changing food consumption patterns (i.e. toward 

greater meat consumption) are a major cause of worsening water scarcity (Nellemann et al., 2009; 

Liu et al., 2008). This may not be the case, depending upon the extent to which cereals grown for 

animal feed consume irrigation water. Many livestock production systems, especially those which 

are rangeland-based, would be expected to have very low stress-weighted water footprints, and 

contribute little to water scarcity. However, livestock production systems, rangeland or feedlot-

based, have substantial land resource requirements. We intend to pursue this line of investigation in 

future research. 
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CHAPTER 8 

Conclusions and outlook 

8.1 Comparison with other approaches of assessing water use 

 

The current thesis presents one of the first approaches to assess water consumption within LCA. 

During the thesis writing, other methods became available. In this section, these methods are 

compared with the approach taken in this thesis. The framework presented in Chapter 2, 

differentiated degradative and consumptive use of withdrawals as well as in-stream water use, while 

Frischknecht et al. (2008) only considered water use as a whole, excluding water for hydropower. 

The recognition of three types of water use has been supported by other authors (Bayart et al. 2010; 

Mila i Canals et al. 2009). Also regarding the impact pathways to be covered, the studies widely 

agree, although some differences exist. For example, Mila i Canals et al. (2009) suggested to exclude 

impacts on human health due to water consumption and Bayart et al. (2010) suggested that a more 

detailed approach for degradative water use and the resulting environmental impacts should be taken. 

These frameworks are the basis for establishing life cycle inventories (LCI) of water use. While the 

largest LCI databases ecoinvent v2.2 (ecoinvent Centre 2010) and GaBi databases 2006 (GaBi 

Software 2010) principally account for water use, the data quality is not at the level of other 

environmental flows. Their structure principally allows inclusion of water consumption. However, in 

ecoinvent, water consumption (emission to air) is lacking for most processes while in the GaBi 

databases data quality is hampered by limited transparency, as the inventory results are only 

available in aggregated form. Additionally, both of these databases lack spatial differentiation 

beyond country level. The data included in the ELCD database (JRC 2010) is based on the GaBi 

databases 2006 and hence not an additional framework to be compared. Another LCI proposal is the 

water accounting scheme provided by the Water Footprint Network (Hoekstra et al. 2009), which is 

principally congruent with the approach defined in this thesis. Differences are mainly due to the 

inclusion of all green water (soil moisture) in their inventory scheme and their application of 

simplified assessment of degradative water use, which does not qualify to be included in LCA. 

The main focus in this thesis is on including water flows for consumptive water use, i.e. reporting 

input and output flows to derive net freshwater consumption of technical processes or modelling 

evapotranspiration of crop cultivation. The results of this thesis support the format development of 

inventorying water use in Version 3.0 of the ecoinvent database. In addition to consumptive water 

use, Bayart et al. (2010) suggest to differentiate specific quality classes for assessing degradative 

use. This is useful to address water quality as a sum parameter. For the water outputs, the quality can 

also be derived from detailed inventories of emission to water. Another question concerns the water 

input from precipitation and soil moisture, as this is natural water supply. While based on this thesis, 

only the difference in consumption of such water compared to natural situation should be included, 

Mila i Canals et al. (2009) add surface water runoff from impervious areas as consumptive use, 

which might overestimate the negative impact of rapid runoffs. All three approaches agree on the 

fact that precipitation and soil moisture use are indirect water consumption and needs to be linked to 

land use inventories. 
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While this thesis provides the first operational, regionalized impact assessment method for water 

consumption with global coverage, other approaches for specific areas or concerns have been 

recently presented: 

I. Water stress at the midpoint level. 

Midpoint assessment of water scarcity due to water use is suggested based on the water stress 

index (WSI) developed in Chapter 2. It can be used to scale water consumption according to 

regional water scarcity and calculate water equivalents (Chapter 7). Additionally, the 

endpoint damage factors could be used as midpoint factors for this purpose. Another 

approach at midpoint level is presented in the Swiss Ecoscarcity method, which applies 

different scaling based on the use-to-availability ratios on country level, neglecting temporal 

variability (Frischknecht et al. 2008). Correlation analysis revealed that these two explicit 

midpoint indicators have a relatively high correlation (R=0.81) when compared on 

watershed level (the Swiss Ecoscarcity are recalculated based on watershed-specific data as 

presented in Chapter 2). This result is not surprising as both are mainly based on the use-to-

availability ratio. However, they apply considerably different scaling factors, resulting in a 

larger divergence regarding the absolute values of water scarcity.  

 

II. Ecosystem quality.  

Impacts on ecosystems might be the most relevant impact of water consumption. A simplified 

assessment to include impacts on aquatic ecosystems was introduced by Smakhtin et al. 

(2004) with the concept of environmental water requirements (EWR). The approach estimates 

a water scarcity measure by comparing water use to availability per major watershed, 

reserving 20-50% of the available water for ecosystems. This modified water stress metric 

has been suggested to be used in LCA at a midpoint level (Mila i Canals et al. 2009). Due to 

the absence of global coverage of the method of Mila i Canals et al. (2009), a detailed 

assessment is not provided.  

A more comprehensive approach is applied for assessing impacts of groundwater withdrawals 

on terrestrial ecosystems (van Zelm et al. 2010). They used a Modflow groundwater model of 

the Netherlands and calculated the drawdown and related impacts on vegetation. 

Interestingly, their ecosystem quality impacts due to groundwater extraction (0.21 m2yr/m3) 

and the impacts on ecosystem quality due to water consumption for Netherland presented in 

Chapter 2 (0.19 m2yr/m3) correspond well. This result provides good support for the 

approach presented in this thesis. 

Watershed-level correlation between endpoint impacts on ecosystem quality and the WSI 

indicates relatively low representativeness among the two impact factors (R=0.19). This is 

explained by the fact that the underlying concept and data used are completely different and 

reminds us that ecosystems are not only affected in regions with high human water use but 

also in water scarce region with relatively low withdrawals. 

 

 

 

 

III. Human health impacts. 
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Impacts of water scarcity on human health are crucial on global scale, especially the lack of 

water for personal use. Nevertheless, and in accordance with Mila i Canals (2009), we 

deliberately excluded this impact pathway due to lack of evidence for cause-effect relation 

between water use assessed in LCA studies and people‘s access to safe water. However, 

Motoshita et al (2010) published impact factors for human health effects caused by infectious 

diseases and domestic water scarcity.  The damage is modelled based on multi regression 

analysis of country-level statistical information about accessibility of safe water and related 

health effects. The country-level spatial resolution is rather rough especially for large and 

heterogeneous countries such as China and India, where at least regions or provinces should 

be differentiated. Their average global impact factor is in the same order of magnitude as the 

one calculated for impacts due to lack of water for agricultural production and consequent 

malnutrition in Chapter 2. If generally a cause-effect relation between consumptive water use 

and diminishing accessibility to safe water was observed, this figure would be reasonable or 

even relatively low. However, such assumption is questionable in many settings, especially 

where economic water scarcity is present, in which case a lack of infrastructure is more 

relevant than a physical lack of water.  

Comparison of the endpoint impact factors for human health with the WSI on watershed level 

reveals a rather weak correlation (R=0.42), although WSI is part of this endpoint impact 

model. The weak correlation on a global scale reflects the high dependence on socio-

economic parameters for this impact pathway. Correlation analysis of the impacts on human 

health and ecosystem quality factors are almost uncorrelated (R=0.05), as on top of the 

different climatic and hydrological parameters included, economic development of regions 

seems not related to ecosystems vulnerability. 

 

IV. Abiotic resource depletion. 

As water is a flow resource, resource depletion refers to stocks of water, i.e. depletion of lake 

and groundwater storage or use of fossil groundwater. Two main concepts are available: the 

use of a backup technology and the scarcity measure as equivalent of a rare element (such as 

antimony). While we applied the concept of backup technology and corresponding surplus 

energy, Mila i Canals et al. (2009) calculated examples of equivalencies. These concepts are 

not directly comparable and the impact category should rather be considered as conceptual. 

Both methods face the problem of deciding whether or not water stocks are used and hence 

require a case-by-case assessment to assure good quality of the assessment. Optimally, the 

overuse of water funds or fossil groundwater is explicitly reported in the inventory of 

processes.  

This endpoint impact is highly correlated with the midpoint indicators WSI and Swiss 

Ecoscarcity, but rather weakly with impacts on ecosystem quality and human health. Such 

relations are expected due to the underlying methodological frameworks described above. 
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8.2 Practical relevance of the thesis 

 

Recently there has been an enormous interest in water accounting and water footprints and therefore 

also how water use is treated in LCA. This thesis provided a resolution of both issues: water 

consumption data for the most water-intensive product groups, an assessment method covering the 

most important impact pathways and an illustrated application to case studies. However, further 

improvement and harmonization of the approaches presented in this thesis and other upcoming 

methods is required to increase the robustness of the conclusions. Such extension of this work is 

planned in the working group on ―Assessment of water use and consumption within LCA‖ of the 

UNEP/SETAC Life Cycle Initiative (LCI 2010), in the ISO Standardization process for a water 

footprint (ISO 14046) and in the EU projects LC-Impact and PROSUITE. Especially the latter is 

aiming at providing solutions for direct application in industry and policy making. The current thesis 

serves as an input to all these initiatives and projects. 

The impact assessment presented in Chapter 2 has attracted interest of several multinational 

companies. For the purpose of water accounting for the Global Reporting Initiative (GRI) and for 

sustainably management of water use in companies, the World Business Council for Sustainable 

Development (WBCSD) developed a Global Water Tool (GWT). They mainly apply hydrological 

information and socio-economic parameters from WHO, FAO and UN but they state that the water 

stress index developed in Chapter 2 could ―be helpful as complementary information to the outcomes 

of your GWT assessment‖ (WBCSD 2010). Concretely, the results of Chapters 2 have been applied 

by food producers, retailers, chemical industries and in environmental consulting. 

The large business interest and relevance might increase significantly due to implementation goals of 

environmental product declarations such as the Law Grenelle 2 in France (Grenelle 2010). In that 

context, environmental assessment of many consumer products is required in the next years. It also 

explicitly requires that not only the carbon footprint but also water consumption, covering the 

complete life cycle, should be integrated in eco-labels, e.g. for constructions and housing (Global 

Environmental Society 2010). Another initiative outside Europe is The Sustainability Consortium 

(TSC 2010). It was established by Walmart and currently has more than 62 members. Due to the 

high financial power and involvement of industries, the demand for ecolabels and underlying 

environmental assessment methods is high. The research outcomes presented in this thesis help to 

better assess impacts of agricultural products regarding land and water use and thus the design of 

potential ecolabels for consumer products. 

Another initiative is taken by the water footprint network (WFN), which is a non-profit foundation 

for partners and sponsors aiming at promoting the Water Footprint of products and companies (WFN 

2010). Although there are similarities to LCA and the recent methodological developments in the 

field, there is no consensus about the definition of a Water Footprint (Pfister and Hellweg 2009, 

Berger and Finkbeiner 2010). While the development of the water footprint of nations (Chapagain et 

al. 2004) has been a large milestone, the water footprint numbers presented on the WFN homepage 

(http://www.waterfootprint.org/) lack relevant regional distinction and the aggregation of green and 

blue water consumption may lead to misinterpretation as they ignore the intensity of irrigation and 

environmental consequences (Peters et al. 2010, Ridoutt and Poulton 2010).  

 

http://www.waterfootprint.org/
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The results and insight provided in this thesis recommend practical application of water footprints 

and impact assessment of water and land within LCA as follows: 

 

I. Water Footprint and the LCA impact category water use should share the same 

methodological basis, similar to the impacts of radiative forcing in LCA and the Carbon 

Footprint.  

 

II. The water types green water (soil moisture) and gray water (emissions to water) are already 

covered in LCA by impact categories such as land use (soil moisture), eutrophication and 

ecotoxicity (emissions). To avoid double counting of impacts when applying other footprints 

(e.g. land footprint), green and grey water should always be distinct and only optionally 

aggregated with blue water to a total water footprint. Such extended water footprint needs a 

clear declaration.  

 

III. All results should be based on regionalized inventory and impact assessment. The currently 

predominant LCA-approach of adopting existing datasets for any region and applying equal 

weighting independent of source and location of the water used needs to be changed. If no 

measured inventory data is available, spatially explicit model results as e.g. provided in 

Chapter 4 should be applied. The results should also be reported with spatial distinction. For 

impact assessment, regionalized characterization factors on the watershed scale can be 

downloaded at http://www.ifu.ethz.ch/ESD/data to be used in Google Earth. 

 

IV. Due to lack of spatial information for background processes, only country or even global 

average data might be applied. However such average values shall be based on spatially 

explicit inventory and impact assessment results, including production and trade patterns, in 

order to derive the impacts of average production instead of using average production data 

and environmental conditions as input for the models. 

 

V. Water footprints should not be considered solely for decision making, but combined with 

other footprints such as land and carbon for covering an essential part of the environmental 

impacts as the results in Chapter 3 and 4 illustrate. If a more comprehensive assessment of 

environmental impact is required, a full LCA should be considered covering further impact 

categories. Additionally, economic and social appraisals are to be considered for a 

comprehensive sustainability assessment. 

 

VI. Inclusion of regionalized inventory and impact assessment for land and water resources is 

crucial for crops and processes based on agricultural products and should therefore be 

considered. It is also relevant for assessing processes in arid regions with high hydropower 

energy share. 

http://www.ifu.ethz.ch/ESD/data
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Besides methods and computational tools, the application of LCA and other environmental 

assessment tools is highly depending on the availability of appropriate inventory data. The collection 

of such data is generally the most time-consuming and expensive task in LCA studies. The data 

provided in this thesis can be integrated into existing LCA databases such as ecoinvent (ecoinvent 

Centre 2010) or GaBi databases 2006 (GaBi Software 2010). This data includes power production 

data for 208 countries and crop cultivation data for 160 crops in over 200 countries (7'564 individual 

processes) compared to currently more than 4000 processes in the ecoinvent database, the largest 

LCA Database. On top of that, regionalized maps for each crop can be integrated in the next version 

of ecoinvent (version 3.0), which allows regionalized data handling. The provided minimal and 

maximal values should also be considered, in order to assess the robustness of the results. Further, 

although the data presented in Chapter 4 is using the most recent data, it refers to the year 2000 and 

needs to be updated on a regular basis. If the data is applied to foreground processes it should be 

compared and adjusted based on additional information on the specific location and production type, 

as uncertainties involved in modeling are relatively high. Inventory of other processes than provided 

here might be assessed assuming a consumptive fraction of withdrawals of 5-20% based on 

Shiklomanov (1999). However, by covering power production and agricultural processes on high 

spatial resolution, the most important processes regarding water consumption are already provided in 

this thesis. Further relevant processes seem to be food processing, pulp and paper as well as laundry. 

The latter has been quantified by Mila i Canals et al. (2009). 
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8.3 Scientific Relevance and Conclusions 

 

This thesis mainly targeted at the development of scientific approaches for inventorying and 

assessing water consumption within spatially-explicit Life Cycle Assessment of products and 

services. A focus was set on the assessment of water intensive production systems, particularly 

agriculture and energy production, including regionalized data and models. Furthermore, a simplified 

regionalized land use method was developed and applied, to reveal tradeoffs and to cover the main 

impacts of agricultural production.  

The thesis specifically presents: 

I. Regionalized inventory data with global coverage for the cultivation of 160 crops and power 

production on country level. These inventories close important data gaps for the assessment 

of water use within LCA and due to the high resolution they will significantly decrease 

uncertainty due to spatial variability.  

II. A comprehensive, regionalized impact assessment method for water consumption with 

operational characterization factors on a watershed level. This method was the first to assess 

water consumption on both the mid- and endpoint level and is to date the only method 

combining different datasets on high spatial resolution with global coverage. 

III. An improved, regionalized impact assessment method for land use While some of the existing 

land-use methods in LCA are more detailed, in terms of impacts assessed (e.g. soil quality), 

this approach is the first with high spatial resolution and global coverage. 

IV. Analysis of current crop cultivation and prospective analysis of future agricultural production 

scenarios including related impacts on land and water resources. This study has a finer spatial 

resolution than previous approaches assessing a large number of crops and thus allows for 

more detailed assessments. The results of future scenarios identify potential hotspots of 

environmental concern and options for mitigating pressure on water and land resources. 

V. Comprehensive assessment of water and land-use impacts within LCA, which previously was 

not possible, as only methods for other impacts existed (e.g. climate change impacts, 

eutrophication) in most LCIA methods.  

 

The main conclusions that can be drawn from this thesis are: 

I. High spatial resolution can significantly decrease uncertainty related to spatial variability. 

Regionalized impact assessment of water consumption is inevitable for LCA and the spatial 

resolution should exceed country level towards meaningful hydrological units such as 

watersheds, whenever possible. If data availability allows, this level of detail might be further 

refined to sub-basins and combined with local impact assessment. Regionalization is also 

relevant for other impact categories such as shown for land use. A regionalized inventory 

analysis and impact assessment is especially important for analyzing complex global supply 

chains, where processes from different regions with different environmental conditions are 

aggregated in LCA. 
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II. Increased level of spatial resolution requires additional efforts, especially for data collection. 

Considering the limitation in data quality of existing processes (e.g. estimation of some 

flows) or lack of inventory data for a large number of activities, investing in regionalized data 

collection is at a trade-off with improving other aspects of life cycle inventories. Therefore, 

the focus of regionalization should be set on the most relevant processes and environmental 

flows. Regionalized impact assessment might still be applied on non-regionalized inventories 

(e.g. for fossil power production) for including spatially variable environmental 

vulnerabilities. Additionally, if spatial information is missing, application of production-

weighted average inventory and impact assessment results as presented in Chapter 4 shall be 

applied. 

III. The wide ranges of minimal and maximal estimates for water consumption of crops and 

hydropower are largely due to the high variability of different management choices (e.g. 

irrigation or not) and dam geometry, respectively. Therefore, reflection of uncertainties 

resulting from applying global models is crucial. 

IV. Impact factor targeting different areas of protection have weak spatial correlation, as they 

include different environmental features (Chapter 2). It is therefore questionable to which 

extent a midpoint indicator such as the water stress index can represent impacts on ecosystem 

quality or human health. They rather reflect water scarcity as such without further 

considering the vulnerabilities of ecosystems or human population. For different assessment 

targets, different midpoint indicators might be most suitable. 

V. Environmental performance of power production, which is relevant as background process in 

almost every product‘s or service‘s life cycle, is significantly influenced by water 

consumption in the case of hydropower. While with existing impact assessment methods, 

hydropower has been assessed as a favorable option to generate electricity, water 

consumption in dams is a serious problem in some regions and might outweigh impacts from 

greenhouse gas emissions in fossil power generation.  

VI. Crop production and consequently all downstream products (food, biofuels, biogenic textiles) 

heavily require consideration of water consumption for meaningful LCA studies of 

agricultural-based products (Chapters 2, 4-6). Water and land use are crucial environmental 

flows and therefore both require regionalized assessment to assess related trade-offs. A high 

level of spatial distinction is also relevant for comparing different crops, as the location has 

often a higher influence on the environmental impacts than alternative crops grown under the 

same climate. Comparison based on global average data might therefore be biased by 

different current cropping patterns.  

  



 177 

VII. 1st-generation biofuels have high environmental impacts and only a small portion of energy 

demand could be covered, even if total current agricultural production would serve as energy 

provider. Cotton, representing another non-edible crop, also significantly contributes to 

agriculture‘s environmental burdens. Therefore replacing cotton fabrics with alternative fibers 

should be investigated. Comparison of crude oil saved by using cotton fabrics and biofuels 

instead of polyester fabrics and fossil fuels, respectively, even favors the production of 

biofuels over the use of cotton textiles if the impacts on water resources are considered.  

VIII. For linking global assessment of natural resources with regional and local resource 

management it is helpful to have global assessments for the purpose of comparing relevance 

of actions and for identifying priorities. Global analysis of current and future stress of land 

and water resources can be used by food producers to decide on where to expand production, 

as part of a business risk assessment. Additionally, global maps of inventories and impacts 

per produced unit can be used for screening assessment by retailers and food producers to 

identify where to source products from and where further local information is required for 

better support of decision making. 

IX. The results of the global analysis of crop production (Chapter 4) show a ―North-South‖ 

dilemma. Developed countries partially import crops from developing countries with low 

resource use efficiencies and environmental protection standards. Therefore consumption in 

―the North‖ contributes to the deforestation in tropical regions or water scarcity in arid 

regions. In developed regions, in contrast, ecosystems and water resources are better 

protected although their ecological value might be lower. By investing in agricultural 

scenarios with comparatively low impacts and in improved resource use in agricultural 

production of developing countries a more sustainable economic development is expected. 

X.  Future scenarios of crop cultivation show that the potential for environmentally preferable 

production areas are mainly situated in Africa and South America. Although these scenarios 

represent wishful developments which require global cooperation (e.g. better distribution of 

food resources) they describe strategies to cope with a forecasted peak population of 9 billion 

people in 2050, without extensively destroying further natural ecosystems. 
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Besides the achievement and improvements contributed by this work, some limitations and notes of 

caution have to be highlighted: 

I. Regionalized LCA does not replace detailed studies on water resources nor integrated water 

resource management on the regional level. Although these aspects were outside the scope of 

this dissertation, the information provided in this thesis allows to better include further 

dimensions into local water resource management: regional analyses can be related to the 

global water use, and include impacts caused by consumption of products and their supply 

chain occurring outside of the region. How such information can be effectively integrated into 

practical resource management needs to be further analyzed and synergistic frameworks to be 

developed. 

II. The environmental impacts and damage scores presented in Chapter 2 and 7 are potential 

environmental consequences. As common in LCA, the damage of a marginal change in 

resource consumption or emission is assessed. This implies that the impact assessment 

considers linear effects, assuming that the environmental conditions are not affected 

significantly. If large systems are analyzed, this assumption might lead to a significant bias.  

III.  The scenarios for future agriculture assume appropriate and cooperative distribution of 

resources and good practice in agriculture (Chapter 5). Scenarios of socio-economic and 

political developments need to be integrated into the models, for analyzing expected 

scenarios of the future.  

IV. While spatial variation is addressed in the thesis, uncertainty factors of the models for 

regionalized impact assessment of water consumption are not explicitly provided. This 

includes both, model uncertainty and parameter uncertainty. The same is true for the 

regionalized land use impact assessment. The latter is mainly related to the lack of 

uncertainty information of the adapted LCIA method (Chapter 7). For water consumption, a 

key challenge refers to the lack of information about the underlying hydrological and socio-

economic models. 
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8.4 Outlook 

 

Ongoing methodological developments of missing specific impact pathways and additional next 

steps are identified as crucial, based on the insights of this thesis: 

 

I. Inclusion of uncertainties 

For judging the significance of LCA results, uncertainty information of the input parameters 

as well as the model uncertainty of the land and water impact assessment methods need to be 

provided and analyzed. This also includes spatial uncertainty due to accuracy limitations, 

especially relevant along borders of geospatial units: There is a trade-off between increased 

precision of regionalized data and accuracy of its application. Relative accuracy in spatial 

differentiation decreases with higher spatial resolution, as the probability of choosing the 

wrong geographical unit becomes higher: It is e.g. generally more accurate to define the 

country of production than the corresponding watershed. Consequently, this additional 

uncertainty becomes more relevant and needs to be considered, especially in locations close 

to the borders of the spatial units. 

However, most results in conventional LCA studies are presented by the expected values, 

without uncertainty information. Rules of thumbs of differences in results being significant if 

they are ―at least 10%‖ or ―one order of magnitude‖ higher are dangerous. As illustrated by 

Geisler et al. (2005) confidence intervals might stretch over several orders of magnitude for 

some impact categories (e.g. ecotoxicity) while for others uncertainties are less relevant (e.g. 

radiative forcing). They also recommend assessing significance levels for reporting 

comparative LCA results. Going beyond their suggestion, reporting should be changed 

towards probability information about environmental performance of alternative products 

such as ―with a probability of X%, A is better than B‖ rather than just ―A is X% better than 

B‖ 

 

II. Implementation of regionalization in standard LCA 

Application of regionalized data and methods in LCA is hampered by the absence of software 

solutions. So far, such assessment needs to be done manually by applying regionalized values 

retrieved from tools such as Google Earth. An open source solution for this problem is 

currently being developed at ETH (http://brightway.mutel.org/). 

 

III. Additional methodological developments  

A. While three major impact pathways of water consumption, namely lack of water for 

ecosystems, deprivation of water for agricultural use, and depletion of water stocks are 

quantified, improvement potentials and additional aspects need to be considered in further 

research:The water stress index developed in Chapter 2 is based on withdrawal-to-

availability ratios from the year 1995. While this was the most up-to-date data available, 

more recent data would be desirable. Additionally it seems more appropriate to assess 

water stress based on water consumption rather than withdrawal data.  

 

http://brightway.mutel.org/
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B. Coherent assessment of the impacts of degradative water use (quality change) in addition 

to the environmental consequences currently covered under impact categories, such as 

ecotoxicity or eutrophication. Recently the impacts of thermal pollution of cooling 

devices for power production has been published for the Aare River (Verones et al. 2010) 

covering one essential methodological gap. However, these impact factors need to be 

analyzed for other cases to provide an operational method on a global scale. Other 

methods try to assess the impact of reduced water quality on further human users, 

including the consequent potential treatment (Boulay et al. 2010). Although this approach 

seems promising it needs to be finalized and made operational for assessing the relevance 

of such additional impacts. 

C. Global assessment of groundwater resources and the distinct effect of water withdrawals 

from different sources (groundwater, surface water), including temporal aspects is 

required. 

D. In-stream impacts as e.g. caused by dams have not been included in the assessments. 

While some consider such impacts as land use of water surface, the impacts of dams on 

aquatic ecosystem has been modelled and presented at international conferences 

(Humbert and Maendly 2008). This approach needs to be further elaborated and made 

operational, to cover these additional important environmental consequences. 

E. Climate change leads to altered precipitation regimes changing water availability, as 

presented in Chapter 5. Therefore, impacts on water-dependent ecosystems and potential 

lack of water for human use due to emissions of greenhouse gases need to be further 

evaluated. However, the uncertainties related to predictions of changed precipitation 

patterns under climate change scenarios are extremely high and need to be carefully 

addressed. Improved ecological assessments of impacts on ecosystem quality beyond the 

currently simplified approaches based on NPP and vascular plant species density, towards 

more comprehensive assessment of biodiversity and ecological value. This includes also 

impacts on aquatic ecosystems, including groundwater ecosystems. 

IV.  Improving cause-effect chain model 

The impact assessment model developed in Chapter 2 needs to be further tested with detailed 

analysis of case studies. Based on such insights and on additional empirical information, the 

cause-effect model shall be improved. Also regular updating of model input data is 

substantial to increase the robustness of the impact factors. 
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V. Communication of trade-offs in LCA 

Water use assessed as a footprint or as impact category in LCA differ mainly in complexity: 

While footprints are one-dimensional, providing a clear result to be communicated, LCA 

results are either represented in a number of distinct impact categories or they may be 

aggregated into a single-score value for simplified communication of results. Aggregation, 

however, both among footprints or aggregated score in LCA, is based on subjective 

weighting and its use is highly debated. Therefore, development of more objective 

approaches for a meaningfully simplified communication of LCA results and trade-offs 

between impact categories is required. 

 

VI. Inventory data for technical processes and other impact categories 

 In addition to the inventory data provided in this thesis, an enormous amount of processes 

requires quantification of water consumption for assessing processed goods such as refined 

food. For assessing intermediate products of complex supply chains spatial origin might often 

be unknown. Therefore, average inventory data of  intermediate products that are 

representative for specific regions should be provided based on trade analysis. Additionally 

other emissions and impact categories also require regionalized inventory to improve the 

results. 

 

VII. Compensating environmental impacts 

Results of LCA, if integrated in ecolabels, should primarily be used to lower the impact of 

consumption, e.g. by choosing products with relatively low environmental impact. A further 

suggestion is to implement the polluter pays principle for compensating environmental 

impacts, such as water consumption, as it is practiced for carbon emissions. Benefits of 

compensation measures would need to be quantified and matched with the impacts modeled 

in LCA (Pfister et al 2008). Proposing such a compensation scheme by improving methods 

for assessing impacts on ecosystem quality of water and land use, and of potential 

compensation activities, are currently developed within the flagship project of the UNEP-

ETH cooperation myEcosystem (North-South Centre 2009).  
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