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Where the river basin is generally seen as the appropriate unit for analysing freshwater
availability and use, this paper shows that it becomes increasingly important to put
freshwater issues in a global context. International trade in commodities implies flows
of ‘virtual water’ over large distances, where virtual water should be understood as
the volume of water required to produce a commodity. Virtual water flows between
nations have been estimated from statistics on international product trade and the
virtual water content per product in the exporting country. With increasing globaliza-
tion of trade, global water interdependencies and overseas externalities are likely to
increase. At the same time liberalization of trade creates opportunities to increase
physical water savings.
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Introduction

In the world of today, people in Japan indirectly affect the hydrological system in the
United States and people in the Netherlands indirectly impact on the regional water sys-
tems in Brazil. Much has been reported about the expected effects of past and ongoing
local emissions of greenhouse gasses on the future global temperature, evaporation and
precipitation patterns. Little attention has been paid, however, to a second mechanism
through which people affect water systems in other parts of the world. This second mech-
anism, which is actually much more visible already today, is through global trade. Interna-
tional trade in agricultural and industrial commodities creates a direct link between the
demand for water-intensive commodities (notably crops) in countries such as Japan and
the Netherlands and the water use for production of export commodities in countries such
as the United States and Brazil. The water use for producing export commodities to the
global market significantly contributes to the change of regional water systems. Through
their consumption of American products, Japanese consumers exert an indirect pressure
on water resources in the US, contributing to the mining of aquifers and emptying of rivers
in North America. We know the examples of the mined Ogallala Aquifer and emptied
Colorado River. In a similar way Dutch consumers contribute to a significant degree to the
water demand in Brazil.

While it is generally argued that the river basin is the appropriate unit for analysing
freshwater availability and use, this paper argues that it becomes increasingly important to
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put freshwater issues in a global context. Although other authors have already argued so
earlier (Postel et al. 1996, Vörösmarty et al. 2000), this paper adds a new dimension to the
argument. International trade in commodities implies large-distance transfers of water in
virtual form, where virtual water is understood as the volume of water that is required to
produce a commodity and that is thus virtually embedded in it (Allan 1993, 1994). Knowledge
on the virtual water flows entering and leaving a country can put a completely new light
on the actual water scarcity of a country. Jordan, as an example, imports about 5–7 billion
cubic metres (BCM) of virtual water per year (Chapagain and Hoekstra 2003, Haddadin
2003), which is in sheer contrast with the 1 BCM of annual water withdrawn from
domestic water sources. As another example, Egypt, with water self-sufficiency high on
the political agenda and with a total water withdrawal inside the country of 65 BCM per
year, still has an estimated net virtual water import of 10–20 BCM per year (Yang and
Zehnder 2002, Chapagain and Hoekstra 2003, Zimmer and Renault 2003).

In the past few years a number of studies have become available showing that the
virtual water flows between nations are substantial. The studies indicate that the global
sum of international virtual water flows must exceed 1000 BCM per year (Hoekstra and
Hung 2002, 2005, Chapagain and Hoekstra 2003, Zimmer and Renault 2003, Oki and
Kanae 2004, De Fraiture et al. 2004). However, all studies show limitations in the scope of
traded commodities considered. Hoekstra and Hung (2002, 2005) considered 38 primary
crops; Chapagain and Hoekstra (2003) looked at trade in livestock products from eight
animal types (beef cattle, dairy cows, swine, sheep, goats, poultry/fowls, laying hens and
horses); Zimmer and Renault (2003) accounted for 29 primary crops and 20 processed
crop products; Oki and Kanae (2004) looked at five primary crops (maize, wheat, rice,
barley, soybean) and three livestock products (chicken, pork, beef); and De Fraiture et al.
(2004) analysed trade in cereals only. None of the studies included trade in industrial
products.

The aim of this paper is to come up with a comprehensive estimate of international
virtual water flows in the period 1997–2001 and to analyse what these virtual water flows
mean in terms of water import dependency of regions. The paper considers international
trade in 285 crop products (covering 164 primary crops) and 123 livestock products (covering
eight animal categories). Trade in industrial products is dealt with all-inclusively as
well, but in a more crude way, with the average virtual water content per dollar of traded
industrial product as a key parameter.

Method

International virtual water flows have been calculated by multiplying commodity trade
flows by their associated virtual water content:

in which VWF denotes the virtual water flow (m3yr−1) from exporting country ne to
importing country ni as a result of trade in commodity c; CT the commodity trade (ton yr−1)
from the exporting to the importing country; and VWC the virtual water content (m3 ton−1)
of the commodity, which is defined as the volume of water required to produce the com-
modity in the exporting country. We have taken into account the trade between 243 countries

VWF n n c CT n n c VWC n ce i e i e, , , , ,[ ]= [ ]× [ ] (1)
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for which international trade data are available in the Personal Computer Trade Analysis
System of the International Trade Center. It covers trade data from 146 reporting countries
disaggregated by product and partner countries (ITC 2004). We have carried out calcula-
tions for 285 crop products and 123 livestock products.

The virtual water content (m3 ton−1) of primary crops has been calculated as the
crop water requirement at field level (m3 ha−1) divided by the crop yield (ton ha−1). The
crop water requirement is defined as the total water needed for evapotranspiration, from
planting to harvest for a given crop in a specific climate region, when adequate soil water
is maintained by rainfall and/or irrigation so that it does not limit plant growth and crop
yield. Crop water requirements have been calculated per crop and per country using the
methodology developed by the Food and Agriculture Organization (FAO) (Allen et al. 1998).

If a primary crop is processed into a crop product (e.g. seed cotton processed into
cotton lint), there is often a loss in weight, because only part of the primary product is
used. In such a case we calculate the virtual water content of the processed product by
dividing the virtual water content of the primary product by the so-called product fraction.
The product fraction denotes the weight of crop product in ton obtained per ton of primary
crop. If a primary crop is processed into two different products or more (e.g. soybean
processed into soybean flour and soybean oil), we need to distribute the virtual water
content of the primary crop to its products. We do this proportionally to the value of the
crop products. If during processing there is some water use involved, the process water
requirement is added to the virtual water content of the root product (the primary crop)
before the total is distributed over the various root products. In summary, the virtual water
content of a crop product is calculated as:

in which VWC[p] is the virtual water content of product p (m3/ton), VWC[r] the virtual
water content of the root product r (m3/ton), PWR[r] the process water requirement when
processing the root product into processed products (m3/ton), pf[p] the product fraction
(dimensionless) and vf[p] the value fraction (dimensionless). The latter is the ratio of the
market value of the product to the aggregated market value of all the products obtained
from the primary crop:

in which v[p] is the market value of product p (US$/ton). The denominator is totalled
over the n products that originate from the primary crop. In a similar way we can
calculate the virtual water content for products that result from a second or third pro-
cessing step. The first step is always to obtain the virtual water content of the input
(root) product and the water necessary to process it. The total of these two elements is
then distributed over the various output products, based on their product fraction and
value fraction.

VWC p VWC r PWR r
vf p

pf p
[ ] ( [ ] [ ])

[ ]

[ ]
= + × (2)

vf p
v p pf p

v p pf p
p

n
[ ]

[ ] [ ]

( [ ] [ ])

=
×

×
=

∑
1

(3)
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The virtual water content of live animals has been calculated based on the virtual
water content of their feed and the volumes of drinking and service water consumed
during their lifetime. Eight major animal categories were included in the study: beef
cattle, dairy cows, swine, sheep, goats, fowls/poultry (meat purpose), laying hens and
horses. The calculation of the virtual water content of livestock products has again
been based on product fractions and value fractions, following the above described
methodology.

Data on trade in industrial products have been taken from the World Trade Organization
(WTO 2004). Virtual water imports and exports have been calculated by multiplying
monetary data on international trade in industrial products ($/yr) by country specific data
on the average virtual water content per dollar of industrial products (m3/$). The latter has
been calculated per country by dividing the water withdrawal in the industrial sector (FAO
2003) by the added value in the industrial sector (World Bank 2004). In this approach, all
industrial products are included implicitly.

International virtual water flows

The calculations show that the global virtual water flows during the period 1997–2001
added up to an average of 1625 BCM/yr. The major share (61%) of the virtual water flows
between countries is related to international trade in crops and crop products. Trade in
livestock products contributes 17% and trade in industrial products 22%. The total volume
of international virtual water flows includes virtual water flows that are related to re-export
of imported products. The global volume of virtual water flows related to export of
domestically produced products is 1197 BCM/yr (Table 1). With a total global water use
of 7451 BCM/yr, this means that 16% of the global water use is not meant for domestic
consumption but for export. In the agricultural sector, 15% of the water use is for produc-
ing export products; in the industrial sector this is 34%.

The major water exporters are the US, Canada, France, Australia, China, Germany,
Brazil, the Netherlands and Argentina. The major water importers are the US, Germany,
Japan, Italy, France, the Netherlands, the UK and China. Table 2 presents the virtual water
flows for a number of selected countries. Import of water in virtual form can substantially
contribute to the total “water supply” of a country. The Netherlands imports, for instance,
a net amount of (virtual) water, equivalent to the annual net precipitation in the country.
Jordan imports a volume of water in virtual form equivalent to five times its own annual
renewable water resources.

A national virtual water flow balance can be drafted by subtracting the export vol-
ume from the import volume. Figure 1 shows the virtual water balance for all coun-
tries of the world. Most of the Americas, Australia, most of Asia and Central Africa
have net export of virtual water. Net import of virtual water can be found in most of
Europe, Japan, North and South Africa, the Middle East, Mexico and Indonesia. It
appears that developed countries generally have a more stable virtual water balance
than the developing countries. Countries that are relatively close to each other in
terms of geography and development level can have a rather different virtual water
balance. Germany, the Netherlands and the UK are net importers whereas France is a
net exporter. The US and Canada are net exporters whereas Mexico is a net importer.
Although the US has more than three times as much gross virtual water export as
Australia, Australia is the country with the largest net export of virtual water in the
world.
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Virtual water flows between world regions

Gross virtual water flows between and within 13 world regions are presented in Table 3.
The regions with the largest virtual water export are North and South America. The largest
importers are Western Europe and Central and South Asia. The single most important
intercontinental water dependency is Central and South Asia (including China and India)
annually importing 80 BCM of virtual water from North America. This is equivalent to
one seventh of the annual runoff of the Mississippi. Ironically, the African continent, not
known because of its water abundance, is a net exporter of water to the other continents,
particularly to Europe. This can be seen in Figure 2, which shows average virtual water
balances over the period 1997–2001 at the level of the 13 world regions. The figure shows
the biggest virtual water flows between the different regions insofar as they are related to
trade in agricultural products.

Dependence on external water resources

From a water resources point of view one might expect a positive relationship between
water scarcity and water import dependency, particularly in the ranges of high water
scarcity. Water scarcity is defined here as the country’s water footprint – the total water
volume needed to produce the goods and services consumed by the people in the country –
divided by the country’s total renewable water resources (Chapagain and Hoekstra 2004).
Water import dependency is defined as the ratio of the external water footprint of a country

Table 1. International virtual water flows and global water use per sector, 1997–2001.

Gross virtual water flows

Related to trade 
in agricultural 

products 
(BCM/yr)

Related to trade 
in industrial 

products
(BCM/yr)

Related to trade in
domestic water 

(BCM/yr)
Total

(BCM/yr)

Virtual water 
export related 
to export of 
domestically 
produced products

957 240 0 1,197

Virtual water export 
related to re-export of 
imported products

306 122 0 428

Total virtual water export 1,263 362 0 1,625

Water use per sector

Agricultural 
sector Industrial sector Domestic sector Total

Global water use (BCM/yr) 6,391 716 344 7,451
Water use in the world not 

used for domestic 
consumption but for 
export (%)

15 34 0 16
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to its total water footprint. The external water footprint of a country refers to the use of
water resources in other countries to produce commodities imported into and consumed
within the country. Figure 3 shows that the relation between water scarcity and water
import dependency is not as straightforward as one would expect, although indeed a
number of countries – e.g. Kuwait, Qatar, Saudi Arabia, Bahrain, Jordan, Israel, Oman
and Lebanon – combine very high water scarcity with very high water import dependency.
The water footprints of these countries have largely been externalized.

The reason that the overall picture is more diffuse than one would expect from a water
resources point of view, is that under the current trade regime water is seldom the dominant
factor determining international trade in water-intensive commodities. The relative availa-
bility of other input factors – notably land and labour – play a role as well, and also existing
national policies, export subsidies and international trade barriers.

Various countries have high water scarcity but low water import dependency. There
are different explanatory factors. Yemen, known for overdrawing their limited groundwater
resources, for instance has a low water import dependency for the simple reason that they
do not have the foreign currency to import water-intensive commodities in order to save
domestic water resources. Egypt on the other hand combines high water scarcity and low
water import dependency intentionally, aiming at consuming the Nile water to achieve
food self-sufficiency.

Figure 3. Water scarcity versus water import dependency per country. Water scarcity is defined
as the ratio of the total national water footprint to the country’s total renewable water resources.
The water import dependency is defined as the ratio of the external water footprint to the total water
footprint of a country.
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The water scarcity and use of external water resources for some selected countries are
presented in Table 4. India has a very high national self-sufficiency ratio (98%), which
implies that at present India is only a little dependent on the import of virtual water from
other countries to meet its national demands. The same is true for the people of China,
who have a self-sufficiency ratio of 93%. However, India and China have relatively low
water footprints per capita (India 980 m3/cap/yr and China 702 m3/cap/yr). If the consump-
tion pattern in these countries changes to that like in the US or some Western European
countries, they will be facing a severe water scarcity in the future and probably be unable
to sustain their high degree of water self-sufficiency.

Discussion

International water dependencies are substantial and are likely to increase with continued
global trade liberalization. The study shows that, today, 16% of global water use is not for
producing products for domestic consumption but for making products for export. Assuming
that, on average, agricultural production for export does not significantly cause more or
less water-related problems (such as water depletion or pollution) than production for
domestic consumption, this means that one sixth of the water problems in the world can be
traced back to production for export. Considering this substantial percentage and the
upward trend, we suggest that future national and regional water policy studies should
include an analysis of international or interregional virtual water flows.

Globalization of freshwater brings both risks and opportunities. The largest risk is that the
indirect effects of consumption are externalized to other countries. While water in agriculture
is still priced far below its real cost in most countries, an increasing volume of water is used
for processing export products. The costs associated with water use in the exporting country
are not included in the price of the products consumed in the importing country. Consumers
are generally not aware of and do not pay for the water problems in the overseas countries
where their goods are being produced. According to economic theory, a precondition for
trade to be efficient and fair is that consumers bear the full cost of production and impacts.

Another risk is that many countries increasingly depend on the import of water-intensive
commodities from other countries. Already today, Jordan annually imports a virtual water
volume that is five times its own annually renewable water resources. Although saving
their own domestic water resources, it increases Jordan’s dependency on other nations.
Other countries in the same region, such as Kuwait, Qatar, Bahrain, Oman and Israel, but
also European countries like the UK, Belgium, the Netherlands, Germany, Switzerland,
Denmark, Italy and Malta, have a similar high water import dependency.

An opportunity of reduced trade barriers is that virtual water can be regarded as an
alternative source of water. Virtual water import can be used by national governments as a
tool to release the pressure on their domestic water resources. In an open world economy,
according to international trade theory, the people of a nation will seek profit by trading
products that are produced with resources that are (relatively) abundantly available within
the country for products that need resources that are (relatively) scarcely available. People
in countries where water is a comparatively scarce resource, could thus aim at importing
products that require a lot of water in their production (water-intensive products) and
exporting products or services that require less water (water-extensive products). This
import of virtual water (as opposed to import of real water, which is generally too expensive)
will relieve the pressure on the nation’s own water resources. For water-abundant countries
an argumentation can be made for export of virtual water.
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Finally, global virtual water trade can physically save water if products are traded
from countries with high to countries with low water productivity. For example, Mexico
imports wheat, maize and sorghum from the US, which requires 7.1 BCM of water per
year in the US. If Mexico would produce the imported crops domestically, it would
require 15.6 BCM of water per year. Thus, from a global perspective, the trade in cereals
from the US to Mexico saves 8.5 BCM/yr. Although there are also examples where water-
intensive commodities flow in the other direction, from countries with low to countries
with high water productivity, Oki and Kanae (2004), De Fraiture et al. (2004), Chapagain
et al. (2006a) and Yang et al. (2006) have shown that the resultant of all international
trade flows works into the positive direction.

We would like to emphasize that in this paper we have quantified the international virtual
water flows in the world as they are, but not explained them. We do not suggest that all
countries that have net import of water in virtual form have so because they intend to save
domestic water resources. The argument is rather that trade flows as they are result in
international virtual water transfers. By importing virtual water the importing countries
save domestic water resources, but this does not imply that the idea of water saving was
necessarily the driving force behind the virtual water imports. International trade in agri-
cultural commodities depends on a lot more factors than water, such as availability of
land, labour, knowledge and capital, competitiveness (comparative advantage) in certain
types of production, domestic subsidies, export subsidies and import taxes. As a conse-
quence, international virtual water trade can most times not at all or only partly be
explained on the basis of relative water abundances or shortages (De Fraiture et al. 2004,
Wichelns 2004). Yang et al. (2003) demonstrated however that below a certain threshold
in water availability, a relationship can be established between a country’s cereal import
and its per capita renewable water resources.

The results show that the current global trade pattern significantly influences water use
in most countries of the world, either by reducing domestic water use or by enhancing it.
We therefore recommend that future water policy studies at national level include an
assessment of the effects of trade on water policy. The study shows that for water-scarce
countries, it would also be wise to do the reverse: studying the possible implications of
national water scarcity on trade. Finally, by showing virtual water flows, the study visualizes
the connection between consumption in one place and water use for production in another
place. When consumption of a certain good in one country relates to problems of water
depletion or pollution in another country, as we show for instance for European cotton
consumers and the desiccation of the Aral Sea (Chapagain et al. 2006b), this is an interesting
starting point for an analysis of responsibilities and mechanisms that could possibly mitigate
the environmental problem.
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