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A B S T R A C T

Recent years have shown increased awareness that the use of the basic resources water, food, and energy are
highly interconnected (referred to as a ‘nexus’). Spatial scales are an important but complicating factor in nexus
analyses, and should receive more attention – especially in the policy-oriented literature. In this paper, we
‘unpack' the nexus concept, aiming to understand the differences between water, food and energy resources,
especially in terms of spatial scales. We use physical indicators to show the differences in terms of absolute
magnitude of production and the distance and volume of physical trade, for seven resource categories: water
withdrawal, crops, animal products, bio-energy, coal, oil, and natural gas. We hypothesize that the differences in
trade extent are related to physical characteristics of these resources: we expect high priced, high density,
geographically concentrated resources to be traded more and over longer distances. We found that these factors,
taken together, can explain some of the differences in trade extent (and thus spatial scale involved), although for
each individual factor there are exceptions. We further explore the spatial scales by showing the bidirectional
physical trade flows at the continental scale for crops, animal products, bio-energy and fossil fuels. We also
visualize how nexus resources are directly dependent on each other, using a Sankey diagram. Since both direct
dependencies and physical trade are present, we investigate the role of resource-saving imports, which is a form
of virtual trade. The resource-saving imports highlight the importance of continental and global scales for nexus
analyses.

1. Introduction

In examining the sustainability of natural resource use, the concept
of the ‘resource nexus' has emerged in recent years, expressing the idea
that the production and consumption of resources such as food, water,
energy and land are all intricately related (Bizikova et al., 2013; Finley
and Seiber, 2014; Hellegers et al., 2008; Ringler et al., 2013, 2016;
World Economic Forum, 2011a). For example, food production requires
land and water, but also energy (to power machines and produce fer-
tilizer). Energy production uses water in extraction and refinement of
fossil fuels and for cooling thermo-electric power plants. Electricity
production via hydropower reservoirs can be conceived of as both
consuming water (due to additional evaporation) and conserving water.
Fossil fuel extraction “consumes” land and water by polluting it. Land
and water are also used in the production of bio-energy (both liquid
biofuels and fuel wood or charcoal). Some food crops may be converted
to biofuels − although separate crop varieties are often developed for
food and for biofuels. Energy is necessary for desalination of water, but
also for pumping groundwater, transportation to and from end users,

and wastewater treatment. Finally, land itself is also intimately in-
volved in the water cycle, by collecting precipitation and acting as
buffer for water availability, and because irrigation rights are often tied
to land ownership (Bos and Wolters, 1990). Note that these are only a
subset of the possible interactions. Although natural ecosystems also
require land and water, and support farming, forestry and water col-
lection, we take an anthropocentric perspective and treat water, food
and energy as commodities in this paper.

There is an awareness in research and policy communities that
spatial scales are an important, but also complicating factor in any
nexus analysis. Policy-related documents typically argue that manage-
ment of the resource nexus should be organized at several policy levels
simultaneously, each of which operates at a different spatial scale, such
as local, watershed, national, and global scales (Bazilian et al., 2011;
Biggs et al., 2015; World Economic Forum, 2011b). We get the im-
pression that ‘the' resource nexus is often seen as a monolithic thing,
especially in policy communities, and that the role of spatial scales
receives insufficient attention to date. To some extent, the role of spa-
tial scales has been addressed in the scientific literature. For example,
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Garcia and You (2016) explain that each of the links between water,
food, energy and land occurs at a particular spatial scale, while in
Hejazi et al. (2015) the importance of interdependencies between nexus
resources varies with the spatial scale. We take a different approach and
‘unpack' the nexus concept by starting with the differences between the
resources themselves, especially in terms of spatial scales.

In this paper, we explore the role of spatial scales in the water-food-
energy (WFE) nexus. We first show how water, food and energy are
very different resources in terms of overall magnitude of flows and the
extent of trade. Each resource involves different spatial scales, since the
distance and volume of physical trade differs per resource. We then
hypothesize that the extent of trade is related to the physical char-
acteristics of the resources. We expect more trade over longer distances
for resources with (1) a high price since transportation costs are then
relatively small, (2) a high density since these should be easier to
transport, and (3) little geographic overlap between supply and demand
locations (i.e. the resource is hard to source locally). Next, we visualize
physical transportation of nexus resources between continents, to fur-
ther specify the average trade distances mentioned previously, to
highlight the bi-directionality of trade flows, and to show that ‘long
distance' does not necessarily equate to ‘global'. This also shows that the
continental scale is important as an intermediate scale of analysis be-
tween the national and global scale, since continents have different
climates and natural resource endowments, and most continents are
separated by oceans which restrict the modes of transport. Besides
physical trade, resource-saving imports (virtual trade) are another im-
portant mechanism through which nexus resource uses at local and
national scales are tied together over long distances (i.e. involving
continental- or global-scale systems) (Chapagain et al., 2006; Hoekstra
and Hung, 2002). When the production of resource A (e.g. crops) is
directly dependent on resource B (e.g. water), and resource A is traded
physically, then resource B is said to be traded virtually via resource A
(e.g. virtual water trade). We therefore also show how the production of
some of the nexus resources is directly dependent on other nexus re-
sources, using a Sankey diagram at the global scale. Besides the well-
known resource-saving concept of water saved by importing crops, we
also estimate the volume of water saved by importing animal products,
the water saved by saving feed crops by importing animal products, and
the land area saved via the same mechanisms. Finally, the under-
standing of scale dependencies of nexus resources is not only interesting
for the current situation, but also for the future. Our integrated quan-
titative approach may serve as a starting point for analysing how the
relevant spatial scales for particular resources may change in the future
due to socio-economic trends, climate change impacts and climate
change mitigation.

The paper is organised as follows. After explaining our data sources
and calculations (Section 2), we examine the differences between
water, food and energy resources, especially in terms of spatial scales,
by comparing physical characteristics (Section 3.1). Next, we show
production and trade flows of the nexus resources at the continental
scale (Section 3.2). In Section 3.3, we visually display and further

investigate the direct dependencies between the resources, now also
including land as an input. Section 3.4 combines direct dependencies
and physical trade to estimate resource-saving imports and discuss the
implications for spatial scales. In Section 4 we provide suggestions for
further research, and the main findings are summarized in Section 5.
The Supplementary information contains equations, additional physical
indicators, a discussion of potential future changes and an overview of
the relevant spatial scales for each resource.

2. Methods

Our approach is to analyse the spatial scales involved in the re-
source nexus in its current state, using openly available databases as
much as possible, and filling the gaps with output from existing model
simulations. We present the data requirements and calculations for the
physical characteristics (2.1), the direct dependencies between re-
sources (2.2), resource-saving imports (2.3) and the continental scale
analysis (2.4). The main data sources with references are listed in
Table 1.

2.1. Physical characteristics

We calculate the physical characteristics of the nexus resources for
the following three reasons: (1) to explore the differences and simila-
rities between the resources, (2) to explore how the differences relate to
spatial scales (using trade distance and volume), and (3) to explore
potential explanatory factors for the extent of trade. Regarding the third
point, we expect more trade over longer distances for resources with a
high price (since transportation costs are then relatively small), high
density (since these should be easier to transport), and little geographic
overlap between supply and demand locations (i.e. the resource is hard
to source locally).

For water, we only focus on withdrawal, for food we distinguish
crops and animal products and for energy we distinguish bio-energy,
coal, oil and gas. We hereby have seven different nexus resources in
total. The flow size of these seven resources is estimated by (i) the
global total production. The trade extent is represented by (ii) the
percentage of production traded internationally and (iii) the average
trade distance. To explain the trade extent in terms of characteristics of
the resources themselves, we calculated the (iv) average price of im-
ports, (v) the densities of the resources and the (vi) geographic con-
centration of supply/demand. Note that bidirectional trade data are
needed, since net trade data may obscure the actual physical trans-
portation. The physical characteristics are calculated as follows (see the
equations in the Supplementary information).

Total production of the seven resources is calculated in terms of
mass (Gt) and energy (EJ). For water, we define “production” to be
withdrawal, which is the amount abstracted from freshwater sources,
based on the integrated assessment model IMAGE (Bijl et al., 2016;
Bondeau et al., 2007; Stehfest et al., 2014). Production of food com-
modities in mass is aggregated from FAO Food Balance Sheets

Table 1
Main data sources used in this study.

Dataset Reference Description

Comtrade Comtrade (2016) Bidirectional imports between countries (in kg and US$) for detailed commodities (SITCv1), for 1962–2015.
CEPII Mayer and Zignago (2011) Distances between and within countries (in km) based on locations and population sizes of major cities, for 2004.
FAOFBS FAOSTAT (2014) Food Balance Sheets per country and commodity, for 1961–2011.
FAOLAND FAOSTAT (2016) Land area per end use and country (the Land Inputs database), for 1961–2013.
FAOPOP FAOSTAT (2016) Population per country, for 1950–2100.
FAOPROD FAOSTAT (2016) Production (in kg) for detailed commodities per country (the PRODSTAT database), for 1961–2013.
IEAHED IEA (2016a) Headline Energy Data. Import and production of energy commodities (in J), for large energy producing or

consuming countries and some regional aggregates, for 1971–2015.
IMAGE Bijl et al. (2016); Bondeau et al. (2007);

Stehfest et al. (2014)
Water withdrawal (model output) and population size per IMAGE region, for 1971–2100.

D.L. Bijl et al. Global Environmental Change 48 (2018) 22–31

23



(FAOFBS) (FAOSTAT, 2014). Their energy content is estimated from
the ratio of kcal/cap/day and g/cap/day for the Food Supply compo-
nent in FAOFBS. Production of energy commodities in energy terms is
aggregated from the International Energy Agency Headline Energy Data
(IEAHED) (IEA, 2016a). These are subsequently converted to mass
terms using the specific energy (EJ/Gt) estimated as the median of
2004–2014 ratios of global imports in EJ from IEAHED and imports in
Gt from Comtrade (Comtrade, 2016).

(i) The percentage international trade of crops and animal products is
calculated by dividing the total bidirectional imports from
Comtrade by global production from FAOFBS (both in mass terms).
Although Comtrade and FAOFBS use different categorization sys-
tems, we have created aggregate categories that match as much as
possible. For energy commodities, both import and production (in
energy terms) come from IEAHED.

(ii) The total trade distance is the domestic trade distance plus the
product of the percentage traded internationally and the interna-
tional trade distance. As a proxy for the domestic distance we use
the mean distance between major cities in a country from CEPII
(Mayer and Zignago, 2011), then aggregate weighted by produc-
tion per country (FAOFBS for food, IEAHED for energy). The
average international trade distances for food and energy com-
modities are based on bidirectional imports (in mass terms) from
Comtrade and country-to-country distances from CEPII.

(iii) The average price of imports (in US$/kg) is the ratio of global
imported value (US$) and imported mass (kg), both from
Comtrade. Although the ratio of reported value and mass differs
substantially for each importer-exporter link and year, the global
aggregate is a robust indicator. To facilitate comparison between
different years, we adjusted for inflation using the USA GDP de-
flator to 2009 prices (BEA, 2016). The average price is converted
to $/GJ and $/m3 using estimates of bulk transport density (kg/
m3) described below, and specific energy (MJ/kg) listed in the
Supplementary information. The volume of bulk water imports
across country borders (via pipes, canals or giant water bags) is
insignificant at a global level. Transboundary flows via natural
rivers are significant in volume, but are not included here because
these flows are not intentional – they do not result directly from
human decisions. For the price of water, we present estimated
desalination costs as a proxy, at 0.001 $/kg (Zhou and Tol, 2005).

(iv) The density of bulk transports (kg/m3) for water is simply the
density at 0–20 °C (1000 kg/m3). For the six food and energy re-
sources, the density is an average of typical densities for 25 food
and 4 energy commodities listed in Supplementary information
Table S2 (Hapman, 2016; SImetric, 2016; USDA, 2016; USDoE,
2013), weighted by trade mass from Comtrade.

(v) Concentration of supply: We expect that a resource is traded over
longer distances if there is little geographic overlap between de-
mand and supply. The Gini coefficient of production per capita
serves as a proxy for this, since a high coefficient implies there are
some countries with abundant resources and few people while
other countries have few resources and many people. Production
per capita is calculated at the country level for food commodities,
based on FAO databases FAOPROD and FAOPOP (FAOSTAT,
2016). However, due to lack of data, production per capita is
calculated at the level of larger regions for energy commodities,
based on IEAHED and FAOPOP, and for water, based on IMAGE.
This means the inequality is slightly underestimated for water and
energy (i.e. the geographic distribution is more unequal than these
numbers indicate).

Although price (e.g. in $/m3) may be correlated with density (kg/
m3) and local scarcity, we include it as a separate factor because the
average price also reflects the number and value of potential uses in-
herent to the resource. Additional data and intermediate calculations

are listed in Supplementary information Table S1.

2.2. Continental scale production and trade

To investigate the globally linked resource nexus at the continental
scales, we calculate production and bidirectional trade for eight con-
tinents: North America, Latin America, Europe, Africa, the Middle East,
Russia and Eastern Europe, Asia, and Oceania. We have reduced the
continental scale analysis to four categories: crops, animal products,
bio-energy and fossil fuels, by aggregating all fossil fuels and noting
that bulk water trade is negligible.

For animal products and crops, continental production is aggregated
from FAO and bidirectional trade between continents from Comtrade.
For bio-energy and fossil fuels, continental production is aggregated
from IEAHED and bidirectional trade between continents is the total
energy import for each country (IEAHED) multiplied with the relative
fractions of Comtrade flows from each source country to the respective
importer, then aggregated to continents.

2.3. Direct dependencies

When one resource is used in the production or transformation of
another resource, the latter resource is directly dependent on the first
resource. To analyse the direct dependencies between the resources,
additional data is required to distinguish the various water uses, food
(crop) uses, and energy uses. Animal products such as meat and milk
are not used in the production of other nexus resources and are there-
fore not differentiated per use. Since land is a major input for the
production of food and bio-energy, the WFE nexus is now expanded to
include land.

Water withdrawal for irrigation is based on output of the agro-hy-
drological model LPJmL (Bondeau et al., 2007) and on Bijl et al. (2016)
for the electricity, industry and municipal sectors. Water withdrawal for
fossil fuel extraction and refining is estimated from fuel-specific in-
tensities (Schornagel et al., 2012) and production (IEAHED). The result
is then subtracted from overall industrial water use as estimated by Bijl
et al. (2016). Fuel wood is assumed not to be irrigated. Irrigation water
for liquid biofuels is estimated from biofuel land use, crop land use, and
irrigation volume per IMAGE region (from LPJmL), then summed to the
global total. In IMAGE, biofuel crops are assumed not to be irrigated,
but here we assume that in each region, biofuels are irrigated to the
same extent as crops for food and feed.

Food crop uses are calculated directly from FAOFBS. These flows are
larger than the flows based on FAOPROD, since these are in terms of
primary product equivalent and include some additional minor cate-
gories. Crops used for biofuels are based on the IMAGE model (Stehfest
et al., 2014) and then subtracted from Industrial/other use (FAO ca-
tegory “Other Utilization”).

Primary energy use for electricity, agriculture, industry, munici-
palities, transport and feedstock is based on IMAGE model results, as
are the various uses of electricity. Energy use for fossil fuel extraction
and fuel wood harvesting and processing are estimated using a global
average EROI (Energy Return On energy Invested) of 46:1 for coal and
20:1 for oil and gas (Hall et al., 2014), and 25:1 (Pandur et al., 2015)
and 15:1 (Bailis et al., 2013) for modern and traditional uses of fuel
wood, respectively. The resulting uses of energy for fossil fuels and for
fuel wood are subtracted from the modelled industrial energy use.
Energy use for water (e.g. pumping, treatment, etc.) is based on the
World Energy Outlook 2016 (IEA, 2016b) and then subtracted from
municipal energy use.

Land uses are aggregated from the FAOLAND database (FAOSTAT,
2016), except for land use for liquid biofuels such as biodiesel and
ethanol, which is based on IMAGE model output. Liquid biofuels make
up only a small portion of the overall category “bio-energy”, in which
the rest is fuel wood − whether harvested in a traditional or modern
way. As a rough estimate of the forest surface area from which fuel
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wood is harvested, we take the FAO categories “Planted forest” and
“Other naturally regenerated forest”. This latter category indicates
forest land with clearly visible indications of human activities, in-
cluding selective logging, abandoned agricultural land, human-induced
fires, and areas with a mix of planted and naturally regenerated forest
or where it is not possible to distinguish between planted and natural
regeneration. Together, these two categories should roughly equate to
the actual forest area used for fuel wood. Wood harvested for non-fuel
purposes, such as paper/pulp, construction, or furniture, is included in
this rough estimate, since (1) the volume of wood used for fuel is much
larger than for these other uses, and (2) a significant part of the non-fuel
wood is still used as fuel at the end of its life cycle, for instance in waste-
powered electricity generation.

2.4. Indirect use and resource-saving imports

In addition to direct relationships between the resources, there are
also indirect uses, i.e. when resource A is an input to resource B, which
in turn is an input to C. This also raises the issue of virtual trade. A
resource is traded virtually when it is used as an input in the production
of a second resource, which is then widely traded. For example, virtual
water trade via crops is water used for the production of crops which
are traded internationally (Hoekstra and Hung, 2002). A concept re-
lated to virtual trade is that of “resource-saving imports” (Chapagain
et al., 2006), which in this example represents the volume of water that
would be needed if the importing country had produced all their crops
domestically. We examine the possibility of resource-saving imports
because it influences the nexus situation at smaller spatial scales via
trade of other resources at larger spatial scales.

We estimate the water volume and land area saved by importing
crops and animal products (see the equations in the Supplementary
information). Demand, production, and net import of crops and animal
products are calculated in terms of dry matter. The intensities are
specified for each importing region, but we only have a global average
available for water use per Mt of animal products. For a consistent
comparison between domestic resource use and resources saved by
imports, all variables (except water for animals) are based on IMAGE
(Stehfest et al., 2014), LPJmL (Bondeau et al., 2007) and demand
models for food and water (Bijl et al., 2017a,2017b, 2016, under re-
view.). Since the import of animal products also saves feed crops that
would otherwise have to be grown domestically, we separately calcu-
late the land and water saved indirectly by animal imports via crops.

3. Results

3.1. Key physical characteristics of water, food and energy

We investigate the scale dependencies of the seven resources by
calculating the total production magnitude, and then focus on the
spatial scales involved in physical trade by examining trade distances
and the importance of trade relative to production (Table 2). The
broader resource categories of water, food and energy are represented
here by seven sub-categories: water withdrawal, crops, animal pro-
ducts, bio-energy, coal, oil and gas.

Size of total flows
The first key difference in Table 2 is the different size of each re-

source production flow. In terms of mass, water use is three orders of
magnitude lager than the flows of the other two resources, which are
more comparable in size. Total energy flows are about 1.6 times as large
as total food flows in terms of mass. In terms of energy content, the
energy flows are considerably larger than food flows: a factor 9. These
differences in magnitude can have implications if production flows get
coupled. For instance, in the case of bio-energy relatively small flows in
terms of the energy system could already be large compared to the
biomass involved in the entire food system.

Trade volumes and distances
Table 2 shows that water and bio-energy markets (dominated by

fuel wood) mostly occur at the sub-national scales. Of both animal and
crop production 7% is traded internationally, whereas this percentage
is much higher for energy commodities: 21% for coal, 29% for natural
gas and 51% for oil. The total average trade distances follow a similar
pattern (Table 2), with the longest distance for oil, then coal, natural
gas, crops, animal products, and bio-energy. The order is the same as for
percentage traded, except we found a shorter distance for natural gas.
Most natural gas is carried by pipeline over land, while trade over
longer distances by ship is often still more expensive, since it requires
liquefaction to increase the density.

Potential explanatory factors for the extent of trade
The wide range in the trade percentages and distances arises from

many contributing factors, some of which are attributes of the resource
itself. First, one would expect low priced resources to be traded less
than higher priced resources, since transportation costs would be a
relatively larger obstacle to transporting low priced resources. This
hypothesis seems to be confirmed for water (low price, little trade) and
the energy commodities (high price, much trade). However, crops and
animal products are traded less but have much higher average prices
than energy commodities (in $/kg, $/GJ and $/m3 in Table 2). A
second factor is the difference in density (kg/l), since high-density re-
sources should be easier to transport over long distances. This relation
holds for the food and energy commodities: Oil has the highest density
(0.88 kg/l) and is transported the furthest, followed by coal, crops and
animals, natural gas, and bio-energy − but water is the exception (with
the highest density and almost no trade). Thirdly, regardless of price or
density, we expect more trade when demand and supply are geo-
graphically concentrated in different areas. The mismatch between
demand locations and supply locations is indicated by the differences in
production per capita between countries, expressed as a single Gini
coefficient for each resource. A high coefficient implies that most of the
production occurs in countries with little population, thus necessitating
exports to the other countries with high population and little domestic
production. This Gini coefficient matches the extent of trade fairly well
(both as% and in km), since it is highest for oil (0.71) and gas (0.67),
followed by coal (0.40) and animal products (0.39), crops and water
(both 0.29), and is lowest for bio-energy (0.24). Thus, for water and
bio-energy (mostly fuel wood), a key reason for its limited trade (be-
sides the relatively low price) is the relatively equal distribution of
supply across different areas of the world. In summary, the price,
density and geographic distribution of resources, taken together, can
explain some of the differences in the trade distance and percentage
traded. However, many other factors were not examined and may also
play a role, such as import quota and tariffs, export subsidies, cultural
similarity, and historical relations (e.g. former colonies), among others.

3.2. Continental scale production and trade

The differences in terms of production and trade around the world
can be made more specific by looking at the continental level. Each
continent is different in terms of climatic circumstances, natural en-
dowments and a historically developed structure of the economy. Fig. 1
shows the global production and trade patterns for four resource cate-
gories: animal products, crops, bio-energy and fossil energy.

Asia is actually the largest producer for each resource category,
indicated by the area size of the circle, partly in response to high overall
demand (the region has the largest population). In Fig. 1A, animal
products are traded in both directions between many continents. The
largest importer is Asia, with only small amounts of export. Africa does
not export significant amounts of animal products to other continents,
while South America imports from North America and exports to five
different continents.

Fig. 1B shows that food crops are traded in two directions between
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North and South America, between Europe and Africa, and between
Europe and Russia/Eastern Europe. The bi-directional North-South
trade is partly caused by the opposite growing seasons. North America
is the largest net exporter and Asia the largest importer. Again, South
America exports to various continents, in this case four.

Fig. 1C shows the trade of bio-energy between continents. The size
of the arrows is not related to the percentage traded, since the small
trade volume would make the arrows invisibly small. The trade be-
tween continents is only 0.45% of all bio-energy production if fuel
wood is included. Within this small share of bio-energy that is traded,
Europe is virtually the only importer, with the largest imports coming

from Russia and Eastern Europe. Africa and Asia produce mostly for
themselves, as do the Middle East and Oceania at much smaller vo-
lumes. South America is an intermediate producer and also exports bio-
energy to both Europe and North America.

Fig. 1D shows the intercontinental trade and production of fossil
energy (coal, oil and gas). The Middle East is the third largest producer
of fossil fuels, after Asia and North America, and on par with Russia and
Eastern Europe. However, regarding intercontinental trade the Middle
East is by far the largest exporter. The main importer is Asia, followed
by Europe, while North America is less dependent on fossil imports.

From the combination of these four maps, we see that the global

Table 2
Key physical characteristics for production and consumption of seven nexus resources.

Indicator Unit Water Food Energy

Withdrawal (2011) Crops (2011) Animal products (2011) Bio-energy a (2014) Coal (2014) Oil (2014) Gas (2014)

Flow size
Global production Gt 3691 8.1 1.3 3.3 5.9 3.8 2.1

EJ – 56 6 81 166 180 123

Trade extent
Intl. trade as% of global production % ∼0% 7% 7% 1% 21% 51% 29%
Total avg. trade distance km small 1196 1168 283 2079 3561 1505

Explanatory factors
Avg. price of imports $/kg 0.001 0.78 3.21 0.12 0.09 0.69 0.55

$/GJ – 112.1 694.6 5.0 3.1 14.5 9.7
$/m3 1 523 2139 43 72 609 252

Density kg/l 1.00 0.67 0.67 0.34 0.83 0.88 0.46
Concentration of supply/demand Gini 0.29 0.29 0.39 0.24 0.40 0.71 0.67

a Bio-energy combines both traditional and modern bio-energy resources. It consists mostly of fuel wood, but includes charcoal and liquid biofuels.

Fig. 1. Bidirectional trade between continents (arrows) and production within continents (circles) in 2012. The size of the circles is proportional to production volume, and the size of the
arrows is proportional to the trade volume, but the relative size of an arrow and a circle does not indicate the percentage traded. The total width of the arrows is the same in each panel, as
is the total surface area of the circles. Only trade flows larger than 2% of global trade are shown.
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trade patterns are very different for each resource. Note that the dif-
ferent production, use and flow of resources on each continent also
depends on socio-economic factors. For example, Africa is a net food
importer (both in terms of crops and animal products) and an energy
exporter, which is partly due to the natural resource endowments, but
also a result of the current development stage (low domestic energy use
and limited infrastructure for trade within the continent). Europe is
very different, importing all kinds of nexus resources, but is also one of
the largest exporters of animal products, despite having a relatively
high population density.

3.3. Dependencies between water, food, energy and land

A major reason for viewing demand and supply of basic resources in
an integrated nexus, is that some of these resources are used in the
production of others. We therefore investigate how water, food and
energy depend on each other (Fig. 2), and we include land since it is an
important input for both food and bio-energy. Electricity production is
also shown, since both primary energy and water are used in the pro-
duction of electricity. In order to show the relative magnitudes of the
various resource flows, we include the main end use categories in the
analysis: consumers, industry, transportation and waste. Animal pro-
ducts (meat, milk, etc.) are presented here as an end use category, since
these are not used as an input for the production of water, food, energy
or land.

The nexus resource flows are shown in Fig. 2, but only include land
used directly for human purposes, and only water withdrawal from
freshwater sources. The resource categories land, primary energy and

water are not homogeneous. For instance, land suitable for grazing or
forestry may not be suitable for growing crops, not all primary energy
used in power plants is suitable for transportation (e.g. coal), and it may
not be possible to divert irrigation water towards electricity generation
if these activities take place in different locations or seasons. These
heterogeneities are a major reason why nexus interactions need to be
examined at a finer spatial, temporal, and commodity resolution. The
flows that are small in Fig. 2 can also become important at finer re-
solutions. However, the global overview in Fig. 2 provides a quantified
context for smaller-scale nexus studies. Among the strongest connec-
tions are the use of fossil fuels for primary energy, the large land use for
animal husbandry, and the large share of crop irrigation in total water
use.

Most crops are used for consumption (both directly and as processed
food), followed at a distance by animal feed and then industrial use.
Note that animal feed makes up a larger proportion when measured in
terms of energy. The waste from crops (excluding residues) is only 6%,
but this does not include food waste within households, which is in-
cluded in the ‘consumers' end use.

For direct use of primary energy, consumers are the largest end use
category (for heating and cooking). Transportation (gasoline and ker-
osene) uses about the same amount in primary energy equivalent.
Energy losses and waste are substantial: 71 EJ of primary energy is
wasted and another 121 EJ is lost in the conversion to electricity and
during electricity transmission along the grid. Together, this amounts to
39% of all primary energy. Also note that end-use losses are not shown
here, e.g. electric cars convert about 60% of the electricity from the grid
to power at the wheels, compared to about 20% of the gasoline for

Fig. 2. Nexus resource flows at the global level on an annual basis, for 2011, visualized as a set of interwoven Sankey diagrams. Different resource categories are indicated by different
colours. Within a resource category, the width of each flow corresponds to the absolute value indicated alongside it. Since crops, land, water, and energy are all measured with different
units, their relative magnitude has no meaning, nor does the size of the boxes. Note that all energy flows are denoted in EJ and are comparable to each other: primary energy, wood,
biofuels, fossil fuels, and electricity – SoWiGeHyNu indicates electricity produced by solar, wind, geothermal, hydropower and nuclear technologies.
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combustion engines (USDoE, n.d.).
Fig. 2 also highlights how small some of the resource flows are in a

global context. Water withdrawal for fossil fuel extraction is almost
invisible, as is the component of biofuels in primary energy, and the use
of primary energy for producing fuel wood and charcoal. Use of pri-
mary energy and electricity for agriculture and for water pumping are
also very small.

A key advantage of displaying resource flows in a Sankey diagram as
above, is that leverage points and bottle-necks for system change can be
identified visually. For example, if the goal is to return more land to its
natural state, an obvious starting point is to reduce consumption of
animal products. Depending on the type of animal products reduced,
this results in direct reduction of demand for pasture land use, as well as
indirect reduction of land use via a smaller crop-to-feed flow (which
may also save irrigation water as a side effect). As another example, if
the goal is to reduce the use of fossil fuels, the diagram shows this is a
serious challenge. Replacing all fossil fuels by wood and biofuels seems
impossible, simply because of the magnitude of the flows and the
consequences for land use (although the forest land use shown here is a
very rough estimate and biomass yields can be improved). Since bio-
mass can only partially replace fossil fuels, overall primary energy use
would need to decrease as well. For many end uses, primary energy can
be replaced by additional electricity from non-fossil sources
(SoWiGeHyNu in Fig. 2). This would also reduce the waste flow from
electricity, since less primary energy needs to be converted electricity.
Indicated by the flow from water to electricity production, there are
also consequences for the water system: solar, wind and geothermal
technologies clearly save water compared to fossil fuel power plants,
while nuclear may use slightly more. The effects of hydropower do not
fit neatly into this diagram, because hydropower reservoirs both de-
crease water supply via evaporation, and increase it by storing water
over time (Herath et al., 2011; Zeng et al., 2017).

We further summarize Fig. 2 by calculating percentages and dis-
playing it as a table of direct dependencies between outputs and inputs
(Table 3). Electricity usage is back-calculated to primary energy
equivalent.

Table 3 shows the direct dependencies between the nexus resources
at the global level, with the input columns water, crops, energy and

land, and the output rows water, food (crops and animals), energy (fuel
wood, biofuels, fossil fuels, and electricity), and various end uses (e.g.
industrial and municipal use). The uses are shown as a percentage of
the global resource use, to get a common indicator of how strong the
dependence relations are.

When examining the dependencies between food, water and energy
in Table 3, a few important insights are found. First, water is mainly an
input to the rest of the nexus. The inputs for water are energy (2%) and
land (6%), and these are relatively small. Secondly, comparatively little
energy is used for water (2%) and food production (3%), thus energy is
mostly an output in terms of nexus relationships and not much of an
input. Thirdly, biofuel crop production was still very small (0.5%)
compared to overall crop production in 2011. Fourthly, water is mainly
used for crops (61%) and comparatively little for energy (16% in total).
Finally, land is similar to water: an input mostly to food (19% crops,
42% pasture) and also to energy (roughly 34% forest).

Through this table of dependencies, a simplified view emerges of the
WFE nexus at the global scale. Interesting is that we do not see a highly-
interconnected nexus, but rather a set of dependencies that go mostly in
one direction. Most of the water and land in the world is used for food
production, while a smaller part of the water and land is used for energy
production. Almost all the food and energy is consumed by end users:
industries, consumers, transportation, animals and waste. Thus, al-
though bidirectional dependency of nexus resources (i.e. A depends on
B while B depends on A) does happen at the global level, the de-
pendencies are much stronger in one direction than the other.

3.4. Indirect use and resource-saving imports

Since water, crops and energy are both outputs and inputs in
Table 3, there is implicit indirect resource use as well. For example, 8%
of all crops are used in industrial non-food applications, and crops use
61% of all water withdrawn from rivers and groundwater, thus
0.08 × 0.61 = 4.9% of water withdrawal could be classified as indirect
industrial use via crops. Focusing on the large percentages, we find that
household consumption of crops (direct and processed) uses roughly
0.69 × 0.61 = 42% of all water withdrawal via crops. Food production
from animals uses only 1% of all water withdrawal directly, but a much

Table 3
Direct dependencies in the WFE nexus, at the global scale. Note that inputs are listed as columns and outputs as rows. The percentages indicate the share of total consumption of each
input category, in 2011.

Inputs: Outputs: Water withdrawal Crops use (food and biofuel crops) Energy use a Land use b

Unit kg kg J km2

for Water – – – – 2% abstraction, treatment, desalination etc. 6% inland water c

for Food (crops) 61% irrigation 2% seed 3% agriculture d 19% crops
(animal) 1% livestock 14% animal feed – – 42% pasture
for Energy 0% fuel wood e – – 1% fuel wood 34% forest f

0.1% biofuels 0.5% biofuels ∼0% biofuels 0.1% biofuels
1% fossil fuel extraction & refining – – 4% fossil fuel extraction – –
15% electricity generation – – 33% electricity for end uses g – –

for End Uses 9% industrial 8% industry/other 13% industrial g – –
13% municipal 44% direct food h 18% municipal g – –
– – 25% processed food h 7% feedstock g – –
– – 6% waste in storage/transport 19% transport g – –

Total 100% 100% 100% 100%

The rows for End Uses are displayed in italic font, because these are not an integral part of the resource nexus.
a All energy forms, in primary energy equivalents. Electricity is not only an output, but also an input in this table, since for instance electricity-powered water pumps are included in the

energy-for-water number. See also note gbelow.
b Excludes minimally used land such as mountains, deserts and standing forests.
c Land surface area covered by lakes, thus excluding the fact that land and vegetation act as a buffer between precipitation events and stream flow.
d Excluding food processing industry and transportation of food, which are included in the ‘Industrial' and ‘Transport' end uses, respectively.
e We assume fuel wood is not irrigated.
f Roughly estimated as the area where forest is re-growing after human influence.
g Since “electricity for end uses” is listed separately, the energy for each specific end use (industrial/municipal/feedstock/transport) includes only non-electric forms of energy

consumption, whether primary (e.g. fuel wood or natural gas) or secondary (e.g. gasoline), but all in primary energy equivalent numbers.
h Includes food waste at the household level.
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larger amount (0.14 × 0.61 = 9%) via feed crops using irrigation
water. On the other hand, animal food products require 42% of all
human land use directly as pasture, but only 0.14 × 0.19 = 2.7% of
land via feed crops.

Related to indirect use are virtual trade and resource-saving im-
ports. These are only significant when large volumes of resource A are
used in producing resource B (Table 3), and simultaneously significant
amounts of resource B are traded internationally (Table 2). This is the
case for water via crops, land via crops, land via animals, and to some
extent crops via animals. For these resources, trade in resource B could
alleviate the local scarcity of resource A (by virtual supply from loca-
tions where A is abundant). For example, regions where food produc-
tion (B) is limited by local water scarcity (A) are likely to import food
from water-rich locations. In these cases, the continental and global
scales become relevant when examining resource A (water), even if this
resource is difficult to trade directly. The implications of such virtual
trade can be multiple: 1) alleviating local scarcity (as in the example),
but also 2) areas becoming increasingly dependent on trade and 3) in
some cases, trade flows that could harm the exporting region (e.g. ex-
ports of agricultural products from water scarce regions).

Here, we focus on the potential to alleviate local scarcity. We cal-
culate resource-saving imports, which is the component of virtual trade
that is relevant for importing countries with resource scarcities. Besides
water saved by importing crops, we also estimate water saved by im-
porting animal products, and water saved by saving feed crops by im-
porting animal products (Fig. 3). Fig. 4 shows the estimated land area
saved via the same three mechanisms.

Fig. 3 compares the water withdrawal saved by imports with the
actual domestic water withdrawal (as modelled in LPJmL). The global
total water withdrawal saved by importing crops and animal products is
about a factor 10 smaller than domestic water use. However, at the
regional level, the resource-saving imports can be significant. The water
savings are almost as large as water use in the Middle East, roughly half
in Mexico, Northern Africa and Korea, around 30% in Rest of Central

America and Eastern Africa, and around 20% in Japan and Rest of
Southern Asia. For the Middle East, Northern Africa and Mexico, these
water-saving imports are probably a response to local water scarcity
(Bijl et al., 2017a, 2017bunder review.). For Korea and Japan, water
scarcity is much less severe, and the food imports could be motivated by
the high population density instead, i.e. a lack of land rather than
water.

When comparing the three mechanisms by which food imports can
save water, it is clear that water saved directly by importing animal
products is completely insignificant (although this is partly because we
examine water use in terms of withdrawal rather than consumption).
However, animal imports do save significant water volumes indirectly
by avoiding domestic cultivation of feed crops: about 60 km3/year
globally, compared to almost 300 km3/year saved by direct crop im-
ports.

Fig. 4 compares the land area saved by food imports with the land
area used for agricultural purposes. For Korea and Japan, more land is
saved by importing crops and animals than is used domestically. For all
other regions, land savings play a much smaller role, although it is still
roughly half as large as domestic land use in Rest of Central America,
Northern Africa and the Middle East. At the global level, land savings
are only 12% as large as land use.

Looking at the three different land saving mechanisms, direct sav-
ings via imported animal products are the largest (356 Mha), followed
by direct savings via crop imports (163 Mha), with indirect savings via
avoided feed crops coming last (60 Mha). This reflects the high overall
land intensity of animal products compared to crops (two-thirds of
global agricultural land is grassland versus one-third cropland).

4. Discussion

In this paper, we have analysed the physical characteristics of nexus
resources related to spatial scales (Section 3.1), the patterns of pro-
duction and trade at the continental scale (Section 3.2), the direct

Fig. 3. Water use (left) and water saved by importing crops and animal products (right), in 2010. Only those regions are shown, for which total water saved> 0.06 × water used.
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dependencies between nexus resources at the global scale (Section 3.3),
and the role of resource-saving imports in the nexus (Section 3.4). Some
of these factors may change considerably in the future as a result of
socio-economic trends and climate change. In the Supplementary in-
formation, we qualitatively discuss potential future changes and how
these may impact the relevant spatial scales for each nexus resource.

Our analysis has focused at the global and continental levels, but we
have not yet systematically examined data at smaller spatial scales. We
also glossed over the heterogeneities within the resource categories,
especially regarding water, land, crops, animal products and bio-en-
ergy. Specific types or qualities of a resource are sometimes required for
specific applications (e.g. water for cooling power plants must be quite
clean and not too warm, and every crop requires different soil char-
acteristics). Also note that the physical indicators and other values
calculated in this paper can be very different for smaller sub-categories.

We have calculated indirect resource uses based on direct de-
pendencies at the global level (Table 3), but these are of course very
rough estimates. For example, the water used by crops used for industry
varies substantially based on the crop types used by industry and the
locations where these are grown. Life Cycle Analysis (LCA) is a more
suitable tool for investigating indirect resource use in detail. However,
these are often applied to specific products or companies, whereas our
global calculations can quickly indicate whether any indirect de-
pendencies might be relevant at the global scale.

The resource-saving imports presented in Section 3.4 are also rough
estimates, among others because the domestic intensities (e.g. water
needed per ton of crops produced) are based on current domestic re-
source use. The domestic resource intensity in the hypothetical case
without imports (thus with more domestic production) can be higher
due to diminishing returns or lower due to economies of scale.

There are several opportunities for further research. Our analysis
suggests that the continental and global context cannot be ignored
when analysing nexus issues at local, watershed or national levels.
Therefore, it would be particularly interesting to build a computational

model of resource nexus trade-offs at the local scale (e.g. 0.5 × 0.5°),
with global coverage. Some integrated assessment models such as
IMAGE compute water use and food production at this level, but are not
geared to analysing nexus trade-offs under locally varying socio-tech-
nological regimes (Foran, 2015). To implement such a model, the
geographic locations of future demand and supply of the resources
would be needed. For demand, specific locations of population and
income from household surveys could be coupled with income-driven
demand models (Bijl et al., 2017a, 2017b, 2016). However, this is still a
major challenge because the uncertainty increases dramatically with
finer resolutions and longer time horizons (e.g. where to expect further
urbanization). An even greater challenge would be to make global maps
of the laws, regulations and attitudes towards basic resources at each
location, and of the locally viable technologies and how these may
spread in the future.

5. Conclusion

The resources in the WFE nexus are very different in terms of
absolute magnitude of production, as well as in the extent to
which they are traded. Global water withdrawal is three orders of
magnitude larger than food and energy flows in terms of mass. In turn,
total energy flows are a factor 1.6 larger than food in terms of mass, and
a factor 9 larger in terms of energy content. Global trade as percentage
of production also differs considerably. It is highest for oil (51%), gas
(29%) and coal (21%), followed by crops and animal products (both
7%), whereas bio-energy (1%) and water (∼0%) are hardly traded at
all. The average trade distance follows a similar pattern.

The spatial scales involved in physical trade are related to
physical characteristics of each resource. We hypothesized that the
spatial scales could be related to the physical characteristics of the re-
sources. Indeed, we found that the following factors, taken together,
can explain some of the differences in trade extent: high priced, high
density, geographically concentrated resources are traded more and

Fig. 4. Land use (left) and land saved by importing crops and animal products (right), in 2010. Only those regions are shown, for which total land saved>0.1 × land used.
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over longer distances.
Nexus resources depend on each other for their production, but

most of these direct dependencies are very small at the global
level. Interdependence of two resources is not really an issue at the
global level, since the direct dependencies go mostly in one direction:
food depends on water and land, and to a smaller extent energy also
depends on water and land. However, bidirectional dependencies be-
tween nexus resources are more likely to be found at smaller spatial
scales.

The analysis shows that the global and continental scales are
important for nexus problems, providing solutions beyond the
local or national scales. The global and continental scales are im-
portant, since physical trade and resource-saving imports can alleviate
resource scarcities and unwanted dependencies at the smaller spatial
scales. The estimated water withdrawal saved by importing crops and
animal products is significant for specific regions: savings are roughly
as large as water use in the Middle East, and roughly half as large in
Mexico, Northern Africa and Korea. Globally, crop imports save roughly
300 km3/year, while imported animal products save an additional
60 km3/year by avoiding domestic cultivation of feed crops. The same
imports also save land: 356 Mha directly via imported animal products,
163 Mha via crop imports, and 60 Mha indirectly via avoided feed
crops.
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