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Energy, water, and food
systems are closely interlinked

Water is of paramount importance for the energy sector.

For example, thermal power plants require water for cooling.
Conversely, energy is critical for the extraction of potable
water and cleaning of waste water. Energy and water are
indispensable for agriculture and livestock farming.

As demand for resources increase due to both economic and
population growth, more competition, and, in some places,
scarcity may affect the security of supply across the three
sectors. Climate change is likely to compound this pressure.

The Energy-Water-Food Nexus concept is now seen as a
key paradigm in sustainable development strategies. This
approach will enhance the understanding of the complex
and dynamic interrelationships between energy, water and
food, and facilitate more sustainable management of these
finite resources.
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Chapter 1

Preface

Energy, water, and food systems are closely inter-
linked in the Energy-Water-Food Nexus.

Water is of paramount importance for the energy
sector. Fossil fuels require water for extraction, trans-
port and processing. Thermal power plants require
water for cooling, whether they use nuclear, fossil or
biofuels. Hydropower is based on water in rivers or
reservoirs. Feedstock production for biofuels may
depend on water for irrigation.

On the other hand, energy is necessary for pumping of
ground- and surface water, for water treatment as well
as for transport and distribution of water to end-users.
The waste water is often returned to the environment
after energy requiring waste water management.

Most modern crop production is inconceivable
without external inputs of water. Agriculture and
livestock farming consumes energy for land prepa-
ration and tillage, crop and pasture management,
transportation, machinery, irrigation, and electric-
ity supply. Add to this the use of energy-intensive
products like fertilisers, pesticides, and animal feed.
The strong dependence on energy inputs makes the
current food supply system vulnerable to energy
availability. Expected population growth and chang-
ing consumption patterns put pressure on our ability
to produce ever more food.

The DTU International Energy Report series
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The complexity in the Energy-Water-Food Nexus
is not at least apparent in transboundary water sys-
tems. For example, the building of a new hydropower
plant in an upstream country will have a number of
consequences for the downstream countries in the
competition for the same water resources for e.g.
thermal power production and for agriculture as
well as for fishing.

The demand for resources is increasing due to both
economic and population growth, more competition
and - in some places - scarcity which may affect the
security of supply across the three sectors. Climate
change is likely to compound this pressure.

Even so, today most of the policy and administrative
decisions within each of the three sectors are made
by separate institutions with no or little emphasis
on local, national or regional Nexus coordination.
In the future the sectors of energy, water, and food
need to be assessed together in the Energy-Water-
Food Nexus. A concept that now is seen as one of
the headlines for the global research agenda and
a new paradigm for sustainable development and
future development strategies.

DTU International Energy Report 2016 brings up
these issues and analyse challenges and opportunities
for wider introduction of the Nexus concept from
local to global scale in order to enhance the security
and sustainability in the Energy-Water-Food Nexus.

DTU International Energy Reports deal with global, regional and national perspectives on current and future energy issues. Individual chapters
of the reports are written by DTU r rchers in cooperation with leading Danish and international experts. Each Energy Report is based on
internationally recognised scientific material and is fully referenced. Furthermore, the reports are refereed by independent international experts
before being edited, produced and published in accordance with the highest international quality standards.

The target readership is DTU colleag collaborating partners and customers, funding sations, institutional investors, ministries and

authoritie nternational organisations such as the EU, IEA, World Ba

orld Enery ncil and the UN.

DTU International Energy Report 2016
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Chapter 2

Conclusions and
recommendations

The current growth in the world population com-
bined with an enhanced consumption of natural
resources worldwide puts increasing pressures on the
energy-, water- and food sectors, and will in many
places be affected by climate change.

The world population will likely increase by 33 per
cent from currently 7.3 billion to around 9.7 billion
by 2050. The water demand is projected to increase
by more than 50 per cent globally between 2000
and 2050, and the available water for irrigation is
expected to decrease which is likely to have an impact
on food production. The world energy demand will
continue to grow unless current patterns are funda-
mentally changed and by 2040 increase to more than
40% above current levels. In 2050, the global food
production is expected to increase by 50% for cereals
and 85% for meat, in relation to 2005. Climate change
will affect both the demand and supply of energy,
water, and food resources worldwide and call for
significant mitigation and adaptation actions, includ-
ing the transition to new sustainable technologies.

Nexus solutions can secure
sustainable energy, clean water,
and high-quality food for all

The global trends will significantly affect the future
demand and production opportunities for the en-
ergy, water, and food sectors. All three sectors how-
ever, are intricately linked together and mutually de-
pendent on each other - they form a critical “nexus,”
the Energy-Water-Food Nexus. This concept is now
seen as one of the headlines for the global research
agenda and a new key paradigm in many sustainable
development strategies. Adopting a Nexus approach
will enhance the understanding of the complex and
dynamic interrelationships between energy, water,

DTU International Energy Report 2016

and food, and facilitate more sustainable manage-
ment of these resources.

Managing the Energy-Water-Food linkages requires
careful examination of trade-oft’s not only among
users of the same resource, but also across users of
the other resources. By anticipating potential trade-
offs and synergies however, actions can be designed,
appraised and prioritised so they are viable across the
different sectors. Thus, it is critical for governments
to ensure that their institutions are ready for such
an integrated approach.

Energy-Water-Food Nexus assessments can be ap-
plied from local to global scales. At the local level,
Nexus assessments might focus on integrated waste
water management, energy production, or improved
water and energy efficiency in agricultural produc-
tion. This could save water, reduce emissions, boost
recycling of nutrients, and increase energy, water,
and food security. Within a region spanning more
countries that are connected via a transboundary
freshwater system, Nexus tools can be applied to
identify incentives for strengthening collaboration
between interested parties at all levels from the local
to the supranational.

Systematic approaches are essential for understand-
ing the coherence and competing demands of the
Energy-Water-Food Nexus not only at different
temporal and spatial scales but also across multiple
sectors and local climate conditions. Such tools are
urgently needed e.g. to facilitate policy measures as
well as technical actions that will ensure sustaina-
ble and efficient use of energy, water resources and
food production. The development of integrated
system-scale approaches for managing energy, water,
and food resource systems under climate change is
one of today’s key challenges.

Conclusions and recommendations — Page 11

Drivers that upset the Energy-Water-Food Nexus balance

GLOBAL POPULATION
The world population will likely increase 33% from currently
7.3 billion to around 9.7 billion by 2050.

URBANISATION

Already now 54% of the world's population reside in urban areas.
By 2050, the projections indicate that approx. 66% of the world's
population will be urban.

ENERGY DEMAND

The world energy demand will continue to grow, unless current
patterns are fundamentally changed, and by 2040 increase to
more than 40% above current levels.

WATER DEMAND

The water demand is projected to increase by more than 50%
globally between 2000 and 2050. The available water for
irrigation is expected to decrease with impact on food production,
especially in tropical countries.

FOOD DEMAND

In 2050, the global food production is expected to have a growth
of 50% for cereals and 85% for meat, in relation to the corre-
sponding figures for 2005.

CLIMATE CHANGE

Power plants across the world could be affected by changes

in precipitation patterns, which are combining with increasing
competition between water users to adversely affect the resilience
of energy services.

Expanded food supply might be restricted by water scarcity.

Recommendations

The interdependencies of energy, water, and food
systems pose a systemic risk which could negatively
impact e.g. the robustness of the energy supply and
demand over many years to come. In the future the
sectors of energy, water, and food therefore need to
be considered together in the Energy-Water-Food
Nexus. This approach will enhance the understand-
ing of the complex and dynamic interrelationships
between energy, water, and food, and facilitate more
sustainable management of these finite resources to
ensure access for all.

A number of recommendations can be deduced
from the present report in order to support further
development of the understanding and managing of
future demand and production opportunities for the
energy, water, and food sectors in a sustainable way,

in order to secure sustainable energy, clean water
and high-quality food for all.

Danish companies and researchers currently hold
prominent positions internationally within all three
sub-areas of the Nexus; however, coordinated re-
search and development (R&D) efforts within the
Nexus itself are limited. Thus, one of the key recom-
mendations of this report is that an international
Energy-Water-Food Nexus R&D centre should be
established in Denmark to enhance both national
R&D competencies as well as industrial compe-
tencies in this field by bringing together key actors
from both the public and private sector in a joint
effort to generate improved knowledge and new
techniques, which could ultimately lead to new jobs
and increased exports.

DTU International Energy Report 2016
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Drivers for rebalancing the Energy-Water-Food Nexus

RESEARCH & DEVELOPMENT

There is a need for more definite and quantitative guidelines and
recommendations on proper pathways towards more sustainable
power generation sources.

It is important to develop local-to-regional assessments using
site-specific weather- and climate data as well as associated
variability and extremes, hydrology and energy modelling. Along
with this, local policies and regulations should be implemented.

Itis important to stimulate R&D in new sources of renewable
energy based on energy conversion of food and water sector
residues through thermochemical or biological processes.

Likewise, it is important to stimulate R&D in membrane-based
water treatment technologies to pave the way for new sources
of sustainable power.

There is a critical need to further develop, implement and
evaluate systematic Energy-Water-Food Nexus modelling tools

in order to facilitate efficient policy-making and develop
strategies accommodating climate change and socio-demographic
development.

Big data should be integrated in the Nexus modelling tools, as
lack of access to quality data often is a major constraint for the
application of integrated methods.

Big data are also required in the study of how the different
elements of the nexus relate to each other, as it is essential for
confidence in the results of a nexus analysis (e.g. in terms of
decision-support) to understand the data requirements and the
specific difficulties of data collection across the interconnected
nexus systems.

Nexus assessment tools should be based on standardised data
collection routines since the cross-sectoral and multi-scale nature
of the Nexus adds to the difficulty of collecting and compiling
information.

An International Energy-Water-Food Nexus R&D centre should
be established in Denmark, as the country has international
outstanding competencies within research and industry in all
three areas of the Nexus. The centre should develop tools for
public sector consultancy and research-based knowledge
dissemination to industry.

DTU International Energy Report 2016

TECHNOLOGY SHIFTS

Renewables should be introduced more widely as wind, solar
PV and oceanic based technologies have inconsiderable water
consumption.

Alternative cooling technologies can significantly lower the
freshwater consumption in thermal power production.

Carbon Capture and Storage or Utilisation (CCSU) is a double-
edged sword: CCSU increase water consumption in power
production substantially but lead to a higher degree of carbon
neutrality.

Nitrogen fertiliser is the most energy-demanding aspect of
conventional intensive crop production and should be replaced
by the use of nitrogen fixing plants.

GOVERNANCE

The Energy-Water-Food Nexus concept should be an integrated
part of future policy making and decisions in the energy, water
and food sectors.

The Energy-Water-Food Nexus concept should be applied on all
levels from local to global.

Appropriate legal Nexus instruments and frameworks for trans-
boundary policy making and decisions needs to be developed.

Integrated solutions are highly location dependent and require
collaboration at multi-national level, sharing data, technologies,
ideas, etc., to make an impact globally.

The use of economic and legislative tools as well as social
awareness campaigns can be implemented as tools for increased
efficiency in the use of water and energy.

MARKET, REGULATIONS AND ECONOMY

Nexus effects related to the market, costs and international
regulations, emissions trading and implementation of emerging
technologies must be analysed and included in Nexus models.

A Nexus approach can provide an important additional risk
assessment tool in financial analyses for investors in the energy,
water and food sectors.

Chapter 3

gnthesis

By Leif Senderberg Petersen, DTU Office for Innovation
and Sector Services (lepe@dtu.dk)
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Energy, water, and food systems

9 are closely interlinked.

Water is of paramount importance for
the energy sector. For example fossil fuels
require water for extraction and refin-
ing. Thermal power plants require water
for cooling. Hydropower relies on water
from rivers or reservoirs to drive electric-
ity generation. Feedstock production for
biofuels requires substantial amounts of
water e.g. for irrigation.

Conversely, energy is critical for the ex-
traction and treatment of water aimed at
both private consumers and industrial
users as well as for transport, collection
and cleaning of waste water.

Energy and water are necessary for agri-
culture and livestock farming. Energy is
consumed for land preparation and tillage,
crop and pasture management, transpor-
tation and irrigation. Add to this the use of
energy-intensive products like fertilisers,
pesticides and animal feed. Finally, food
processing, packaging and preparation
are also highly energy intensive. Most
modern crop production is inconceivable
without external inputs of water.

As demand for resources increase due to
both economic and population growth,
more competition, and, in some places,
scarcity may affect the security of supply
across the three sectors and climate change
is likely to compound this pressure.

Global status and
trends

- Some key global trends are especially
important for the future demand and
production opportunities in the en-
ergy, water, and food sectors. Popula-
tion growth has a direct effect on future
demand for energy, water, and food,
although trends here are affected by

DTU International Energy Report 2016

many modifying factors like efficiency
improvements, changes in diet and con-
sumer preferences, etc. The demograph-
ics of population growth patterns will
similarly be important, e.g. where will
the main growth be regionally, how many
will live in urban settlements and so on.
Finally the consequences of climate
change will affect both demand and sup-
ply in all three areas, but the uncertainty
about the local and regional impacts of
climate change is still high in many areas.

World population will increase
by 33%

The world population will likely increase
by 33% from currently 7.3 billion to
around 9.7 billion by 2050. It is expected
that the fastest population growth will
take place in sub-Saharan Africa. Increas-
ing populations are clearly one of the key
determinants for future energy, food and
water demand, but a number of other
factors need to be analysed to understand
the intricate links between the different
elements. Linking population with urban-
isation trends indicate that most of the
growth will happen in urban settings and
this will be compounded by continued mi-
gration from rural areas to cities. Already
now 54% of the world’s population reside
in urban areas. By 2050, the projections
indicate that approx. 66% of the world’s
population will be urban. Sustainable de-
velopment challenges will be increasingly
concentrated in cities, particularly in the
lower-middle-income countries where
the pace of urbanisation is fastest. This
will likely also be some of the areas where
issues relating to the Energy-Water-Food
Nexus will figure most prominently.

Water demand will increase by
more than 50%

The water demand is expected to increase
by more than 50% globally between 2000

2050 A I I A I W

5%

of the global water consumption
is attributable to energy generation

Global water withdrawals for thermal electricity
production are expected to increase by 140% until
2050.

and 2050. The increase in demand will
come mainly from manufacturing and
process industries, electricity genera-
tion, and domestic use. With these com-
peting demands the available water for
irrigation is expected to decrease with
impact on food production, especially
in tropical countries.

In Europe, efficiency improvements in
water management and use in the en-
ergy sector and public water supply are
important factors in the decreasing wa-
ter abstraction over time. In this respect
climate change is likely to impose new
pressure on the available water resources
in some parts of Europe, particularly in
Southern Europe where drought is ex-
pected to pose a major future challenge.
Also the risk concerning the future avail-
ability of water of the right quality e.g.
for consumption as drinking water or
industrial production is likely to be fur-
ther exacerbated by climate change.

Energy demand will increase
by more than 40%

The world energy demand in a scenario
with no additional policy efforts under-
taken would continue to grow and by
2040 increase to more than 40% above
current levels.

Over the next decades on the other hand
there will be some remarkable change in
the way energy is produced. Coal and oil
use will decline while renewables and gas
will be playing larger roles. While this
transition is driven by technological ad-
vances and climate policies, it will impact
future water demand in the energy sector
in a positive direction as water use for
renewable power production is generally
significantly lower than for thermal fossil
power plants.

The energy demand development shows
a number of similarities with the water
demand development described above.
The OECD countries at large will stabi-
lise or likely reduce demand while the
demand in developing countries will
continue to grow.

The growing population will
need 50% more cereals and
85% more meat

In 2050, the global need for cereal pro-
duction is expected to reach around 3,000
million tonnes and the need for meat pro-
duction around 460 million tonnes. This
is a growth of 50% for cereals and 85%
for meat - in relation to the correspond-
ing figures for 2005/2007 (around 2,010
million tonnes and 250 million tonnes).

While there will be a need for signifi-
cantly increased quantities of cereals and
meat, the annual growth rate will decline.

A key question is if the expanded food
supply can take place or will be restricted

by water scarcity. Estimates have shown
that it could be possible under current
global climate conditions, but how
changes e.g. in rainfall patterns caused
by climate change will impact local food
production and correspondingly the
global food market is not clear. Regional
studies using climate models imply possi-
bilities for significant changes in rainfall
patterns and volume in many parts of
the world, which is certain to affect local
production system.

The Nexus concept
is @ new paradigm
for sustainable
development

- The global trends discussed above and
the interlinkages between energy, water,
and food production will no doubt set the
stage for future demand and production
opportunities for the energy, water, and
food sectors. Consequently, it is essen-
tial that future policies will anticipate
potential trade-offs and synergies of the
Energy-Water-Food Nexus in order to
design, appraise and prioritise actions
so they are viable across the different
sectors. In this way the Nexus also con-
stitutes a new paradigm for sustainable
development and future development
strategies. Hence the Nexus approach
helps better to understand the complex
and dynamic interrelationships between
energy, water, and food, and facilitates
more sustainable management of these
finite resources.

Evidently, management of the Energy-
Water-Food linkages will require the
examination of the trade-oft’s not only
among users of the same resource, but also
across users of other related resources,
which will ultimately call for highly inte-
grated and trans-disciplinary approaches
to be employed. Thus governments need
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to ensure that their institutions are pre-
pared to this new paradigm.

Harnessing the
Nexus concept on
different scales

- The concept of the Energy-Water-
Food Nexus can and should be applied
from local to global scales. At the local
level, Nexus considerations might focus
on integrated waste water management,
energy production, or improved water
and energy efficiency in agricultural
production. This could save water, re-
duce emissions, boost recycling of nu-
trients, and increase energy, water, and
food security.

Within a region spanning more coun-
tries that are connected via a transbound-
ary freshwater system, Nexus tools can
be applied to identify incentives for
strengthening the collaboration between

0%

more cereals and

_85%

more meat needed for
growing world population

)

¢

\

In 2050, the global need for cereal production is
expected to reach around 3,000 million tonnes, and the
need for meat production around 460 million tonnes
This is a growth of 50% for cereals and 85% for meat
compared to the 2005 figures (around 2,010 million
tonnes and 250 milliontonnes, respectively)

DTU International Energy Report 2016
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interested parties at all levels from the
local to the supranational. An example is
bilaterally agreements between countries
in flood protection and hydropower gen-
eration. On a regional level there may be
treaties for trading power and food. On
the global level it could be mitigating and
adapting to climate change through the
deployment of renewable energy sources.

A typical example of transboundary
Nexus issues is a river traversing several
countries in a catchment area. This cre-
ates management conflicts over issues
such as water rights, usage and pricing
of water in the countries that the river
passes through. Upstream management
of rivers affect the quality and quantity
of water available for downstream coun-
tries. The linkages in the nexus are such
that water, energy and land are needed to
grow food in adjoining countries. Some
food crops also serve as biofuel. Power
plants need water for their operations.
Energy intensive water schemes provide
water for drinking and agriculture.

Characteristics of the
Energy-Water Nexus

- Fossil fuel production requires water
for extraction and processing. Thermal
power generation — whether based on
nuclear, fossil fuels or concentrated so-
lar power, needs cooling water. Approx.
90% of global power generation is wa-
ter intensive and of these, hydropower
and thermal power are responsible for
roughly 80% of the global electricity
production. Feedstock production for
biofuels may also depend extensively on
water for irrigation.

Energy generation accounts for 15%
of the global water consumption and
global water withdrawals are expected
to increase by another 55% until 2050
with thermal electricity production

DTU International Energy Report 2016

accounting for a 140% increase related
mainly to developing countries experi-
encing higher demands for energy, food
and other goods.

It is important to make a distinction
between water withdrawal and water
consumption connected with energy
production. Water withdrawal includes
all extracted and diverted water which
has been affected during the process also
including what is reinjected into the sup-
ply source. Water consumption includes
evaporated and transpired water as well
as water integrated in crops or otherwise
removed. The consumption is therefore
a subset of the withdrawal.

In conventional oil production, water
consumption varies in relation to mainly
geology, type of recovery and state of the
reservoir. Oil production consumes far
more water than conventional natural gas
extraction where the water consumption
is negligible. Typically the water demand
for nonconventional oil extraction (in-
cluding hydraulic fracturing of shale oil
and tar sand oil) is significantly higher
than the water demand from crude oil
extraction. It should be emphasised that
all kinds of fossil fuel extraction will

0%

of global power generation
is water intensive

Approximately 0% of global power generationis water
intensive and of these, hydropower and thermal

power are responsible for roughly 80%of the global
electricity production.

influence not only the water quantity
but also the water quality.

Thermal power plants share many char-
acteristics independent of their power
source (nuclear, fossil fuels, or concen-
trated solar power), including the pro-
cesses related to water usage. Cooling
accounts for the main share of the total
water use. The water withdrawal for ther-
mal power plants varies with the applied
cooling technology — from large amounts
to zero for dry cooling plants. Switch-
ing to non-freshwater cooling and dry
cooling reduces freshwater consumption
— the latter, however, imposes penalties
in terms of reduced output and increased
costs depending on the local climate.

Carbon capture and storage (CCS) in-
crease the plant’s cooling demands sig-
nificantly. Thus, increasing the degree of
carbon neutrality by the use of CCS will
intensify the water consumption.

Alternative cooling water sources can
provide more sustainable water con-
sumption (e.g. waste water, otherwise
non-potable (brackish) groundwater, wa-
ter from oil/gas production and in-plant
water recycling).

AT

Wider introduction of
renewable energy will reduce
water consumption

Renewable energy as wind, solar PV and
ocean technologies generally consume
minimal water making them well-suited
for a more carbon- and water-constrained
future. In water sparse areas, the future
energy sources should therefore focus on
technologies with a negligible freshwa-
ter consumption such as solar, wind and
ocean technologies whereas regions with
sufficient and sustainable water resources
are more feasible to implement technol-
ogies which are water consuming, albeit
still renewable.

Concentrated solar power production
technologies involve significant water
consumption for plants with wet cool-
ing, whereas dry cooling plants consume
much less.

Hydropower needs water from rivers or
reservoirs. Some studies argue that wa-
ter usage from hydropower plants can
be somewhat neglected in a comparison
study due to the societal purposes of the
reservoir such as flood control, leisure,
irrigation, and water supply storages. It
should be emphasised that the water us-
age is highly dependent on the geograph-
ical conditions, including temperature
and type of reservoir. Shallow reservoirs
in a tropical climate will have dramat-
ically higher water consumption than
deep reservoirs in a temperate region.

For geothermal power plants, water con-
sumption varies greatly with the type of
power plant design.

In biofuel production, water is required
for biomass cultivation. The water con-
sumption varies greatly based on the type
of crop and region. For example, 90 litre of
water is used to produce one litre of etha-
nol in Brazil whereas 3,500 litres was used
in India to produce the same amount.
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of world transport fuel
should be biofuels in 2050

32 exajoules (10" ]) of biofuels should be used globally
by 2050 (27% of consumed world transport fuel)
in order to reach the global energy-related CO, target.

The mutual interdependency of energy
and water systems poses a systemic risk
which could impact the robustness of the
energy supply and demand over many
years to come. Power plants across the
world could be affected by changes in
availability of water e.g. as compounded
by changes in regional precipitation pat-
terns, combined with increasing compe-
tition between water users to adversely
affect the resilience of energy services.

The urban Energy-
Water Nexus imply
extraordinary
challenges

- Urban water infrastructure is grow-
ing increasingly complex, driven by a
number of factors including decreasing
freshwater availability, increased alloca-
tion for environmental water flows, and
increasing water demand caused by pop-
ulation growth. In addition waste water
management is met with increasingly
strict demands for effluent water quality
and requirements for resource recovery,
which in turn leads to an intensification
of waste water treatment. Climate change
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affects water availability in many places,
but also requires cities to adapt to new
storm water regimes.

Most cities handle three major water
flows and a myriad of minor flows in
between compartments of the cities. The
major flows are rainfall, water supply and
industrial/household waste water. These
vary dramatically between geographic
locations.

Rainfall and waste water adequately
cover for the water demand in many cit-
ies, but intermittency and poor quality
have historically limited its use, although
this is changing due to increased focus
on decentralised rainwater harvesting
and waste water reclamation. Besides
the major urban water flows, cities also
have access to water resources available
as groundwater, surface water (rivers or
lakes), and seawater.

In all cases, water often needs energy-in-
tensive treatment before use or it needs
to be conveyed from the resource to the
point of use. Water may be converted
from one quality to another to be used
for drinking water, to sustain environ-
mental flows, or protect recipients, e.g.
when waste water is discharged to the sea.

Simple treatment can be used to remove
organic pollutants, through microbial
degradation in sand filters, stripping to
air by aeration, or sorption to filter ma-
terials such as activated carbon. Usually,
simple filtering is gravity driven and re-
quires modest electricity consumption
to operate. Membrane treatment allows
utilities to convert poorer water qual-
ities to drinking water quality when

Storm water is rain water collected from impervious

s, parkin
minated d

WIS rain \

particles, d

nicro-plastic, bird droppings, other organic material etc

All of this is carried with the water after contact with

the surface
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clean water resources are not available.
Oxidation and disinfection steps have
low demands for electricity compared
to membrane treatment.

Rainwater harvesting can substitute parts
of the urban household water supply, e.g.
for toilet flushing, clothes washing, and
hot water demands. Rainwater harvesting
has modest electricity consumption.

Often, the options for additional water
resources stand as a choice between in-
tensified treatment, increased production
from a known resource, or increasing
imports from resources available further
away. Some of these water transports are
heavy energy consumers, others come
at a very low energy cost such as gravi-
ty-driven water transport.

In Copenhagen the average electricity
values for operating water abstraction,
drinking water treatment, and distri-
bution corresponds to 3% of the total
electricity consumption and 11% of the
household electricity consumption. As
such, the electricity use for urban water
management is a marked contribution to
the total energy use of urban households
and related to heating the water. Thus,
water and waste water services make an
important contribution to the total elec-
tricity use in cities.

The drinking water composition, notably
the water hardness, will affect the scal-
ing in the plumbing system, appliances
and heat exchangers. Even a slight re-
duction in hardness, will have a signifi-
cant positive environmental impact for
Copenhagen. With ambitious goals for
Copenhagen to become carbon-neutral
in the near future, the comparably high
electricity consumption by desalination
will have reduced influence on the sys-
tems environmental burden. Caused by
this anticipated change in the energy
mix and the relatively low hardness of
desalinated seawater, the environmental
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burden is expected to be lower for the
desalination scenario than for the con-
ventional groundwater based system al-
ready by 2020.

Energy demand for waste water treat-
ment is largely dependent on local ef-
fluent water quality standards. In areas
where legislation craves reduction of
particles, organic compounds and nu-
trients before discharge waste water
treatment require primary treatment
with screens and settling tanks, before
secondary and tertiary treatment remove
organic compounds and nutrients. To
this comes energy for transporting the
waste water.

Some waste water utilities recover parts
of their electricity use by sludge diges-
tion. In Denmark, the waste water utility
Vandcenter Syd is substituting 64% of
its own electricity demand and together
with 33 other waste water utilities with
self-produced electricity, the production
substitutes 28% of their total demand.

Storm water management is expected to
have a low demand for electricity in the
use phase. This is explained by the fact
that after installation drainage systems
are mainly passive when new paradigms
within storm water control measures
manages water at the surface and use
less pipes and basins it may lead to a re-
duction in total energy impact and save
energy at the waste water treatment plant.

©2000=1E

Since water systems consist of infra-
structure with long lifetimes in the
range of 20-100 years, it is important to
consider how new infrastructure invest-
ments will respond to future changes to
power generation.

Characteristics of the
Energy-Food Nexus

- Itis estimated that energy use in mod-
ern food production, including agricul-
tural production, transportation, food
processing, packaging and preparation
amounts to about a fifth of all energy
use. This corresponds to 2,000 litres of
oil equivalents to support the diet of one
person for one year.

The strong dependence on energy inputs
makes the current food supply system
vulnerable to energy availability. Ex-
pected population growth and chang-
ing consumption patterns put pressure
on our ability to produce ever more
food. Current trends go towards diets
rich in meat, highly processed and vig-
orously transported products, and ur-
banisation. These trends are associated
with increased consumption of luxury
foodstufts, many of which are energy in-
tensive in production and distribution.
Food production must increase by 70%
between 2006 and 2050 to feed the grow-
ing human population with a continued

Up to 2,000 litres of water is used for extracting one barrel of oil

Oil extraction consumes from 500 to 1,200 litres per MWh, corresponding to about 800 to 2,000 litres for one barrel
Coal extraction employs water consumption rates of 15 to 105 litres per MWh for mining and washing, and an
additional consumption of 40 to 90 litres per MWh if transported by slurry pipeline

transition toward food demand from
intensive, crop-based animal husbandry.

It has been shown that about four units
of fossil energy are required to produce
one nutritional unit of energy in food at
the retailer in Denmark in 2007. In addi-
tion, this high energy use in Danish food
production and processing is indicated
by the sector’s energy intensity calcu-
lated as energy consumption in kg oil
equivalent per dollar of value generated.
In 2014, this ratio for Denmark was the
highest worldwide (0.43) whereas it was
only 0.12 for the US. The world average
was 0.04 which was a result of a steady
decline over the last 15 years.

About half of the energy consumption of
the modern food supply system occurs
in food handling, comprising packaging,
sales and preparation. The other half is
considered to be close to evenly divided
between agriculture, distribution and
processing in some countries, in Den-
mark agriculture uses the most. This
means that initiatives to reduce energy
use in the food supply system should go
beyond agricultural production practices.
This opens up for an extended range of
possible approaches to reduce the overall
energy use of the food supply system.

The energy intensity of agricultural
production varies across crop produc-
tions, livestock production, aquaculture
and fisheries. Generally speaking, crops
require the least energy input per ton
produced. Farm animal products and ag-
uaculture require similar energy inputs.
Fishery products range from comparable
to crops to much higher than farm ani-
mal products.

Nitrogen fertiliser is the most ener-
gy-demanding aspect of conventional
intensive crop production, accounting
for approx. 60% of cumulative energy
demand. While nitrogen may be syn-
thetised with electricity from renewable

6%

less hydropower due
to climate change

2016 2070-99

L

Hydropower systems might suffer from changes in the
water balance. The projected general decrease in
hydropower production rates in the Swiss Alps by

2070-2099 is 36%.

sources, this would continue to be an
energy-intensive approach. The most ap-
parent alternative is to biologically fixate
nitrogen from the air by adding legumes
to the crop rotation.

In predominantly rain-fed crop produc-
tion, machinery use is typically the sec-
ond-most important energy consumer
with tillage and harvesting as the most
energy-requiring activities.

Increased demand for convenience prod-
ucts is the explanation a large increase in
food processing-related energy use in the
last few decades. Retailing is the third-
most energy intensive stage in the sup-
ply chain from agriculture to household.
More than half of the energy use in retail
is from refrigeration followed by lighting
and space heating. Households constitute
the single-largest energy consumer of the
food supply system.

The transportation system built on access
to relatively plentiful amounts of oil not
only connects food producers with the
global market, it also allows for extensive
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transport within agricultural production,
e.g. fodder for animal production. Energy
used in refrigeration means that e.g. trop-
ical fruits are available in supermarkets
year round. Additionally, the durability
of transported food requires sufficient
packaging, particularly after or between
processing steps. The production, trans-
port and discard of packaging entail
energy use. These considerations have
popularised the concept of food miles
and suggest that local production and use
leads to higher energy efficiency.

Increased groundwater use for irrigation
is a consequence of the availability of
cheap energy and it is estimated that 70%
of global water consumption by humans
is caused by agriculture. Most modern
crop production is inconceivable without
external inputs of water.

In production systems that depend on
irrigation, increased water use efficiency
with low-tech interventions as drip ir-
rigation may be a key to reduce energy
inputs. Another type of approach is to re-
duce the dependence on irrigation. This
may be achieved by improving the soil’s
water retention capacity or by reducing
exposure to the sun when it is strongest.

The generation of food waste significantly
affects energy use of our food supply. It
is estimated that 30-50% of all food pro-
duced is wasted. Altogether, it appears
that approaches to reduce food waste in
the developing world should focus on
changing production practices while de-
veloped world approaches should focus
on changing consumption practices.

Bioenergy production has positive as well
as negative effects in the food sector. An
example is manure, which in most of
Europe is typically stored and applied
on-land without any treatment. Boosting
production of bioenergy out of manure
has the beneficial side-effect of reducing
undesired emissions occurring during
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storage and application of land of raw
manure. On the other hand, using feed/
food crops for bioenergy may increase
the demand for conventional fodder and
food, thereby adding pressure on the ag-
ricultural sector for production of grains
and meat. Using agricultural residues like
straw may contribute to soil carbon loss
and more research is required to search
for the right balance between increased
energy demand, and the systematic car-
bon recycling and build up needed to
counteract climate change.

Producing energy crops determines two
distinct effects on land-use. In regions
such as Denmark the land needed for
their cultivation is likely to come at the
expenses of other (feed/food) crops. Such
effect is called direct land use change
(dLUC). At an international level, this
initial displacement increases the demand
for conventional fodder, thereby adding
pressure on the global agricultural sec-
tor for production of grains and meat.
This, in turn, may induce expansion of
arable land into nature (deforestation)
and increased use of fertilisers. These ef-
fects are called indirect land use change
(iLUC) impacts and are typically much
more important, in terms of magnitude,
than dLUC.

The Energy-Water-
Food Nexus and
potentials for
renewable energy
production

- Currently, solar and wind power are
regarded as the ultimate sources for
sustainable power. Now, novel mem-
brane-based water treatment technol-
ogies pave the way for a new source
of sustainable power. An example is
salinity-gradient power (SGP). These
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techniques have high power density and
energy recovery potential. The energy of
mixing 1 m’ of seawater with 1 m’ of river
water is 0.92 MJ or 0.256 kWh, and the
global potential is 2.8 TW.

By the use of membrane bioreactors
(MBR) the organic content of domestic
waste water can be converted efficiently
to methane gas. With 200 liters of waste
water/(person day), a membrane biore-
actor has a theoretical yield of 0,12 kWh/
(person day) or 43 kWh/(person year).
For comparison, this is about seven times
larger than the annual Danish electricity
consumption per person per year.

Conversion of food and water sector res-
idues to energy represent an important
opportunity to produce bioenergy and
mitigate global warming effects. A long
range of emerging technologies will allow
for efficient and sustainable energy re-
covery from waste water and food waste.
Thermal gasification is a promising tech-
nology for conversion and utilisation of
agricultural residues or industrial and
municipal sewage sludge, due to its
flexible and robust heat and power gen-
eration and the possibility to produce
various value-added products, such as
storable high energy density fuels, chem-
icals and valuable fertiliser ashes. The
gas produced during gasification can be
converted directly into heat and power,
stored as gaseous fuels in the existing gas
infrastructure or synthesised into liquid
fuels or chemicals.

Among the emerging sludge manage-
ment options, thermochemical valorisa-
tion including pyrolysis and gasification,
has been identified as some of the most
promising alternatives due to high flexi-
bility, efficiency and the ability to simulta-
neously address bio-ash valorisation and
energy utilisation. This will facilitate an
optimised energy recovery, reduced en-
ergy use and increased plant robustness at
municipal waste water treatment plants.

0%

of global water use
caused by agriculture

Increased groundwater consumption for irrigation is a
consequence of the availability of cheap energy, and it
is estimated that 70% of the global human water
consumption is attributable by agriculture

Most modern crop production is inconceivable

without external inputs of water.

Biomass derived from food industry
and water sector can be used as influent
feedstock in biogas plants. This include
residues from food processing industry,
slaughterhouses, edible oil industry,
dairy products, inedible residues from
food crops, dedicated energy crops, ma-
nure from livestock farming and sew-
age sludge from municipal waste water
treatment plants. Even though anaerobic
digestion of organic residues is a mature
and widely applied technology, specific
challenges need to be addressed so as to
further optimise the process and max-
imise the energy output.

Modelling the
Energy-Water-Food
Nexus from local to
global scale

- Systematic approaches are essential
for understanding the coherence and
competing demands of the Energy-Wa-
ter-Food Nexus, not only at different tem-
poral and spatial scales but also across

multiple sectors and local climate con-
ditions. Such tools are urgently needed
e.g. to inform policy measures as well as
technical actions that will ensure sus-
tainable and efficient use of energy, wa-
ter resources and food production. The
development of integrated system-scale
approaches for managing food, energy
and water resource systems under climate
change is one of today’s key challenges.

A number of Nexus methods and tools
have been developed during the recent
years. They range from qualitative ap-
proaches like surveys and indicator-based
analysis to more data-driven and quan-
titative modelling approaches that are
suitable for analysing the complex in-
terlinkages of the Energy-Water-Food
Nexus from global to local scales. Such
tools can support decision-making and
implementation of sustainable manage-
ment strategies along multiple value
chains within the Nexus. Further, they
can strengthen collaboration between
stakeholders.

At the local level, Nexus assessments at
the appropriate scales might focus on
integrated waste water management, en-
ergy production, or improved water and
energy efficiency in agricultural produc-
tion, which - if applied — may pave the
way for new innovations to save water,
reduce emissions, recycle nutrients, and
to increase energy and food security.

Nexus assessments can be used for inte-
grating energy, water, and food systems
in an urban context. As an example, fluc-
tuating renewables like wind and solar
PV can be shared in the best possible
way with hydropower, as well as biomass
under the constraint of energy and water
security by intelligent real-time control
of the energy demand, e.g., related to the
use of water for industrial processes as
well as water distribution and treatment.

Within a region or ‘macro-region’” span-
ning two or more regions (e.g. countries)
that are connected via transboundary
energy and/or freshwater systems, Nexus
assessment tools can be used to identify
incentives to strengthen collaboration
between actors at all levels from the mac-
ro-regional to the local. This includes
market-based transactions which can
occur bilaterally between regions (e.g.
flood protection and hydropower genera-
tion), at regional level (e.g. trade of power
and food), or at global level (e.g. miti-
gating and adapting to climate change
through the deployment of renewable
energy sources).

On a wider transboundary scale, Nexus
tools can be used for assessing key devel-
opment opportunities in the Energy-Wa-
ter-Food Nexus at a highly aggregated
level, while taking into account qualita-
tive assessments of water resource con-
straints. It can be used to explore benefits
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to be generated and shared, and for stake-
holders to identify drivers, barriers and
preferred options, e.g., how to mitigate
pressures or use limited water resources
more efficiently and innovatively.

An important aspect of the Energy-Wa-
ter-Food Nexus problem is the determi-
nation of “willingness-to-pay” for water
(the value of water) in the energy, agri-
cultural, and environmental sectors. Tra-
ditionally, water engineers have derived
the sectoral willingness-to-pay for water
from external prices of energy, of crops
and from the valuation of ecosystem ser-
vices. Hence at the system scale decisions
in the water sector will affect prices for
food and energy.

0%

of energy demand in agriculture
is due to nitrogen fertiliser

Nitrogen fertiliser is the most energy-demanding aspect
of conventional intensive crop production, accounting
for approximately 60% of cumulative energy demand
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Chapter 4

The Energy-Water-Food
Nexus in a global
perspective

By Leif Senderberg Petersen, DTU Office for Innovation
and Sector Services (lepe@dtu.dk); John M. Christensen and Todd Ngara,
UNEP DTU Partnership; Kirsten Halsnas, DTU Management Engineering

Energy, water, and food systems are closely
9 interlinked. Energy is necessary for the ex-

traction and handling of water as well as for
transport, distribution and treatment of waste water.
Water is of paramount importance for the energy
sector. Fossil fuels require water for extraction and
refining. Thermal power plants require water for
cooling. Hydropower needs water from rivers or
reservoirs. Feedstock production for biofuels may
depend on water for irrigation. Agriculture and live-
stock farming consume energy and water for land
preparation and tillage, crop and pasture manage-
ment, transportation and irrigation. In addition food
production often requires the use of energy-intensive
products like fertilisers, pesticides while animal feed
and waste water is produced.

Demand for resources increases globally due to both
economic and population growth, and this is likely to
result in increased competition for all three resources
and in some regions there may be direct scarcity af-
fecting the security of supply. Climate change is likely
to compound this pressure both short term due to in-
creased variability on temperatures and precipitation
and long term with increased global temperatures.

Population growth increases the need

for energy, water, and food

Population growth has a direct effect on the future
demand for food, water, and energy although trends
are affected by many modifying factors like efficiency
improvements, changes in diet, and consumer pref-
erences, etc. The demographics of population growth
patterns will similarly be important e.g. where will the
main growth be regionally, how many will live in ur-
ban settlements and so on. Finally, the consequences
of climate change will affect both demand and supply
in all three areas, but the uncertainty about the local
and regional consequences is still high in many areas.

The latest UN forecast for global population growth
was presented by the UN last year (UN DESA, 2015)
and it shows an expected increase from currently
7.3 billion people to around 9.7 billion by 2050, as
illustrated in Figure I. Projections are very sensitive
to assumptions, and the numbers mentioned are
median with a span of approx. +/- 300 million.

Increasing populations are clearly one of the key
determinants for future energy, food and water
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demand, but as mentioned above, a number of other
factors need to be analysed to understand the intri-
cate links between the different elements.

A basic challenge when looking at water, energy and
food is the lack of “harmonised” data sources. Var-
ious sources present elements of the global picture,
with different timing and approach. It is, however,
not possible to find one single fully comprehensive
overview. But even if the food and water projec-
tions presented in this section use earlier population
data than the recent DESA report above, the overall
trends are still quite robust.

Linking population with urbanisation trends indi-
cate that most of the growth will happen in urban
settlements and this will be compounded by contin-
ued migration from rural area to cities.

Already now, some 54% of the world’s population
reside in urban areas (UN DESA, 2014). By 2050, the
projections indicate that approx. 66% of the world’s
population will be urban. All regions are expected
to urbanise further over the coming decades, but
those regions with the lowest urbanisation rates, in
Africa and Asia, will be urbanising faster than the
other regions and are projected to become 56% and
64% urban, respectively, by 2050. Sustainable de-
velopment challenges will therefore be increasingly
concentrated in cities, particularly in the lower-mid-
dle-income countries where the pace of urbanisation
is fastest. This will likely also be some of the areas

where issues relating to the water-energy-food nexus
will figure most prominently, see also Figure 1.

Increasing demand for water,

but large regional differences

An analysis by OECD (OECD, 2012) indicates that
water demand is projected to increase in a “no new
policy” scenario by more than 50% globally between
2000 and 2050. The analysis also shows that the
increase in demand will come mainly from manu-
facturing, electricity and domestic use. With these
competing demands the available water for irriga-
tion is expected to decrease with impact on food
production esp. in tropical countries.

The global numbers shown in Figure 2 cover large
regional differences. Through dedicated policies
OECD countries are likely to have adequate and
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Figure 1- The World's population. (The Economist, 2015)
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high quality water resources and many BRIIC (Bra-
zil, Russia, India, Indonesia and China) countries
will experience significant improvements, while the
situation in the rest of the developing world will
remain very problematic with 1 to 2 billion people
in 2050 still lacking access to basic sanitation and
safe drinking water. It should be noted that the new
population numbers by the UN presented above
were released after the OECD report referenced here
and since the new population numbers are slightly
higher than those used by OECD in 2012, the access
numbers are likely to be at the low end reflecting that
population growth especially will be happening in
urban settings in Africa and South Asia.

The European Environmental Agency, EEA, has
made an assessment of water availability, resource
stress, and needs of the European economic sectors
including agriculture, industry and other business,
energy, navigation, recreation and households (Eu-
ropean Environmental Agency, 2012 a).

Figure 3 provides an overview of the major water
abstraction sectors in Europe in 1990 and 2007.
Water abstraction has - as it can be seen from
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Figure 3 — decreased for all subregions from 1990
to 2007 except in the case of Turkey. Irrigation is
the major sector in Southern Europe and Turkey,
while energy and public water supply are the most
important sectors in Eastern and Western Europe.

Figure 2 - Global water demand, baseline
scenario, 2000 and 2050. (OECD, 2012)
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Figure 3 - Overviev of the major water
abstraction sectors in Europe in 1990 and 2007,
Source: (European Environmental Agency, 2012 a).
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Figure 4 - \Water exploitation index
— towards a regionalised approach
(European Environmental Agency, 2012 b).
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Efficiency improvements in water management and
consumption in the energy sector and public water
supply are important factors in the decreasing water
abstraction over time.

The demand for water services in Europe will de-
crease in the future with economic development,
but climate change could impose further pressure
on the available water resources in particularly in
Southern Europe, where drought is expected to be
amajor challenge. The water stress in different parts
of Europe in 2010 is illustrated in the following map,
and this stress is expected to be further exacerbated
by climate change.

On this basis a special report of the European En-
vironmental Agency on strategies towards efficient
use of water resources in Europe (European Envi-
ronmental Agency, 2012 b) concludes that several
policies and technologies should be taken into con-
sideration in efficiency improvements. They include
technologies, cross-sectoral coordination, economic
instruments, and consumer awareness raising.

40% higher energy demand in 2040

According to the analysis by the International Energy
Agency (International Energy Agency, 2014) the
world energy demand in a scenario with no additional
policy efforts undertaken would continue to grow
and by 2040 be more than 40% above current levels.

Water exploitation index (%)

B 0-10 [ 11-20 B 21-40 . > 40
B o stress No stress Water stress B ¢y treme water stress

The map shows the maximum current disaggregation with data available from different sources.
Further refinement and gap filling for all RBDs are in progress.

Legend: full colour: RBD-level data; shaded: country level data

With new climate-friendly policies under discus-
sion or implementation, like those included in the
Intended Nationally Determined Contributions
(INDCs) submitted by all countries as a pledge for
the Climate Summit - COP 21 in Paris and now

Figure 5 - Changing dynamics of global energy
demand. Source; World Energy Outlook 2014
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Figure 6 - Energy production by 2040,
Source: World Energy Outlook 2014,
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forming the basis for the Paris Agreement; the in-
crease in demand compared to the no-policy case
is likely to be more than halved. This will reflect a
significant shift from carbon-intensive fuels towards
more low carbon or renewable energy sources. The
energy demand development shows a number of

Table 1- Increases in agricultural production.

similarities with the water demand development
described above. The OECD countries at large will
stabilise or likely reduce their demand while devel-
oping countries will continue to grow. The main
difference from water situation seems to be that
BRIIC countries at least in the first decade will dom-
inate more on energy and be responsible for the
major part of growth and then stabilise while other
developing countries will continue to grow in the
following decades.

As mentioned, the IEA projects a major shift over the
next decades in the way energy is produced. Coal and
oil production will decline rapidly, while renewables
and gas will be playing an increasing role. While this
transition is driven by technological advances and
climate policies, it will likely impact future water
demand in the energy sector in a positive direction, as
water use for renewable power production is gener-
ally significantly lower than for thermal fossil power
plants. There may be a larger demand for land for RE
installations, but it should be possible to accommo-
date that need without really impacting the available
arable land. Noting also that there will likely be an
increase in oft-shore wind and possibly wave systems,
solar may increasingly be building integrated, etc.

Region 1961/1963 2005/2007 2050 Increase in percent, Increase in percent,
1961/1963- 2005/2007-2050

World (146 countries) 2005/2007

Population® (million people) 3133 6372 8796 103 38

Cereals® (million tonnes) 843 2012 3009 139 49

Meat production (million tonnes) 94 249 461 165 85

Developing (93 countries)

Population® (million people) 2139 5037 7433 135 48

Cereals® (million tonnes) 353 1113 1797 215 61

Meat production (million 42 141 328 236 132

tonnes)

Developed (53 countries)

Population® (million people) 994 1335 1362 34 2

Cereals® (million tonnes) 490 900 1212 84 35

Meat production (million tonnes) 52 108 133 108 23

(a) Population figures for 2005/2007 are population in 2005; for 2050 from the United Nations 2002 assessment; the 2050 projection from
the United Nations 2008 assessment amounts to 9,056 million for the 146 countries covered. (b) Including rice in milled form. The latest country
balance sheet (CBS) cereal data show a world cereal production of 2,138 million tonnes for 2006/2008, implying an increment to 2050 of less
than 900 million tonnes if measured from the 2006/2008 average (FAO, 2009).

DTU International Energy Report 2016

The Energy-Water-Food Nexus in a global perspective — Page 27

Figure 7 - The water, energy and food security nexus (Hoff, 2011).
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Global trends

Need for food increasing,

but annual growth rate will decline

Projecting future food demand and supply faces
a mix of challenges:

o Population increase (note that the FAO study
uses 10 year old population data that compared
with the numbers presented above are almost
one billion lower, illustrating the difficulties with
projections on all parameters).

o Increase in average per capita calorie intake
related to both increased income and changes
in diets.

o Changes in land and livestock productivity.

The data from FAO in Table 1 (FAO, 2009) shows
that while there will be a need for significantly in-
creased quantities of both cereals and meat, the an-
nual growth rate will continue to decline. Growth
in crop production is expected to come through a
combination of increased intensity in countries with
already high percentage use of arable land and land
expansion, especially in those developing countries
where current use of arable land is limited.

Urbanisation Population growth Climate change

Both the intensity of production and the land expan-
sion will in many cases be based on increased de-
mand for irrigation. A key question in the Food-Wa-
ter Nexus is therefore if the expanded food supply
can take place or will be restricted by water scarcity.
The cited study by FAO (FAO, 2009) concludes that
it is possible under current rainfall patterns. How
changes caused by climate change will impact is not
clear at global level while regional studies imply pos-
sibilities for significant changes in rainfall patterns
and volume.

Three sectors united in a single Nexus

Figure 7 reflects how the abovementioned key global
trends are important for future demand and pro-
duction opportunities for all three sectors. In the
future these sectors need to be assessed together in
the so-called Energy-Water-Food Nexus, a way of
thinking which took one of its first steps at United
Nations University with the establishment of their
Food-Energy Nexus Programme in 1983. The ob-
jective was to find methods to fill the research gap
between the synergistic solutions to food and energy
problems. In 1990 the university published a book
that addressed the following issues:
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o More efficient use of energy in the production,
processing, and consumption of food.

« Food-energy systems in diverse ecosystems.

» Household economy in both rural and urban
settings and the role of women and children in
the provision of food, fuel, and water.

(Ignacy Sachs, D. S.1990)

In 2002, the UN Secretary General Kofi Annan pro-
posed the “WEHAB initiative,” with emphasis on
water, energy, health, agriculture, and biodiversity.
(United Nations, 2002). The initiative should divert
the World’s collective efforts from commitments to
action to ensure more sustainable livelihoods for
all, including access to water and sanitation, energy,
health, agriculture and biodiversity (WEHAB).

The Energy-Water-Food Nexus way of thinking
gained real momentum at the World Economic Fo-
rums Annual Meeting in 2008 (World Economic
Forum, 2008) with focus on the future risk for water
scarcity. A range of important actions was listed,
among others water for agricultural use, water for
industry, and water for energy.

This initiative was followed up at the World Eco-
nomic Forum’s Annual Meeting in 2011 where the
book “Water Security: The Water-Food-Energy-Cli-
mate Nexus” was launched (World Economic Fo-
rum, 2011). The book analyses how water security
underpins and connects food, fibre, fuel, urbani-
sation, migration, climate change, and economic
growth. Finally the attention is turned to what can
be done, among others, that civil society and busi-
ness leaders can play an important and constructive
role in supporting governments in a comprehensive
water-food-energy-climate reform process.

The same year, the German Federal Government
organised the Bonn2011 Nexus Conference in order
to contribute to the United Nations Conference on
Sustainable Development (Rio+20). In the back-
ground paper for this conference (Hoff, H. 2011),
the Energy-Water-Food Nexus was presented as a
response to climate change, population growth, eco-
nomic growth, globalisation, and urbanisation. The
paper argues in favour of improved water, energy and
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food security achieved through a Nexus approach that
integrates management and governance across sectors
and scales. Further, the paper argues for a Nexus ap-
proach can support the transition to a green economy.

The Bonn2011 Nexus Conference resulted, among
others, in an online resource platform with doc-
uments, presentations, news, messages and other
information. Its aim is to raise awareness that more
systemic thinking is needed (The Federal Govern-
ment of Germany, 2011).

In 2012, the Swedish professor Gustaf Olsson from
Lund University published the book “Water and
energy.” A second and extended edition of the book
was published in 2015 (Olsson, G. 2015).

The International Energy Agency introduced for
the first time the Nexus in 2012, in a special section
on water and energy in its 2012 World Energy Out-
look (International Energy Agency, 2012). It raises
the question whether energy is becoming a ‘thirst-
ier’ resource. Examples that are mentioned is that
the availability of water could become an increas-
ingly serious issue for power generation in parts of
China and the United States, and India’s large fleet
of water-dependent power plants. This will require
deployment of better technology and greater inte-
gration of energy and water policies.

In 2013, IUCN (International Union for Conserva-
tion of Nature) and the IWA (International Water
Association) launched the website ‘Nexus Dialogue
on Water Infrastructure Solutions’ The goal is to
build partnerships for innovation in water, food, and
energy security (IUCN and TWA, 2013).

At the Bonn conference in 2014 on Sustainability in
the Energy-Water-Food Nexus, a call for action was
issued to develop strategies that address a compre-
hensive nexus approach. The main conclusions from
the conference are:

« Responsible governance of natural resources
is the necessary first step for action on the
Energy-Water-Food Nexus.

« The Nexus is calling for a broad involvement
of stakeholders to collaboratively work toward
sustainable development.

o It is essential to greatly expand financial, insti-
tutional, technical, and intellectual resources for
Nexus research and applications.

(The Bonn Nexus conference, 2014)

In 2014, the World Bank launched their “Thirsty
Energy’ initiative to help governments in developing
countries tackle issues related to water resources and
power services (World Bank, 2014). The aims were:

« First, to create increasing awareness regarding
the water requirements of energy projects among
political decision makers, the private sector
and other stakeholders in order to reduce energy
projects’ vulnerability to water constraints.

« Second, to enhance stakeholder capacity to plan
and manage energy and water resources com-
prehensively, by improving the tools and technical
solutions available to assess the economic,
environmental and social implications of water
constraints in energy and power expansion plans.
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o And third, to foster interdisciplinary collabora-
tion between the energy and water sectors and
promoting knowledge exchange to help develop
an integrated management framework and
ensure its practical application.

FAO introduced in 2014 the Nexus as a new approach
in support of food security and sustainable agricul-
ture (FAO, 2014). FAO sees the Nexus approach asa
mean to better understand the complex and dynamic
interrelationships between water, energy and food.
This understanding allows for managing resources
sustainably, as the concept includes the analysis of
the impacts of decisions made in one sector on the
two other sectors. By analysing potential trade-offs
and synergies, it will be easier to prioritise options
that are viable across the three sectors.

In the technical summary to the Fifth Assessment
Report of the Intergovernmental Panel on Climate
Change 2014, the Working Group II concludes that
consideration of the interlinkages of energy, water,
food, land use, and climate change have implica-
tions for:

Figure 8 - The water-energy-food nexus as related to climate change,
with implications for both adaptation and mitigation strategies (Field et al,, 2014)
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o Security of supplies of energy, food, and water.
« Adaptation and mitigation pathways.

o Air pollution reduction.

o Health and economy.

The Working Group II sees the Nexus as critical to
effective climate-resilient-pathway decision-making,
although tools to support local- and regional-scale
assessments and decision support remain very lim-
ited. (Field, 2014)

In 2015, in their global status report, REN21 find that
the Energy-Water-Food Nexus has become a key to
ensuring sustainability as well as security of supply.
Not at least in a world with growing demand and
constraints on resources it becomes more important
to manage the interlinkages among systems. The
growing demand is linked to population growth,
economic development, and urbanisation. Meeting
these growing demands will become progressively
difficult as resource scarcity, the impacts of climate
change, and conflicting needs within the Nexus in-
tensify (REN21, 2015).

The EU Commission published in 2015 their stra-
tegic foresight report for preparation of the third
strategic programme of Horison 2020, and here
the commission among other things puts focus
on future possible severe perturbations of the En-
ergy-Water-Food Nexus, (European Commission,
2015) which could lead to rising migration and
social unrest in the EU. The Commission intro-
duced the Energy-Water-Food Nexus even before
in the 2011/2012 European Report on Development,

‘Managing Water, Energy and Land for Inclusive
and Sustainable Growth’ (European Commission,
2012). The report states that a drop of water, a piece
of land, or a kilojoule of renewable energy cannot
be seen through the single lens of water manage-
ment, land management or energy policy respec-
tively. The energy-water-food linkages require the
examination and management of the trade-off’s
not only among users of the same resource, but
also across users of other related resources. Gov-
ernments need to ensure that their institutions
are ready for an integrated approach. The Nexus
is already included in Horizon 2020, for example
the project SIMANEXUS - Sustainable Integrated
Management for the Nexus of energy/water/food/
land/climate for a resource-efficient Europe. (Euro-
pean Commission, Horizon 2020, 2015). Based on
the fact that land, food, energy, water and climate
are interconnected, the integrated management of
the Nexus is critical to secure efficient and sustaina-
ble use of resources. Barriers to a resource-efficient
Europe are policy inconsistencies and incoher-
ence, knowledge gaps, especially regarding integra-
tion methodologies and tools for the Nexus, and
knowledge and technology lock-ins. SIM4ANEXUS
is aimed at developing innovative methodologies
to address these barriers.

In 2016, World Energy Council presented the early
findings of a new Nexus report (World Energy
Council, 2016). Prepared by a task force of over 140
experts from across the world, the report makes five
recommendations:

1. Improve understanding of the water footprint
of energy technologies in order to mitigate the
risks of stranded assets.

The Ghana case - a clear-cut Nexus situation

Ghana, like many developing countries, needs more energy and more food, and for both the country depends on
flows in the Volta River. Power production in the country is largely hydro based but in recent years, production
has suffered from low water levels caused by droughts. Climate studies predict a high likelihood of increasing
variability in rainfall and the key issue is if the Volta River can continue to provide for both energy and water
needs while sustaining agricultural production in Ghana? The problems are compounded by the fact that in-
creased rainfall variability inevitably risks to lead to further need for irrigation which again will increase demand
for both energy and water. So this is a clear-cut Nexus situation which is emerging also in other hydropower
based economies. Solutions are complex and need to be tailored to the specific national circumstances but
likely start with alternative energy supply options in Ghana.
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2. Account for the ‘price’ of water scarcity,
particularly in areas of water stress.

3. Consider a wider range of financial and
insurance instruments to hedge short term
risks such as adverse weather incidents and
electricity price volatility.

4. Give investors the confidence to invest by
providing them with a risk assessment that
includes different climate and hydrological
scenarios in financial analyses.

5. Provide a reliable and transparent regulatory
and legal framework that takes into account
water issues and competing stakeholders’
interests.

According to the report, the Energy-Water-Food
Nexus poses a systemic risk which could impact
the robustness of the energy supply and demand
over many years to come. Power plants across the
world could be affected by changes in precipitation
patterns, which are combining with increasing com-
petition between water users to adversely affect the
resilience of energy services. Co-ordination and
integrated planning will be needed. Cross-border
co-operation is vital due to the fact that 261 inter-
national transboundary basins that cover 45% of the
earths land surface.

Harnessing the Energy-Water-Food Nexus on
different scales

Energy-Water-Food Nexus assessments can be ap-
plied from local to global scales. At the local level,
Nexus assessments might focus on integrated waste
water management, energy production, or improved
water and energy efliciency in agricultural produc-
tion. This could save water, reduce emissions, boost
recycling of nutrients, and increase energy, water,
and food security.

Within a region spanning more countries that are
connected via a transboundary freshwater system,
Nexus tools can be applied to identify incentives for
strengthening collaboration between stakeholders at
all levels — from the local to the supranational. An
example is bilaterally agreements between countries
in flood protection and hydropower generation. At
regional level it could be agreements for trading
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Insights in a transboundary Energy-
Water-Food Nexus: The Nile Basin

The Nile is one of the important rivers with a geopo-
litical significance in the world. At 6,671km (estimates
differ), itis also the longest river in the world. The Nile
Basin catchment area spans 11 countries: Uganda,
Burundi, Rwanda, Tanzania, the Democratic Republic of
Congo (DRC), Kenya, Ethiopia, Eritrea, South Sudan, Su-
dan and Egypt. It drains an area of approx. 3,345,000
square kilometres, i.e. about one tenth of the African
continent. In the Nile basin, the downstream nation,
Egypt, has the most powerful military, and fears that
its upstream neighbours will reduce its water supply
by constructing dams without its consultation.

In the Nile Basin, effective implementation of 2011
Framework of Cooperation (Hoff, H. 2011) in the situ-
ations of transboundary conflicts faces the following
barriers:

e competing national interests

* security concerns

e and upstream-downstream trade-offs over the
exploitation of the Nile Basin.

However, these barriers can be overcome through the
Nexus approach, which recognises:

e that water resources management, at national
and river basin level, is not only for water or
environment sectors, but for energy and food
sectors as well

* which need to be included on equal grounds and
not as mere ‘water stakeholders' to secure real
engagement and create policy coherence across
the nexus.

Similar situations prevail over the Mekong Delta in
South East Asia as well the Middle East over the
territories disputed in the Israeli and Palestinian
(Holzwarth, F. 2014) and (Safi, A. M. 2016)

power and food. At the global level it could be mit-
igating and adapting to climate change through the
deployment of renewable energy sources.

A typical example of transboundary nexus issues is
a river traversing several countries in a catchment

DTU International Energy Report 2016



Page 32 — The Energy-Water-Food Nexus in a global perspective

area. This creates management conflicts over issues
such as water rights, usage and pricing of water in
the countries that the river passes through. Upstream
management of rivers affect the quality and quantity
of water available for downstream countries. The link-
ages in the nexus are such that water, energy and land
are needed to grow food in adjoining countries. Some
food crops also serve as biofuel. Power plants need
water for their operations. Energy intensive water
schemes provide water for drinking and agriculture.

Thus, it is clear that the infrastructure for water,
energy, and food is essential for development across
international boundaries. All in all when the basin
hydrology is subjected to diversions, abstractions
or interferences with the flow of a river regime at
any point in its course - albeit to varying degrees
— this inevitably affects the quality and volume of
water received by river courses crossing interna-
tional borders.

Therefore, there is a need to adopt new approaches
to address transboundary conflicts in as far as they
relate to the Energy-Water-Food nexus. There is also
an obvious need for transboundary cooperation in
shared river basins with the recognition that water,
energy, and food security cannot be attained in a
business-as-usual setup.

Conclusions and recommendations

The world population will increase from currently
7.3 billion to around 9.7 billion by 2050 which will
increase the demand for energy, water, and food over
the coming decades.

Therefore, the numerous interrelations between en-
ergy, water, and food have gained high priority in
research, business and policy spheres all over the
world. The Energy-Water-Food Nexus is now seen
as one of the headlines for the global research agenda
and a new paradigm for sustainable development.

The Nexus way of thinking breaks with the present
practice where most of the policy decisions that affect
the energy, water or food sectors respectively are
made by different institutions with no or little empha-
sis on local, national or regional Nexus coordination.

The Energy-Water-Food linkages require the exam-

ination and management of the trade-off’s not only
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among users of the same resource, but also across
users of other related resources. Governments need
to ensure that their institutions are ready for an
integrated approach.

Harnessing the Energy-Water-Food Nexus can take
place on all scales from local to global. Atlocal level,
Nexus assessments might focus on integrated waste
water management, energy production, or improved
water and energy efficiency in agricultural produc-
tion. At supranational level for solving issues such
as water rights, usage and pricing of water in the
countries that a transboundary river passes through.

Cross-border co-operation is vital due to the fact
that 261 international transboundary basins cover
45% of the Earth’s land surface.

Recommendations

« The Energy-Water-Food Nexus way of thinking
should be incorporated in future policy making
and decisions in the energy, water, and food
sectors.

The Energy-Water-Food Nexus should be
applied at all levels - locally and globally.

Appropriate legal Nexus instruments and
frameworks for transboundary policy making
and decisions need to be developed.

A Nexus approach can provide an important
additional risk assessment parameter in financial
analyses for investors in the energy, water, and
food sectors.

A shift to renewable energy is underway;,
primarily for the sake of climate mitigation, but
an important side effect is that it also will reduce
the water demand in the energy sector, because
water use for renewable power production
generally is significantly lower than for thermal
fossil power plants.

Chapter 5

Water consumption
In the energy sector

By Morten A. D. Larsen (madla@dtu.dk) and Martin Drews,
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The chapter uses S|, or
Sl accepted, units
primarily litre (L) and
watt (W - or as here
MWwh).

Throughout the
chapter the term ‘water'
is addressed. However,
the term really refer to
freshwater
(consumption) - unless
otherwise stated -as
(unpolluted) freshwater
is the resource required
by subsectors in the
global water-energy-
food nexus.

The chapter is written
in general terms with
global perspectives,
whereas there is an
overweight of literature
based on sources from
developed countries,
there among many from
the USA. Therefore,
quantitative examples
bear an overweight of
values from this part of
the world.

Aspects of implemen-
tation costs, which

can also be made up in

a number of ways
depending on focus and
motivations, are largely
outside the scope of the
present chapter.

Introduction

This chapter addresses the water consump-

tion used by key global energy technolo-
gies and the possibilities for a less water-intensive
energy production through, e.g., an intensified use
of renewable energy, reuse of waste water, energy
efficiency, etc.

Water is paramount for the production, distribution,
and use of energy. Water and energy are closely in-
terlinked and interdependent. Choices made in one
sector have direct and indirect consequences on
other sectors. Fossil fuel production requires water
for extraction and processing; thermal generation,
whether it is based on nuclear, fossil fuels or con-
centrated solar power (CSP) needs cooling water;
hydropower needs water from rivers or reservoirs;
feedstock production for biofuels may depend on wa-
ter for irrigation. Energy generation accounts for 15%
of the global water consumption (WWAP, 2014) and
global water withdrawals are expected to increase
by another 55% until 2050 with thermal electricity
production accounting for a 140% increase (OECD,
2012) related mainly to developing countries experi-
encing higher demands for energy, food and other
goods. The increased water demand will further in-
tensify the pressure on global water resources as well
as other natural resources and ecosystems which are
already considered to be under significant pressure
(WWAP, 2014; Olsson, 2015). An estimated 18% of
the global population experience scarcities or total
lacks of electricity, an estimated 11-17% (depending
on source and definition) (WWAP, 2006, WWAP,
2014) experience lack of access to a proper source of
clean freshwater and at least 42% experience water
scarcity at least one month per year (Hoekstra et al.
2012). Approx. 90% of global power generation is wa-
ter intensive and of these, hydropower- and thermal
power energy generation methods are responsible
for roughly 80% of the global electricity production
(WWAP, 2014). An estimated 52*109 m3 of fresh
water is consumed for global energy production on
a daily basis (Spang et al., 2014).

Due to the principal role of water availability in
power generation, the location of new plants and
implementation and distribution of new, and
more renewable, technologies must strongly take
this into account as well consider how water will
be spatio-temporally distributed within the plant
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life-cycle in a world of strong climate-, population
and market changes. Decisions made for energy
production might have significant impact on water
availability and resources for other purposes, posi-
tive as well as negative, and also on both sub-yearly
as well as longer-term temporal scales. Renewa-
ble technologies therefore might not be renewable
in terms of water usage. Therefore, as a country’s
or region’s energy mix evolves from fossil fuels to
renewables, as is the trend now, so does the impli-
cations for water and its supporting ecosystem ser-
vices and these issues must be taken into account. In
water sparse areas, the future energy sources should
therefore focus on technologies with a negligible
(fresh-) water consumption such as solar (with no or
dry cooling), wind and ocean (wave/tidal/pumped
hydropower) technologies whereas regions with
sufficient and sustainable water resources are more
feasible to implement technologies which are water
consuming, albeit still renewable. And in addition,
water recycling, carbon capture and energy storage
technologies, under current development, are likely
to be further implemented in the future.

Water withdrawal vs water consumption

There is a distinction between water withdrawal and
consumption. Water withdrawal includes all extracted
and diverted water affected during the process also
including what is reinjected into the supply source.
Water consumption only includes evaporated and
transpired water as well as water integrated in crops
or otherwise removed (and therefore represents the
net balance). The consumption is therefore a subset
of the withdrawal. In the present report key aspects
of both are addressed since there are a number of
arguments for reducing both. Differences between
withdrawal and consumption values can be immense
with factors above 200 as is the case for nuclear once-
through plant cooling (Figure 9 and Figure 10) and
power plants in USA account for 3% of total con-
sumed freshwater but 40-50% of water withdrawals
(depending on source) returning the main share to
its source (EPRI, 2008; WWAP, 2014). Also, the focus
is on the production side of water consumption as
opposed to including water use in the entire life cycle
of energy facilities including establishment and dis-
assembly. Some literature addresses human water use
related to maintaining the plant (cleaning, drinking
and sanitation) — these are not included since they
make up only a fraction of the direct plant use.
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Figure 9 - Operational water consumption ranges (median (where available), min and max)
from recent sources of literature,
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