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Figure 17.2 ⊳  Renewable water resources per capita in 2010
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This map is without prejudice to the status of or sovereignty over any territory, to the delimitation of international frontiers and boundaries and to the name of any territory, city or area.

Source: UN FAO Aquastat database.

Box 17.1 ⊳  Energy for water

The other half of the energy-water nexus concerns the energy requirements for 
supplying and treating water. Electricity is needed to power pumps that abstract (from 
ground and surface sources), transport, distribute and collect water. The amount 
needed depends on the distance to (or depth of) the water source. Water treatment 
processes, which convert water of various types – fresh, brackish, saline and waste – 
into water fit for a specific use, require electricity and, sometimes, heat. �esalination, 
a process that removes salt from water, is the most energy-intensive and expensive 
option for treating water and is used where alternatives are very limited, such as in 
the Diddle East and Australia. Other energy needs associated with water occur at the 
point of end-use, often in households, primarily for water heating and clothes washing. 

Looking ahead, several trends point to rising demands on energy from the water sector:

•	 Increasing water demand, as a result of population growth and improved standards 
of living.

•	 Scarcer freshwater supplies in the proximity of population centres, due to climate 
change. This means that water will have to be transported longer distances, pumped 
from greater depths or undergo additional treatment.

•	 More stringent standards for water treatment.

•	 A general shift in irrigation practices from surface or flood (relying on gravity) to 
pumped methods, which are more water-efficient but require energy for operation.
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Regional stress points
China

China’s water resources are set to become more strained with the country’s ongoing 
urbanisation and economic development. On a national basis China’s renewable water 
resources per capita were 2 070 cubic metres in 2010, just above the level regarded in this 
analysis as indicating “water stress”; but resources vary widely across regions (Figure 17.9). 
Water withdrawals per capita amounted to about 460 cubic metres. Around 65% of China’s 
water withdrawals are for irrigation, 23% for industry and 12% for municipal use (UN FAO, 
2012). China’s water challenges are exacerbated by geographical disparity between supply 
and demand: water is much more abundant in the south than in the north and west, 
where the country’s water-intensive agriculture and industry sectors are concentrated. 
Limited water supplies and widespread pollution of river systems in parts of China have 
put increasing pressure on groundwater resources (IBRD, 2009). 

Figure 17.9 ⊳  Renewable water resources per capita and distribution of 
water-intensive energy production by type in China
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national average, they are unevenly distributed. The Tarim Basin, which has high potential for shale gas 
production, is particularly arid. Sources: Water data from China National Bureau of Statistics; IEA analysis.
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Water for energy linkages
Water is required to produce nearly all forms of energy. For primary fuels, water is used 
in resource extraction, irrigation of biofuels feedstock crops, fuel refining and processing, 
and transport. In power generation, water provides cooling and other process-related 
needs at thermal power plants͖ hydropower facilities harness its movement for electricity 
production. These uses can, in some cases, entail significant volumes of water. Additionally, 
they can have adverse eīects on water quality via contamination by fluids that contain 
pollutants or physical alteration of the natural environment (Table 1ϳ.1). 

Table 17.1 ⊳  Key uses of water for energy and potential water quality impacts

Uses WotĞntiĂů�ǁĂtĞr�ƋuĂůŝtǇ�ŝŵƉĂctƐ

WrŝŵĂrǇ�ĞnĞrŐǇ�Ɖroduction
Oil and gas �rilling, well completion and hydraulic 

fracturing.

Injection into the reservoir in secondary 
and enhanced oil recovery.

Oil sands mining and in-situ recovery.

Upgrading and refining into products.

Contamination by tailings seepage, 
fracturing fluids, flowback or produced 
water (surface and groundwater).

Coal Cuƫng and dust suppression in mining 
and hauling.

Washing to improve coal quality.

Ze-vegetation of surface mines.

>ong-distance transport via coal slurry.

Contamination by tailings seepage, mine 
drainage or produced water (surface and 
groundwater).

Biofuels Irrigation for feedstock crop growth.

Wet milling, washing and cooling in the 
fuel conversion process. 

Contamination by runoī containing 
fertilisers, pesticides and sediments 
(surface and groundwater).

Wastewater produced by refining.

WoǁĞr�ŐĞnĞrĂtion
dŚĞrŵĂů�;ĨoƐƐŝů�
fuel, nuclear and 
bioenergy)

�oiler feed, i.e. the water used to 
generate steam or hot water.

Cooling for steam-condensing.

Pollutant scrubbing using emissions-
control equipment.

Thermal pollution by cooling water 
discharge (surface water).

Impact on aquatic ecosystems.

Air emissions that pollute water 
downwind (surface water).

�ischarge of boiler blowdown, i.e. boiler 
feed that contains suspended solids.

�oncĞntrĂtinŐ�
ƐoůĂr�ƉoǁĞr�Ănd�
ŐĞotŚĞrŵĂů

System fluids or boiler feed, i.e. the 
water used to generate steam or hot 
water.

Cooling for steam-condensing.

Thermal pollution by cooling water 
discharge (surface water).

Impact on aquatic ecosystems.

,ǇdroƉoǁĞr Electricity generation.

Storage in a reservoir (for operating 
hydro-electric dams or energy storage).

Alteration of water temperatures, flow 
volumeͬtiming and aquatic ecosystems.

Evaporative losses from the reservoir.

Water use per unit of energy produced is commonly discussed using two distinct measures͗ 
withdrawal and consumption. Withdrawal is the volume of water removed from a source͖ 
consumption is the volume of water withdrawn that is not returned to the source, i.e. it is 
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sugarcane, corn and soybean – in major producing regions, such as �raǌil, the United 
States and China. Non-irrigated advanced biofuels from waste crops make inroads into 
the market after 2020, thereby serving to temper the growth in overall water needs for 
biofuels production in the New Policies Scenario.

The water-intensity of global withdrawals and consumption for energy production – that 
is, water withdrawals and consumption per unit of energy produced – head in opposite 
directions during the Outlook period (Figure 1ϳ.8). The withdrawal-intensity of global 
energy production falls by 23%, whereas consumption-intensity increases by almost 18%. 
As noted, this is primarily the result of an expected shift in the power sector away from 
traditional once-through cooling systems towards wet towers (that reduce withdrawals but 
raise consumption). 

Figure 17.8 ⊳  Water intensity of energy production for selected regions in the 
New Policies Scenario 
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The largest users of water for energy production on a country and regional basis are the 
world’s largest electricity generators͗ the United States, the European Union, China and 
India (Table 1ϳ.4). All have significant inland generating capacity to meet demand away 
from the coasts. On the other hand, countries such as :apan, <orea and Australia have 
minimal water requirements for energy because they can site virtually all of their power 
plants on the coasts and use seawater for cooling. Water scarcity is a major constraint on 
water use for energy production in the Diddle East, where the energy sector’s absolute 
water use and water intensity are strikingly low and remains so through the Outlook 
period. The region’s fleet of power plants is adapted to scarce water conditions, employing 
significant capacity that depends little on freshwater availability, including combined-cycle 
gas turbines and combined water and power facilities, situated on the coast, to meet 
demand needs for both energy and freshwater. 
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most in the 450 Scenario, even though the increase after 2020 is stemmed somewhat by 
penetration of non-irrigated advanced biofuels. 

In the New Policies Scenario, water use for power generation – principally for cooling at 
thermal power plants – accounts for the bulk of water requirements for energy production 
worldwide, although the needs for biofuels also become much more significant as their 
production accelerates (Figure 1ϳ.ϳ). Withdrawals for power generation in 2010 were some 
540 bcm, over ϵ0% of the total for energy production. These slowly rising requirements level 
oī around 2015, before falling to 560 bcm at the end of the Outlook period. There are two 
counteracting forces at work͗ a reduction of generation by subcritical coal plants that use 
once-through cooling, particularly in the United States, China and European Union, cuƫng 
global withdrawals by coal-fired plants by almost 10%͖ and growth in generation from 
newly built nuclear power plants that use once-through cooling (for instance, some that 
are constructed inland in China), which expands water withdrawals for nuclear generators 
by a third. Consumption of water in the world’s power sector rises by almost 40%, boosted 
by increased use of wet tower cooling in thermal capacity. Increasing shares of gas-fired 
and renewable generation play a significant role in constraining additional water use in 
many regions, as global electricity generation grows by some ϳ0% over 2010-2035, much 
more than water withdrawal or consumption by the sector.

Figure 17.7 ⊳  Global water use for energy production in the New Policies 
Scenario by fuel and power generation type
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Energy-related water use rises as a direct consequence of steeply increasing global biofuels 
supply, which triples in the New Policies Scenario on government policies that mandate 
the use of biofuels. Water withdrawals for biofuels increase in line with global supply, from 
25 bcm to 110 bcm over 2010-2035. ,owever, consumption increases from 12 bcm to 
almost 50 bcm during that time, equalling the water consumption for power generation by 
the end of the Outlook period. These higher water requirements for biofuels production 
stem from the irrigation needs for feedstock crops for ethanol and biodiesel – primarily 
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Future	
  trends	
  	
  

Humanity	
  approaches	
  planetary	
  boundaries	
  	
  
	
  



Geographical	
  heterogeneity	
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Figure 11: Average irrigation requirement for different irrigation strategies and crop regions. 

 
Figure 12: Average yield for different irrigation strategies and crop regions (given as relative yield to 

irrigation strategy S0). 
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Figure 11: Average irrigation requirement for different irrigation strategies and crop regions. 

 
Figure 12: Average yield for different irrigation strategies and crop regions (given as relative yield to 

irrigation strategy S0). 

Source:	
  Water	
  Requirements	
  for	
  Irrigation	
  in	
  the	
  European	
  Union,	
  JRC	
  ScientiYic	
  and	
  Technical	
  Report,	
  2008	
  

A	
  rational	
  decision	
  maker	
  would	
  attempt	
  to	
  make	
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  advantages	
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  regions	
  	
  

Water	
  needs	
  are	
  different	
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  different	
  locations	
  	
  



Food-­‐water-­‐energy	
  nexus	
  	
  

•  Currently	
  decisions	
  are	
  often	
  made	
  in	
  an	
  un-­‐coordinated	
  way	
  
•  Synergies	
  and	
  tradeoffs	
  between	
  agri-­‐food	
  and	
  energy	
  sectors	
  
for	
  water,	
  land	
  and	
  other	
  natural	
  resources/ecosystem	
  
services	
  to	
  be	
  found	
  	
  



Questions?	
  	
  
	
  
	
  



Part	
  1-­‐2:	
  	
  
Using	
  models	
  to	
  support	
  

policy	
  decisions	
  



Systems	
  Analysis	
  	
  
…	
  is	
  the	
  art	
  of	
  using	
  models	
  for	
  assisting	
  in	
  making	
  decisions	
  	
  

A	
  model	
  is	
  a	
  simpliYication	
  of	
  reality	
  –	
  useful	
  for:	
  	
  
	
  
²  Explain	
  	
  
²  Guide	
  data	
  collection	
  	
  
²  Illuminate	
  core	
  dynamics	
  	
  
²  Suggest	
  dynamical	
  analogies	
  	
  
²  Discover	
  new	
  questions	
  	
  
²  Promote	
  a	
  scientiYic	
  habit	
  of	
  mind	
  	
  
²  Bound	
  (bracket)	
  outcomes	
  to	
  plausible	
  ranges	
  	
  
²  Illuminate	
  core	
  uncertainties	
  	
  
²  Offer	
  crisis	
  options	
  in	
  near-­‐real	
  time	
  
²  Demonstrate	
  tradeoffs/	
  suggest	
  efYiciencies	
  	
  
²  Challenge	
  the	
  robustness	
  of	
  prevailing	
  theory	
  through	
  perturbations	
  	
  
²  Expose	
  prevailing	
  wisdom	
  as	
  incompatible	
  with	
  available	
  data	
  	
  
²  Train	
  practitioners	
  	
  
²  Discipline	
  the	
  policy	
  dialogue	
  	
  
²  Educate	
  the	
  general	
  public	
  	
  
²  Reveal	
  the	
  apparently	
  simple	
  (complex)	
  to	
  be	
  complex	
  (simple)	
  	
  

Source:	
  Epstein	
  (2008)	
  	
  

	
  	
  



Models	
  	
  
o  Descriptive	
  	
  
o  Graphical	
  	
  
o  Mathematical	
  	
  
o  Statistical	
  	
  
o  GamiYication	
  	
  
o  ….	
  	
  

Straightforward	
  causality	
  	
  
	
  
Laws	
  of	
  classical	
  physics	
  

Organized	
  complexity	
  	
  	
  
	
  
Systems	
  analysis	
  	
  

Disorganized	
  complexity	
  	
  	
  
	
  
Statistics	
  	
  

	
  
	
  
	
  

Source:	
  Warren	
  Weaver,	
  Rockefeller	
  Foundation	
  Annual	
  Report,	
  1958	
  



How	
  models	
  can	
  be	
  used	
  to	
  support	
  decisions?	
  	
  

Decision	
   Result	
  

Reality	
  
	
  
	
  

Model	
  
imitating	
  a	
  
real	
  process	
  

Scenario	
  
imitating	
  a	
  

real	
  
decision	
  

Model	
  
outcome	
  

Model	
  =	
  arti.icial	
  reality	
  	
  
	
  
	
  

Process	
  



How	
  models	
  can	
  be	
  used	
  to	
  support	
  decisions?	
  	
  

Test	
  pre-­‐deYined	
  options/
scenarios	
  
	
  
Simulations	
  	
  
	
  
Options/scenarios	
  to	
  be	
  
developed,	
  in	
  e.g.,	
  a	
  
participatory	
  exercise	
  
	
  
Limited	
  to	
  the	
  currently	
  
considered	
  alternatives	
  	
  	
  
	
  
	
  

Derive	
  “optimal”	
  solutions	
  
	
  
	
  
Optimization	
  	
  	
  
	
  
Possible	
  to	
  discover	
  a	
  new	
  
solution	
  not	
  considered	
  
before	
  	
  	
  
	
  
Feasibility	
  to	
  be	
  checked	
  	
  
	
  



Optimization	
  models	
  	
  

x Vector	
  of	
  decisions	
  	
  
	
  
	
  

F(x, p)

p Vector	
  of	
  parameters	
  
	
  
	
  Objective	
  function	
  	
  
	
  
	
  F(x, p)→min

x ∈ X x*(p)

−F(x, p)→max
x ∈ X

Equivalent	
  to:	
  	
  
	
  
	
  



Questions?  
 
 
 



Part	
  1-­‐3:	
  	
  
Linear	
  optimization:	
  

Introduction	
  



Linear	
  optimization:	
  A	
  two-­‐crop	
  example	
  	
  

xA Production	
  of	
  a	
  crop	
  type	
  
	
  
	
  

Crop	
  A	
   Crop	
  B	
  
	
  
	
  

xB
Marginal	
  cost	
  	
  

	
  
	
  

cA cB
Marginal	
  water	
  use	
  

	
  
	
  

wA wB

cAxA + cBxB →min
wAxA +wBxB ≤ w
xA + xB ≥ D
xA ≥ 0
xB ≥ 0

Crop	
  B	
  is	
  cheaper	
  
to	
  produce	
  	
  

Crop	
  B	
  requires	
  
more	
  water	
  to	
  
produce	
  

Total	
  available	
  water	
  

Production	
  target	
  



A	
  two-­‐crop	
  example:	
  A	
  feasible	
  set	
  

xA

xB

xA + xB ≥ D



A	
  two-­‐crop	
  example:	
  A	
  feasible	
  set	
  

xA

xB

wAxA +wBxB ≤ w



A	
  two-­‐crop	
  example:	
  A	
  feasible	
  set	
  

xA

xB

xA + xB ≥ D

wAxA +wBxB ≤ w

Feasible	
  
set	
  

	
  
	
   xA

max

xB
max

xA
min xA

int



A	
  two-­‐crop	
  example:	
  Cost	
  levels	
  

xA

xB

cAxA + cBxB = c2 > c1

cAxA + cBxB = c1



A	
  two-­‐crop	
  example:	
  Minimum-­‐cost	
  solution	
  

xA

xB

xA
max

xB
max

xA
min xA

int

Feasible	
  
set	
  

	
  
	
  

water	
  availability	
  
	
  

tan = −cA cB

tan = −1

tan = −wA
wB

−cA cB
> −1

cA
cB
<1

ê 

−wA
wB

< −1

wA
wB

>1
ê 



A	
  two-­‐crop	
  example:	
  Minimum-­‐cost	
  solution	
  

xA

xB

xA
max

xB
max

xA
min xA

int

Feasible	
  
set	
  

	
  
	
  

water	
  availability	
  
	
  

tan = −cA cB

tan = −1

−cA cB
< −1

cA
cB
>1

ê 

−wA
wB

< −1

wA
wB

>1
ê 

tan = −wA
wB



A	
  two-­‐crop	
  example:	
  Minimum-­‐cost	
  solution	
  

xA

xB

xA
max

xB
max

xA
min xA

int

Feasible	
  
set	
  

	
  
	
  

water	
  availability	
  
	
  

−cA cB
= −1

cA
cB
=1

ê 

−wA
wB

< −1

wA
wB

>1
ê 

Multiple	
  solutions!	
  	
  
	
  



A	
  two-­‐crop	
  example:	
  Minimum-­‐cost	
  solution	
  

xA

xB

−wA
wB

> −1

wA
wB

<1
ê 

Exercise	
  your	
  understanding	
  
	
  

?	
   Consider:	
  	
  
	
  



More	
  constraints	
  within	
  this	
  framework	
  	
  	
  

•  Availability	
  of	
  land	
  
•  Availability	
  of	
  labor	
  
•  Soil	
  type	
  and	
  productivity	
  	
  
•  Fertilizers	
  	
  
•  Water	
  pollution	
  	
  
•  Diversity	
  of	
  crops	
  
•  Rotation	
  of	
  crops	
  	
  
•  Trade	
  	
  
•  ….	
  
	
  

Exercise	
  your	
  understanding	
  
	
   -­‐	
  Formulate	
  these	
  constraints	
  mathematically	
  



Questions?  
 
 
 


