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Water, energy, and food/feed/fiber are linked through numerous interactive pathways and 
subject to a changing climate, as depicted in Figure CC-WE-1. The depth and intensity of those 
linkages vary enormously among countries, regions, and production systems. Energy technologies 
(e.g., biofuels, hydropower, thermal power plants), transportation fuels and modes, and food 
products (from irrigated crops, in particular animal protein produced by feeding irrigated crops 
and forages) may require significant amounts of water (Sections 3.7.2, 7.3.2, 10.2,10.3.4, 
22.3.3, 25.7.2; Allan, 2003; King and Weber, 2008; McMahon and Price, 2011; Macknick et al., 
2012a). In irrigated agriculture, climate, irrigating procedure, crop choice, and yields determine 
water requirements per unit of produced crop. In areas where water (and wastewater) must be 
pumped and/or treated, energy must be provided (Metcalf & Eddy, Inc. et al., 2007; Khan and 
Hanjra, 2009; EPA, 2010; Gerten et al., 2011).  While food production, refrigeration, transport, 
and processing require large amounts of energy (Pelletier et al., 2011), a major link between food 
and energy as related to climate change is the competition of bioenergy and food production 
for land and water (robust evidence, high agreement; Section 7.3.2, Box 25-10; Diffenbaugh et 
al., 2012; Skaggs et al., 2012). Food and crop wastes, and wastewater, may be used as sources 
of energy, saving not only the consumption of conventional nonrenewable fuels used in their 
traditional processes, but also the consumption of the water and energy employed for processing 
or treatment and disposal (Schievano et al., 2009; Oh et al., 2010; Olson, 2012). Examples of this 
can be found in several countries across all income ranges.  For example, sugar cane byproducts 
are increasingly used to produce electricity or for cogeneration (McKendry, 2002; Kim and Dale, 
2004) for economic benefits, and increasingly as an option for greenhouse gas mitigation.

Most energy production methods require significant amounts of water, either directly (e.g., crop-
based energy sources and hydropower) or indirectly (e.g., cooling for thermal energy sources or 
other operations) (robust evidence, high agreement; Sections 10.2.2, 10.3.4, 25.7.4; and van Vliet 
et al., 2012; Davies et al., 2013.  Water for biofuels, for example, under the International Energy 
Agency (IEA) Alternative Policy Scenario, which has biofuels production increasing to 71 EJ in 
2030, has been reported by Gerbens-Leenes et al. (2012) to drive global consumptive irrigation 
water use from 0.5% of global renewable water resources in 2005 to 5.5% in 2030, resulting 
in increased pressure on freshwater resources, with potential negative impacts on freshwater 
ecosystems. Water is also required for mining (Section 25.7.3), processing, and residue disposal of 
fossil and nuclear fuels or their byproducts. Water for energy currently ranges from a few percent 
in most developing countries to more than 50% of freshwater withdrawals in some developed 
countries, depending on the country (Kenny et al., 2009; WEC, 2010). Future water requirements 
will depend on electricity demand growth, the portfolio of generation technologies and water 
management options employed (medium evidence, high agreement; WEC, 2010; Sattler et al., 
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2012). Future water availability for energy production will change due to climate change (robust evidence, high agreement; Sections 3.4, 3.5.1, 
3.5.2.2. 

Water may require significant amounts of energy for lifting, transport, and distribution and for its treatment either to use it or to depollute it. 
Wastewater and even excess rainfall in cities requires energy to be treated or disposed. Some non-conventional water sources (wastewater 
or seawater) are often highly energy intensive. Energy intensities per m3 of water vary by about a factor of 10 between different sources, 
for example, locally produced potable water from ground/surface water sources versus desalinated seawater (Box 25-2, Tables 25-6,  25-7;  
Macknick et al., 2012b; Plappally and Lienhard, 2012). Groundwater (35% of total global water withdrawals, with irrigated food production 
being the largest user; Döll et al., 2012) is generally more energy intensive than surface water. In India, for example, 19% of total electricity 
use in 2012 was for agricultural purposes (Central Statistics Office, 2013), with a large share for groundwater pumping. Pumping from greater 
depth increases energy demand significantly—electricity use (kWh m–3 of water) increases by a factor of 3 when going from 35 to 120 m depth 
(Plappally and Lienhard, 2012).  The reuse of appropriate wastewater for irrigation (reclaiming both water and energy-intense nutrients) may 
increase agricultural yields, save energy, and prevent soil erosion (medium confidence; Smit and Nasr, 1992; Jiménez-Cisneros, 1996; Qadir et 
al., 2007;  Raschid-Sally and Jayakody, 2008). More energy efficient treatment methods enable poor quality (“black”) wastewater to be treated 
to quality levels suitable for discharge into water courses, avoiding additional freshwater and associated energy demands (Keraita et al., 2008). 
If properly treated to retain nutrients, such treated water may increase soil productivity, contributing to increased crop yields/food security in 
regions unable to afford high power bills or expensive fertilizer (high confidence; Oron, 1996;  Lazarova and Bahri, 2005; Redwood and Huibers, 
2008; Jiménez-Cisneros, 2009). 

Linkages among water, energy, food/feed/fiber, and climate are also strongly related to land use and management (robust evidence, high 
agreement; Section 4.4.4, Box 25-10). Land degradation often reduces efficiency of water and energy use (e.g., resulting in higher fertilizer 
demand and surface runoff), and compromises food security (Sections 3.7.2, 4.4.4). On the other hand, afforestation activities to sequester 
carbon have important co-benefits of reducing soil erosion and providing additional (even if only temporary) habitat (see Box 25-10) but 
may reduce renewable water resources. Water abstraction for energy, food, or biofuel production or carbon sequestration can also compete 
with minimal environmental flows needed to maintain riverine habitats and wetlands, implying a potential conflict between economic and 
other valuations and uses of water (medium evidence, high agreement; Sections 25.4.3, 25.6.2, Box 25-10). Only a few reports have begun to 
evaluate the multiple interactions among energy, food, land, and water and climate (McCornick et al., 2008; Bazilian et al., 2011; Bierbaum and 
Matson, 2013), addressing the issues from a security standpoint and describing early integrated modeling approaches. The interaction among 
each of these factors is influenced by the changing climate, which in turn impacts energy and water demand, bioproductivity, and other factors 
(see Figure CC-WE-1 and Wise et al., 2009), and has implications for security of supplies of energy, food, and water; adaptation and mitigation 
pathways; and air pollution reduction, as well as the implications for health and economic impacts as described throughout this Assessment 
Report. 

Water

Energy Food/feed/fiber

Water for energy
• Cooling of thermal power plants
• Hydropower
• Irrigation of bioenergy crops
• Extraction and refining

Energy for water
• Extraction and transportation
• Water treatment/desalination
• Wastewater, drainage,
   treatment, and disposal

Energy for food/feed/fiber

Energy – Water – Food/Feed/Fiber – Climate change 

GHG 
emissions/

climate change

Nutritionally appropriate low-meat diet or 
low-water-consuming vegetarian diet 
generally reduces water and energy demand 
as well as GHG emissions per person.

Use of agricultural, livestock, and food waste 
may reduce conventional energy use and GHG 
emissions.

Climate change tends to increase energy 
demand for cooling as well as water demand.

Figure WE-1 | The water–energy–food nexus as related to climate change.  The interlinkages of supply/demand, quality and quantity of water, and energy and food/feed/fiber with 
changing climatic conditions have implications for both adaptation and mitigation strategies.
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The interconnectivity of food/fiber, water, land use, energy, and climate change, including the perhaps not yet well understood cross-sector 
impacts, are increasingly important in assessing the implications for adaptation/mitigation policy decisions.  Fuel–food–land use–water–
greenhouse gas (GHG) mitigation strategy interactions, particularly related to bioresources for food/feed, power, or fuel, suggest that 
combined assessment of water, land type, and use requirements, energy requirements, and potential uses and GHG impacts often epitomize 
the interlinkages.  For example, mitigation scenarios described in the IPCC Special Report on Renewable Energy Sources and Climate Change 
Mitigation (IPCC, 2011) indicate up to 300 EJ of biomass primary energy by 2050 under increasingly stringent mitigation scenarios.  Such high 
levels of biomass production, in the absence of technology and process/management/operations change, would have significant implications 
for land use, water, and energy, as well as food production and pricing.  Consideration of the interlinkages of energy, food/feed/fiber, water, 
land use, and climate change is increasingly recognized as critical to effective climate resilient pathway decision making (medium evidence, 
high agreement), although tools to support local- and regional-scale assessments and decision support remain very limited. 

References

Allan, T., 2003: Virtual water – the water, food, and trade nexus: useful concept or misleading metaphor? Water International, 28(1), 4-10.
Bazilian, M., H. Rogner, M. Howells, S. Hermann, D. Arent, D. Gielen, P. Steduto, A. Mueller, P. Komor, R.S.J. Tol, and K. Yumkella, 2011: Considering the energy, water and 

food nexus: towards an integrated modelling approach. Energy Policy, 39(12), 7896-7906.
Bierbaum, R. and P. Matson, 2013: Energy in the context of sustainability. Daedalus, 142(1), 146-161.
Davies, E., K. Page, and J.A. Edmonds, 2013: An integrated assessment of global and regional water demands for electricity generation to 2095. Advances in Water 

Resources, 52, 296-313, doi:10.1016/j.advwatres.2012.11.020.
Diffenbaugh, N., T. Hertel, M. Scherer, and M. Verma, 2012: Response of corn markets to climate volatility under alternative energy futures. Nature Climate Change, 2, 

514-518.
Döll, P., H. Hoffmann-Dobrev, F.T. Portmann, S. Siebert, A. Eicker, M. Rodell, G. Strassberg, and B. Scanlon, 2012: Impact of water withdrawals from groundwater and 

surface water on continental water storage variations. Journal of Geodynamics, 59-60, 143-156, doi:10.1016/j.jog.2011.05.001.
EPA, 2010: Evaluation of Energy Conservation Measures for Wastewater Treatment Facilities. EPA 832-R-10-005, U.S. Environmental Protection Agency (EPA), Office of 

Wastewater Management, Washington, DC, USA, 222 pp., water.epa.gov/scitech/wastetech/upload/Evaluation-of-Energy-Conservation-Measures-for-Wastewater-
Treatment-Facilities.pdf.

Gerbens-Leenes, P.W., A.R. van Lienden, A.Y. Hoekstra, and Th.H. van der Meer, 2012: Biofuel scenarios in a water perspective: the global blue and green water footprint 
of road transport in 2030. Global Environmental Change, 22(3), 764-775.

Gerber, N., M. van Eckert, and T. Breuer, 2008: The Impacts of Biofuel Production on Food Prices: A Review. ZEF – Discussion Papers on Development Policy, No. 127, 
Center for Development Research [Zentrum für Entwicklungsforschung (ZEF)], Bonn, Germany, 19 pp.

Gerten, D., H. Heinke, H. Hoff, H. Biemans,  M. Fader, and K. Waha, 2011: Global water availability and requirements for future food production. Journal of 
Hydrometeorology, 12, 885-899.

IPCC, 2011: Summary for Policymakers. In: IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation. Special Report of Working Group III of the 
Intergovernmental Panel on Climate Change [Edenhofer, O., R. Pichs-Madruga, Y. Sokona, K. Seyboth, P. Matschoss, S. Kadner, T. Zwickel, P. Eickemeier, G. Hansen, S. 
Schlmer, and C. von Stechow (eds.)]. Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 3-26.

Jiménez-Cisneros, B., 1996: Wastewater reuse to increase soil productivity. Water Science and Technology, 32(12), 173-180.
Jiménez-Cisneros, B., 2009: 4.06 – Safe sanitation in low economic development areas. In: Treatise on Water Science, Volume 4: Water-Quality Engineering [Wilderer, 

P.A. (ed.)]. Reference Module in Earth Systems and Environmental Sciences, Academic Press, Oxford, UK, pp.147-200.  
Kenny, J.F., N.L. Barber, S.S. Hutson, K.S. Linsey, J.K. Lovelace, and M.A. Maupin, 2009: Estimated Use of Water in the United States in 2005. U.S. Department of the Interior, 

U.S. Geological Survey (USGS) Circular 1344, USGS, Reston, VA, USA, 53 pp. 
Keraita, B., B. Jiménez, and P. Drechsel, 2008: Extent and implications of agricultural reuse of untreated, partly treated and diluted wastewater in developing countries. 

CAB Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources, 3(58), 15-27.
Khan, S. and M.A. Hanjra, 2009: Footprints of water and energy inputs in food production – global perspectives. Food Policy, 34, 130-140.
Kim, S. and B. Dale, 2004: Global potential bioethanol production from wasted crops and crop residues. Biomass and Bioenergy, 26(4), 361-375.
King, C. and M.E. Webber, 2008: Water intensity of transportation.  Environmental Science and Technology, 42(21), 7866-7872.
Lazarova, V. and A. Bahri, 2005: Water Reuse for Irrigation: Agriculture, Landscapes, and Turf Grass. CRC Press, Boca Raton, FL, USA, 408 pp. 
McKendry, P., 2002: Energy production from biomass (part 1): overview of biomass. Bioresource Technology, 83(1), 37-46.
Macknick, J., R. Newmark, G. Heath, K.C. Hallett, J. Meldrum, and S. Nettles-Anderson, 2012a: Operational water consumption and withdrawal factors for electricity 

generating technologies: a review of existing literature. Environmental Research Letters, 7(4), 045802, doi:10.1088/1748-9326/7/4/045802.
Macknick, J., S. Sattler, K. Averyt, S. Clemmer, and J. Rogers, 2012b: Water implications of generating electricity: water use across the United States based on different 

electricity pathways through 2050. Environmental Research Letters, 7(4), 045803, doi:10.1088/1748-9326/7/4/045803.
McCornick, P.G., S.B. Awulachew, and M. Abebe, 2008: Water-food-energy-environment synergies and tradeoffs: major issues and case studies. Water Policy, 10, 23-36. 
McMahon, J.E. and S.K. Price, 2011: Water and energy interactions. Annual Review of Environment and Resources, 36, 163-191.
Metcalf & Eddy, Inc. an AECOM Company, T. Asano, F. Burton, H. Leverenz, R. Tsuchihashi, and G. Tchobanoglous, 2007: Water Reuse: Issues, Technologies, and 

Applications.  McGraw-Hill Professional, New York, NY, USA, 1570 pp. 
Oh, S.T., J.R. Kim, G.C. Premier, T.H. Lee, C. Kim, and W.T. Sloan, 2010: Sustainable wastewater treatment: how might microbial fuel cells contribute. Biotechnology 

Advances, 28(6), 871-881.
Olson, G., 2012: Water and Energy Nexus: Threats and Opportunities.  IWA Publishing, London, UK, 294 pp.
Oron, G., 1996: Soil as a complementary treatment component for simultaneous wastewater disposal and reuse. Water Science and Technology, 34(11), 243-252. 
Pelletier, N., E. Audsley, S. Brodt, T. Garnett, P. Henriksson, A. Kendall, K.J. Kramer, D. Murphy, T. Nemeck, and M. Troell, 2011: Energy intensity of agriculture and food 

systems. Annual Review of Environment and Resources, 36, 223-246.
Plappally, A.K. and J.H. Lienhard V, 2012: Energy requirements for water production, treatment, end use, reclamation, and disposal. Renewable and Sustainable Energy 

Reviews, 16(7), 4818-4848. 
Qadir, M., D. Wichelns, L. Raschid-Sally, P. Singh Minhas, P. Drechsel, A. Bahri, P. McCornick, R. Abaidoo, F. Attia, S. El-Guindy, J.H.J. Ensink, B. Jiménez,  J.W. Kijne, S. Koo-

Oshima, J.D. Oster, L. Oyebande, J.A. Sagardoy, and W. van der Hoek, 2007: Agricultural use of marginal-quality water – opportunities and challenges. In: Water for 
Food, Water for Life: A Comprehensive Assessment of Water Management in Agriculture [Molden, D. (ed.)]. Earthscan Publications, Ltd., London, UK, pp. 425-458. 



Cross-Chapter BoxThe Water-Energy-Food/Feed/Fiber Nexus as Linked to Climate Change

166

WE

Raschid-Sally, L. and P. Jayakody, 2008: Drivers and Characteristics of Wastewater Agriculture in Developing Countries: Results from a Global Assessment. IWMI 
Research Report 127, International Water Management Institute (IWMI), Colombo, Sri Lanka, 29 pp.

Redwood, M. and F. Huibers, 2008: Wastewater irrigation in urban agriculture. In: Water Reuse: An International Survey of Current Practice, Issues and Needs [Jiménez, B. 
and T. Asano (ed.)]. IWA Publishing, London, UK, pp. 228-240.

Sattler, S., J. Macknick, D. Yates, F. Flores-Lopez, A. Lopez, and J. Rogers, 2012: Linking electricity and water models to assess electricity choices at water-relevant scales. 
Environmental Research Letters, 7(4), 045804, doi:10.1088/1748-9326/7/4/045804.

Schievano A., G. D’Imporzano, and F. Adani, 2009: Substituting energy crops with organic wastes and agro-industrial residues for biogas production.  Journal of 
Environmental Management, 90(8), 2537-2541. 

Skaggs, R., K. Hibbard, P. Frumhoff, T. Lowry, R. Middleton, R. Pate, V. Tidwell, J. Arnold, K. Averyt, A. Janetos, C. Izaurralde, J. Rice, and S. Rose, 2012: Climate and Energy-
Water-Land System Interactions.  PNNL 21185, Technical Report to the US Department of Energy in support of the National Climate Assessment, Pacific Northwest 
National Laboratory (PNNL), Richland, WA, USA, 152 pp.

Smit, J. and J. Nasr, 1992: Urban agriculture for sustainable cities: using wastes and idle land and water bodies as resources. Environment and Urbanization, 4(2), 141-152.
van Vliet, M.T.H., J.R. Yearsley, F. Ludwig, S. Vögele, D.P. Lettenmaier, and P. Kabat, 2012: Vulnerability of US and European electricity supply to climate change. Nature 

Climate Change, 2, 676-681. 
Wise, M., K. Calvin, A. Thomson, L. Clarke, B. Bond-Lamberty,  R. Sands, S.J. Smith, A. Janetos, and J. Edmonds, 2009: Implications of limiting CO2 concentrations for land 

use and energy. Science, 324, 1183-1186. 
WEC, 2010: Water for Energy. World Energy Council (WEC), London, UK, 51 pp.

Arent, D.J., P. Döll, K.M. Strzepek, B.E. Jiménez Cisneros, A. Reisinger, F.L. Tóth, and T. Oki, 2014: Cross-chapter box on the water–energy–food/feed/fiber nexus 
as linked to climate change. In: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working 
Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastran-
drea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L. White (eds.)]. 
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 163-166.

This cross-chapter box should be cited as:


