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ABSTRACT OF THE DISSERTATION 
 

Energy analysis of crop irrigation: 

Role of water reclamation and water exportation 

 

By 

 

Trung Derek Nguyen 

 

Doctor of Philosophy in Engineering 

 

University of California, Irvine, 2015 

 

Professor Diego Rosso, Chair 

 

 

 

Freshwater availability is the major constraint to agriculture in arid and semi-arid regions. 

Worldwide, agricultural irrigation is the leading sector in the overall water consumption. As the 

largest agricultural region in the United States and the leading exporter of many commodities, 

California was chosen as a spatial domain to model the carbon footprint reduction and resource 

savings (water and energy) when applying reclaimed water to crop irrigation. An extensive 

compilation of the most recent publicly available datasets was used to calculate the energy 

intensity for each water supply source, associated carbon footprint reduction and monetary 

savings for employing reclaimed water versus traditional groundwater application. Furthermore, 

a quantification of water exported through agricultural trades was performed. Exported water is 

defined as the physical water content contained in crops plus the associated induced 

evapotranspiration due to their irrigation.  Exported water differs from virtual water in that the 

former is the physical water exported outside of a geographical boundary and the latter is 

cumulative water footprint required to reach the final product. Therefore, the exported water is 

permanently lost and is no longer available for the natural hydrologic cycle from its origin.  



 

xi 

 

Our calculations indicate that on an average basis for the time domain 1998-2010, the fractional 

water use for agriculture, and urbanized consumption in California was 0.81 and 0.19 

respectively. Annually, crop irrigation consumed an average of 4.2 x 1010 m3 of fresh water, of 

which 1%, 46.8% and 52.2% came from reclaimed water, groundwater, and surface water, 

respectively. Each of these three main water sources is associated with a range of energy 

intensity (in kWh m-3), depending on the process and environmental characteristics of the end-

use location. The analysis of multiple process and environmental configurations produced a 

detailed energy intensity database, with the associated carbon intensities (in kgCO2,eq kWh-1).  

The overall exported water (i.e., contained in and evaporated/transpired from crops) in 

California’s agricultural commodities was 2.88 x 1010 m3 yr-1, equivalent to 68.3% of the total 

water used in irrigation. The majority of the exported water was in the form of induced 

evapotranspiration, amounting to 67.7% of the irrigation water use, whereas approximately 2.32 

x 108 m3 yr-1 or 0.6% of the water used for irrigation leaves the agricultural spatial domain as 

content of the crops. Our results show that the physical water content contained in crops is 

minor relative to the associated evapotranspiration of the irrigated crops, confirming the 

hypothesis that for each unit of water exported, the loss of water via evapotranspiration induced 

by each crop far outweighs the crop water content. 
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CHAPTER 1. Introduction 

 

1.1. Background 

The fact that the annual water used in growing California agricultural products is far greater 

than the total urban water use is well known (Letey and Birkle, 2003). As pressures on water 

resources intensify globally, there is a growing interest in evaluating the complex ways in which 

human activities impact the world’s water resources (Postel et al., 1996; Vorosmarty et al. 2007., 

Alcamo et al. 2007; Hoekstra and Chapagain 2008; Gleick and Palaniappan 2010; Fulton et al., 

2012). Globally, the majority of water consumption is used in the production of agricultural 

products (Mekonnen and Hoekstra, 2011, Mubako et al., 2013). As a result, the agriculture 

industry is by far, the most dominant water-using sector. To assess the amount of water used 

throughout the production and distribution process to produce a final product, researchers have 

used the term ‘water footprint’, to describe this quantity (Hoekstra and Chapagain, 2007). Water 

footprint assessment had emerged as a tool for quantifying consumption of goods and services in 

one location and the cumulated water use associated with the production of those goods and 

services in other distant locations (Fulton et al., 2014).  

Following the introduction of the water footprint concept, various studies were conducted to 

quantify global virtual water footprints and assessed virtual water flows between nations 

(Hoekstra and Hung, 2002, 2003), (Chapagain & Hoekstra, 2003), (Zimmer and Renault, 2003) 

and (Oki et al., 2003). Virtual water flows and water footprint assessments became important 

elements in evaluating local, national, and global water budgets as reported by Chen and Chen 

(2011a), Duarte et al., (2002), Guan and Hubacek (2007), Hubacek et al. (2009), Velazquez 

(2006), Yang et al. (2006),  Yu et al. (2010), Zhao et al., (2009, 2010). Mekonnen and Hoekstra 
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(2011a) showed that the international virtual water trade in agricultural and industrial products 

were 2320 billion cubic meter (Gm3) per year in the period 1996-2005, equivalent to 26% of the 

global water footprint of 9087 Gm3. (Mekonnen and Hoekstra, 2011) noted that although 

practically, every country participates in the global virtual water trade, few governments 

explicitly consider assessing virtual water footprint and its impact in their management policies. 

 

1.2. Research Motivation 

The majority of the water footprint studies have examined international virtual water 

footprints between nations (Hoekstra and Hung, 2002; Hoekstra and Chapagain, 2008; Hanasaki 

et al., 2010, Konar et al., 2011; Mekonnen and Hoekstra, 2011, Dalin et al., 2012; Zhan-Ming 

and Chen., 2013).  Few have also analyzed the virtual water footprints at a sub-national or state 

level such as regions within Australia (Lenzen, 2009), China (Guan and Hubacek, 2007; Zhao et 

al., 2010), India (Verma et al., 2009), and Spain (Dietzenbacher and Velazquez, 2007; Aldaya et 

al., 2009).  Within the United States, two studies have been conducted. Fulton et al., (2012) 

reported that California imported more than twice virtual water as it exported and that more than 

90% of its water footprint is associated with agricultural products. Mubako et al., (2013) 

quantified virtual water for California and Illinois, and reported that the two states were net 

virtual exporters in agricultural water trades.  

Previous studies on virtual water footprints only aimed to quantify the cumulative water 

footprint required to produce a final product. No study has focused specifically on quantifying 

the physical water content contained in agricultural commodities and the associated 

evapotranspiration being exported.  The total exported water in agricultural products is 

distinctively different than the virtual water footprint in that the former is physically exported 
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outside of a geographical boundary, whereas the majority of the water used in quantifying virtual 

water footprint may remain within the local geographical boundary and be absorbed or reused in 

some ways. The exported water content in crops is permanently lost and is no longer available 

for natural hydrologic cycle. This research seeks to fill the gap of knowledge by quantifying the 

exported water contained in agricultural products and associated induced evapotranspiration. The 

research also seeks to analyze the energy advantage of applying reclaimed water in crop 

irrigation, by assessing the carbon footprint reduction and monetary savings for using reclaimed 

water in arid and semi-arid regions.  

 

1.3. Research Hypothesis and Goal 

The central hypothesis of this research is: for each unit of water exported from an 

agricultural spatial domain, there is a greater loss of water via evapotranspiration as a 

result of irrigation than the water content of the crop itself. Furthermore, since the 

production of crops induces major evapotranspiration from the agricultural spatial domain, a 

corollary hypothesis is: the application of reclaimed water to crop irrigation produces a net 

savings of groundwater, energy, and carbon emissions.  

The goal of this research is to further our understanding on the role of reclaimed water 

application in offsetting the natural groundwater resource, associated energy requirements and 

carbon footprint reduction in agricultural irrigation. This study sheds light on monetary savings 

and environmental incentives to apply reclaimed water more extensively to crop irrigation. The 

work also reveals the magnitude of evapotranspiration as it relates to the water content in crops. 

Subsequent studies should extend the application of our methodology to crops in other regions of 

the world.  
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CHAPTER 2. Literature Review 

 

2.1. Overview of California Water Infrastructure 

Fresh water availability has always been the major constraint to growth and development 

in California. Although there are extensive resources in the state, most urban population reside in 

the water-scare coastal and southern region and most agricultural activities are in semi-arid 

lands. To accommodate the growth in population, California and the federal government, built a 

complex and expansive network of dams, aqueducts, and pumping facilities to harness 

California’s water supplies and deliver them to its cities and agricultural areas (Hundley 2001; 

Nadeau 1997; Reisne 1993). 

Today, California’s water resources support over 38.3 million people (CDOF, 2014), a 

$2.2 trillion economy (IMF, 2014), and the largest agricultural sector in the country (CDFA, 

2014). California’s rivers, streams, lakes, and estuaries are also home to a vast array of aquatic 

species and habitats, and support substantial aquatic recreation. The state’s water system has a 

total storage capacity of about 43 million acre-feet (MAF) and includes hundreds of miles of 

aqueducts to deliver supplies to places of need and hundreds of thousands of wells to tap the 

state’s vast groundwater resources (DWR 2003). The system is comprised of federal, state and 

local projects and it’s operated by federal, state, regional, and local organizations as shown in 

Figure 2-1. 
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Figure 2-1.  California Water Infrastructure (MWD, 2012) 

 

2.1.1. Central Valley Project 

 

The Central Valley Project (CVP) was authorized in 1935 by the federal government to 

increase the Central Valley’s resilience to drought and protect it from flooding. Shasta Dam was 

the first dam to be built as part of the CVP and was initiated in 1938. In 1979, the last dam, New 

Melones, was completed. The CVP system includes 18 other dams and reservoirs, 11 power 

plants, and 500 miles of conveyance and related facilities (USBR 2005). The CVP has facilities 

on the Trinity, Sacramento, American, Stanislaus, and San Joaquin Rivers, and it serves over 250 

long-term water contractors in the Central Valley, Santa Clara Valley, and the San Francisco Bay 

Area (USBR 2005). The total annual contract exceeds 9 MAF (DWR/USBR 2002).  
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Historically, 90% of CVP deliveries serve agricultural users. In 2000, the CVP and other 

smaller federal projects delivered about 7.5 MAF to users. About 35% went to the Sacramento 

River region, 31% went to the Tulare Lake region, and 24% went to the San Joaquin region. 

Smaller shares went to the North Coast, San Francisco and Central Coast regions (Groves 2006). 

Agricultural users served by the CVP will likely experience additional price increases (Gleick et 

al 2005). CVP contractors are currently behind on repaying the project costs. Under the original 

contracts, which were negotiated and signed in the late 1940s, the project was to be paid off 50 

years after its construction (USBR 1988). By 2002, however, irrigators had repaid only 11 

percent of the project cost (EWG 2004). Based on an analysis of 120 CVP irrigation contracts 

and a review of full cost rates, which include cost of service and interest on unpaid capital costs 

since1982 (USBR 2000), water contractors will need to pay on average an additional 196 percent 

to be brought up to full cost rates. Combining the estimated price increases for CVP contractors 

with rising cost of service rates for the remainder of agricultural water users, Gleick et al 2005 

projected that overall agricultural water price will increase by 68 percent statewide between 2000 

and 2030. 

 

2.1.2 State Water Project 

 

The State Water Project (SWP) was the first stage of an ambitious strategy outlined in 

1957 State Water Plan (DWR 1957) to improve the reliability and capacity of water delivery 

throughout California. The SWP captures large amounts of water behind 28 different dams in the 

Western Sierra Nevada. The Oroville Dam, the largest in the system with a capacity of 3.5 MAF, 

began construction in 1961 and was completed in 1967. The dams control the flow of water 

through the Sacramento River system, in order to maximize (subject to environmental and 
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recreational considerations) the amount of fresh water that can be pumped out of the Bay-Delta 

into the California Aqueduct. The California Aqueduct then transports the supply south through 

the San Joaquin Valley to Southern California and the Central Coast. The transport of water is 

facilitated by 26 pumping and generating plants and about 660 miles of aqueducts. The last 

major component of the system – the Coastal Branch, which delivers supply to Santa Barbara 

and San Luis Obispo counties, was completed in 1997.  

Prior to the commencement of construction of the SWP, contracts were signed between 

the DWR, the managers of SWP, and urban and agricultural water districts. Since the signing of 

the contracts in the 1960s, the capabilities of the system have not fully developed, and the SWP 

regularly does not meet all of its obligations. In 1998, existing long-term SWP water supply 

contracts totaled about 4.1 MAF (these obligations are frequently referred to as SWP Table A 

supplies), and these contracts are scheduled to increase to about 4.2 MAF by 2020 (DWR 2002). 

In the year 2000 (an average year hydrologically), however, the SWP delivered only 2.9 MAF of 

Table A water (DWR 2002). DWR’s State of Water Project Delivery Reliability Report confirms 

that without additional facilities, the SWP will consistently be unable to meet its obligations to 

Table-A contractors.  

The Department of Water Resources administers long-term water supply contracts to 29 

local water agencies for water service from the State Water Project. These water supply contracts 

are central to the SWP construction and operation. In return for State financing, construction, 

operation, and maintenance of Project facilities, the agencies contractually agree to repay all 

associated SWP capital and operating costs. To provide a convenient reference, SWP Analysis 

Office has prepared consolidated contracts for several contracting agencies. These contracts 

contain the amendments integrated into the language of the original contract. Listed below, under 
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the names of the contracting agencies, are the consolidated contracts and original contracts. 

DWR plans to add more consolidated long-term water supply contracts as they are completed. 

The 29 State Water Project contractors are shown in Table 2-1. 

 

Table 2-1. California State Water Project Contractors (DWR, 2011) 

 

No. SWP Contractor Name 

1 Alameda County Flood Control and Conservation District 

2 Alameda County Water District 

3 Antelope Valley – East Kern Water Agency 

4 Butte County 

5 Castaic Lake Water Agency 

6 Coachella Valley Water District 

7 Crestline – Lake Arrowhead Water Agency 

8 Desert Water Agency 

9 Dudley West Side Irrigation District 

10 Empire West Side Irrigation District 

11 Kern County Water Agency 

12 Kings County 

13 Littlerock Creek Irrigation District 

14 Metropolitan Water District of Southern California 

15 Mojave Water Agency 

16 Napa County Flood Control and Water Conservation District 

17 Oak Flat Water District 

18 Palmdale Water District 

19 Plumas County Flood Control and Conservation District 

20 San Bernardino Valley Municipal Water District 

21 San Gabriel Valley Municipal Water District 

22 San Gorgonio Pass Water Agency 

23 San Luis Obispo County Flood Control and Water Conservation District 

24 Santa Barbara County Flood Control and Conservation District 

25 Santa Clara Valley Water District 

26 Solano County Water Agency 

27 Tulare Lake Basin Water Storage District 

28 Ventura County Watershed  Protection District 

29 City of Yuba 

 



 

9 

 

While the actual amount of entitlement for each State Water Project contractor might vary 

depending upon the population it serves, each agreement has a specified annual allotment 

amount and the duration of the contract. Contract agreement may be terminated by both parties. 

Table 2.2 below shows the contract agreement for the Metropolitan Water District of Southern 

California.  
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Table 2-2. Contract agreement for MWD (DWR, 2009) 

 

Table A. Annual Entitlements 

The Metropolitan Water District of Southern California 
Year No. Calendar Year Total Annual 

(Acre-Feet) 
1 1972 154,772 

2 1973 354,600 

3 1974 454,900 

4 1975 555,200 

5 1976 655,600 

6 1977 755,900 

7 1978 856,300 

8 1979 956,600 

9 1980 1,057,000 

10 1981 1,157,300 

11 1982 1,257,600 

12 1983 1,358,000 

13 1984 1,458,300 

14 1985 1,558,700 

15 1986 1,659,300 

16 1987 1,759,800 

17 1988 1,860,400 

18 1989 1,961,000 

19 1990 2,011,500 

20 1991 2,011,500 

21 1992 2,011,500 

22 1993 2,011,500 

23 1994 2,011,500 

24 1995 2,011,500 

25 1996 2,011,500 

26 1997 2,011,500 

27 1998 2,011,500 

28 1999 2,011,500 

30 2000 2,011,500 

31 2001 2,011,500 

32 2002 2,011,500 

33 2003 2,011,500 

34 2004 2,011,500 

And each succeeding year thereafter, 

the amount is 1,911,500 effective Jan. 1, 

2005 until Dec. 31, 2035 

1,911,500 
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2.1.3 Bay-Delta Region 

 

The Bay-Delta ecosystem is a major hub of the state’s water re-distribution system. In 

order for the large freshwater of the Sacramento River and its tributaries to be made available to 

users in the southern half of the state, they must flow from north through the Sacramento-San 

Joaquin Delta and then be pumped out of the Delta in South into the aqueducts of the State Water 

Project. An extensive system of levees (over 1700 km) has also developed over the years to 

protect agricultural and urban land holdings within the delta from water intrusion and flooding. 

Together, the pumping of freshwater from the south to the delta and the artificial support of the 

Delta’s numerous islands has dramatically altered the natural hydrology and ecosystem function 

of the Bay-Delta system. 

 In response to dramatic declines in Delta ecosystem quality during the 1987-1992 

drought, a Federal and State partnership was established in 1994. The purpose of the multi-

billion dollar restoration and management effort, now managed by the California Bay-Delta 

Authority (established by the California Bay-Delta Act of 2003) is to restore ecosystems within 

the Delta, improve the quality and reliability of water supplies from the Delta, and stabilize the 

Delta’s levee systems (CALFED 2006; Costa 2003). The challenge of this mandate is immense, 

particularly when considered along with potential climate change (Dettinger et al. 2004; Mount 

and Twiss 2005). The incongruent nature of the program’s objectives has arguably hampered its 

effectiveness to date, yet the effort continues and will remain a significant consideration in future 

California water management and planning.  

Prior to extensive human development, the San Francisco Bay-Delta was largely marsh, 

river channels, and islands, bounded in the west by the Golden Gate Strait and Pacific Ocean and 

in the East by the confluence of the Sacramento and San Joaquin Rivers which drain the Sierra 
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Nevada Mountains to the Pacific Ocean. The Bay-Delta in its natural state was an enormous 

estuary and supported extensive habitat for fish, birds, and other terrestrial animals.  

 Water flowing through the Delta is the main source of supply for two major California 

water delivery projects, the SWP and the Federal CVP. From these projects, a majority of 

Californian relies on water flowing through the Delta for all or part of their drinking water. In 

addition, approximately one third of the state’s cropland uses water flowing through the Delta 

(DWR 2005). Figure 2-2 shows the Bay Delta water distribution during a typical hydrological 

year.  

 

 

Figure 2-2.  San Francisco Bay-Delta Water Distribution (DWR, 2005) 
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2.1.4. Colorado River Aqueduct 

 

Several other major surface water projects serve California’s cities and agricultural 

regions. The Colorado River supplies Southern California with more than 4 MAF a year of water 

via the Colorado River Aqueduct and the Coachella and All American Canals. The Colorado 

River Compact, signed six states bordering the Colorado River in 1922, established California’s 

base water entitlement to be 4.4 MAF a year. In recent years, however, California has relied 

upon the unused allocation of upstream states, importing more than 0.8 MAF a year of additional 

supply some years (DWR 2005). Due to growing water use by other states, California was forced 

to reach an agreement to gradually eliminate its use of surplus water. The Colorado River 

Quantification Settlement Agreement resolves much of the uncertainty over Colorado River 

allocations, but an on-going drought in the Colorado River basin still threatens future Colorado 

River water availability to California.  

The iconic Colorado River supplies water to millions of people in fast-growing cities in 

Colorado River’s watershed, such as Las Vegas, Mexicali, Phoenix, and St. George, Utah. Tens 

of millions of people outside the watershed, from Denver to Albuquerque and from Salt Lake 

City to Los Angeles, San Diego and Tijuana, also receive water exported from the basin to meet 

at least some of their residential and commercial water needs. More than half of the people 

receiving water from the basin live in Southern California (Cohen, M. 2011). Figure 2-3 shows 

historical water supply and usage for the Colorado River Basin from 1914 to 2007.  
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Figure 2-3. Historical Colorado River Supply and Demand (USBR, 2011) 

 

2.6. Other surface water supply projects 

Local cities in California have also taken initiative to develop water supplies. The cities 

of Los Angeles, San Francisco, and several in the East Bay region have all financed and 

constructed infrastructure to capture, store, and transport water from sources far away from the 

municipalities. Specifically, the Los Angeles Aqueduct transports water over 200 miles from the 

Owens Valley to the Los Angeles area; the O’Shaughnessy Dam captures and stores water in the 

Hetch Hetchy Valley for delivery to San Francisco and surrounding cities; and the Pardee 
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Reservoir and Mokelumne Aqueducts supply the East Bay Municipal Water District service area 

with supplies from the western slopes of the Sierra Nevada (Reisner 1993 and Hundley 2001).   

 

2.1.5. Groundwater Development 

 

 Groundwater is a major source of water for California’s agricultural industry and 

municipalities. During an average year a third of the state’s water supply comes from 

groundwater. Some regions are entirely dependent on groundwater, and 40-50% of Californians 

use some amount of groundwater (DWR 2003). Much of the state’s groundwater resources have 

been developed locally by individual landowners or municipalities. Such decentralized 

management has led to unsustainable groundwater use in California. Estimates by DWR in 1980 

suggest that use of groundwater exceeds recharge by between 1 and 2 MAF per year (DWR 

2003). Such overuse has led and will continue to lead to many serious problems including land 

subsidence, sea water intrusion, and degradation of groundwater quality.  

 Groundwater is currently managed through local water agencies, local groundwater 

management ordinances, and court adjudication. Importantly, state and regional planning 

agencies have little influence or control over the management of groundwater, making it difficult 

to implement integrated surface and groundwater management plans.  

 The total groundwater storage in California is estimated to be about 1.3 billion acre-feet 

and about 140 MAF of precipitation percolates into the state’s aquifer annually (DWR 1994). 

These estimates however, do not characterize the potential water supply for the region – many 

other factors limit the development potential of an aquifer (DWR 2003). Most of the state’s 

groundwater is located in the aquifers beneath the Central Valley, although Southern California 

also has considerable amount of groundwater.  
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 Groundwater is a major contributor to the state’s water supply and even more so in dry 

years. As shown in Figure 2-4, groundwater supplies on average 30 percent of California’s 

overall demand and up to 40 percent in dry years (DWR 2003). In some areas where surface 

water supplies are not accessible or economically feasible, groundwater provides 100 percent of 

a community’s public water (DWR 2003). During years where surface water deliveries are not 

available, groundwater may also provide up to100 percent of irrigation water for certain areas. 

About 43 percent of Californians obtain at least some of their drinking water from groundwater 

sources.  
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Figure 2-4.  Typical Groundwater Supply in California (DWR, 2003) 

        

2.1.6. Urban water reuse 

 

 Local municipalities and regional water agencies are increasingly turning to alternative 

sources of water supply. Treated urban wastewater is becoming an important source of water for 

agriculture, industry, landscaping, and some non-potable uses in commercial and institutional 

21% 29% 39% 
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buildings. In many regions it is discharged into rivers and streams and thus used by downstream 

users. In some regions it is also blended with conventional sources and is injected or allowed to 

percolate into groundwater basins. The Southern California Comprehensive Water Reclamation 

and Reuse Study (USBR 2002), for example, provides a comprehensive assessment of existing 

reuse and reuse potential in Southern California.  

 

2.2. History and Timeline of Major California Water Projects 

The following is a review of key moments in history that changed water policy, from 

passage of water rights legislation to the voter approval of the State Water Project (SWP). 

Although there are other significant events, however, they are not deemed as relevant and 

significant to this research and hence are not included.  As shown in Figure 2-5, the first 

Colorado River delivery was made to the farmlands of the Imperial Valley was in 1901 and the 

major compact agreement was signed in 1922, designating specific allocation to the upper and 

lower Colorado basins for all seven states (Wyoming, Colorado, Utah, Nevada, New Mexico, 

Arizona and California).  The Central Valley Project and State Water Project were authorized for 

construction in 1933 and 1951 respectively. In 1973, the first State Water Project delivery was 

made to Southern California and the Federal Safe Drinking Water Act was passed in 1974 setting 

the first ever standard for drinking water throughout the country.  In 1998-2003, the Colorado 

Quantification Settlement Agreement was reached between California and other Colorado River 

Basin states and the Federal Government. As a result of this agreement, California received its 

allocation of 4.4 MAF which still serves as the state’s allotted water share even until today.   
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Figure 2-5. Historical timeline of major California water projects (DWR, 2011) 
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2.3. State Agencies Involved with Water Management 

Many state agencies are involved with California water management as shown in Table 

2-3. While overlapping responsibilities might occur in terms of broad objectives, generally, there 

is not duplication of functions. Most agencies focus on a specific subset of water management, 

for example, the State Water Resources Control Board (SWRCB) and the Department of Water 

Resources (DWR) are the two leading water management agencies. They have mandated water 

supply objectives, however, their roles differ greatly. DWR focus on water delivery, water 

supply planning, and infrastructure development, while SWRCB is more of a regulatory body, 

managing water rights and water quality permitting (both of which have effects on water supply). 

These roles are complementary and often require the two agencies to work in concert to address 

water management at the state level. 

 

Table 2-3. State Agencies Involved in Water Management (SWRCB, 2003) 

 

State Agency 

Responsibilities 

Water 

Supply 

Water 

Quality 

Flood 

Control 

Department of Water Resources X  X 

State Water Resources Control Board X X  

California Public Utilities Commission X X  

Colorado River Board X   

Department of Pesticide regulation  X  

Department of Toxic Substances Control  X  

Office of Environmental Health Hazard Assessment  X  

 

The management of California water systems consists of three main components: water 

supply, water quality, and flood control. Most agencies involved in one or more of these 

components also have responsibilities for scientific activities and monitoring and administering 

financial assistance for local water infrastructure. For example, several financial assistance 
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programs attempt to jointly address water quality and water supply needs at the local levels, 

thereby providing more comprehensive local water supply reliability. Other state agencies not 

listed may be involved with water management as part of their greater mission (for example, the 

Department of Conservation manages a state watershed program). 

 

2.3.1. Non-State Agencies Involved with Water Management 

 

At the federal level, most agencies have distinct roles, for example, the United States 

Environmental Protection Agency focuses on water quality, while the United States Bureau of 

Reclamation focuses on water supply. However, these roles can overlap and potentially duplicate 

state efforts, for example, both state and federal entities estimate the state’s water supply 

resources, although the state has a more comprehensive role through the efforts of DWR. 

 At the local and tribal levels, most entities play multiple roles including both water 

supply and water quality ones. Local entities can be both regulated and regulatory entities, 

receiving permits from state agencies for water quality while in return regulating their 

constituents to meet those permitting requirements as shown on Table 2-4. In some respects, 

these roles may duplicate those of state and federal efforts. For example, federal, state and local 

water agencies may each be independently investigating the development of new water supply 

sources to potentially serve the same region of the state.  
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Table 2-4. Non-State Agencies Involved in Water Management (SWRCB, 2003) 

 

Non-State Agency 

Responsibilities 

Water 

Supply 

Water 

Quality 

Flood 

Control 

Federal Agencies 

Bureau of Reclamation X  X 

Army Corps of Engineers X  X 

Environmental Protection Agency  X  

Geological Survey X X  

Other Entities 

Tribal Governments X X X 

Cities and Counties X X X 

Special Districts1 X X X 

Private Water Companies X   

 
1The 1,200 plus water districts in California perform a wide range of activities, both water and 

non-water related. Many districts provide more than one of the three designated water services 

(water delivery, sanitation, or flood control). Lighting, recreation and park, and street 

maintenance services are the most common non-water activities performed by the state’s water 

districts.  

 

2.3.2. Challenges of Water Regions Definitions 

 

Water regions defined by DWR and SWRCB are similar but not identical. SWRCB 

works in conjunction with nine semiautonomous regional boards (each having policy-setting 

responsibilities) while the DWR divides the state into ten hydrological regions governed from 

Sacramento headquarters. Although, some activities of DWR and SWRCB require coordination 

among regions and between the two state agencies, their differences in regional definitions can 

pose a challenge for implementing programs, planning or accounting for California water 

resources. Figure 2-6 shows the difference in regional boundaries between DWR and SWRCB.  
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Figure 2-6. SWRCB and DWR Regional Boundaries (DWR, 2009) 

   

 

2.3.3. California Top Water Rights Holders 

 

Water right is legal permission to use a specified amount of water for a beneficial 

purpose such as drinking, fishing, irrigation, farming or industry. SWRCB regulates water rights 

for those taking water from lakes, rivers, streams, and creeks. It does not regulate the rights to 

use underground water supplies (groundwater), which are primarily regulated by a patchwork of 

local laws. Figure 2-7 shows the top water rights holders in California as indicated by the 

SWRCB.  
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 Figure 2-7. Top Water Rights Holders in CA (adapted from DWR, 2009) 

 

The Federal government holds the most (in volume) water rights in the state with over 112 MAF 

of water rights mainly for delivery through the federal Central Valley Project. Second to this area 

are the water rights held by Imperial Irrigation District (44 MAF) serving mainly farms in the 

Colorado River region. Water rights exceed actual total water volume availability on almost all 

river systems of the state. This is partly because water may be reused as it runs off farms or may 

be returned to the river after use for a non-consumptive purpose such as energy production. In 

some cases, water rights are oversubscribed and exceed actual water availability (SWRCB).  
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Figure 2-8. Percentage of Water Rights Holder (data from DWR, 2009) 

 

 

Of the top 25 water rights holders (generally over one MAF), the federal government holds much 

of the water rights, while irrigation districts and utilities make up much of the rest of the water 

rights holders as shown in Figure 2-8. State and urban local agencies hold less than 20 percent of 

the water available.  

 

2.4. Current Water Use and Supply 

As described above, California’s water supplies originate from many sources including 

local surface water projects, groundwater, inter-regional surface water deliveries such as State 

Water Project, Colorado River imports, treated wastewater, and natural stream flow. In 2005, 

DWR estimated that California used about 40.2 million acre-feet of water. Of this amount, 
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roughly 78% (31.2 million acre-feet) was used by the agricultural sector, while the remaining 

22% (9 million acre-feet) was used by urban users.  

Table 2-5 shows historical estimates of urban water use published by DWR for the years 

1972 to 2005. Urban water appears to have grown along with the state’s population (Figure 2-9). 

Water declined during the drought in the 1990’s, but appears to have rebounded. Per capita urban 

water use does not appear to have changed significantly over time (Figure 2-10). From 2000 to 

2005, per capita water use averaged 229 gallons per capita per day. The data appear to show that 

statewide average per capita urban water use has changed little over time over the period from 

1972 to 2005 (Christian-Smith et al 2012).  

 

Table 2-5. Historical urban water use in California (CDOF, 2011) 

 

Year 
Urban Water Use 

(maf/year) 

Population 

(millions) 

Per Capita Water Use 

(gal/person/day) 

1972 5.04 20.6 219 

1975 5.07 21.8 208 

1980 5.76 23.8 216 

1985 6.59 26.1 225 

1989 7.36 29.1 226 

1990 7.24 30.0 215 

1991 6.45 30.6 188 

1992 5.79 31.3 165 

1993 6.88 31.7 194 

1994 7.57 32.1 211 

1995 7.27 32.1 203 

1998 7.84 32.7 214 

2000 8.86 34.0 233 

2001 8.62 34.5 233 

2002 9.00 34.9 232 

2003 9.00 35.4 227 

2004 10.08 35.8 237 

2005 9.05 36.0 224 
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Figure 2-9. Historical population and urban water use in California (Christian-Smith et al., 2012) 

 

 

 

 

 

 

 

 

 

 

Figure 2-10. Urban water use factor acre-feet per person per year (Christian-Smith et al., 2012) 
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Compare to the year 2000, a typical water year, total water supply of 43.1 MAF was used to 

supply agricultural and urban sectors. Figure 2-11 shows the proportions of water use by each 

sector and the corresponding non-stream supply for California for this year. Almost 80% of non-

environmental water supply is used by the agricultural sector, and more than half of the urban 

use is by households. One third of all supply originated from local sources and another third is 

from groundwater and reuse. The remaining third came from the big water management projects 

– the State Water Project, the Central Valley Project and the Colorado River.  

          
 

Figure 2-11. California Water Supply (DWR, 2003, Groves 2006) 

 

 

Figure 2-12 shows a graphic (created by DWR) that illustrates the significant movement of water 

across the state. The figure shows that about a quarter of the water that flows into the Bay-Delta 

region from the Sacramento and San Joaquin Rivers and other tributaries (over 11 MAF in 2000) 

is diverted from the Bay-Delta region for distribution throughout the southern portion of the 

state. Much of the supply exported from the Bay-Delta (about 2.5 MAF in 2000) is delivered to 
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agricultural regions in the southern Central Valley, supplementing their surface water (7.5 MAF 

in 2000) and groundwater supplies (1.9 MAF in 2000). The remaining Bay-Delta exports (1.5 

MAF in 2000) are delivered via the California Aqueduct to urban regions along the Central 

Coast and to Southern California. Southern California also imports substantial water supply from 

the Colorado river (about 1.3 MAF in 2000) to supplement its local resources. 

 

Figure 2-12. State-wide water management (DWR, 2003) 
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2.5. Water-Energy Relationship 

Water and energy are inseparable. The two resources are inextricably entwined.  Energy 

is needed to pump, treat, transport, heat, cool and recycle water. Likewise, the force of falling 

water turns the turbines that generate hydroelectric electricity, and most thermal power plants are 

dependent on water for cooling (CEC 2005).  In California, concurrent demands for energy and 

water usage have continued to rise.  As a result, the need to plan and implement efficient 

technologies and using alternative sources are critical to the success of California’s future.  

Water usage for energy generation in California varies greatly, depending on the primary 

energy source, conversion technologies, and cooling technologies used.  Figure 2-13 illustrate 

the state’s typical water use cycle.  

 

Figure 2-13. Typical Water Use Cycle (Wilkinson, 2000) 

 

 

Water is first extracted from a source. It is then transported to water treatment facilities and 

distributed to end users. What happens during end use depends on whether water is for 

agricultural or urban use. Wastewater from urban uses is collected, treated and discharged back 

to the environment, where it might become a source for someone else. Energy is required in all 
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stages of the water use cycle. It is difficult to measure the amount of water-related energy that is 

actually consumed. Figure 2-14 indicate the total water-related energy consumption used in 

California at approximately 19% of all electricity and 32% of all natural gas generated in the 

state in the year 2005 (CEC 2005).  

19%

CA Water Related Energy Use

Total Water Related Energy Use Total California Energy Use

      
 

Figure 2-14. Water Related Energy Use (CEC, 2005) 

 

A closer analysis of the 19% electrical consumption related to water-energy indicates that 50% 

of this energy is utilized in transporting the water and using it at home as shown in Figure 2-15. 

California Electricity Usage 

202,482 GWh 

Water-related electrical 

consumption (48,012 GWh) 
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Figure 2-15. Household water use (CEC, 2005) 

 

Due to significant variations in energy used to convey water supplies form one place to another, 

the average energy intensity of water use cycle in Southern California is much greater than in 

Northern California. This is due to the fact that Southern California imports about 50% of its 

water from the Colorado River and from the State Water Project (SWP). Each of these supply 

sources is more energy intensive than any single source of water supply used in Northern 

California (CEC 2005). Table 2-6 illustrates the combined energy intensity of the water use cycle 

for urban communities in Northern and Southern California.  
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Table 2-6. Electricity Use in Typical Urban Water Systems (adapted from CEC, 2005) 

 

 
 

 

2.6. Climate Change Effects 

By and large, California’s reservoirs and water delivery systems were designed and 

operated based on historical hydrology. However, with climate change, this mode of traditional 

operation may no longer be valid (DWR 2009). When it comes to climate impacts in the next 20-

50 years, “utility planners will have to grapple with many of them prospectively rather than as 

phenomena that are already observable” (Cromwell et al. 2007). According to DWR, 

temperatures across California has risen one degree Fahrenheit on average. This increase in 

temperature has decreased the spring snowpack in the Sierra Nevada Mountains by about 10 

percent which is equivalent to a reduction of 1.5 million acre-feet of water. Seasonal snowpack 

in the Sierra Nevada has always been the largest surface water storage for the state. Sea level 

along the California’s coast has also risen by about 7 inches (DWR 2009). Climatology experts 

advise that the warming of air temperatures may cause our normal precipitation to shift from 

snow to rain. This would lead to serious reduction in the amount of snowpack, an important 

natural reservoir for storing water in the winter and supply California with water in the spring 



 

33 

 

snowmelt. Figure 2-16 provides an estimate of the average reduction in snowmelt water content 

based on rising temperatures.  

 

 

Figure 2-16. Average Annual Snowmelt, Lake Oroville, California (NOAA, 2005) 

 

 

 

 

 

 

Figure 17. Decreasing California Snowpack (Scripps, 2006) 
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California water planners further suggest that more changes are expected to come as we head 

towards the year 2050 and beyond. Some of those changes may include another rise in mean 

temperature by 1.5 degrees Fahrenheit which may decrease the Sierra Nevada snowpack further 

to 25 percent, a near storage volume of about 3.8 million acre-feet.  Figure 2-17 provides an 

estimate of the snowmelt reduction based on projected future temperatures. Figure 2-18 shows 

the increased in flood events as recorded by DWR from 1910 to 2000.  

 

 

Figure 2-18. Historical Annual Runoff - American River (USACE, 2010) 

 

 

Climate change is already having a profound effect on California’s water systems as evidenced 

by the changes in snowpack storage, river flows, and sea levels. Scientific studies show these 

changes will increase stress on the water systems in the future. Because some levels of the 

climate change is inevitable, California water systems must be adaptable to change (DWR 2009). 

The impacts of these changes will gradually increase during this century and beyond. California 

needs to plan for water system modifications that adapt to the impacts of climate change. Figure 

2-19 shows a possible global sea level rise of 4 to 6 inches by mid-century. Higher sea levels will 
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increase the salinity in the Delta, disrupting the freshwater supply and quality that many 

Californians traditionally rely on.  

 

Figure 2-19. Historical and Projected Sea Level at Golden Gate (DWR, 2009) 

 

 

 

2.7. Water Conservation 

While California’s urban water use has grown steadily with population, some areas of the 

state have succeeded in lowering per capita water use. For example, in 2011, urban water use in 

Los Angeles was 123 gpcd, among the lowest in the state (LA DWP, 2012). A Study by DeOreo 

et al. 2011 found that more than half (53%) of California water use for single-family residences 

was for outdoor uses. DWR 2011 also reported that residences account for about two-thirds of 

urban water use. In 2005, residential use accounted for an estimated 66% of total urban water use 

in California. Water planners believe that this number can be curtailed with improvements in 

water-use efficiency and conservation by means of rebates and incentives.  Studies have shown 

that people consume less water at higher prices (Campbell et al, 2004; Olmstead and Stavins, 
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2007). Water agencies and utilities are also encouraged to implement conservation and efficiency 

programs, termed best management practices, outlined in the of California Urban Water 

Conservation Council’s Memorandum of Understanding (CUWCC 2011). Statewide regulations 

mandating conserving practices have also been put in place, most notably were in 2004, a law 

requiring water suppliers to install water meters on all customer connections by 2025 (AB 2572); 

the imposition of water budgets and water-efficient landscaping on most new large landscapes 

(Model Landscape Ordinance AB 1881, 2010); and the requirement that water suppliers and 

local governments improve the coordination between land and water use planning through 

preparation of Urban Water Management Plans and Urban Water Shortage Contingency 

Analyses (SB 221 and SB 610, 2001). 

In 2001, Orang et al. (2005) conducted an irrigation method survey throughout 

California. That analysis shows that for all crops combined, the use of gravity/flood irrigation 

and sprinklers has declined, while micro/drip and sub-irrigation use has increased (Figure 2-18). 

Using historical data on irrigation methods by crop type (grouped as field, vegetable, orchard, 

and vineyard crops) between 1972 and 2001. Gleick et al 2005 used a linear trend to calculated 

and project the irrigation method for 2030. The result of their estimate is shown in Figure 2-20. 
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Figure 2-20.     Historical Irrigation Methods (Gleick et al, 2005) 

 

2.8. Summary of Literature Review 

Water footprint assessment has become as a useful quantitative tool for assessing water 

consumption of goods and services. Following the introduction of the virtual water footprint 

concept, various studies were conducted to quantify global virtual water flows between nations 

as have been carried out by Hoekstra and Hung (2002, 2003), Chapagain & Hoekstra (2003), 

Zimmer and Renault (2003) and Oki et al (2003). Virtual water flows and water footprint 

assessments became important elements in evaluating global and national water budgets as noted 

by Chen and Chen (2011a), Duarte et al., (2002), Guan and Hubacek (2007), Hubacek et al. 

(2009), Velazquez (2006), Yang et al. (2006), Yu et al. (2010), Zhao et al., (2009, 2010).  

The majority of water footprint studies thus far have been limited to quantifying the 

overall virtual water requirement as a cumulative measure to reach a final crop product. No study 

to date has focused specifically on quantifying the physical water content contained in 

agricultural products being exported and relating it to the water exportation induced through 
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evapotranspiration.  The total exported water in agricultural products will physically leave a 

geographical boundary, whether in the crops or in a form of evapotranspiration or combination 

of both, whereas a significant portion of the virtual water footprint may still remain within the 

same spatial domain. Hence, from a hydrological perspective the exported water content causes a 

spatial imbalance in the water supply cycle, irreversibly for the portion contained in the crops. It 

is therefore warranted that research be conducted to quantify the exported water content to better 

assess water use efficiency and practices in agricultural irrigation. It is also warranted to analyze 

the associated energy intensity and carbon footprint assessment of water supply sources used in 

irrigation to assess and determine effective uses of California’s water and energy resources.  

Table 2-7 and 2-8 illustrate existing water footprint studies currently available in the literature. 

Table 2-7. Summary of Water Footprint Studies 

Water Footprint Studies Author(s) 

GLOBAL / INTERNATIONAL LEVEL 

Global water footprint and International 

virtual water flows between nations 

Hoekstra and Hung, 2002; Zimmer and 

Renault, 2003; Hoekstra and Chapagain, 

2008; Hanasaki et al., 2010; Konar et al., 

2011; Mekonnen and Hoekstra, 2011; Dalin 

et al., 2012; Zhan-Ming and Chen., 2013 

NATIONAL LEVEL 

Australia Lenzen, 2009 

China Guan and Hubacek, 2007; Zhao et al., 2010 

India Verma et al., 2009 

Spain Dietzenbacher and Velazquez, 2007; Aldaya 

et al., 2009 

SUB-NATIONAL / REGIONAL LEVEL 

California Water Footprint Fulton et al., 2012 

California and Illinois Virtual Water Trades Mubako et al., 2013 
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Table 2-8. Summary of Literature Review 

Research Topic Availability Author(s) 

Virtual water trade between 

nations 
Yes Hoekstra and Hung (2002, 2003) 

Virtual water flows between 

nations  in livestock and product 

trades 

Yes Chapagain & Hoekstra (2003) 

Globalization of water resources Yes Hoekstra and Hung (2005) 

Global virtual water in food 

production 
Yes Zimmer and Renault (2003) 

Global water trade and world 

water resources 
Yes Oki et al (2003 

Modeling of greenhouse gas 

emissions and natural resources of 

world economy 

Yes Chen and Chen (2011a 

Virtual water use in Spain Yes Duarte et al., (2002 

Quantification of exported water 

in California agricultural products 
No  

Assessment of virtual water flows 

in China 
Yes Guan and Hubacek (2007 

Environmental implications of 

ecological and water footprints of 

China 

Yes Hubacek et al. (2009) 

Analyzing water relationships in 

Andalusia 
 Velazquez (2006) 

Energy analysis of applying 

reclaimed water for crop irrigation 

in arid and semi-arid regions 

No  

Assessing regional and global 

water footprints for UK 
Yes Yu et al. (2010) 

National water footprint of China Yes Zhao et al., (2009, 2010). 

Energy intensity analysis for West 

Basin Municipal Water District  
Yes Wilkinson, R. (2007) 

Energy footprint of brackish 

groundwater in inland areas of 

Arabian Peninsula 

Yes Sobhani et al., (2012) 

Analysis of Energy Intensity of 

Inland Empire Utility Agency 
Yes Wilkinson, R (2000) 

Virtual water transfers of 

California and Illinois 
Yes Mubako et al., (2013) 

California Virtual Water Footprint Yes Fulton et al., (2012) 
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CHAPTER 3. Quantification of water exported through agriculture: case of 

California  

 

3.1. Abstract 

Agricultural irrigation plays a significant role in the overall water consumption of the 

world’s water resources. As the largest agricultural region in the U.S. and the leading exporter 

of many agricultural products, we used California as a case study to assess the overall exported 

water associated with agricultural water trades. We used the term ‘exported water’ to 

differentiate from that of the virtual water footprint in that the former is the physical water 

content exported outside of a geographical boundary. Therefore, the exported water is 

permanently lost and is no longer available for local hydrologic cycle from its origin. The total 

exported water is defined as the physical water content contained in crops plus the induced 

evapotranspiration as a result of irrigation. A data set was compiled for 50 of the top exported 

commodities using most recent and available data from the years 2000-2012.  Our results show 

that on average, the overall exported water in California’s agricultural products was 2.88 x 1010 

m3 yr-1, equivalent to 68.3% of the total water used in agricultural irrigation. The majority of the 

exported water is in the form of induced evapotranspiration, totaling 67.7% of the total water 

used in irrigation annually. The physical water content contained in the crops was found to be 

approximately 2.32 x 108 m3 yr-1 representing only 0.6% of the total water used in irrigation and 

is less than 1% of the associated induced evapotranspiration. Our results show that the physical 

water content contained in crops was insignificant relative to the associated evapotranspiration 

of the irrigated crops. The results confirm that irrigation contributes to the increase in surface 
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evapotranspiration and that a significant amount of exported water is lost to the atmosphere via 

evapotranspiration. Figure 3-1 provides a graphical summary of the findings.  

 

Figure 3-1. Summary of calculated ETc and contained water content 

 

3.2. Introduction 

The fact that the annual water used in growing California agricultural products is far 

greater than the total urban water use is well publicized (Letey and Birkle, 2003). On average, 

the Californian agricultural industry consumes 80.6% of the state’s water resources, while urban 

water use consumed 19.4% from the years 1998-2010 (Nguyen et. al., 2015). California exports 

agricultural products to more than 156 countries with earnings totaled $18.18 billion USD 

(CDFA 2013, 2014) as shown in Figures 3-2 and 3-3. Today, California’s water resources 

support over 38.3 million people, see Figure 3-4 (CDOF, 2014), a 2.2 USD yr-1 trillion economy, 

(IMF, 2014) as shown in Figure 3-5 and the agricultural region with largest cash receipt in the 

United States (CDFA, 2014) as shown in Figure 3-6. In a typical year, the Californian 
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agricultural industry irrigates 3.3 x 106 ha of land using approximately 4.2 x 1010 m3 of 

freshwater (Nguyen et al., 2015).  

 

 

Figure 3-2. Top Destinations for California Agricultural Exports (CDFA 2014) 

 

 

Figure 3-3. Historical Export Revenues (Adapted from CDFA, 2013) 
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As pressures on water resources intensify globally, there is a growing interest in evaluating the 

complex ways in which human activities impact the world’s water resources (Postel et al., 1996; 

Vorosmarty et al. 2007., Alcamo et al. 2007; Hoekstra and Chapagain 2008; Gleick and 

Palaniappan 2010; Fulton et al., 2012). Globally, the majority of water consumption is used in 

the production of agricultural products (Mekonnen and Hoekstra, 2011, Mubako et al., 2013). As 

a result, the agriculture industry is by far, the most dominant water-using sector. To assess the 

amount of water used throughout the production and distribution process to produce a final 

product, researchers have used the term ‘water footprint’, to describe this quantity (Hoekstra and 

Chapagain, 2007). Water footprint assessments have emerged as a tool for quantifying 

consumption of everyday goods and services in one location and the cumulated water use 

associated with the production of those goods and services in other distant locations (Fulton et al., 

2014).  

 

 

 
 

Figure 3-4. California project population (adapted from CDOF, 2013) 



 

44 

 

 

Originated from an ecological standpoint (Odum, 1971, 1983), the concept of ‘virtual 

water’ was first introduced by Allan (1993, 1994) to describe the transfer of water resulting from 

exports of water-intensive commodities from comparatively water-abundant regions to water-

scare regions. Allan (1998, 1999, 2003) argued that international agricultural food trades were 

equivalent to exporting water in its virtual form and observed the trend in national governments 

becoming more dependent on other countries for their water security.  Hoekstra and Hung (2002, 

2003) then introduced the concept of ‘water footprint,’ as a quantitative measure to assess virtual 

water content consumed by an individual or individuals of a nation for goods and services.  
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Figure 3-5. World Economic Outlook (adapted from IMF, 2014) 

 

Following the introduction of the water footprint concept, various studies were conducted 

to quantify global virtual water footprints and assessed virtual water flows between nations 

(Hoekstra and Hung, 2002, 2003), (Chapagain & Hoekstra, 2003), (Zimmer and Renault, 2003) 

and (Oki et al., 2003). Virtual water flows and water footprint assessments became important 

elements in evaluating local, national, and global water budgets as reported by Chen and Chen 

(2011a), Duarte et al., (2002), Guan and Hubacek (2007), Hubacek et al. (2009), Velazquez 

(2006), Yang et al. (2006),  Yu et al. (2010), Zhao et al., (2009, 2010). In addition to assessing 

virtual water footprints in food products, virtual water footprints in non-food products were also 

examined. Hoekstra and Chapagain (2007), assessed water footprints of different countries using 

calculated data from Chapagain and Hoekstra (2003) and Hoekstra and Hung (2002, 2005).  
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Subsequently, Mekonnen and Hoekstra (2011) improved upon data presented by Hoekstra and 

Chapagain (2007) and provided a more complete and detailed global virtual footprint assessment. 

By categorizing global water resources into green, blue, and gray water, Mekonnen and Hoekstra 

(2011a) showed that the international virtual water trade in agricultural and industrial products 

were 2320 billion cubic meter (Gm3) per year in the period 1996-2005, equivalent to 26% of the 

global water footprint of 9087 Gm3. (Mekonnen and Hoekstra, 2011) noted that although 

practically, every country participates in the global virtual water trade, few governments 

explicitly consider assessing virtual water footprint and its impact in their management policies. 

 

Figure 3-6. California Historical Cash Receipts (adapted from CDFA, 2014) 

 

The majority of water footprint studies have examined international virtual water footprints 

between nations (Hoekstra and Hung, 2002; Hoekstra and Chapagain, 2008; Hanasaki et al., 

2010, Konar et al., 2011; Mekonnen and Hoekstra, 2011, Dalin et al., 2012; Zhan-Ming and 

Chen., 2013).  Few have also analysed the virtual water footprints at a sub-national or state level 
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such as regions within Australia (Lenzen, 2009), China (Guan and Hubacek, 2007; Zhao et al., 

2010), India (Verma et al., 2009), and Spain (Dietzenbacher and Velazquez, 2007; Aldaya et al., 

2009).  Within the United States, two studies have also been conducted. Fulton et al., (2012) 

reported that California imported more than twice virtual water as it exported and that more than 

90% of its water footprint is associated with agricultural products. Mubako et al., (2013) 

quantified virtual water for California and Illinois, and reported that the two states were net 

virtual exporters in agricultural water trades.  

Previous studies on virtual water footprints at global, national and sub-national levels 

including the ones conducted by Fulton et al., (2012) and Mubako et al., (2013) only aimed to 

quantify the cumulative water footprint required to produce a final product. None however, has 

focused specifically on quantifying the physical water content contained in agricultural products 

being exported.  The total exported water in agricultural products is distinctively different than 

the overall virtual water footprint in that the former is physically exported outside of a 

geographical boundary, whereas parts of the water used in quantifying virtual water footprint 

may still remain within the local geographical boundary and may be absorbed or reused in some 

ways. Thus, from a hydrological perspective, the exported water content in crops is permanently 

lost and is no longer available for local regeneration from where it originated. We make a 

distinction to differentiate this quantity of exported water content in agricultural products 

because previous virtual water studies only focused on quantifying the cumulative virtual water 

flows or the total water footprint. In addition to the physical water content contained in 

agricultural products, irrigation associated with agricultural activities has also been shown to 

have a direct contribution on local and regional climate by increasing surface evapotranspiration 
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(Sorooshian et al., 2011, 2012; Kueppers and Snyder 2012; Wei et al., 2013 and Lo and 

Famiglietti 2013).  

Our research hypothesis is that for each unit of crop exported, there is a greater loss of 

water induced through evapotranspiration than the physical water content contained in the crops. 

The aim of this research is to test our hypothesis by using California as a case study to assess 

the overall exported water associated with agriculture by (i) quantifying the contained water 

content in the exported crops and (ii) quantifying the direct induced evapotranspiration 

associated with those exported crops.  Due to availability of public data and the extensive 

number of crops produced in California, we focus our research on the top 50 crops which make 

up the majority of water consumption and gross receipt for California by examining the latest 

available data from the years 2000-2012. 

 

3.3. Methods 

3.3.1. Model structure 

Using data provided by the United States Department of Agriculture (USDA), California 

Department of Food and Agriculture (CDFA), and the Irrigation Training and Research Center 

from California Polytechnic State University San Luis Obispo (ITRC), a data set was compiled 

including each of the 50 crops analyzed, associated production acreages, total mass of production 

and percentage of exports. To quantify for the actual water contained in the crops and the 

induced evapotranspiration, we developed the following equations. 

 )00( 22exp2 cInducedETcontainedorted HHOH     (1) 
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where containedOH 2  is the actual physical water content contained in each of the crop being 

analyzed. To find the physical water content in each of the crop, we calculate the water content 

using the following equation. 

 )(%2 cropntentMoistureCocontained massOH      (2) 

where percent (%) MoistureContent is obtained from USDA Nutrient Database Laboratory (see 

appendix).  

 H2O Induced ETc is the induced evapotranspiration as a result of a specific crop calculated 

using the ET factor for each commodity provided by ITRC times the total planting area of the 

crop. 

 cropInducedETc AreaETcOH 2       (3) 

Additionally, using the results of the data we compiled, three dimensionless ratios were also 

computed. Contained Water Index, Induced Evapotranspiration Index and Exported Water Index.  

Contained Water Index (χ) is calculated as follows. 

χ = 
edCropExport

Contained

mass

OmassH2
       (4) 

 Induced Evapotranspiration Index (ω) is calculated as follows. 

 ω = 
edCropExport

InducedETOH

mass

mass ,2        (5) 

Exported Water Index (Ω), is therefore, calculated as follows. 

  Ω = χ + ω        (6) 

A diagrammatic structure of the model we have developed is illustrated in Figure 3-7. 
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Figure 3-7. Exported water model developed using data from USDA, CDFA, and ITRC 

 

3.3.2. Spatial domain  

 

California was selected as the region to test this model. The state has a total area of 4.2 x 

105 km2 which includes 58 counties, all of which has agricultural activities totaling 44.7 billion 

+USD in cash receipt and export revenues of 18.2 billion +USD (USDA, 2013).  California 

consistently ranks at the largest agricultural state in the U.S. for many decades.  The region is 

home to 305 known agricultural products and is the sole producer of 99 percent or more of 

many commodities exclusively grown for international exports (USDA 2013). California 

agricultural industry is the largest water user with estimate of 4.2 x 1010 m3 yr-1 of freshwater 

use for agricultural activities (Nguyen et al., 2015).  
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3.4. Results and Discussion 

The results show that from 2000 to 2012, of the 50 commodities we have analyzed in this 

study, the annual average crop production was 1.57 x 109 metric tons in California, of which an 

estimated 17% was exported internationally for a total of 2.63 x 108 metric tons. The contained 

water content associated with the exported crops was calculated at 2.32 x 108 m3 yr-1 representing 

0.6% of the total annual water used in irrigation for California. In contrast with the water uptake 

by plant tissues, typically reported at 5% of irrigation water use (McElrone et al., 2013), the 

contained water content represents 11% of the total water absorbed by plant tissues calculated at 

2.1 x 109 m3 yr-1. The induced evapotranspiration water associated with irrigation for the 

exported crop was calculated at 2.85 x 1010 m3 yr-1 equivalent to 67.7 % of the total annual water 

used in crop irrigation. The total exported water (contained water content in crops plus induced 

evapotranspiration water) associated with the exported commodities altogether was calculated at 

2.88 x 1010 m3 yr-1  which represents 68.3% of the total water used in irrigation annually.  Our 

results show that the actual water contained in the crop is significantly less relative to the 

associated exported water in the form of induced evapotranspiration. The results indicate that the 

actual physical water contained in crops only represent 0.81% of the total induced 

evapotranspiration water resulted from irrigating and growing of the exported crops. When 

comparing the results of the calculated induced evapotranspiration to the Field Capacity Model 

recently reported by Sorooshian et al., (2014), our results represented 97% of the model 

prediction. This finding suggests that irrigation of agricultural products play a significant role in 

consuming the total water used in crop production. The results also confirm that agricultural 

irrigation does have a direct impact in contributing to the increase in surface evapotranspiration 

as previously reported by Wei et al., (2013), and Lo and Famiglietti, (2013).    
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When computing for the overall total exported water for each crop (contained water 

content plus associated induced evapotranspiration water), we find that hay, grapes, almonds, 

rice, cotton, wheat, walnuts, tomatoes, oranges, lettuce, pistachios, plums, peaches and nectarines, 

broccoli and avocados were the leading 15 crops consuming most of the water used in irrigation. 

A detailed list of annual exported water consumed by each of the 50 crops is shown in Figure 3-8.  
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Figure 3-8. Total exported water calculated based on mass of contained water content in crops 

plus associated induced evapotranspiration 
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When computing for the dimensionless ratios (contained water index, induced ETc index 

and exported water index), we find that cotton, almonds, pistachios, walnuts, plums, rice, olives, 

cherries, beans, and figs were the top 10 with the highest overall exported water indexes. This 

result suggests that compared to other crops grown in equivalent planting area and exported 

percentages, the top ten crops with the highest exported water indexes would consume the 

majority of the water. However, when taking into account of the actual export percentages and 

planning areas, the total exported water for each of crop from the average 13 years (2000-2012), 

the results are shown in Figure 3-8. As an index reference, we report the three dimensionless 

ratios below in Table 3-1 to indicate the actual amounts of water contained in each crop and their 

respective water equivalents as a result of direct evapotranspiration and overall resultant 

exported water content. These indexes may be used to compute future exported water and 

associated induced evapotranspiration contribution as the outcome of agricultural irrigation.  
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Table 3-1. Calculated CWI, Induced ETc and EWI 

 

Agricultural Commodity 

Contained Water Index 

(CWI), (χ) 

Kg H2O / Kg Crop 

 

Induced ETc Index 

(ω) 

Kg of Induced ETc / 

Kg of crop 

Exported Water Index 

EWI, (Ω) 

Total kg H2O / kg of 

exported crop 

Cotton 0.06 4076.4 4076.5 

Almonds 0.04 2108.0 2108.0 

Pistachios 0.04 1016.1 1016.1 

Walnuts 0.04 656.1 656.1 

Plums 0.87 276.8 277.6 

Rice 0.10 234.5 234.6 

Olives  0.84 208.0 208.8 

Cherries 0.82 169.1 169.9 

Dry Beans 0.72 138.2 138.9 

Figs 0.79 90.1 90.9 

Raspberries and blackberries 0.88 89.2 90.1 

Blueberries 0.84 76.2 77.0 

Kiwifruit 0.83 67.7 68.6 

Dates 0.21 58.2 58.4 

Apples 0.86 48.7 49.6 

Grapes, all 0.84 41.5 42.4 

Wheat 0.12 33.7 33.9 

Avocados 0.72 32.3 33.0 

Apricots 0.86 32.0 32.9 

Asparagus 0.93 26.0 27.0 

Cauliflower 0.92 25.7 26.6 

Hay 0.93 10.1 11.0 

Broccoli 0.89 8.8 9.7 

Garlic 0.59 5.9 6.5 

Lemons 0.89 5.3 6.2 

Peaches and nectarines 0.89 3.8 4.7 

Onions 0.89 3.7 4.6 

Tomatoes, fresh 0.95 2.8 3.8 

Carrots 0.88 2.8 3.7 

Potatoes 0.79 2.9 3.7 

Pears 0.84 2.7 3.6 

Tomatoes, processed 0.88 2.6 3.5 

Artichokes 0.85 2.3 3.2 

Spinach 0.91 2.2 3.1 

Oranges and products 0.86 1.9 2.7 

Sweet Potatoes 0.77 1.8 2.6 

Celery 0.95 1.4 2.4 

Lettuce 0.95 1.3 2.3 

Strawberries 0.91 1.3 2.3 

Melons  0.90 1.2 2.1 

Cabbage 0.92 0.6 1.6 

Grapefruit 0.90 0.6 1.5 

Peppers, bell and chili 0.88 -- 1.3 

Tangerines and mandarins 0.85 0.1 0.9 

Dairy and products 0.89 -- 0.9 

Eggs 0.76 0.0 0.8 

Beef and products  0.72 -- 0.7 

Turkey 0.69 -- 0.7 

Dried Plums 0.31 0.0 0.3 
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3.5. Conclusions 

The study found that from 2000 to 2012, California exports approximately 2.63 x 108 

metric tons of crops and commodities, resulting in approximately 2.32 x 108 m3 of water 

contained in the crops, equivalent to 0.6% of the total irrigation water use. The associated 

induced evapotranspiration from the exported crops (ETc) was calculated at 2.85 x 1010 m3 yr-1 

equivalent to a total of 67.7% of the overall irrigation usage. The calculated ETc is 

approximately 123 times greater than the physical water contained in the crops, confirming our 

hypothesis that for each unit of water exported, there is a greater loss of water through 

evapotranspiration as a result of irrigation. As a comparison, Nguyen et al., (2015) estimated that 

the average annual urban water consumption in California was 1.01 x 1010 m3, thus the average 

induced evapotranspiration as a result of agricultural irrigation is 2.8 times greater than the total 

annual water consumed by municipalities.  Of the 50 crops analyzed, alfalfa hay, grapes, 

almonds, rice, cotton, wheat, walnuts, tomatoes, oranges, lettuce, pistachios, plums, peaches and 

nectarines, broccoli and avocados were the 15 leading crops consuming most of the exported 

water. When comparing the results of our calculations to the Field Capacity Model from 

Sorooshian et al., (2014) the calculated ETc represented 97% of the model prediction, 

reaffirming that ETc plays an important role in contributing to the majority of the water 

consumed in irrigation and that agricultural irrigation adds to the increase in surface 

evapotranspiration. The overall exported water for all 50 crops was calculated at 2.88 x 1010 m3 

yr-1, representing approximately 68% of the total water used in irrigation. When compared to the 

estimate associated with California agricultural production reported by Fulton et al., 2012, our 

total exported water was approximately 26% higher than the estimated 2.28 x 1010 m3 previously 

reported.  The difference could be that Fulton et al., 2012 used California data from 1998-2005,  



 

57 

 

whereas, the data analyzed in this study was from 2000-2012. Export production reported in 

recent years has increased approximately by 26.5% since 2005. Taking this difference into 

account, our results are consistent with the outcome of the virtual water footprint previously 

reported.  

Quantitative research in the field of exported water and virtual water footprint is still very 

much underdeveloped despite the many virtual water studies conducted over the years. Data 

presented in this research should be considered as estimates. The work presented here shows the 

importance of including induced evapotranspiration and contained water content as exported 

water in trade analysis when drafting water policies. Enhanced procedures to account for 

exported water and references should be developed and disseminated. These results highlight the 

need to consider water use efficiency in agricultural irrigation to prevent further loss of 

evapotranspiration.  

The findings suggest that California’s water resources are being exported outside its 

borders in magnitudes greater than that of the water consumed in state by the people of 

California. Thus, the state might be vulnerable to water-supply constraints if the trend continues 

indefinitely into the future. It further suggests that California has the potential of exacerbating 

the local environment by exporting more water than it can naturally regenerate through its 

hydrologic cycle. The figures and methodology developed in this study are intended to be useful 

to managers, policy makers, planners, researchers, educators and to all those who are concerned 

with California water use. With better water management practices and sound public policies and 

increased investment in water infrastructure and efficiency, farmers and other water users can get 

more use out of each unit of water. Continuing the practice of business as usual in the current 

water use scenario will likely lead to a long-term devastating effect that will only produce 
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environmentally-damaging consequences for California and the global agricultural market in 

which California is a major player. 
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CHAPTER 4. Energy analysis of reclaimed water application for crop 

irrigation in arid and semi-arid regions 

 

4.1. Abstract 

Freshwater availability is the major constraint to agriculture in arid and semi-arid 

regions. The energy advantage of applying reclaimed water versus groundwater for crop 

irrigation was analysed, using Southern California as spatial domain for model testing. An 

extensive compilation of the most recent publicly available datasets was used to calculate the 

energy intensity for each water supply source, the associated carbon footprint reduction and the 

monetary savings associated with using reclaimed water over groundwater. Our results indicate 

that for 1998-2010 in California the fractional water use for agriculture is 0.81 and for urban use 

is 0.19. During this same period, an average of 4.2 x 1010 m3 of water were used for crop 

irrigation, of which 1%, 46.8% and 52.2% came from reclaimed water, groundwater, and 

surface water, respectively. Each of these three main water sources is associated with a range of 

energy intensity (in kWh m3), depending on the process and environmental characteristics of the 

end-use location. Our analysis of multiple process and environmental configurations produced a 

detailed energy intensity database, with the associated carbon footprint. These databases are 

used to quantify the energy and carbon footprint difference between applying the current 

groundwater source and reclaimed water for irrigation. Figure 4-1 provides a summary of the 

energy intensity of water supply sources calculated from our study.  
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Figure 4-1. Summary of Energy Intensity for Water Supply Sources 

 

 

4.2 Introduction 

California’s unique geography and climate have allowed the state to become one of the 

most productive agricultural regions in the world. Situated across an arid and semi-arid region, 

California’s agricultural industry benefits from its naturally warm and dry summers, and mild 

winters, with average yearly temperature ranging between 13°C and 21°C (NOAA, 2015). The 

local government reported a record $43.5 billion in cash receipt in 2011 for overall agricultural 

production, making it the largest agricultural producer in the United States (CDFA, 2012).  
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The history of California’s agricultural industry and the limit of its growth are connected 

to the current water shortage created by a prolonged drought (DWR, 2013). Although there exist 

extensive water resources within the state boundaries, like in most mediterranean climatic 

regions the majority of population resides along the water-scarce coastal region, which in 

California corresponds to the southern region. Today, California’s water resources support over 

38 million people (CDOF, 2013) as shown in Figure 4-2, a 2.2 USD yr-1 trillion economy 

(World Bank, 2013) and the agricultural region with largest cash receipt in the United States 

(CDFA, 2012). In a typical year, the Californian agricultural land (approximately 2.5 x 103 ha) 

is irrigated using approximately 4.2 x 1010 m3 of groundwater (DWR, 2013). To accommodate 

the growth in population, the State of California and the US Federal Government built a 

complex hydraulic infrastructural network (dams, aqueducts, canals, reservoirs, and pumping 

facilities) to harness the inland water supply and deliver it to the cities and agricultural areas 

(Reisne, 1993; Nadeau, 1997; Hundley, 2001).  

 

 

Figure 4-2. The population of Southern California is estimated assuming that in the coming 

future the current percent (54%) of Californians living in the Southern region 
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Reduced water supply and growing population are exacerbating the effects of multi-year 

droughts in many regions, threatening the already stressed and fragile water systems. Previous 

studies (Alcamo et al., 2003; Smakhtin et al., 2004; Oki and Kanae, 2006; Famiglietti, 2014) 

have shown that California’s water supply is severely under stress. This is the case where the 

water to meet demand from urban areas, industry, ecosystems, agriculture and other sectors is 

nearing its limit under current management practices (Sabo et al., 2010). In the coming decades, 

the agricultural throughput is projected to match the population expansion both within 

California and in North America (Rosegrant et al, 2002). For these reasons, the cost of 

providing water continues to rise as municipalities seek to create and expand capital-intensive 

infrastructure to secure a reliable water supply (Miller, 2006). In many parts of California, the 

growing demand for water is outstripping the available supply, thus it is imperative to take 

proactive steps in conserving and augmenting the limited water supply resources (Chen et al, 

2013). Increasing attention has been directed in recent years to the use of reclaimed urban 

wastewater (Pereira et al., 2011). In fact, with advances in technology, reclaimed water is 

expected to meet the stringent potable quality requirements at a competitive cost providing a 

more sustainable resource for the industry in a drought-resilient fashion (Levine and Asano, 

2004; Kiziloglu et al., 2008; Molinos-Senante et al., 2011). The potential uses for reclaimed 

water in urban landscaping and agricultural irrigation provide an effective way to relieve the 

water resource demand in arid and semi-arid regions (Gunston, 2008). Many studies have also 

confirmed the benefits (cost savings, resource conservation, reliability, etc.) of using reclaimed 

water for crop irrigation (Yadav et al., 2002; Parsons et al., 2010; Rebora et al., 2010).  

The goal of this research is to analyse the energy advantage of applying reclaimed water 

for crop irrigation, and to quantify the associated carbon footprint reduction of using reclaimed 
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water versus traditional groundwater pumping in arid and semi-arid areas. Using California as a 

case study, the water, energy, and carbon-equivalent flows were quantified. In addition, the 

monetary advantage of substituting traditional water supply sources with reclaimed water, 

where possible, was assessed. 

 

 

4.3 Methods 

 

4.3.1. Model structure 

Using data previously reported by Wilkinson (2000, 2007), USBR (2002), CEC (2005) 

and DWR (2013), a data set was compiled, including each of the i={1,..,s} sources, Q(i) (m3 y-1) 

in the water supply portfolio Q (m3 y-1), the energy intensity of each water supply source e(i) 

(kWh m-3), and the carbon emission intensity k(j) (kgCO2eq kWh-1) for each of the power 

generation sources j={1,..,p}in the area of study. Using the conceptual model illustrated in 

Figure 1, for each point in space (x,y) the water supply portfolio Q is. 

  

Q = Q(i)
i=1

s

å       "(x,y)   i={1,..,s}        (1) 

For each source s, the energy footprint of the source E(s) (kWh y-1) is calculated as. 

  E(i) = Q(i) ×e(i)      "(x,y)   i={1,..,s}       (2) 

Thus, the overall energy footprint EFP (kWh y-1) for each point is. 

  

EFP = E(i)
i=1

s

å = Q(i) ×e(i)éë ùû
i=1

s

å       "(x,y)   i={1,..,s}     (3) 

The area studied may be supplied by power utilities from a diverse power generation portfolio 

relying on p sources (such as hydroelectric, nuclear, thermoelectric, eolic, photovoltatic, etc.) 

associated with different carbon emission intensities k(j) (kgCO2eq kWh-1). For each point (x,y) 
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where the water source i is supplied, the carbon-equivalent emission has to be calculated from 

the weighted-average carbon emission intensity <k> (kgCO2eq kWh-1). 

  

< k >  =

k( j) ×W ( j)éë ùû
j=1

p

å

W ( j)éë ùû
j=1

p

å
      "(x,y)   j={1,..,p}      (4) 

where W(j) (kWh) is the energy produced for each of the j={1,..,p} power sources employed to 

supply power to the point (x,y). 

Hence, the carbon emission intensity of each water source c(i) (kgCO2eq m
-3) is. 

  c(i) = e(i)× < k >       "(x,y)   i={1,..,s}       (5) 

Therefore, the carbon footprint for each water source C(i) (kgCO2eq y
-1) can be calculated as. 

  C(i) = c(i) ×Q(i) = e(i)× < k > ×Q(i)      "(x,y)   i={1,..,s}     (6) 

The overall carbon footprint CFP (kgCO2eq y
-1) is then. 

  

CFP = C(i)
i=1

s

å = e(i)×< k > ×Q(i)éë ùû
i=1

s

å       "(x,y)   i={1,..,s}    (7) 

 

4.3.2. Spatial domain 

 

Southern California was selected to test this model. This 105 km2 area includes six 

counties (Ventura, Los Angeles, San Bernardino, Orange, Riverside and San Diego), 

collectively amounting to more than 54% of California’s population at the time of this study 

(CDOF, 2000, 2013). Figure 4-3 illustrates the special domain and the rational procedure to for 

our model calculations.  
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Figure 4-3. Illustration of the rational procedure to calculate energy- and carbon- footprint for 

the i={1,..,s}water supply sources in each point (x,y), using their associated energy footprint 

e(i), and the carbon-equivalent emission of the power generation k(j) for each j={1,..,p} power 

source used to supply the point (x,y). 

 

4.3.3. Water reclamation processes 

For this study, the authors assumed that a typical Southern California water use cycle 

follows the process diagram identified in Figure 4-4.  The use of reverse osmosis (RO) as the 

technology to reclaim wastewater for aquifer recharge is currently used in many areas of this 

region.  
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Figure 4-4. Schematic of the water use cycle of an urban system interacting with nearby 

agricultural areas (after Wilkinson, 2007). 

 

A typical advanced water and wastewater treatment facility utilizes the RO process diagram 

similar to Figure 4-5.  The following equation (USBR, 2002) was used to determine the size of 

the RO treatment system.  

D

S

DS
F Q

TDSLRLR

TDSTDS
Q






)(1

)(
       (8) 

where QF  =  feed flow (m3 d-1) 

QD  =  demand (i.e., target) flow (m3 d-1) 

TDSD  =  demand (i.e., target) TDS (mg l-1) 

TDSS  = source TDS (mg l-1) 

R =  membrane salt rejection (%) 

L = volumetric loss (%) 
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Qc 
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QBYP  

 

Figure 4-5. Reverse Osmosis Process Diagram (USBR, 2002). Key: QT = total flow; QF = Feed 

flow into RO treatment system; QC = Concentrate flow; QP = Permeate flow; QD = Demand 

flow; QBYP = Bypass flow. 

 

 

The membrane salt rejection is the fraction of ions rejected by the membrane, which typically 

exceeds 90% for the brackish water RO membranes employed in water reuse (MWH, 2013). 

For this study, the authors followed the assumptions from USBR (2002) for volumetric loss of 

20%, i.e. QP/QF=0.8. 

Based on the information presented in figures 1-3, the authors calculated the energy intensities 

for water supply sources across Southern California using the energy intensity e(i) for each of 

the water supply sources i={1,..,s}. 

 

4.3.4 Water conveyance and lift 

 

Using the method previously reported by Sobhani et al. (2012), the energy intensity for 

conveyance and lift were calculated as. 

  
e

C
(i) = x × z           (9) 

  
e

L
(i) = w ×h           (10) 



 

68 

 

where  = energy requirement per unit conveyance (1.86 10-3 kWh km-1) 

 z = conveyance distance (km) 

 = energy requirement per unit lift (3.43 10-3 kWh m-1) 

 h = conveyance distance (m) 

 

4.3.5 Carbon footprint 

 

To calculate for the carbon footprint associated with the water usage in each point (x,y), 

the authors used a value for the carbon emission intensity k = 0.5 kgCO2eq kWh-1 as average 

representation of the Southern California basin. Since each point (x,y) within this spatial 

domain may have a different k(x,y), plausibly ranging between 0.3 and 0.7 kgCO2eq kWh-1, a 

sensitivity analysis was performed to show the effect of k variations on the overall carbon 

footprint CFP. Figure 4-6 provides the results of our sensitivity analysis.  
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 Figure 4-6. Sensitivity analysis: effect of carbon-emission intensity k on the annual carbon 

irrigation. 

 

4.3.6 Costs and savings 

 

For monetary savings, an agglomerate electric rate of 0.135 USD kWh-1 was assumed. 

Due to the equilibrium nature of this model, the electrical rate incorporates without 

discrimination the service and peak power demand charges, the averaged electrical tiered rates, 

and all applicable taxes. The electric rate used in our calculation is consistent with the utility 
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rate currently being applied to large treatment facilities (>5x104 m3 d-1) by Southern California 

Edison, the largest electrical utility provider in the state of California (CEC, 2015).    

 

4.4 Results and Discussion 

The results show that from 1998 to 2010, the annual average water used in crop 

irrigation was 4.2 x 1010
 m3, 46.8% of which came from groundwater, 52.2% from surface 

water, while only 1% came from reclaimed urban wastewater. During the same period, the 

authors found that the average annual urban water use was approximately 19.4% of the total 

5.21 x 1010 m3 used for the entire state, while 80.6% was used for crop irrigation. The time 

domain of the available data is set by the release schedule of public records. Within much 

smaller spatial domains, it is conceivable that direct measurements can be carried out with any 

desired frequency, however the modelling effort at the regional scale must rely on public 

programs for data collection and compilation in published repositories. 

Urban water reclamation can be used for landscape and crop irrigation without the need 

for membrane filtration or reverse osmosis treatment, both of which are required to address 

public health concerns (i.e., pathogen abatement). In areas where groundwater recharge was 

practiced to replenish aquifers for potable end use (i.e., Los Angeles, Orange, and Riverside 

Counties), reverse osmosis and membrane filtration were used. In these instances, the calculated 

energy intensity for water reclamation to meet the potable water standard was 0.640 kWh m-3.  

Our results show that there are savings in both groundwater supply and energy resources 

when applying reclaimed water for crop irrigation. The use of gravity filtration to reclaim water 

is the most economical method to meet regulatory compliance for landscape and irrigation end 

uses (Table 4-1).  
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Table 4-1. Water supply sources and associated energy intensities calculated from datasets for 

Southern California. 

Water Supply Source, i Energy Intensity, e(i) [kWh m-3] 

Reclaimed Water (Title 22 Gravity Filtration) 0.32 

Reuse Water – Recharge Grade 0.64 

Groundwater Pumping 0.77 

Groundwater (Ion Exchange Water) 0.85 

Groundwater Desalination (RO Water) 1.38 

Colorado River Aqueduct 1.62 

State Water Project 2.04 

Ocean Desalination (RO) 3.57 

 

In fact, where microfiltration membranes or reverse osmosis have energy intensities of 

0.52 kWh m-3 and 0.64 kWh m-3, respectively, gravity filtration (assumed here to be carried out 

with dual media filters) has an energy intensity of 0.32 kWh m-3. Since reverse osmosis is not 

required for the production of reclaimed water suitable for irrigation, the energy intensity value 

for gravity filtration was selected as comparison term with the current groundwater scenario. The 

authors found that for Southern California the average energy requirement for groundwater 

pumping was 0.770 kWh m-3 while reclaimed water production with gravity filtration was 0.324 

kWh m-3. Hence, the energy advantage of applying reclaimed urban wastewater for crop 

irrigation over groundwater pumping within this spatial domain would be 0.446 kWh m-3. 
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The calculated energy savings for applying reclaimed water in lieu of traditional 

groundwater results in 57.9% reduction of energy usage.  Annually, this amounts to 

approximately 187 GWh y-1 of energy savings for California, resulting in a reduction of 4.68 x 

107 MTCO2E (metric tonne of CO2 equivalent) of carbon emission. If reclaimed water use were 

increased from 1% to 5%, 10%, 15%, or 20%, the respective total energy savings, monetary 

savings and carbon footprint reduction would increase linearly, as tabulated in Table 4-2.  

 

Table 4-2. Energy savings (kWh y-1), monetary savings (USD+ y-1) and carbon footprint 

reduction (MTCO2E y-1) per year as a function of reclaimed water use. 1Calculated using energy 

savings of 0.446 kWh m-3 (difference between groundwater energy intensity of 0.77 kWh m-3 

and reclaimed water energy intensity of 0.324 kWh m-3; 2Calculated using electrical rate of 

0.135 USD+ per kWh; 3Calculated using conversion factor, k = 0.5 kgCO2,eq kWh-1; +2015 

Dollars. 

 

 

 

 

 

 

 

The calculated energy intensities for other supply sources such as imported water from 

Northern to Southern California and from the Colorado River Aqueduct system, ocean 

desalination, and impaired groundwater recovery were also calculated (Figure 4).  Reclaimed 

water (obtained through gravity filtration) required the least amount of energy, whereas ocean 

desalination had an energy intensity approximately 11 times higher. When compared to 

traditional groundwater pumping, the energy intensity associated with water reclamation was 
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discounted by 58%, highlighting the importance of reclaimed water as a potential competitive 

source.  

When considering the energy requirements for water distribution along a 10 km of 

horizontal conveyance and 100 m of vertical lift (the average elevation for urban areas in 

Southern California), the energy contributions for conveyance and lift were 0.026 kWh m-3 and 

0.34 kWh m-3, respectively. Therefore, to account for the full energy requirements from point of 

treatment to point of use, the energy intensities for horizontal and vertical conveyance must be 

added to the calculated data presented in Table 4-3. 

 

Table 4-3. Summary of Energy Intensity for the water sources considered in this research 

 

 

 

 

 

 

 

 

 

 

 

 

 

Water Supply Sources

Energy Intensity of 

Water Production

(kWh m-3)

Energy Intensity 

of Conveyance

(kWh m-3 kmconv )

Energy Intensity 

of  Lift

(kWh m-3 mlift)

Total Energy 

Intensity

(kWh m-3)

Ocean Desalination

(RO water, 100m vertical lift,

10km conveyance)

3.57 0.026 0.34 3.94

Ocean Desalination

(RO water, 100m vertical lift)
3.57 0.34 3.91

Ocean Desalination

(RO water, 10km conveyance)
3.57 0.026 3.60

Ocean Desalination

(RO water)
3.57 3.57

State Water Project

(surface water, gravity flow

conveyance, final 600m lift)

2.04 2.04

Colorado River Aqueduct

(surface water, initial 400m lift,

gravity flow thereafter)

1.62 1.62

Groundwater Desalination

(RO water)
1.38 1.38

Groundwater Treatment

(Ion Exchange water)
0.85 0.85

Groundwater Pumping

(200m head)
0.77 0.77

Reused Water - Recharge Grade

(wastewater treatment + RO)
0.64 0.64

Reclaimed Water - CA Title 22

(wastewater treatment followed

by gravity filtration)

0.32 0.32
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The authors recognize that there may exist infrastructural and administrative limitations 

among water agencies and agricultural users within a region as to the extent in which reclaimed 

water can be produced, conveyed, applied, and accepted. Also, locations without proper 

infrastructure or with cultural incompatibility with reclaimed water may be unable to consider 

water reclamation as an option for their water supply portfolio. However, it is important to 

frame the transition to reclaimed water within the context of energy savings and monetary 

benefits. At the present moment, California would be unable to substitute all its groundwater 

use for reclaimed water, due to limits in existing infrastructure for both production and 

conveyance. Furthermore, the majority of population within this spatial domain is located in the 

Southern coastal region, hence investments in infrastructure would be necessary to deliver 

reclaimed water from urban areas to places where agricultural activity is abundant, such as in 

the Central Valley, Coachella Valley, and the Imperial Valley farming areas. However, when 

the water source for water reclamation is brackish agricultural runoff (Lee and Jones-Lee, 2007) 

or brackish groundwater (Sobhani et al, 2012) from areas near or corresponding to the 

agricultural production, the energy requirements for conveyance and lift may be substantially 

abated.  

 It is important to recognize the long-term benefits of matching water quality with the 

actual end use application. Reclaimed water should be used for crops irrigation while pristine 

groundwater should remain reserved for potable consumption. Given that water demand for 

urban, agricultural, and environmental needs is projected to rise (DWR, 2013), resource 

allocation efficiency and demand management must be taken into consideration during the 

policymaking. Thus, decision makers should consider the energy intensity of water (i.e., 

including the contributions from conveyance and lift) as quantitative metrics to support the 
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other factors in the evaluation of projects. Moreover, by requiring end users to apply the least 

energy-intensive source of supply, whenever feasible, the regulatory framework would not only 

promote monetary savings but also accomplish the goal of placing the appropriate value to all 

water sources, a task impossible to achieve when differential pricing, incentives and subsidies, 

and lack of regulation are applied to some but not all water sources. 

 

4.4.1 Comparison with other energy uses 

 

When examining the average energy requirements for agricultural harvest and crop 

processing in California, the California Energy Commission reported 3.7 x 103 GWh y-1 (CEC, 

2008). However, future research should revisit this value to discriminate between crops and 

final product. In contrast, the energy consumed to provide an estimated 1.9 x 1010 m3 of 

groundwater pumping for crop irrigation was calculated here at 1.5 x 104 GWh yr-1, making the 

energy requirement for groundwater irrigation the largest energy contributor in the food 

production chain, at approximately 4.1 times higher than the energy required to harvest and 

process all crops. Further examination of other energy uses in California indicated that the 

energy consumed in agriculture, predominantly in food production (planting, tilling, watering, 

harvesting, processing, waste/refuse processing), was approximately 7% of the total energy 

produced in California, 2% higher than the energy used in transportation, communication, and 

utilities combined, and 6% higher than the annual electricity required for all street lightings in 

California (CEC, 2009).   

In 2012, the California agricultural industry reported an export value of 18.18 billion 

USD, a record 42.7% cash receipt for all crops produced in the state (CDFA, 2013). As the 

country’s sole exporter of many agricultural commodities, supplying >99% of almonds, 
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artichokes, dates, figs, raisins, kiwi, olives, peaches, pistachios, plums, pomegranates, rice, and 

walnuts, California’s agricultural export is expected to continue to rise (CDFA, 2013). One area 

of knowledge gaps is the quantification of the water embedded in agricultural exports. Further 

research in this area is needed to determine how the agricultural exports from one region affect 

the overall water portfolio for that region and the region receiving its water-bearing produce. 

 

4.4.2 Climate change effects 

 

 Following a global trend, California has undergone a warming trend in recent decades 

with more rain than snow in total precipitation volume (DWR, 2013). Increasing temperatures 

are melting snowpack earlier in the year and pushing the snowline at higher elevations, resulting 

in less snowpack storage. The current trend is projected to become more frequent and persistent 

for the region. As a result, surface water supply is projected to erode with time, while the 

rainfall will experience increased variability, possibly leading to more frequent and extensive 

flooding (Fissekis, 2008). Rising sea levels will also increase the susceptibility to coastal and 

estuarine flooding and salt water intrusion into coastal groundwater aquifers (Hanak and 

Moreno, 2008). In California that sea level is estimated to rise between 150 and 610 mm by 

2050 (DWR, 2013). As the reliability of surface water is reduced due to the effects of climate 

change, if water reclamation is not implemented with higher market penetration, the demand on 

groundwater pumping is expected to increase, resulting in higher energy usage for crop 

irrigation. Our calculations show that for every percent increase in groundwater pumping over 

2015 values, the state would consume an additional 323 GWh y-1 of energy generating a net 

increase of 8 x 104 MTCO2E y-1. This additional energy usage will amount to approximately 

43.7 million USD for every percent increase in groundwater pumping applied to crop irrigation, 
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calculated in 2015 dollars. Further research is warranted to determine the effect of climate 

change on carbon footprint associated with the energy requirements for irrigation water, 

particularly for crops grown exclusively for export and how this carbon emission compares with 

other societal compartments of the energy portfolio.  

  

4.4.3 Effects of varying power generation portfolios  

 

A sensitivity analysis was performed to show the effect of variable k on the overall 

carbon footprint associated with the energy savings of applying reclaimed water in lieu of 

traditional groundwater pumping (Figure 4-2). For this analysis, the k values ranging between 

0.3 and 0.7 kgCO2eq kWh-1 were used to account for the different k(x,y) within a spatial domain 

analysed in our study. Furthermore, this sensitivity analysis addresses the global drive to 

mandate increasing shares of renewables in power generation portfolios (Energy Efficiency - 

Invisible Fuel, 2015). For example, in 2011 California Senate Bill No. 2 requires electric service 

providers to increase procurement from eligible renewable energy resources from 20% to 33% 

by 2020 (CPUC, 2015).  

 

4.4.4 Extension to other regions 

 

In 1994, in its General Assembly meeting to combat desertification in countries 

experiencing serious droughts, the United Nations defined arid and semi-arid regions as areas 

having the ratio of annual precipitation to potential evapotranspiration within the range of 0.05 

to 0.65 (UNCCD, 1994). According to this definition, regions in California and other 

Mediterranean countries such as Chile, Spain, France, Italy, South Africa and portions of 
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Australia are classified as arid and semi-arid regions. Other regions of the world such as Central 

Asia, South Asia, East and Southern Africa, Central Africa and West Africa also meet this 

definition. The information presented in our research is intended to serve as a baseline for 

reference in areas sharing similar climate conditions as defined by the UNCCD.  

 

4.5. Summary and conclusions 

The study found that currently the use of reclaimed water application in California for 

the agricultural industry is very low, an average 1% for the period 1998 - 2010. For every 

percent increase in reclaimed water use in agriculture, the resulting energy saving is 187 GWh 

yr-1, which at the current energy cost equates to more than 25 million USD. Aside from the 

energy saving and economic benefit, the application of reclaimed water for crop irrigation also 

produces a direct safeguard of 4.2 x 108 m3 in groundwater supply and a reduction in carbon 

footprint of 4.68 x 107 MTCO2E y-1.  

If reclaimed water use increased from the current 1%, the energy savings, carbon 

footprint reduction, and economic benefits were calculated for both the current power 

generation portfolio and for the projected increase of renewable energy. Even in the scenario of 

a substantial reduction of CO2-equivalent emissions by meeting and exceeding targets for 

renewable energy, the increase in reclaimed water use would still provide a net carbon footprint 

reduction. Figure 4-7 shows the results of our model calculations.  
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Figure 4-7 Water Supply Energy Intensities (inverted vertical scale). 

This research is intended to serve as a baseline reference and used as a planning tool to help 

water resources planners. Specific location, availability of reclaimed water supply, conveyance 

infrastructure and methods of treatment will influence the calculated results and associated costs 

presented. Nonetheless, the results of this study furthers our current understanding on the role of 

reclaimed water on curbing groundwater withdrawal in an arid and semi-arid region like that of 

Southern California, by providing the context of its existing usage, estimated energy 

consumption, carbon footprint reduction, and potential monetary savings that can be realized. 

The trends observed in this study may be applicable to other regions of the world where water 

scarcity, energy costs, and climatic conditions require the use of reclaimed water as a sustainable 

water source. 
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CHAPTER 5. Conclusions 

 

5.1. Exported water content 

The central hypothesis of this research was tested and yielded a positive result: we found 

true the statement that for each unit of water exported from an agricultural spatial domain there is 

greater loss of water from evapotranspiration than from the water contained in the exported crops. 

The calculated contained water content was in the 50 crops exported was 2.32 x 108 m3, 

equivalent to 0.6% of the total irrigation water use. The associated induced evapotranspiration 

from the exported crops (ETc) was 2.85 x 1010 m3 yr-1 equivalent to a total of 67.7% of the 

overall irrigation usage. Of the 50 crops analyzed, alfalfa hay, grapes, almonds, rice, cotton, 

wheat, walnuts, tomatoes, oranges, lettuce, pistachios, plums, peaches and nectarines, broccoli 

and avocados were the 15 leading crops consuming most of the exported water. The calculated 

ETc is approximately 123 times greater than the physical water contained in the crops, 

confirming our hypothesis that for each unit of water exported, there is a greater loss of water 

through evapotranspiration as a result of irrigation. As a comparison, the annual urban water 

consumption in California is approximately 1.01 x 1010 m3, thus the induced evapotranspiration 

as a result of agricultural irrigation is 2.8 times greater than the total annual water consumed by 

municipalities.  When comparing the results of our calculations to those from the Field Capacity 

Model that produce evapotranspiration estimates from atmospheric measurements, our results are 

in agreement with less than 3% error. 
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5.2. Energy Intensity 

The research hypothesis tested true: in fact, the application of reclaimed water not only 

preserves groundwater resources but also decreases the energy footprint and carbon emissions 

associated with crop irrigation. The results show that there are savings in both groundwater 

supply and energy resources when applying reclaimed water for crop irrigation. For California, 

the average energy requirement for groundwater pumping was 0.770 kWh m-3 while reclaimed 

water production with gravity filtration was 0.324 kWh m-3. Hence, the energy advantage of 

applying reclaimed urban wastewater for crop irrigation over groundwater pumping within this 

spatial domain would be 0.446 kWh m-3. The calculated energy savings for applying reclaimed 

water in lieu of groundwater resulted in 57.9% reduction of energy usage.  Annually, this 

amounts to approximately 187 GWh y-1 of energy savings for California, creating in a reduction 

of 4.68 x 107 MTCO2E (metric tonne of CO2 equivalent) of carbon emission. If reclaimed water 

use were increased from 1% to 5%, 10%, 15%, or 20%, the respective total energy savings, 

monetary savings and carbon footprint reduction would increase linearly. Based on the 

calculations, reclaimed water (obtained through gravity filtration) required the least amount of 

energy, whereas ocean desalination had an energy intensity approximately 11 times higher. 

When compared to traditional groundwater pumping, the energy intensity associated with water 

reclamation was discounted by 58%, highlighting the importance of reclaimed water as a 

potential competitive source.  
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5.3. Research Limitations 

The results of this study further our current understanding on the role of reclaimed water 

on curbing groundwater withdrawal in arid and semi-arid regions. The findings in this research 

are also intended to serve as a quantitative tool to support decision makers. The trends observed 

in this study may be applicable to other regions of the world where water scarcity, energy costs, 

and climatic conditions require the use of reclaimed water as a sustainable water source. 

Quantitative research in the field of exported water is still very much underdeveloped despite the 

many virtual water studies conducted over the years. The data presented in this research can 

serve as estimate but further research should address the uncertainty. Enhanced procedures to 

account for exported water and references should be developed and disseminated. These results 

highlight the need to consider water use efficiency in agricultural irrigation. Our findings suggest 

that California’s water resources are being exported outside its borders in magnitudes greater 

than that of the water consumed by the municipalities within the state. Thus, the state might be 

vulnerable to water-supply constraints if the trend continues indefinitely into the future. With 

better water management practices and sound public policies and increased investment in water 

infrastructure and efficiency, farmers and other water users can increase the yield of each water 

unit consumed. The current scenario appears to promote a positive feedback mechanism of 

resource draining resulting in environmental consequences for California’s water resources. 
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CHAPTER 6. Future Steps 

 
6.1. Observed trend in agricultural irrigation 

California agriculture under growing pressure of water is beginning to explore innovative 

uses of reclaimed water. Some growers already use reclaimed wastewater in different ways, 

depending on the level of treatment the water receives. Most common is the use of secondary-

treated wastewater on fodder and fiber crops. Increasingly, however, growers are irrigating fruits 

and vegetables with tertiary-treated wastewater producing high-quality crops and high yields. 

Wong et al., (1999) reported that the Cities of Visalia and Santa Rosa have developed projects to 

irrigate more than 6,000 acres of farmland including a walnut orchard with secondary-treated 

wastewater. Though the projects were primarily designed to reduce wastewater discharge, both 

cities have gained from the water-supply benefits of applying reclaimed water.  

The mix of California crops and planting patters has been changing. These changes are 

the result of decisions made by large numbers of individuals, rather than the intentional actions 

by state policymakers. California farmers are planting more and more high-valued fruit and 

vegetable crops, which have lower water requirements than the field and grain crops they are 

replacing. They can also be irrigated with more accurate and efficient precision irrigation 

technologies. As a result, California is slowly increasing the water productivity of its agricultural 

sector, increasing the revenue or yield of crops per unit water consumed. Over time, these 

changes have the potential to dramatically change the face of California agriculture, making it 

even more productive and efficient than it is today, while saving vast quantities of water.  

In the past two decades, California farmers have made considerable progress converting 

appropriate cropland and crops to water-efficient drip irrigation. Much of this effort has focused 

on orchard, vineyard, and berry crops. Recent innovative efforts now suggest that row crops not 



 

84 

 

previously irrigated with drip systems can be successfully and economically converted. This case 

provides the example of two farmers converting bell peppers row crops to drip irrigation with 

great success. Subsurface drip irrigation substantially increased pepper yields, decreased water 

consumption, and provides greatly improved profits.  

 

6.2. Extension to all crops 

Due to limited availability of public data, our research could only examine 50 of the top 

exporting commodities in California. According to the California Department of Food and 

Agriculture, there are 305 known crops produced in the region. Additional research should be 

extended to assess the exported water of the remaining 255 crops and to evaluate the overall 

effects of evapotranspiration for all crops commercially produced in California. Since many 

regions of California are classified as arid and semi-arid areas sharing similar climate conditions 

to those of other Mediterranean countries, such as Chile, Spain, France, Italy, South Africa and 

portions of Australia according to UNCCD. The information presented in our research model can 

be used as a baseline for reference for calculating exported water of other crops grown in similar 

climate conditions.  

 

6.3. Energy exportation from crops (beyond irrigation) 

Previous study by Nguyen et al., 2015 reported that groundwater pumping consumes 

approximately 1.5 x 104 GWh yr-1, making the energy requirement for groundwater irrigation the 

largest contributor in the food production process. As shown from the results of our calculations, 

the majority of exported water was in the form of evapotranspiration induced by crop irrigation. 

Thus, it warrants that further research be conducted to examine the energy being exported as a 
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result of induced evapotranspiration beyond the energy requires to irrigate.  This research will 

shed light on the overall energy consumption in the entire food production process including 

energy expended within a spatial domain and the exported quantity induced via 

evapotranspiration.  

 

6.4. Future research studies 

One area of research which has not been conducted is the effects of positive feedback 

mechanism of the overall exported energy of crops as a result of induced evapotranspiration. 

Future research should be extended to cover all remaining crops commercially produced in 

California. The outcomes of this model can be extended to quantify the overall exported energy 

from irrigation that is lost by induced evapotranspiration to that of the energy consumptions from 

other sectors of the California economy.  The results of this future study will help close the loop 

on the life-cycle energy consumption analysis for California agriculture industry.  
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Figure A1 – Calculated Evapotranspiration Model Validation 
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Figure A2 – Induced ETc sensitivity analysis for wet and dry years 
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Figure A3 – California Almonds Exports 
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Figure A4 – California Pistachios Exports 
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Figure A5 – California Regulations Related to Recycled Water 
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Figure A6 – California Regulations on Disinfected Tertiary Water 
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Figure A7 – Model Schematic of Disinfected Tertiary Water 

 

Figure A8 – Model Schematic of Disinfected Tertiary Water 
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Figure A9 – Mathematical equations for energy analysis model structure 
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Figure A10 – Range of water supply energy intensities 

 

 

Figure A11 –Validation for calculated water supply energy intensities 
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Figure A12 – Market penetration of energy, carbon footprint and monetary savings 

 

Figure A13 – Challenges and Opportunities for recycled water use in California Agriculture 
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Figure A14 – Summary of Study Recommendations 

 




