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EXECUTIVE SUMMARY 
 
The Irrigation Training and Research Center (ITRC) at Cal Poly State University, San Luis 
Obispo, conducted an analysis of the energy used to supply water to California’s agriculture 
and examined potential future trends in the agriculture water community to predict future 
energy requirements.   
 

A. Water Currently Destined for Agricultural Irrigation 
Currently, energy use for agricultural water varies by location throughout the state.  Table 1 
shows the current estimated electrical energy requirement by sector throughout the state.  
These estimates have been calculated by ITRC for a typical precipitation year.  Explanations 
of how these estimates were made are found in the body of this report. 
 
For this analysis the state was split into 13 zones based on the DWR ETo Zone Map.  The 
numerical values for each zone are consistent with DWR values; however, some of the zones 
have been modified.  Figure 1 indicates the zones that have been used for this study.  In the 
figure, all coastal zones (1,3,4) are shown collectively under Zone 3 to reduce clutter. 
 

Table 1.  Total electrical energy requirement for agricultural water destinations by 
sector throughout California for an average year 

Modified 
DWR ETo 

Irrig. District 
Surface Water 

Pumping 

Irrig. District 
Groundwater 

Pumping 

On-Farm 
Groundwater 

Pumping 

On-Farm 
Booster 

Pumping 

Conveyance 
to Irrig. 
Districts 

Total Electric 
Energy Use by 

Zone  
Zone MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year  

1 0 0 54,964 20,852   75,816  
3 0 0 365,562 145,076   510,638  
4 0 0 61,207 18,132   79,339  
6 0 0 401,843 148,034   549,877  
8 3,896 137 14,573 21,350   39,957  
9 0 0 255,199 87,567   342,767  

10 0 0 273,277 58,730   332,007  
12a 26,171 27,051 283,381 300,329   636,932  
12b 8,307 8,586 159,637 101,075   277,606  
14 131,125 2,032 108,394 488,733 450,526 1,180,809  
15 514,605 199,386 1,659,804 688,121 1,269,062 4,330,978  
16 137,662 8,840 846,938 380,371   1,373,811  
18 0 0 14,236 415,152   429,388  

Total 821,800 246,000 4,499,000 2,873,500 1,719,600    
        
  Total Ag. Irrig. Water Electrical Energy Usage 10,159,900 MWh/Year 
        
    Confidence Interval +/- 10%  
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Figure 1.  Zones used for the agricultural energy analysis.  Zones 1 and 4 are included 
in Zone 3 on the map. 
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Figure 2.  Indicates the average energy requirement for agricultural irrigation water 
applied in each zone (KWh/AF) during an average year 
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Figure 3.  Shows where the majority of energy is used in the state for agricultural 
pumping.  However, Zone 15 is in Kern County and western Fresno and Merced 

Counties.  Most of the zone energy is used in Kern County for pumping. 
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The statewide total applied agricultural irrigation water is shown in the table below.  The 
values on a regional basis were estimated using a) evapotranspiration of irrigation water 
values developed by ITRC for crops using different irrigation methods throughout the state, 
b) estimated distribution uniformities for different irrigation methods, and c) frost protection 
and water required for leaching salts from the rootzone.  Data regarding irrigation type, 
acreage and irrigation deliveries for an average year in each zone were obtained from 
information gathered by ITRC. 
 

Table 2.  Estimated total applied irrigation water by source for an average year 

DWR 
ETo 

Irrig. District 
Surface 
Water 

Delivered 

Irrig. District 
Groundwater 

Pumping 

On-Farm 
Groundwater 

Pumping 
Total Applied 

Water by Zone  
Zone AF/Year AF/Year AF/Year AF/Year  

1 0 0 123,965 123,965  
3 0 0 824,486 824,486  
4 0 0 138,046 138,046  
6 0 0 959,939 959,939  
8 116,140 681 56,387 173,209  
9 0 0 880,841 880,841  

10 0 0 669,478 669,478  
12a 3,025,343 129,393 972,963 4,127,699  
12b 960,284 41,071 559,014 1,560,369  
14 8,349,919 14,048 425,118 8,789,086  
15 4,175,145 505,920 3,880,110 8,561,175  
16 2,655,088 43,121 2,533,649 5,231,858  
18 4,128,768 0    61,432 4,190,200  

Total 23,410,700 734,200 12,085,400    
      
  Total Irrigation Water Applied 36,230,300 AF/Year 
      
  Confidence Interval +/- 9%  

 
Table 1 and Figure 3 indicate that the majority of energy use in California for agricultural 
pumping occurs in the Sacramento and San Joaquin Valleys, where the majority of 
agriculture is located.  However, Figure 2 indicates that the energy requirement for irrigation 
water is highest in coastal regions of California.  The reason for this, as shown in Table 2, is 
that the coastal regions do not have a supplemental surface water supply source and farmers 
must pump groundwater, which requires significant energy.   
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B. Transfer of Historical Agricultural Water to MWD 
Currently, Metropolitan Water District of Southern California (MWD of SC) has water 
transfer agreements with Imperial Irrigation District, Palo Verde Irrigation District, 
Coachella Valley Water District, and some groundwater banking districts in Kern County, as 
well as irrigation districts in Northern California.  Some of these transfer agreements are with 
agricultural users of Colorado River water, shown in Table 3. 
 

Table 3.  Water Transfer Agreement for the Colorado River Basin to MWD of SC 

District Status AF/year MWh/AF Total MWh 
IID In Place 105,000 2.178 230,000 

PVID Pending 25,000 to 111,000 2.074 52,000 to 230,000 
CVWD In Place 60,000 NA NA 

     
IID - Imperial Irrigation District   
PVID - Palo Verde Irrigation District  
CVWD - Coachella Valley Water District  

 
The Imperial Irrigation District (IID) agreement was signed in 1990 and fully implemented 
by 1998.  The Palo Verde Irrigation District (PVID) Agreement has been tentatively 
approved but must await approval of the QSA (Qualification Settlement Agreement) 
currently being negotiated.  If the QSA were finalized, the PVID transfer could occur within 
a few months.  The Coachella Valley Water District (CVWD) agreement is in reality an 
exchange, not a transfer.  It involves exchanging water that CVWD is entitled to, and has 
paid for, from the California Aqueduct, with Colorado River water that MWD is entitled to.  
This is essentially a bucket for bucket exchange.  CVWD has no physical means to receive 
California Aqueduct water without building an expensive pipeline, and MWD is able to 
provide water to CVWD out of their Colorado River Aqueduct. 
 
The MWD also has transfer agreements and purchases with agricultural water users in the 
northern part of the state as shown in Table 4. 
 

Table 4.  One-year (2003) water transfer options exercised by MWD 

Water Agency 
Amount of Water 
Transferred (AF) 

Glenn-Colusa Irrigation District 50,000 
Western Canal Water District 20,000 
Richvale Irrigation District 17,200 

Meridian Farms Mutual Water Company, 
Natomas Central Mutual Water Company, 
Pelger Mutual Water Company, Pleasant 
Grove-Verona Mutual Water Company, 
Reclamation District 108, River Garden 
Farms, Sutter Mutual Water Company 

50,000 
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These one-year water transfers were agreed to by the irrigation districts because of a 
reduction in State Water Project supplies to MWD resulting from a relatively dry year 
throughout the state.  Farmers within each district voluntarily agreed to fallow land 
(generally it was originally planted to rice) or plant crops that would use less water.  In 
certain infrequent instances groundwater was substituted for surface water. As 
reimbursement, MWD paid $100 per acre-foot of estimated crop irrigation water use savings. 
 
The energy consumption that results from such transfers depends on what MWD decides to 
do with the water.  MWD can bank the water in groundwater banking facilities so that it can 
be utilized at a future date, or it can take the water directly.  The following table shows the 
estimated energy requirements for these options.  Banking the water has an additional energy 
component for moving the water from the California Aqueduct to the banking facilities, and 
for pumping to get the water out of the groundwater aquifer and back into the California 
Aqueduct.  More detailed discussion of groundwater banking can be found in the body of this 
report, as well as in Attachments G and H. 
 

Table 5.  Energy requirements for water transfers from Northern to Southern 
California 

Added 
Energy 

Component 
Total Energy 
Requirement 

Scenarios KWh/AF KWh/AF 
Direct transfer from Northern 
California to MWD -- 3,850 
Banking Options   

Arvin-Edison WSD 1,100 4,950 
Semitropic WSD 650 4,500 
Kern County Water Agency 400 4,250 

 

C. Potential Future Energy Requirements 
There are many possible scenarios that could take place in the future that will have an impact 
on future energy requirements.  The following are some of the possible scenarios that are 
likely to occur. 
 

Scenario 1 

This scenario includes a doubling in drip/microspray acreage throughout the state.  Many of 
the converted irrigation systems are assumed to operate solely on groundwater as opposed to 
district-supplied surface water.  The actual percentage differs by region and is shown in the 
Potential Future Energy Requirement Section of the main report.  These farmers that opt to 
use well water rather than surface water when they switch to drip irrigation do so for two 
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primary reasons: (a) they have the water available “on demand”, and (b) the water is 
generally cleaner, and requires less filtration than does surface water. 
 

Table 6.  Total future electric energy requirements with a doubling in drip/micro 
acreage throughout California by region. 

DWR ETo 

Irrig. District 
Surface Water 

Pumping 

Irrig. District 
Groundwater 

Pumping 

On-Farm 
Groundwater 

Pumping 

On-Farm 
Booster 

Pumping 

Conveyance 
to Irrig. 
Districts 

Total Electric 
Energy Use by 

Zone  
Zone MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year  

1 0 0      53,835      23,053        76,889  
3 0 0    355,053    172,310      527,362  
4 0 0      56,504      24,842        81,346  
6 0 0    369,899    171,295      541,194  
8      3,896       137      14,282      44,777        63,091  
9 0 0    237,094    119,989      357,082  

10 0 0    270,699      72,199      342,899  
12a    26,171   27,051    502,237    559,400   1,114,859  
12b      8,307     8,586    248,337    190,200      455,431  
14  131,125     2,032    306,254    762,535    450,526 1,652,471  
15  514,605 199,386 1,887,797    965,421 1,269,062 4,836,272  
16  137,662     8,840    894,352    493,252   1,534,105  
18 0 0      13,505    480,644      494,149  

Total 821,800 246,000 5,209,800 4,079,900 1,719,600    
        
  Total Ag. Irrig. Water Electrical Energy Usage 12,077,100 MWh/Year
  Increase in Electrical  Energy Usage:   1,917,200 MWh/Year
 
 

Scenario 2a 

Three hundred thousand additional acre-feet of surface water are transferred from the Delta 
for municipal use in Southern California.  This assumes fallowing or crop shifting of 
irrigated acreage for the transfer.  Water that is transferred will not be replaced by on-farm 
groundwater pumping. 
 

  

District 
Surface Water 

Pumping 

District 
Groundwater 

Pumping 

On-Farm 
Groundwater 

Pumping 
On-Farm Booster 

Pumping 
Conveyance to 

Districts 
Energy for Water 

Transfers 
Total Energy Use 
for CA Ag Water

  MWH/Year MWH/Year MWH/Year MWH/Year MWH/Year MWH/Year MWH/Year 

Current 821,800 246,000 4,499,000 2,873,500 1,719,600 Variable 10,159,900 
New 817,100 246,000 4,499,000 2,873,500 1,719,600 +1,139,700 11,294,900 
      Increase:   1,135,000 
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Scenario 2b 

Three hundred thousand additional acre-feet of surface water are transferred from the Delta 
for municipal use in Southern California.  This assumes no fallowing of irrigated acreage for 
the transfer.  Water that is transferred will be replaced by on-farm groundwater pumping. 
 

  

District 
Surface Water 

Pumping 

District 
Groundwater 

Pumping 

On-Farm 
Groundwater 

Pumping 
On-Farm Booster 

Pumping 
Conveyance to 

Districts 
Energy for Water 

Transfers 
Total Energy Use 
for CA Ag Water

  MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year 

Current 821,800 246,000 4,499,000 2,873,500 1,719,600 Variable 10,159,900 
New 817,100 246,000 4,575,500 2,873,500 1,719,600 +1,139,700 11,371,400 
      Increase:   1,211,500 

 

Scenario 3a 

An additional 100,000 AF of surface water is transferred from Northern California for 
agricultural use in Westlands Water District.  This assumes fallowing or crop shifting of 
irrigated acreage for the transfer.  Water that is transferred will not be replaced by on-farm 
groundwater pumping. 
 

  

District 
Surface Water 

Pumping 

District 
Groundwater 

Pumping 

On-Farm 
Groundwater 

Pumping 
On-Farm Booster 

Pumping 
Conveyance to 

Districts 
Energy for Water 

Transfers 
Total Energy Use 
for CA Ag Water

  MWH/Year MWH/Year MWH/Year MWH/Year MWH/Year MWH/Year MWH/Year 

Current 821,800 246,000 4,499,000 2,873,500 1,719,600 Variable 10,159,900 
New 820,200 246,000 4,499,000 2,873,500 1,719,600 +34,700 10,193,000 
      Increase:        33,100 

 
Note that the +34,700 MWh/Year for water transfers could have been placed into the 
“Conveyance to Districts” column, rather than in the “Energy for Water Transfers” column.   
 

Scenario 3b 

An additional 100,000 AF of surface water is transferred from Northern California for 
agricultural use in Westlands Water District.  This assumes no fallowing of irrigated acreage 
for the transfer.  Water that is transferred will be replaced by on-farm groundwater pumping. 
 

  

District 
Surface Water 

Pumping 

District 
Groundwater 

Pumping 

On-Farm 
Groundwater 

Pumping 
On-Farm Booster 

Pumping 
Conveyance to 

Districts 
Energy for Water 

Transfers 
Total Energy Use 
for CA Ag Water

  MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year 

Current 821,800 246,000 4,499,000 2,873,500 1,719,600 Variable 10,159,900 
New 820,200 246,000 4,524,500 2,873,500 1,719,600 +34,700 10,218,500 
      Increase: 58,600 
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Note that the +34,700 MWh/Year for water transfers could have been placed into the 
“Conveyance to Districts” column, rather than in the “Energy for Water Transfers” column.   
 

Scenario 4 

The water transfer agreement between San Diego County Water Authority and Imperial 
Irrigation District takes place. 
 
Total Loss of Generation   = 178 KWh/AF 
 
Colorado Aqueduct Pumping Requirement  
(Wilkinson Report and personal communication  
with MWD of SC)   = 2,000 KWh/AF 
 
 
Total Energy Component = 2,000+178 (KWh/AF) = 2,178 KWh/AF (2.18 MWH/AF) 
 
Assuming an additional 100,000 AF transfer were to occur, the total energy component 
would be: 
 +218,000 MWh/Year 
 

Scenario 5 

The table below shows the maximum potential energy requirements for major groundwater 
banking districts in California that will likely send storage to Metropolitan Water District of 
Southern California (MWD).  These districts are located in Kern County. 
 

Table 7.  Energy requirement when maximum withdrawal occurs 

District   

Maximum 
AF Returned 

to MWD MWH/AF MWh/Year 

Arvin-Edison WSD Maximum 75,000 1.1 82,500 

Semitropic WSD Return 90,000 0.65 58,500 

  In Lieu 133,000 0.485 64,505 

Kern County WA Maximum 240,000 0.4 96,000 

TOTAL (max)   538,000   301,505 

The values in the table above indicate the annual maximum volume of water that 
theoretically could be returned to MWD.  However, it is highly improbable that the volume 
of water returned would be this high.  Nevertheless, this scenario provides a potential 
maximum energy requirement for current water banking programs in the southern portion of 
the San Joaquin Valley.  Case studies for each of these water banks can be found in 
Attachment F and a complete discussion of water banking can be found in the body of this 
report. 
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Scenario 6.  Desalination of Drainage Water 

The cost and energy requirement for desalination has decreased dramatically over the past 
decade.  The advent of low pressure reverse osmosis technology has been one of the major 
factors contributing to this decrease in operating cost.  The decreasing cost of desalination 
opens up the potential for use by the agricultural sector.  Drainage water along the west side 
of the Central Valley is very high in salts, specifically selenium.  Restrictions on disposal of 
this drainage water have caused significant problems throughout this region.   
 
Between 200,000 and 300,000 acre-feet (AF) of drain water could be discharged annually 
from the Westside of the Central Valley.  A current estimated energy requirement for 
desalination of drainage water is approximately 2.5 MWH/AF for water with a salinity level 
between 5,000 and 10,000 mg/L.  If 300,000 AF of drainage water were treated using 
desalination, the estimated annual energy requirement would be 750,000 MWh, plus the 
transportation costs. 
 
There is potential that utilizing solar ponds for brine disposal could produce some of this 
energy.  Brine disposal is one, if not the most important, factor for inland desalination plants.  
Further research on solar ponds and feasibility studies on brine disposal in general are needed 
to examine the potential for desalination of drainage water in the San Joaquin Valley. 
 

Scenario 7.  Fuel Switching 

In recent years there has been a significant increase in the conversion from electric motors to 
diesel engines for pumping throughout California because of the significant increase in the 
cost of electricity.  However, because of air quality concerns and new regulations there may 
be a shift back to electric motors.  This may require incentive programs to help reduce the 
cost of electricity.   
 
This scenario assumes a conversion of 50% of the current engines in each zone to electric 
motors.  The table below shows the change. 
 

  
Original Estimate of On-Farm 

Pumping Fuel Source 
Scenario 7 Estimate of On-Farm 

Pumping Fuel Source 
  Electric Non-Electric Electric Non-Electric 

Zone % % % % 
1 90 10 95 5 
3 90 10 95 5 
4 90 10 95 5 
6 95 5 97.5 2.5 
8 90 10 95 5 
9 80 20 90 10 
10 80 20 90 10 
12 80 20 90 10 
13 80 20 90 10 
14 65 35 82.5 17.5 
15 70 30 85 15 
16 70 30 85 15 
18 90 10 95 5 
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District 
Surface Water 

Pumping 

District 
Groundwater 

Pumping 

On-Farm 
Groundwater 

Pumping 
On-Farm Booster 

Pumping 
Conveyance to 

Districts 
Energy for Water 

Transfers 
Total Energy Use 
for CA Ag Water

  MWH/Year MWH/Year MWH/Year MWH/Year MWH/Year MWH/Year MWH/Year 

Current 821,800 246,000 4,499,000 2,873,500 1,719,600 Variable 10,159,900 
New 821,800 246,000 5,026,700 3,208,800 1,719,600 +0 11,022,900 
            Increase 863,000 

 
 

Ranchettes 

The analysis of energy used for agricultural pumping did not include information regarding 
municipal and industrial water pumping.  However, a popular form of urbanization in the 
Central Valley is to convert agriculture land to “ranchettes.”  Ranchettes are large lots, 
typically 0.5 to 8 acres, with a single-family dwelling.  This provides the potential for hobby 
farming as well as raising horses or other animals.  If the ranchettes are irrigated there is a 
potential impact on energy usage.  Since most irrigation districts in California were not 
designed to supply water to small parcels, these ranchette owners could be forced to pump 
groundwater for irrigation.   
 
In order to determine if ranchettes are being irrigated, ITRC conducted a GIS analysis 
utilizing LandSat images and California DWR Land Use shapefiles.  Using the satellite 
images taken in mid-summer, the vegetative index was calculated.  Utilizing the DWR land 
use data, the irrigated versus non-irrigated areas for small parcels in Tulare, Fresno, Kern, 
and Sacramento Counties were determined (a detailed explanation of the analysis can be 
found in Attachment E).  The results of this evaluation are shown in the table below. 
 

Table 8.  Percent of ranchette acreage that is irrigated 

 
Total Sample 

Size 
Total 

Irrigated 

Percent 
Irrigated 

Vegetation 
Region Acres Acres % 
Fresno 16,533 1,795 11% 
Kern 8,340 738 9% 
Sacramento 15,869 813 5% 
Tulare 7,878 1,237 16% 

 
The results indicate that only a small percentage of the ranchette areas are actually irrigated.  
From an energy use standpoint, this would lead to a lower overall energy use statewide if this 
land was converted from irrigated agriculture.  However, the energy required per acre of 
irrigated vegetation could be much higher if the ranchette owner pumps the water or if it is 
supplied by the local municipal water agency. 
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D. Reservoir Sensitivity to Global Warming 
The sensitivity of reservoir storage to drought and wet conditions will affect the availability 
of surface water throughout the growing season.  A spreadsheet was developed to make 
general predictions of the reservoir storage levels and outflows when inflows into the 
reservoir are changed.  Data was collected on the reservoirs on the Eastside of the San 
Joaquin Valley for varying time periods, depending on availability of information, and used 
to compare the actual inflow, outflow, and storage to an adjusted inflow, outflow and storage. 
 

Results 

• More precipitation in the form of rain and less snow pack results in earlier runoff. 
• Outflows of reservoirs with proportionately smaller capacities and large inflows are 

most affected by the changed inflow pattern.  Large reservoirs are less affected. 
• Reservoirs that operate at levels not pushing the maximum and minimum volumes do 

not show a need to change outflow. 
• Outflows that are reduced as a result of the changed inflows do so at the end of the 

summer when reservoir levels are near their minimum storage capacity.  This means 
surface water deliveries could be cut off earlier or reduced throughout the summer.  
This effect on outflows would be felt most during dry years.  The timing of such 
reductions depends on the reservoir.  

• Outflow changes and resulting power usage due to increased groundwater pumping is 
included in the table below. 
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Table 9.  Increased power use as a result of earlier runoff.  The figure below shows the maximum usable storage and average 
annual inflow into each reservoir. 

  Dam Name 
  Friant Buchanan Pine Flat Terminus Success Isabella New Melones Don Pedro 

Year 

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase 

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase
1996                             256,110 93,224 
1997                             185,312 67,454 
1998                                 
1999                                 
2000 235,889 84,212 0 0 0 0 32,950 13,510 0 0 0 0 0 0     
2001 166,536 59,453 0 0 0 0 16,291 6,679 1,262 459 0 0 0 0     
2002 150,689 53,796 0 0 86,365 36,273 22,262 9,127 0 0 25,438 15,543 0 0     

Average 184,371 65,821 0 0 28,788 12,091 23,834 9,772 421 153 8,479 5,181 0 0 220,711 80,339 
            
            Sum of Reservoir Averages 466,605 173,357
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E. Impact of Water Policies 
Water-related policies by state and national governments can have a huge impact on energy 
consumption, and on peak load demand.  In general, as government policy has shifted away 
from more storage and towards water conservation, pumps have provided much of the 
flexibility to enable that shift.  This is not to say that such policies are incorrect; but it does 
say that there are energy implications for California.  For example: 

• Drip/micro and sprinkler irrigation are promoted in water conservation plans to 
improve on-farm irrigation efficiency.  The shift from surface irrigation to drip/micro 
and sprinkler irrigation in many areas of the state has increased on-farm pumping.  
On the east side of the San Joaquin Valley, most of the irrigation district water does 
not utilize pumps for transportation.  When farmers shift to drip/micro or sprinkler 
irrigation, at a minimum they install a booster pump.  Typically, they also use 
groundwater rather than surface water when they switch irrigation methods. 

• Water quality regulations have reduced the amount of irrigation surface tailwater and 
canal spillage that can enter rivers and sloughs.  Capturing and reusing that water 
almost always requires pumping plants. 

• Policies promote off-stream storage of water (such as groundwater banking or 
reservoirs such as the San Luis Reservoir) rather than in-stream storage (traditional 
dams).  Almost all off-stream storage projects require pumps to lift water at one stage 
of the process. 

• Water transfers typically require more pumping than do regular deliveries.  Water 
transfers are needed during years of low hydro-electric generation. 

• Urbanization causes agriculture in some areas to shift to non-irrigation district lands – 
where the only water available is groundwater. 

• At some times in the southern San Joaquin Valley, low elevation irrigation districts 
receive water from high elevation sources, but high elevation districts receive water 
from low elevation sources.  Regulations regarding the usage of Federal CVP and 
California Aqueduct SWP water prevent shifting destinations with a simple paper 
trade of water – which could result in considerable energy savings. 

 
There does not appear to be any rational, systematic, and analytical process available to 
policymakers that examines the electric energy impacts of proposed environmental or water 
policies.  Policymakers are therefore unaware of the energy implications of their proposals. 
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F. Future Research 
Future research recommendations were provided by participants of the Nov. 24, 2003 
meeting.  Those recommendations, plus information from other sources, were incorporated 
into a March 2004 document entitled “Technology Roadmap – Water Use Efficiency in 
California Agriculture”, by Charles Burt and Ricardo Amon.  That report can be found 
through http://www.itrc.org/reports/cec.html.  Four research tracks are recommended, as seen 
below. 
  

 
Research  
Tracks 

 
On-farm 

Improvements 

 
 District or Project Improvements 

I. Hardware 
improvements 

  

1. Pumping plant-
related 

a. Improved pump and motor efficiency 
and durability 

a. Improved pump and motor efficiency 
and durability 

 b. Improved filter construction and 
operation 

b. Improved filter construction and 
operation 

 c. Investigate inlet conditions c. Investigate inlet conditions 
 d. Investigate column dimensions d. Investigate column dimensions 
  e. Optimize operation of supply and 

drainage wells 
2. On-farm 

irrigation 
system-related 

a. Improved hand-move sprinkler design a. Research into soft-start/soft-stop 
hardware 

 b. Improved cleaning of drip systems  
 c. Simplified irrigation scheduling  
 d. Research into soft-start/soft-stop 

hardware 
 

3. Power-rate-
related 

a. Power use audits a. Power use audits, including auditing of 
delivery strategies 

II. Reductions in 
water demand 

a. Investigate use of Regulated Deficit 
Irrigation (RDI) 

a. Investigate novel approaches to 
reducing system losses 

 b. Research into anti-transpirants b. Drainage water desalinization. 
III. Enhanced 
utilization of surface 
water 

  

1. Improved 
delivery 
flexibility 

 a. Identify solutions for capacity 
constraints 

  b. Develop GIS-based scheduling and 
routing schemes 

  c. Expand real-time turnout data 
  d. Study of Friant-Kern facilities 
  e. Refinement of canal control 

integration procedures 
IV. Assess policy 
impacts 

a. Analysis of implications of legislative 
and regulatory decisions on agricultural 
power consumption 

a. Analysis of implications of legislative 
and regulatory decisions on agricultural 
power consumption 

 b. Develop guidelines for incorporation 
of power consumption in future 
legislative and regulatory decision 
making 

b. Develop guidelines for incorporation 
of power consumption in future 
legislative and regulatory decision 
making 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

Irrigation Training and Research Center -1- CEC Ag Water Energy Analysis 
www.itrc.org 

INTRODUCTION 
The Irrigation Training and Research Center (ITRC) at Cal Poly State University San Luis 
Obispo was contracted by the California Energy Commission to assess the science and policy 
of agricultural water resource management to determine the impact future water issues will 
have on the statewide electricity system.     
 
Agricultural water resource management in this case refers to three levels of water 
consumption/transportation: 

• On-farm issues and solutions 
• Irrigation district issues and solutions 
• Water marketing between agricultural and urban sectors 

 
The objectives of this study are: 

1. Define the current science and policies of agricultural water management, as related 
to California electricity usage. 

2. Envision future trends in science and policy that will impact California’s future 
electricity usage. 

3. Define areas of potential research, training, and policy modification that can better 
define future trends or impact the agricultural water/electricity relationship in 
California. 

 
The initial step was to analyze the current agricultural water energy requirements throughout 
the state.  Three energy use sectors were examined: 
 

• Water District Pumping (Surface and Groundwater) 
• On-Farm Pumping (Groundwater and Booster) 
• Conveyance to Water District Pumping (Surface Water) 

 
Once the current energy requirements were examined in each sector, different scenarios were 
examined to help predict future energy requirements.  Specifically, energy requirements with 
regards to water transfers and water banking were examined.  Drainage water desalination 
and irrigation method changes were examined as well. 
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ANALYSIS OF CURRENT ENERGY 
REQUIREMENTS 

In order to understand where the energy is being used in the state, by location as well as by 
sector, it was necessary to complete a detailed analysis of irrigation requirements, surface 
water deliveries, and groundwater use.  Studies conducted by the Irrigation Training and 
Research Center were used in this analysis, including the Benchmarking of Status and Needs 
of California Water Districts for 1995, 2000, and 2002, the Evaporation from Irrigated 
Agriculture Land in California, as well as other technical reports conducted throughout the 
state.  District surveys and water management plans for eighty-seven districts throughout 
California were used to help estimate district and on-farm pumping requirements.  These 
sample districts had a combined irrigated acreage of approximately 4,350,000 out of a total 
estimated 9,126,200 irrigated acres in California. 
 
California Department of Water Resources ETo zones were used to organize and separate 
data from throughout the state based on region because ITRC already had data available on 
the evapotranspiration of irrigation water and crop-irrigation type acreage by these ETo 
zones.  The ETo zones used by ITRC have been slightly modified from the original DWR 
zones: the numbers are generally the same, but ITRC uses 12 zones (1, 3, 4, 6, 8, 9, 10, 12a, 
12b, 14, 15, 16, and 18) instead of the full 18.  Zone 12 has been split into two zones and part 
of the original Zone 12 (a region north of Sacramento) has been included in Zone 14, along 
with data from Zone 13. 
 

District Surface Water Pumping 
The Benchmarking of Status and Needs Reports were used to obtain average annual water 
deliveries, district irrigated acreage, number of groundwater wells, average power cost, and 
average cost per kilowatt-hour.  Irrigation district water management plans were also used to 
obtain average district deliveries, groundwater-pumping volumes, and irrigated acreage.  
Details on the methodology and data used for this analysis can be found in Attachment A. 
 
The estimated annual energy used for district surface water pumping was determined using 
different methods depending on what type of information was available.  Generally, energy 
use by district groundwater pumping was determined first (see the next section).  Then, the 
total energy used by each district (groundwater and surface water pumping) was estimated by 
dividing the average annual power cost by the average cost per kilowatt-hour.  Subtracting 
the energy needed for groundwater pumping from the total energy used by the district gives 
the energy used for surface water pumping.  If a district did not pump groundwater, the total 
energy usage was assumed to be equal to the energy used for surface water pumping. 
 
The annual energy used by each of the 87 districts for surface water pumping was divided by 
the annual surface water deliveries to obtain KWh/AF.  Utilizing GIS, each district was 
assigned to a DWR ETo zone based on the district’s location in the state.  The KWh/AF were 
weighted based on district size and averaged for each ETo zone.  Surface deliveries 
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(AF/acre) were also weighted by district size and averaged for each ETo zone.  The annual 
energy used for district surface water pumping was then calculated for each zone. 
 

Table 10. Regional and statewide annual electric energy for district surface water 
pumping. 

Modified DWR 
ETo 

Irrig. District 
Surface Water 

Pumping 
Zone MWh/Year 

1 0 
3 0 
4 0 
6 0 
8 3,896 
9 0 

10 0 
12a 26,171 
12b 8,307 
14 131,125 
15 514,605 
16 137,662 
18 0 

Total 821,800 
 
It was assumed that in zones that did have significant surface water deliveries (Central Valley 
and Southern California desert regions), all agriculture had some surface water rights.  
Therefore, the amount of water delivered by districts (AF/Acre) in each zone was assumed to 
be constant for all irrigated agricultural acreage in that zone.  This could lead to an 
underestimation of on-farm groundwater pumping and an overestimation of district deliveries 
in these zones since some areas may not be contained in a district boundary.  However, the 
error is likely minimal since the most significant regions that do not receive surface water 
(Coastal Regions) are shown in this report to have zero surface water deliveries. 
 

North Kern Water Storage District  
Peak Load Reduction Case Study 

 
Site 
The North Kern Water Storage District is located on the Eastside of the San Joaquin Valley 
in Kern County and encompasses nearly 60,000 acres.  The district uses water from the Kern 
River and groundwater supplies to supply its users. 
 
Problem 
The energy emergency caused projected energy rates to increase across the board.  The 
district’s large reliance on groundwater consumed over 9 Megawatts of electrical load on the 
power grid during peak hours.   
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Solution 
North Kern Water Storage District utilized the CEC Agricultural Peak Load Reduction 
Program administered by the Irrigation Training and Research Center to receive grant 
funding, of up to 65% of the total project cost, for three projects that have combined to 
curtail almost the entire 9 MW of peak load. 
 
These projects included:  
− Construction and use of regulating reservoirs to supply water to users during the peak 

period, allowing groundwater pumps to be turned off.   
− Installation of telemetry equipment to remotely monitor water levels in reservoirs and 

canals to help the district operate their distribution system with their current staff.   
− Well lining, necessary for most district groundwater wells, to prevent casing failure 

because of daily startups and shutdowns.  
− Installation of timers on over 60 groundwater wells to automatically turn off wells before 

12 pm and turn them back on after 6 pm, Monday-Friday, May-October. 
 
These projects also included a partnership with the largest grower in the district, Paramount 
Farming.  Paramount agreed to use only surface water during non-peak times, where 
possible, to reduce the demand placed on the district.  This not only benefited the district, but 
also enabled Paramount to utilize non-peak energy rates and reduce its own peak load by 
340 kW (in the district boundaries). 
 
Results 
Currently, on average, over 9 MW of peak load are being curtailed in NKWSD every 
weekday during the months of June through September.  Dana Munn, the district 
manager/engineer estimates that the CEC APLRP grants are helping to save district water 
users $20-30 per acre-foot of water delivered by the district. 
 
 

District Groundwater Pumping 
Many of the same sources used to determine district surface water pumping were also used to 
help determine the energy from district groundwater pumping.  However, the procedure was 
different.  First, the average KWh/AF was calculated for each district.  Static water level, 
drawdown, discharge pressure, column loss, and pump efficiency were needed to calculate 
the KWh/AF value.  The average groundwater level for approximately 60 districts was 
obtained from the benchmarking surveys.  The remaining static groundwater levels were 
estimated using California DWR regional groundwater contour maps.  More information on 
the process and data used for this analysis can be found in Attachment A. 
 
Pump companies throughout the state were called and phone interviews were conducted to 
find information on regional drawdown and column loss components.  Drawdown values 
were averaged for each region.  Column loss components, typical flow rates, and column 
sizes were also averaged for each region and incorporated into the other information for the 
87 districts.   
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Average district pump efficiencies were obtained from the CEC Agricultural Peak Load 
Reduction Program Water Agency Pump Testing Database.  Average pump efficiency for 
each participating water agency was incorporated into a GIS district database.  Because the 
districts that participated in the pump testing rebate program and the districts analyzed for 
this report did not necessarily overlap, GIS was used to obtain average pump efficiency for 
district pumps by ETo zone.  The average pump efficiency by zone was then applied to the 
districts in the respective zones.  More information on water agency pump efficiencies can be 
found in Attachment C. 
 
The static water level, drawdown, column loss, and discharge pressure were used to estimate 
the total dynamic head (TDH).  Knowing the TDH and average pump efficiency, the 
KWh/AF could be calculated for each of the 87 districts.  The average annual groundwater 
pumped by the district was used to estimate the total energy required to pump this 
groundwater.  The volume of groundwater pumped for a typical year by an irrigation district 
was obtained from water management plans and district phone interviews. 
 
The KWh/AF required for district groundwater pumping was weighted based on district size 
and averaged for each ETo zone.  The volume of groundwater pumped per acre (AF/acre) by 
each district was also weighted by district size and averaged for each ETo zone.  Knowing 
the total irrigated acreage in each zone, the total energy used for groundwater pumping by 
districts was then calculated. 
 

Table 11.  Regional and statewide electric energy for irrigation district groundwater 
pumping. 

Modified DWR 
ETo 

Irrig. District 
Groundwater 

Pumping 
Zone MWh/Year 

1 0 
3 0 
4 0 
6 0 
8 137 
9 0 

10 0 
12a 27,051 
12b 8,586 
14 2,032 
15 199,386 
16 8,840 
18 0 

Total 246,000 
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On-Farm Groundwater Pumping 
The need for on-farm groundwater pumping was estimated based on evapotranspiration of 
irrigation water (ETirr), estimated irrigation efficiency, irrigation water needed to meet the 
leaching requirement (LRw), frost protection water, and district water availability.  A long-
term study conducted by ITRC analyzed the evapotranspiration requirements for crops 
throughout California (CALFED Evaporation from Irrigated Agriculture in California, ITRC 
Report No. 02-001).  Using a crop water use model based on FAO Irrigation and Drainage 
Paper No. 56, crops in 13 ETo zones were modeled for a wet, dry, and typical year.  The 
model accounted for four soil categories and three irrigation methods.  One of the model 
outputs was ETirr (a detailed discussion of the model and input parameters as well as results 
can be found in ITRC Report No. 02-001 on the ITRC website, www.itrc.org).  The ETirr 
water for each crop within each ETo zone was used for this analysis.  The ETirr used was for 
a typical precipitation year.  Estimated leaching requirement and frost protection water 
components were also incorporated where necessary.  The crop water requirement 
(ETirr+LRw+frost protection) for each crop in each ETo zone was weighted based on 
acreage and averaged for each zone. 
 

Table 12.  Normal year average crop evapotranspiration of irrigation water (ETirr) 
demands plus leaching and frost protection requirements (LRw and FP) for crops in 

each zone.  Values are weighted based on crop type acreage and irrigation type acreage 
in each zone. 

Zone 

Weighted average of 
crop evapotranspiration 

of irrigation water 
demands, including 
leaching and frost 
protection by zone 

(AF/Acre) 
1 1.80 
3 1.83 
4 2.24 
6 2.10 
8 2.10 
9 2.83 
10 2.55 
12a 2.67 
12b 2.67 
14 2.62 
15 2.86 
16 2.76 
18 4.51 

 
An irrigation distribution uniformity value for each irrigation method was estimated based on 
ITRC experience.  This experience includes operating mobile labs throughout the western 
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United States.  The estimated DU for each irrigation type throughout California is shown in 
the table below.   
 

Table 13.  Distribution uniformity estimate for three categories of irrigation methods 
throughout California 

Surface Sprinkler Drip/Micro

0.70 0.75 0.80 

We know that there is a difference between the gross irrigation water requirement and the 
gross irrigation water applied.  An examination of Cal Poly ITRC drip/micro evaluation 
results on several hundred fields indicates that most orchards and vineyards are under-
irrigated during the middle of the summer.  That is, farmers are not adjusting their irrigation 
scheduling according to their actual DUs and the ET requirements.  This results in under-
irrigation on parts of the fields.  Yet we also think that there can be over-irrigation (beyond 
what is needed for ET and DU considerations) at other times of the year 

Extrapolating this limited knowledge to other drip/micro fields, and to surface and sprinkler 
irrigated fields, is difficult without good data.  It is an important item, because PIER, DWR, 
and USBR are often approached to fund projects that anticipate water savings from improved 
irrigation scheduling. Because we recognize that there is both under-irrigation and over-
irrigation occurring in the state, we have not attempted to apply any “scheduling adjustment” 
to the computation of pumped water. 

An additional factor was included in the estimation of the volume of groundwater pumping.  
This factor accounts for the unavailability of surface water when farmers need it at specific 
times of the year.  For example, in the Fresno area (Zone 12b) surface water is typically only 
available until mid-July.  After the surface water ceases, farmers must pump groundwater to 
meet evapotranspiration demands.  The calculations used in this study assume that the 
volume of water delivered by irrigation districts is limited only by volume, not by whether or 
not the district has surface water to deliver.  The additional factor takes this timing aspect 
into account.  This factor will be called the “Timing Factor” (TF). 
 
An obvious question regarding the Timing Factor is, if a specific volume of water was 
delivered by the district regardless of timing, where did the water go if it did not go to meet 
the crop irrigation water demands?  An important component of irrigation that has not been 
taken into account is excess duration.  The distribution uniformity accounts for differences in 
depth applied throughout a field.  The ETirr value accounts for evaporation from the soil and 
plant surfaces as well as inaccurate irrigation scheduling frequency, which causes increased 
crop stress.  However, it is nearly impossible to meet the soil moisture depletion exactly.  It is 
highly probable that during early season irrigation when the crop water demands are low, 
farmers over-irrigate, either to ensure maximum available water in the rootzone or to 
purposely utilize surface water when it is available to recharge the groundwater so it can be 
used later in the irrigation season.  The Timing Factor accounts for the excess irrigation 
scheduling duration.  The Timing Factor values are shown by region in the table below. 
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Table 14.  Timing Factor used to account for groundwater pumping due to surface 
water not being available at certain times of the year 

Mod. ETo Zone Timing Factor

1,3,4,6,8,9,10,12a,15,16,18 0.9 

12b 0.65 

14 0.85 
 
The volume of groundwater pumping per acre differs by irrigation method because of the 
distribution uniformity associated with that irrigation type.  ITRC conducted a study 
analyzing the acreage of irrigation types in each ETo zone for the Evaporation from Irrigated 
Agriculture in California report (Burt et al., 2002).  The four categories of irrigation methods 
used are Surface, Sprinkler, Drip/Micro, and Sprinkler/Surface combination.  Since the DU 
for each irrigation method is different, the amount of water applied for each irrigation 
method will also be different.  ITRC assumed that districts delivered the same volume of 
water per acre regardless of irrigation type.  Therefore, the estimated volume per acre of 
water delivered by districts, subtracted from the total volume of water per acre required by 
farmers results in the amount of groundwater pumped on-farm, which varies depending on 
irrigation method. 
 
The volume of on-farm groundwater (GW) pumping was calculated using the following 
equation: 
 

On-Farm GW Pumping = ([(ETirr+LRw+FP)/DU] – (District Deliveries*TF)) 
 
Where, 
 ETirr  = Evapotranspiration of irrigation water 
 LRw = Irrigation water required for salt leaching 
 FP = Irrigation water required for frost protection 
 DU = Distribution uniformity 
 TF  = Timing Factor 

The energy requirement per volume pumped on-farm (KWh/AF) was estimated based on 
static groundwater water level, average drawdown, column loss, discharge pressure, and 
pump efficiency in each zone (see the table below).  The average drawdown and column loss 
information was the same information used to calculate district groundwater pumping and 
was obtained through pump company interviews conducted by ITRC.  The average pump 
efficiency was obtained from the CEC Agricultural Peak Load Reduction Program On-Farm 
Pump Testing Database.  More information on on-farm overall pumping plant efficiency can 
be found in Attachment D.  The total dynamic head (TDH) is calculated based on the static 
water level, drawdown, column loss, and a discharge pressure.  Average static water level 
values for each zone were obtained from DWR groundwater data and contour maps. 
 
The total volume of groundwater pumped for each irrigation method was calculated based on 
the volume of water per acre requirement and the irrigation type acreage in each zone.  
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Multiplying the total volume of groundwater pumped by the energy required to pump it 
(KWh/AF), the total energy use by on-farm groundwater pumping was estimated for each 
zone.  A detailed explanation on the process used to estimate energy use in California from 
groundwater pumping on-farm can be found in Attachment B. 
 

Table 15.  On-farm pumping plant data used to calculate the on-farm energy 
requirement for pumping groundwater 

Zone 
Pump 
Depth 

Drawdown 
(ft) 

Discharge 
Pres (ft) 

Column 
Loss (ft) TDH 

Avg. 
Pumping 
Efficiency 

On Farm 
GW 

KWh/AF
1 180 35 9 8 233 48.3 493 
3 180 35 9 8 233 48.3 493 
4 180 35 9 8 233 48.3 493 
6 180 35 9 8 233 54.0 441 
8 65 35 9 4 113 40.3 287 
9 150 35 9 7 201 56.9 362 

10 200 35 9 9 253 50.8 510 
12 160 15 9 2 186 52.3 364 

12b 164 15 9 2 190 54.5 357 
14 138 50 9 5 202 52.7 392 
15 263 35 9 3 310 51.9 611 
16 216 20 9 3 248 53.2 478 
18 100 20 9 5 134 53.2 257 

 
With energy rates soaring in the past few years, a significant portion of on-farm electric 
pump motors have been replaced with diesel engines.  Pump company representatives were 
interviewed to help quantify the percentage of electric versus non-electric motors used for 
on-farm pumping throughout the state.  Estimates for each zone, as well as a statewide 
estimate, are shown in the table below.  The figure below shows the trend in on-farm pump 
power sources since 1979.  Data from 1979-1998 was obtained from the USDA National 
Agriculture Statistics Service Census of Agriculture – Farm and Ranch Irrigation Surveys.  
The results of ITRC pump company interviews were added to show the significant increase 
in non-electric power use for on-farm pumping throughout the state. 
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Table 16.  Current average pump power source by zone.  Engines are primarily diesel. 

Zone 

Percent 
Electric 
motors 

Percent 
Engines 

1 90 10 
3 90 10 
4 90 10 
6 95 5 
8 90 10 
9 80 20 

10 80 20 
12 80 20 
13 80 20 
14 65 35 
15 70 30 
16 70 30 
18 90 10 

Statewide Average 82 18 
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Figure 4.  Change in the power source used to operate on-farm pumps in California.  
1979-1998 data from USDA Farm and Ranch Irrigation Surveys.  2003 data from ITRC 

pump company survey. 
 
The notable increase in conversions from electric motors to non-electric engines between 
1988 and 1994 is largely due to the demand charge being imposed by the utilities in 
California. 
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Table17. Regional and statewide total electric energy required on-farm groundwater 
pumping. 

Modified DWR 
ETo 

On-Farm 
Groundwater 

Pumping 
Zone MWh/Year 

1 54,964 
3 365,562 
4 61,207 
6 401,843 
8 14,573 
9 255,199 

10 273,277 
12a 283,381 
12b 159,637 
14 108,394 
15 1,659,804 
16 846,938 
18 14,236 

Total 4,499,000 
 

On-Farm Booster Pumping 
It was assumed that booster pumps are used to increase the pressure of surface water and 
groundwater for sprinkler and drip/micro irrigation.  For sprinkler irrigation, it was assumed 
that the discharge pressure of the booster pump was 70 psi for row crops and 50 psi for 
undertree.  Drip and microspray irrigation system evaluations conducted throughout the state 
by ITRC and other agencies were averaged on a regional basis and applied to the appropriate 
ETo zones.  Pump efficiencies were assumed to be the same as the ETo zone average on-
farm groundwater overall pumping plant efficiency from the On-farm Pump Testing 
Database.  A detailed explanation of how on-farm booster pump energy use was estimated 
can be found in Attachment B. 
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Table 18.  Average discharge pressure of drip/microspray irrigation methods 
throughout California 

DWR ETo 
Zone 

Drip/Micro 
Discharge 
Pres. PSI 

1 44 
3 55 
4 44 
6 44 
8 45 
9 50 

10 45 
12 38 
13 34 
14 45 
15 42 
16 40 
18 48 

 
On the Westside of the San Joaquin Valley, surface irrigation methods using tailwater and 
gated pipe require booster pumps.  An estimate of 3 psi was used to calculate this energy 
requirement – which definitely under-estimates the pressure requirement in some fields, but 
is quite representative in others.  Good data on tailwater pumping requirements is lacking. 
 
Knowing the TDH and average pump efficiency, the energy requirement per volume of water 
pumped was calculated (KWh/AF).  The total applied volume of water for sprinkler irrigation 
and drip/micro was multiplied by the KWh/AF requirement to obtain energy usage.  
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Table 19.  Regional and statewide electric energy required for on-farm booster 
pumping. 

Modified DWR 
ETo 

On-Farm Booster 
Pumping 

Zone MWh/Year 
1 20,852 
3 145,076 
4 18,132 
6 148,034 
8 21,350 
9 87,567 

10 58,730 
12a 300,329 
12b 101,075 
14 488,733 
15 688,121 
16 380,371 
18 415,152 

Total 2,873,500 
 
 
 

Orange Cove Irrigation District  
Peak Load Reduction Case Study 

 
Site 
Orange Cove Irrigation District is located in Fresno and Tulare Counties, approximately 30 
miles southeast of Fresno and 20 miles north of the City of Visalia.  The Friant-Kern Canal is 
the District’s main source of water to supply 28,000 acres of farmland. 
 
Problem 
Parts of Orange Cove Irrigation District’s system were not connected to a supervisory control 
and data acquisition (SCADA) system, which is necessary to enable farmers to shut off 
pumps during peak periods.  Shutting off pumps would allow both the district and individual 
farmers to curtail peak load, a major priority because of the dramatic increase in power cost. 
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Solution 
OCID took advantage of the CEC Agricultural Peak Load Reduction Program (APLRP) 
administered by the Irrigation Training and Research Center to help pay for two projects that 
would help the District and district water users to reduce their peak energy use.  To reduce 
peak load, remote monitoring, measurement, and control components were installed for 
sections of the water distribution system not currently equipped.  The equipment provided the 
agency with the capability to monitor load, flow, and pumping efficiency in real time, as well 
as remotely control the operation of each pump station.  In addition, two distribution systems 
were controlled to respond to critical water levels in their respective reservoirs so that pumps 
can be turned off during the peak period and water users can be supplied by the reservoir 
uphill.  The pumps would only operate during the peak period if the water level in the 
reservoir dropped below a critical level.  
 
The District reprogrammed the pump activation process so that the most efficient pumps 
would run the majority of the operational hours and the least efficient pumps would run the 
least number of hours, thereby increasing the overall pump station efficiency. 
 
OCID also instituted a landowner load reduction program, whereby individual growers 
signed up with the District to commit to a kW reduction during the peak period.  In return, 
the District reduced the price of water for those growers.  Automated on-off valves were 
installed by the District at the participating farmers’ turnouts to automatically stop and start 
delivery of water during the peak period.   
 

 

OCID turnout to a farm with an automatic on-off valve installed by the District 
 
Benefits 
The State of California, OCID water users, and the District have benefited from these 
projects.  The District can concentrate its pumping during the non-peak period, lowering its 
overall power costs and passing the savings directly to the farmers.  Participating water users 
receive a substantial break on their water bill as well as their booster pump energy bill.  
Currently, 815 kW of peak load are being curtailed in OCID boundaries. 
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Conveyance to Districts 
Water conveyed to water districts, particularly on the West and Southern areas of the San 
Joaquin Valley, requires a certain amount of pumping.  Major pumping facilities are located 
on the California Aqueduct and the Delta Mendota Canal.  Data from the California DWR 
and the Bureau of Reclamation was used to analyze the energy requirement for delivering 
water to districts.  
 
The majority of pumping occurs on the California Aqueduct from the Delta to Southern 
California.  Pumping into the Delta Mendota Canal is also an important component.  Data 
from the State Water Project Annual Report of Operations 1997 was used to estimate 
agricultural pumping requirements in the California Aqueduct and the Delta-Mendota Canal.  
Municipal and industrial (M&I) water was not included in the energy use component. 
 
Gianelli Pumping\Generation Plant pumps water to the San Luis Reservoir and generates 
electricity as water is released back to the California Aqueduct.  The MWh/AF requirement 
is the difference between the pumping and generation MWh/AF values.  This includes a 
factor for water lost after pumping (evaporation and seepage). 
 

Table 20.  Estimated agricultural pumping on the DMC and the California Aqueduct 
and the energy required at each pump station 

California Aqueduct MWh/AF 
Total Pumped 

(AF) 

Ag Water 
Pumped 

(AF) 

MWh for Ag 
Water 

Pumping 
Banks Pumping Plant 0.28 2,544,686 1,603,294 450,526 
Gianelli Pumping\Generation 0.05 1,774,467 1,774,467 79,851 
Dos Amigos Pumping Plant 0.13 3,580,709 2,639,317 353,668 
Buena Vista Pumping Plant 0.24 1,154,799 248,407 60,675 
Teerink Pumping Plant 0.26 1,042,703 136,311 36,054 
Chrisman Pumping Plant 0.62 993,686 87,294 53,901 
Edmonston Pumping Plant 2.26 961,114 54,722 123,666 
Delta-Mendota Canal     
Tracy Pumping Plant 0.60   869,917 526,125 
O'Neill Pumping Plant 0.07   481,117 35,122 
     
   Total 1,719,588 

 
It should be noted that these State Water Project facilities are operated during non-peak hours 
to reduce peak energy charges and California’s peak energy demands.  However, deliveries 
to irrigation districts are made 24 hours a day.  The SWP utilizes existing surface storage 
facilities as well as pool storage to accomplish this.  
 
Some smaller pumping plants that pump primarily M&I water have not been included.  Other 
than at the Gianelli plant, the values for MWh/AF do not include the amount of generation 
that occurs as the water is released from storage reservoirs.  For example, the amount of 
pumping energy required to move water from the Delta to the Metropolitan Water District of 
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Southern California (MWD of SC) is 3.85 MWh/AF (sum of MWh/AF along the California 
Aqueduct).  But there is approximately 0.8-0.9 MWh/AF of generation capability from the 
Edmonston Pumping Plant before the water reaches Los Angeles (this depends on the 
direction that the water is taken, east or west).  Therefore, the total energy used is a gross 
value, as are the other values calculated for energy use by agricultural pumping.  MWD uses 
an estimate of approximately 3.0 MWh/AF (3000 KWh/AF) as the net energy requirement to 
move water from the Delta to Southern California through State Water Project facilities. 
 

Current Water Transfers with a Significant Impact on Energy 

Water transfers occur between irrigation districts and between districts and the environment 
every year.  One district will transfer excess water to another district for direct payment or 
the ability to obtain water in the future when a deficit occurs.  The analysis of energy use for 
conveyance to districts takes this into account as a “snapshot” when analyzing the deliveries 
to each agricultural water agency along the California Aqueduct and the Delta-Mendota 
Canal.   
 
As pointed out earlier, the energy use estimated in this report does not account for energy use 
from pumping of municipal and industrial (M&I) water anywhere in California.  However, as 
part of this report, ITRC analyzed how transfers between agriculture and M&I might impact 
future energy demands.  Possible scenarios are outlined in the Future Potential Energy 
Requirement section of this report.  The following will provide a short background to current 
water transfers from agriculture to M&I. 
 
Throughout the years there have been a number of transfers from agriculture to urban sectors.  
The transfers that have the most significant impact on energy use are to Metropolitan Water 
District of Southern California because of the significant level of pumping required to get 
water to Southern California.  Other water transfers from agriculture to M&I are occurring 
along the coastal regions.  However, in comparison, the energy use is not as significant and 
because of time constraints will not be discussed in any detail.  To assist readers with 
understanding more about the movement of water to southern California, Attachment J is 
provided. 
 
Currently, Metropolitan Water District of Southern California (MWD) has transfer 
agreements with different agricultural water users for Colorado River water, as shown below: 
 

Table 21.  Current water transfer agreements between Lower Colorado River Basin 
agricultural water agencies and MWD of So. Calif. 

District Status AF/Year MWh/AF Total MWh 
IID In Place 105,000 2.18 230,000 

PVID Pending 25,000 to 111,000 2.07 52,000 to 230,000 
CVWD In Place 60,000 NA NA 

IID - Imperial Irrigation District   
PVID - Palo Verde Irrigation District  
CVWD - Coachella Valley Water District  
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The Imperial Irrigation District (IID) agreement was signed in 1990 and fully implemented 
by 1998.  The Palo Verde Irrigation District (PVID) Agreement has been tentatively 
approved but must await approval of the QSA (Qualification Settlement Agreement) 
currently being negotiated.  If the QSA were to be finalized, the PVID transfer could occur 
within a few months.  The Coachella Valley Water District (CVWD) agreement is in reality 
an exchange, not a transfer.  It involves exchanging water that CVWD is entitled to, and has 
paid for, from the California Aqueduct with Colorado River water that MWD is entitled to.  
This is essentially a bucket for bucket exchange.   
 
The MWD also has transfer agreements with agricultural water users in the northern portion 
of the state.  In 2003, MWD exercised one-year options for transfer agreements with districts 
in the Sacramento Valley.  Some water users in these districts have agreed to fallow land that 
is typically used for growing rice.  MWD pays the farmers for the water the crop would have 
used (evapotranspiration of irrigation water) and that water amount is transferred to MWD.  
MWD pays the farmers $10 per acre-foot for the option to take water; when MWD exercises 
the option, it pays the farmer an additional $90 per acre-foot (MWD, 2003). 
 

Table 22.  Options exercised by MWD to transfer water from northern California to 
southern California (MWD, 2003) 

Water Agency 
Amount of Water 
Transferred (AF) 

Glenn-Colusa Irrigation District 50,000 
Western Canal Water District 20,000 

Richvale Irrigation District 17,200 
Meridian Farms Mutual Water Company, Natomas 

Central Mutual Water Company, Pelger Mutual 
Water Company, Pleasant Grove-Verona Mutual 
Water Company, Reclamation District 108, River 

Garden Farms, Sutter Mutual Water Company 

50,000 

 
The table below shows some of the water transfers for fiscal year 2002-2003 through 
CALFED water agencies.  The values on the left indicate contracted quantities and the 
agencies selling the water.  The values to the right indicate actual acquisitions. 
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Table 23.  A list of CALFED water agencies that had water transfers during fiscal year 
2002-2003 and the amounts.  Courtesy of CALFED. 

 
 
The amount of energy required to transfer water from Northern California to Southern 
California varies somewhat depending on what MWD decides to do with it along the way.  
The obvious track that the water follows is from Northern California into the Delta, where it 
enters the California Aqueduct and continues on to Southern California.  Another option is to 
“bank” the water in one of the water banking facilities along the California Aqueduct.  Water 
banking is discussed in greater detail later in this report. 
 

Table 24.  Energy requirement for water transfer scenarios 

Added 
Energy 

Component 
Total Energy 
Requirement 

Scenarios KWh/AF KWh/AF 
Direct transfer from Northern 
California to MWD -- 3,850* 
Banking Options   

Arvin-Edison WSD 1,100** 4,950 
Semitropic WSD 650** 4,500 
Kern County Water Agency 400** 4,250 

 
*The 3,850 KWh/AF does not account for hydroelectric generation 
**The explanation of these values can be found in the Water Banking section 
of this report and in Attachments G and H. 

 
From an energy aspect, there are a number of other issues that should be considered.  Recent 
changes in rules regarding water transfers have made it difficult to directly substitute surface 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

Irrigation Training and Research Center -19- CEC Ag Water Energy Analysis 
www.itrc.org 

water for groundwater without first storing the water in the aquifer.  This was the result of 
historical impacts on groundwater levels from this type of transfer.  If a farmer agrees to 
forgo surface deliveries so that water can be transferred to another location and instead 
pumps groundwater to supply the crop, the surrounding farmers are negatively impacted by 
the decreasing groundwater level but do not receive any type of subsidy from the transfer.  
Therefore, it is unlikely that transfers without storage in an aquifer will occur in the future 
unless the “rules” change, and the increased energy requirement for the farmer’s groundwater 
pumping will not result. 
 
Many districts in the Sacramento Valley pump from rivers to supply their water.  This has 
not been taken into account in the energy requirement values in the table above.  Therefore, 
the energy requirements listed in the table above will be somewhat lower than actual.  
However, since the lift is relatively low from the river to the distribution system, the energy 
savings are insignificant compared to the energy requirement to send the water to southern 
California.  ITRC estimates that the average pumping requirement of surface water by 
irrigation districts is 16 KWh/AF in northern California. 
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POTENTIAL FUTURE ENERGY 
REQUIREMENTS 

The goal of this section it to introduce and describe some current trends, as well as likely 
future scenarios, that form the basis for quantifying energy requirements.   
 

On-Farm Irrigation – Ideas to Reduce the Volume of Water 
Applied. 
Agricultural applied water is directly proportional to energy use by agricultural water 
pumping.  If the amount of applied water is reduced, in theory the energy use will be 
reduced.  However, in order to reduce the applied water, it may be necessary to actually use 
more energy.  For example, converting from surface irrigation to a drip/microspray irrigation 
system requires a booster pump.  It is also important that the decrease in applied water does 
not have a significant negative impact on crop yield, either through increased water stress or 
salt buildup in the rootzone.  A number of water management methods are currently used that 
may or may not impact energy use.  Some of the main methods are discussed below. 
 

Conversion to Drip/Microspray Irrigation 

Conversion from surface and sprinkler irrigation methods to drip or microspray irrigation has 
become very popular over the last few decades.  In coastal regions, surface row crop drip has 
become one of the most dominant irrigation methods used on vegetable crops, especially 
after germination.  In the Central Valley, as well as in portions of the Sacramento Valley, 
drip and microspray irrigation have seen a significant increase in popularity on permanent 
crops, which is predicted to continue. 
 
From an outsider’s perspective it would seem like utilizing drip/micro irrigation should save 
a significant amount of water.  This misconception can be partially attributed to the names 
given to these irrigation methods: drip, microspray, low volume irrigation, and trickle, as 
compared to terminology used for surface irrigation, such as flood.  The physiological 
attributes of crops and the understanding of irrigation as a whole are also not understood by 
most people. 
 
The following is a list of facts about drip/micro irrigation: 

− If a well-watered crop transpires 30 inches of water, it will transpire 30 inches 
regardless of whether drip/micro, sprinkler, or surface irrigation methods are used 
(assuming the same amount of stress is applied under each method). 

− Drip/micro has the potential to provide better uniformity than sprinkler or surface 
irrigation.  However, a well-managed surface irrigation system can have the same 
distribution uniformity as an average drip/micro system and, conversely, a poorly 
managed or designed drip/micro system can have a worse distribution uniformity than 
conventional methods. 
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− Drip/micro systems are designed to operate much more frequently than surface and 
sprinkler systems.  Since the soil surface is wet more often, the evaporation of 
irrigation water is higher.  An important factor in the amount of evaporation is the 
fraction of soil surface wetted.  The majority of systems being installed in California 
utilize two drip lines per row of trees with the goal, for both drip and microspray, to 
have about a 60% wetted fraction.  This provides for a larger soil reservoir and 
enables the tree to utilize more of its root system for water and nutrient uptake.   

− The increased management and higher frequency of irrigation associated with 
drip/micro irrigation leads to less crop water stress, which increases the amount of 
crop transpiration. 

− Maintaining a good distribution uniformity for a drip/micro system requires more 
management than surface or sprinkler.  However, it provides farmers with the ability 
to inject fertilizers and other chemicals directly into the irrigation system and apply 
them with a high level of uniformity across the field, which enhances overall crop 
management. 

− For surface row crop drip, one of the major factors attributing to its increased 
popularity is distribution uniformity, especially in coastal regions where wind and 
uneven terrain are significant factors.  Traditionally, sprinklers were used in these 
situations.  Wind has a significant effect on sprinkler distribution uniformity. 

 
More information on evaporation and transpiration from drip/micro irrigation can be found in 
Evaporation from Irrigated Agriculture Land in California (Burt et al., 2002).  The following 
is an example of energy use for drip/micro compared to surface irrigation. 
 
Example – Conversion from surface irrigation to drip/microspray on almonds in ETo 
Zone 15 
This example analyzes crop applied water use and the energy requirement for almonds 
converted from surface irrigation to drip/microspray.  The evapotranspiration of irrigation 
water (ETirr) plus the leaching requirement water (LRw) values can be found in tables 
located in Attachment B.  The distribution uniformity (DU) values are the same as those 
used to calculate regional applied water and are also described in Attachment B.  Case – 1. 
It is assumed that the amount of irrigation water delivered by the local irrigation district per 
acre will not change because of the conversion to drip/micro.  On-farm groundwater pumping 
will make up the difference between applied water and district groundwater and surface 
water deliveries.  Case – 2.  It is assumed that the farmer will use only on-farm groundwater 
pumping to supply the drip/micro system. 
 
Given 
 Surface Irrigation 
  ETirr+LRw     3.26 AF/acre 
  Distribution Uniformity   0.70  
  Booster Pump Energy Req.   14 KWh/AF 
 
 Drip/Micro Irrigation 
  ETirr+LRw     3.68 AF/acre 
  Distribution Uniformity   0.80  
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  Booster Pump Energy Req.   191 KWh/AF 

 District water supplies 
  District Surface water    1.93 AF/Acre 
  District Groundwater    0.23 AF/Acre 
 
 District water supply energy requirement 
  District Surface water    123 KWh/AF 
  District Groundwater    394 KWh/AF 
 
 On-farm groundwater energy requirement 611 KWh/AF 
 
Results 
 
Surface Irrigation 

Applied Water 
 Total applied water       (ETirr+LRw)/DU 
 
 Total applied water       (3.26 AF/Acre)/0.70 
 
 Total applied water for surface irrigation    4.66 AF/Acre 
 
 Sources and amounts of applied water 
  District surface water    1.93 AF/Acre 
  District groundwater    0.23 AF/Acre 
  On-farm groundwater    2.50 AF/Acre 
 

Energy required 
 
 Amount of energy required per acre (KWh/Acre) = (AF/Acre) * (KWh/AF) 
 
 Sources and amounts of energy required 
  District surface water    237 KWh/Acre 
  District groundwater    91 KWh/Acre 
  On-farm groundwater    1,526 KWh/Acre 
  Booster pump     65.2 KWh/Acre 
 
 Total energy required for surface irrigation 1,919 KWh/Acre 
 
 
Drip/Micro Irrigation – Case 1 (surface water used) 

Applied Water 
 Total applied water       (ETirr+LRw)/DU 
 
 Total applied water       (3.68AF/Acre)/0.80 
 
 Total applied water for drip/micro irrigation   4.60 AF/Acre 
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 Sources and amounts of applied water 
  District surface water    1.93 AF/Acre 
  District groundwater    0.23 AF/Acre 
  On-farm groundwater    2.44 AF/Acre 
 

Energy required 
 
 Amount of energy required per acre (KWh/Acre) = (AF/Acre) * (KWh/AF) 
 
 Sources and amounts of energy required 
  District surface water    237 KWh/Acre 
  District groundwater    91 KWh/Acre 
  On-farm groundwater    1,491 KWh/Acre 
  Booster pump     879 KWh/Acre 
 
 Total energy required for drip/micro irrigation 2,697 KWh/Acre 
 (assumes surface irrigation water will be used) 
 
Overall the amount of energy use is higher for drip/micro because of the need for booster 
pumping.  There is some energy savings in on-farm groundwater pumping but it is relatively 
insignificant because the actual savings in applied water from the conversion to drip/micro 
was only 0.04 AF/acre.  This water savings is due to the improvement of the distribution 
uniformity and results in an energy savings because the 0.04 AF/acre no longer has to be 
supplied through on-farm groundwater pumping. 
 
However, there is a completely different perspective if one considers that in most irrigation 
districts, farmers will opt to use well water rather than surface water if they switch to drip 
irrigation.  This is because (a) they have the water available “on demand”, and (b) the water 
is generally cleaner, and requires less filtration than does surface water. 
 
Drip/Micro Irrigation – Case 2 (well water only is used) 

Applied Water 
 Total applied water      (ETirr+LRw)/DU 
 
 Total applied water      (3.68AF/Acre)/0.80 
 
 Total applied water for drip/micro irrigation  4.60 AF/Acre 

 Sources and amounts of applied water 
  On-farm groundwater    4.60 AF/Acre 
 

Energy required 
 Amount of energy required per acre (KWh/Acre) = (AF/Acre) * (KWh/AF) 
 
 Sources and amounts of energy required 
  On-farm groundwater    2811 KWh/Acre 
  Booster pump       879 KWh/Acre 
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 Total energy required for drip/micro irrigation 3,690 KWh/Acre 
 (assuming all irrigation water comes from groundwater) 
 
The energy requirement per acre increases significantly under this scenario (2,697-3,690 
KWh/Acre).  In order to analyze what would happen on a regional basis ITRC conducted an 
analysis where drip/micro acreage doubled in each region throughout California.  The 
majority of the acreage converted was from surface irrigation (80%).  The remaining 20% 
was converted from sprinkler (10%) and sprinkler/surface combination (10%).   
 
In certain regions, farmers are likely to shift completely to groundwater with the conversion 
to drip/micro because of irrigation district inflexibilities and increasing filtration 
requirements associated with surface water.  The table below indicates the estimated percent 
of drip/micro systems that will use either on-farm groundwater only or district surface water 
and some groundwater.  The impact on groundwater levels will be significant. It was 
assumed that groundwater levels would drop by 20 feet throughout most of the state. The 
drop in groundwater is caused by less recharge from surface water, and more withdrawals.  
 

Table 25.  Percent of future drip/microspray irrigation systems that will likely utilize 
only groundwater from on-farm pumping. 

Modified 
ETo Zone 

Increase in 
Drip/Micro 

Acreage by Region

Percent of Future 
Drip/Micro 

Systems using On-
Farm 

Groundwater Only

Percent of Future 
Drip/Micro Systems 

using District Surface 
Water and On-Farm 

Groundwater 
1 7,641 100% 0% 
3 68,903 100% 0% 
4 18,709 100% 0% 
6 93,515 100% 0% 
8 29,200 100% 0% 
9 82,773 50% 50% 

10 32,225 100% 0% 
12a 319,024 67% 33% 
12b 101,262 95% 5% 
14 365,207 67% 33% 
15 434,750 50% 50% 
16 198,189 50% 50% 
18 60,222 5% 95% 

 
 
Regionally, the energy requirement will increase significantly with the shift to using 
groundwater, opposed to district surface water with groundwater as a supplement.  The table 
below shows the increase in energy on a regional basis with a doubling in drip/micro acreage 
with the assumptions stated above. 
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Table 26.  Future electric energy requirement with a doubling in drip/micro acreage 
throughout California by region. 

DWR ETo 

Irrig. District 
Surface Water 

Pumping 

Irrig. District 
Groundwater 

Pumping 

On-Farm 
Groundwater 

Pumping 

On-Farm 
Booster 

Pumping 

Conveyance 
to Irrig. 
Districts 

Total Electric 
Energy Use by 

Zone  
Zone MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year MWh/Year  

1 0 0 53,835 23,053   76,889  
3 0 0 355,053 172,310   527,362  
4 0 0 56,504 24,842   81,346  
6 0 0 369,899 171,295   541,194  
8 3,896 137 14,282 44,777   63,091  
9 0 0 237,094 119,989   357,082  

10 0 0 270,699 72,199   342,899  
12a 26,171 27,051 502,237 559,400   1,114,859  
12b 8,307 8,586 248,337 190,200   455,431  
14 131,125 2,032 306,254 762,535 450,526 1,652,471  
15 514,605 199,386 1,887,797 965,421 1,269,062 4,836,272  
16 137,662 8,840 894,352 493,252   1,534,105  
18 0 0 13,505 480,644   494,149  

Total 821,800 246,000 5,209,800 4,079,900 1,719,600    
        
  Total Ag. Irrig. Water Electrical Energy Usage 12,077,100 MWh/Year
  Increase in Electrical  Energy Usage: 1,917,200 MWh/Year
 
The annual electric energy required for agricultural pumping increases by nearly 2 million 
megawatt hours per year.  The irrigation district surface and groundwater pumping remains 
the same – an assumption that does not have a large impact on the final value due to the 
geographic location of this district, but which could be challenged.  However, there is a 
significant increase in the energy required for on-farm groundwater and booster pumping.   
 
In our assumptions, the total annual applied (not net) water statewide increased from 
36,230,300 AF to 39,574,400 AF because of the increase in groundwater pumping.  If this 
scenario occurs, the 3+ million acre-feet of water will show up as surplus by irrigation 
districts in California.  How this surplus will be used is unknown.  It could be transferred, 
used for groundwater recharge, applied to normally fallow land, or used for environmental 
restoration.  In the end, however, unless the groundwater overdraft is addressed, this 
represents a serious challenge to sustainable irrigation in California. 
 

Regulated Deficit Irrigation (RDI) 

Regulated deficit irrigation (RDI) is primarily used in California to enhance the quality of 
harvested crops.  Basically, RDI is a practice of purposely irrigating less than the crop 
requires to induce crop water stress.  As a result, the crop uses less water than it would if it 
were fully irrigated.  Currently, wine grapes, cotton, and processing tomatoes are important 
crops for which most farmers deliberately apply RDI for improved crop quality.  
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Ongoing studies throughout the world are aimed at determining what times of the year RDI is 
most effective and how much stress the crop should undergo.  Studies in California have 
primarily focused on the use of RDI for orchard and vineyard crops as well as select field 
crops.  One of the reasons RDI has gathered so much attention is the possibility of reducing 
applied water significantly during a drought period when water supplies are limited.  Results 
have indicated a minimal yield loss with as much as a 50% reduction in applied water the 
same year (applied water is based on irrigation scheduling using crop evapotranspiration 
estimates).  However, long-term studies have shown that significant crop stress over multiple 
years can have a significant impact on future yields.   
 
The fact that RDI can for some crops reduce evapotranspiration with little or no significant 
yield loss – and possibly even increase crop quality, – is of course attractive.  The real 
question comes when estimating the potential savings due to RDI in California, where many 
farmers are already using RDI without realizing it.  ITRC irrigation evaluations performed 
for the USBR and Westlands Water District have shown that many drip/micro fields 
throughout California are irrigated with excessive durations but not as frequently as they 
should be.  This leads to crop water stress between irrigations.  If crop water stress is already 
occurring and the actual crop evapotranspiration is less than it could be, how much of an 
effect will RDI have?  If farmers are told to apply 75% of what they are currently applying 
and they are already applying 80% of what is needed for full crop evapotranspiration, their 
yields, especially in future years, will be negatively impacted. 
 
The question that needs to be addressed regarding RDI and water savings is: where are 
farmers right now with regards to actual crop water use versus potential crop water use?  It is 
probable that most farmers throughout California are already deficit irrigating at some level. 
 

Irrigation Scheduling 

Irrigation scheduling has been the focus of water conservation for many decades.  Utilizing 
local weather parameters either through weather stations or evaporation pans and 
incorporating that information with actual field soil moisture data can be useful when 
determining when to schedule irrigations.  Current standards use local specialized weather 
stations to calculate grass reference evapotranspiration.  A crop coefficient or sets of crop 
coefficients are used to estimate the actual or predicted crop evapotranspiration.  Models are 
often used to correct crop coefficients based on crop stress and evaporation (the FAO 56 
Dual Crop Coefficient is a good example).  Once crop water use has been calculated, an 
irrigation schedule can be created and often field soil moisture sensors are used as a check. 
 
Applying water when it is needed can reduce the potential for over- or under-irrigation.  
Timely application can result in reduced water loss to deep percolation from over-irrigation 
and increased water use by the crop from less stress associated with under-irrigation.  The 
crop utilizes more applied water; however, the overall change in applied water due to 
irrigation scheduling may not be significant. 
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Groundwater Banking 
Groundwater banking involves the use of an aquifer for water storage by banking partners 
who are not overlying landowners and who have not traditionally used the aquifer.  At some 
future date, the banking partners would be able to withdraw (called “Take”) the water they 
put into the aquifer (minus any losses).  In California, the average annual runoff exceeds the 
available surface storage and existing aquifer recharge ability.  Groundwater banking is one 
method to increase the aquifer recharge and “capture” some of the excess runoff that 
otherwise would not be available for urban, agriculture or environmental purposes.  A 
glossary of groundwater banking terms can be found in Attachment H. 
 
Groundwater banking has physical, legal, and economic characteristics that are different and 
less clearly defined than surface storage systems (reservoirs).  Nevertheless, the need for 
additional storage and the difficulties of building new surface storage has encouraged the 
development of groundwater banking.  The physical, legal, and economic hurdles are being 
addressed and groundwater banking projects are moving from the drawing board to 
implementation.  One thing that is apparent is that there is no one groundwater banking 
model that fits all situations.  Since the physical, legal, and economic conditions vary 
sufficiently from region to region, a customized program may be needed for each project. 
 
This analysis is primarily interested in the energy component of a groundwater banking 
program.  It will examine the energy required for basic operation of the groundwater banks 
and compare that to the energy savings realized from a higher water table.  Three case studies 
in the southern San Joaquin Valley were used to analyze the effects on energy use of 
groundwater banking: 
 

1. Arvin-Edison Water Storage District (Arvin-Edison WSD) 
2. Kern County Water Agency (KCWA) 
3. Semitropic Water Storage District (Semitropic WSD) 

 
Detailed case studies for these three agencies can be found in Attachment F. 
 

Basic Operation 

The basic purpose of a groundwater banking project is to store a given volume of water in an 
aquifer and return the water at some time in the future.  An energy analysis of the basic 
operation is to quantify the energy required for “Put” and “Take”.  “Put” energy is the energy 
required to bring in surface water from an outside source to the project area and store the 
water in the groundwater bank’s aquifer.  “Take” energy is the energy required to lift the 
water out of the aquifer and return it to the elevation it was originally at before it was brought 
in to the project area.  The sum of the energy required for the put and take is the additional 
energy component required that the banking partner would not be subject to if the water was 
transported directly from the source to the end user. 
 
It should be noted that “Put” energy will mainly occur in wet years and “Take” energy will 
mainly occur in dry years.  This is because a wet year is when excess water is available for 
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banking partners to purchase but is not needed for their operations.  Conversely, the banking 
partners would have a higher need to “Take” water to meet their operational needs during dry 
years.  The result is that describing the additional energy required per unit of water as the 
sum of “Put” and “Take” in a groundwater banking program does not reflect the seasonal or 
even yearly effects on energy use. 
 
The additional energy component for the three case studies is shown in the figure below: 
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Figure 5.  The added energy required for the basic operation of the three case studies 
 
The added energy component for water that is actually physically pumped out of the ground 
and returned to the banking partner is approximately 400 KWh/AF for KCWA, 650 KWh/AF 
for Semitropic WSD and 1,100 KWh/AF for Arvin-Edison WSD.  This would be the energy 
required for a bucket-for-bucket exchange of water from the groundwater bank.  In lieu 
exchanges may have a energy requirement if there is additional pumping required to return 
the water after the water is pumped to the surface; however, it is generally lower than normal 
banking operations because the “Put” energy is not needed. 
 
The Arvin-Edison WSD primarily uses active recharge for its groundwater banking program 
with the Metropolitan Water District (MWD), its main client.  KCWA also primarily uses 
active recharge and is the primary wholesaler for State Water Project (SWP) water for Kern 
County.  Semitropic WSD primarily uses the in-lieu method to operate its groundwater 
banking project. 
 
There are generally some infrastructure additions or improvements needed for each of these 
groundwater banking programs.  Arvin-Edison WSD, for example, increased the size and 
number of spreading basins and the number of wells as well as constructed a pipeline and 
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pumping plant to enable the return of groundwater back to the California Aqueduct.  
KCWA’s groundwater banking programs generally involve having the control of the 
overlying land and the maintenance of the corresponding well fields.  Semitropic WSD was 
essentially a groundwater region prior to the banking project so, in order to develop a 
conjunctive use arrangement for their in-lieu groundwater banking program, it needed to add 
infrastructure to bring surface water to the farmers’ fields.   
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Figure 6.  General schematic of how water banking is accomplished in Arvin-Edison 
WSD. 

 

Raising the Water Level in the Aquifer 

In all three cases, the groundwater banking program has raised the groundwater level above 
what it would have been without the groundwater banking program.  This benefits both 
overlying landowners and adjacent landowners who are affected by the groundwater gradient 
within the groundwater banking project area. 
 
A comparison of the energy required for basic operation (energy cost) of the Arvin-Edison 
WSD groundwater banking project with MWD, with the potential energy savings from a 
raised water table is shown in Attachment G.  The result of this comparison is shown in the 
figure below. 
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Figure 7.  The relationship of energy cost/savings for Arvin-Edison WSD.  The energy 
savings is seen every year where the energy cost is spread out, assuming three years of 

“take” out of 10 years. 
 
The figure above indicates that, overall, 2-10 times more energy is required to operate the 
groundwater banking program with MWD than is saved because of the increase in water 
level.  However, the overall benefit to each party outweighs the energy requirement.  If the 
banking program between Arvin-Edison WSD and MWD did not take place, Arvin-Edison 
WSD groundwater users would not have any benefit from a higher groundwater level and 
MWD would not have the ability to store surplus water for times when there is a shortage.  In 
effect, MWD would lose that water.  
 

Electrical Energy Time of Use Effects 

The electrical energy required to “Take” water from a groundwater banking program is not 
only a function of the total pumping energy required but also when that energy is required.  
The timing of when a “Take” occurs might have some implications for reducing peak energy 
loads.  The benefit of such timing might be measurable not only for daily peak energy but 
seasonal peak energy as well.  
 
The higher water table due to a groundwater banking program discussed in the previous 
section would also have an effect on peak energy requirements.  For the Arvin-Edison WSD 
example, if the water table were to be raised 16 ft due to the groundwater banking program, 
assuming the pumps run continuously for 4 months from May to September, there would be a 
peak load reduction of 2.4 megawatts (MW).    
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The effect on peak load could be higher or lower than 2.4, depending on current irrigation 
management practices and crop water demand.  The peak reduction would be less than 2.4 
MW if a certain percentage of the current and historical irrigation practices were to avoid 
peak periods (off-peak use only).  Since the peak load reduction estimate of 2.4 MW is an 
average over the entire peak period (May – September), the actual peak load reduction during 
June, July, and August (when more water is pumped because of higher ET rates) would be 
greater than this estimate.  This would correspond to high peak loads due to the demand for 
air conditioning.   
 
The three groundwater banking programs reviewed were set up so that in no case will the 
program adversely impact overlying landowners or even adjacent landowners who are 
hydraulically connected to the aquifer.  For instance, Arvin-Edison WSD has an agreement 
with its major banking partner, MWD, that MDW can “Take” water only when it doesn’t 
adversely affect the farmers in the district.  This essentially means that MDW would be 
unable to “Take” water during the peak irrigation season, since all of Arvin-Edison WSD 
facilities will be needed to meet irrigation demand.  If it is assumed that annual peak loads 
occur during the summer, which coincides with peak irrigation demand, further investigation 
might show that there is a benefit to peak energy reduction when a groundwater banking 
program can be used to shift water transfers from summer to other times. 
 

Groundwater Banking Summary 

• Groundwater banking projects have become an accepted method for storing water 
during surplus years for use during dry years.  

• Groundwater banking projects will increase throughout the state of California as the 
demand for water for urban, agriculture and environmental use increases. 

• Groundwater banking projects can have a significant added energy component per 
unit of water compared to surface storage (reservoirs).   

• Groundwater banking projects may lower the energy requirement for normal 
groundwater pumping activities of the overlying landowners up until the banking 
partners' withdrawal all of their entitled groundwater. 

• The potential energy required for the annual average “Put” and “Take” by the 
banking partners is significantly higher than the potential benefit of a lower energy 
requirement due to a higher water table from the banked water. 

• If the “Put” energy requirement is significant, in-lieu projects will require less energy. 
• There may be potential to reduce peak electrical energy requirements by having 

groundwater banking projects. 
 

Impacts from Future Water Transfers 
Water transfer refers to the shifting of water from one region to another.  There are a number 
of possible scenarios that would affect future energy demands.  Some of the possibilities and 
future plans are discussed below.  The predicted energy use resulting from these scenarios is 
shown in the Executive Summary. 
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Exchange Contractors can purchase water from one region and sell it to another.  This 
generally involves farmers in water-rich areas in Northern and Central California selling 
water they are entitled to through their irrigation district to water-short areas to the south.  
The energy component involved would be the pumping requirement to lift the water up into 
the California Aqueduct.  For this scenario, the exchange is assumed to come from farmers 
entitled to water from the Delta-Mendota Canal to farmers who are in districts fed by the 
California Aqueduct in the Southern San Joaquin Valley.   
 
The second scenario is for the proposed exchange of water from Northern California to 
farmers and metropolitan users to the south.  The energy component of this scenario is the 
energy expended to get this water to Southern California plus the potential energy required 
for groundwater pumping by Northern California farmers who will not receive surface water 
under this scenario. 
 
San Diego County Water Authority and Imperial Irrigation District have a water transfer 
agreement where water would be taken from the Colorado River above Parker Dam through 
the Colorado River Aqueduct and delivered to SDCWA through MWD of SC facilities.  The 
water that is transferred would need to be pumped into the Colorado River Aqueduct.  This 
creates a pumping demand as well as a loss of potential energy generation at Parker Dam and 
in the All-American Canal. 
 

Urbanization 
Urban sprawl into agricultural areas is occurring throughout California.  A recent UC 
Agricultural Issues Center (AIC) study reported that 497,000 farmland acres were converted 
to urban uses between 1988 and 1998, as population rose by 5.4 million (19%). This 
translates to the development of 0.1 acres of farmland, on average, for each new resident 
(Gomes, 2002).  Much of this expansion is occurring in the Sacramento and San Joaquin 
Valleys south of Sutter County.  Land around metropolitan areas that is being converted to 
urban uses is generally prime irrigated agricultural.  Irrigated agriculture is shifting to less 
desirable land away from metropolitan areas.  This is shown in the figure below. 
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Figure 8.  Trends in California’s agricultural acreage and farm numbers (1964-1997) 
(1998 Farm & Ranch Irrigation Survey - Census of Agriculture, USDA) 

 
Overall, the amount of agricultural land in California has decreased dramatically since 1964.  
However, the amount of irrigated agriculture has not changed significantly.  This is due to 
the conversion of lower quality, previously non-irrigated land to irrigated agriculture.   
 
The difference in the amounts of applied water used by urban compared to agriculture is not 
significant.  The California Department of Water Resources has found that urban applied 
water use is 3.2 acre-feet per acre per year in Fresno, California (DWR Bulletin 160-98).  The 
table below compares this use to typical DWR estimated agricultural applied water use for 
the Fresno region (the estimated water use in the table below are DWR estimates and were 
not used elsewhere in this report). 
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Table 27.  Urban applied water use estimate compared to typical applied water use by 
crops in the Fresno area 

Type of Use  
Annual Applied 

Water Use  
     (Acre-Feet/Acre)   
Urban  3.2  
    
Agricultural    

Barley  1.3  
Grapes  2.9  
Cotton  3.2  
Deciduous Orchard 3.5  
Pasture  4.5  
Alfalfa  4.7  

(California Department of Water Resources Bulletin 160-98) 

However, the energy required for urban applied water is typically much greater than for 
agriculture.  Typically the source of water for urban use is groundwater or treated surface 
water.  Both require significant energy requirements.  The actual energy required for urban 
water is beyond the scope of this report.  However, it is important to understand that the 
effect of urbanization on water demands is negligible and its effect on energy demands is 
significant. 
 

Ranchettes 

In recent years, a popular form of urbanization is for developers to buy large parcels of land 
and split them into 0.5- to 8-acre lots.  Generally, a single-family dwelling is built on these 
relatively large lots and they are termed “ranchettes.”  The popularity of ranchettes has 
increased in suburban areas where the price of land is reasonable.  Most of the owners 
commute to the cities for work and recreation but do not feel they live in the confined areas 
generally associated with urban or suburban housing.   
 
Unlike complete urbanization of a region where lots can be a quarter to an eighth of an acre 
or smaller, ranchette areas are open and can be used for hobby farming, to raise horses, etc.  
The amount of area currently in ranchettes has not yet been defined; however, the California 
Department of Conservation Division of Land Resource Protection Farmland Mapping and 
Monitoring Program is currently completing a survey of Fresno, Madera, Merced, and 
Stanislaus counties as a pilot project to begin defining this area.  Other important questions 
that must be addressed are: 
 

1. How is the conversion to ranchettes from irrigated agriculture going to affect the 
amount of applied water? 

2. What is the source of the water, and is it different than the source of the irrigated 
agriculture that it replaced? 
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3. How will the answers to the first two question impact energy requirements? 
 
To help answer the first question, ITRC analyzed LandSat 7 satellite images and Department 
of Water Resources Land Use Survey shapefiles for four counties in California.  The DWR 
does not have a specific category for ranchettes; however, they do have a category that 
groups ranchettes and residential areas that comprise relatively large lots that do not fall into 
the urban category.  This category is abbreviated UR.  For the ITRC analysis, the vegetative 
index calculated from the LandSat images was used to estimate the amount of irrigated 
vegetation in the UR category.  A detailed explanation of the process used can be found in 
Attachment E.  The table below shows the results of the evaluation.   
 

Table 28.  Percent of irrigated vegetation in the UR category of the DWR Land Use 
Survey 

 
Region 

Percent of 
Irrigated 

Area 
Fresno 11% 
Kern 9% 
Sacramento 5% 
Tulare 16% 

 
The results of the evaluation show that a relatively low percentage of the area is actually 
irrigated.  This would indicate that the applied water and energy requirement would be less in 
terms of vegetative water use when compared to an irrigated crop.  Household use was not 
examined.   
 
One possible reason for the results of this evaluation is that the ranchette owners may not 
have a cost-effective source of irrigation water.  Since it is unlikely that a crop grown by the 
owner would provide a significant source of income, it may not be cost-effective for the 
farmer to drill an irrigation well and pay for the electricity for pumping or to use treated city 
water.  If untreated surface water were available, it would seem that the percent of irrigated 
area would be greater.  The cost of water from an irrigation or water district is significantly 
less than the cost of treated water and may not have a capital cost as great as the cost of 
drilling a groundwater well.   
 
The DWR Land Use Survey for Fresno County categorized some of the fields by water 
source.  The results indicated that a relatively large percent of UR categorized areas had 
surface water available.  However, the majority of the fields were either not classified or 
classified as unknown with regard to irrigation source.  How the water source was classified 
is an important and unknown question.  The DWR ground truths each of their surveys.  If UR 
land was classified as supplied with surface water because of its proximity to an irrigation 
canal, it may be erroneous to assume that the land has the ability to obtain water from that 
canal.  The results of this evaluation can be found in Attachment E.  
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Desalination 
As California’s water crisis has continued to escalate, interest in desalination has 
significantly increased.  Recent developments in lower pressure membrane technology have 
especially piqued interest because of the lower operating cost associated with this technology 
(Glater, 2003).  Historically, desalination plants have been used primarily for treating 
seawater.  However, as the salinity level of fresh water sources has increased, desalination of 
brackish water (fresh water with a high salinity level) has begun to expand. 
 
A number of desalination plants was constructed in the coastal regions of California during 
the 1987-1992 drought, the largest of which are located in Morro Bay and Santa Barbara.  
The desalination process at these plants requires 8.8 MWh/AF and 6.5 MWh/AF, 
respectively (Chaudhry, 2003).  Currently, there are five proposed desalination projects 
located in Southern California that are expected to require less than 3.6 MWh/AF for the 
desalination process (Chaudhry, 2003).  In comparison, it requires a net energy consumption 
of approximately 3.0 MWh/AF to send water from the Delta to Metropolitan Water district of 
Southern California (MWD), not including treatment (the estimate of 3.0 MWh/AF accounts 
for pumping and generation of the water along the State Water Project).  This Delta water 
requires approximately 0.09 MWh/AF of energy for treatment to become potable (Chaudhry, 
Personal Communication).  The figure below shows that with the rising energy costs, the cost 
of importing water into Southern California has increased.  The cost of seawater desalination 
has decreased because of technological improvements.  It is predicted that the cost of 
desalination will continue to decrease and by 2006 will be approximately the same as the 
2002 cost of importing water (~$490/AF) (Chaudhry, 2003). 
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Figure 9.  Approximated cost of importing water into MWD of SC compared to the cost 
of seawater desalination in 1990 and 2002.  Adapted from a figure in Chaudhry, 2003. 

 
The decreasing cost of desalination opens up the potential for use by the agricultural sector.  
Drainage water along the Westside of the Central Valley is very high in salts, specifically 
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selenium.  Restrictions on disposal of this drainage water have caused significant problems 
throughout this region.  Some districts currently pick up the drainage water at the tail end of 
the district, pump it back to the head and mix it with incoming freshwater from the California 
Aqueduct.  The salt is then spread over the entire district.  The result of this practice is that 
the salinity levels in the irrigation water continue to increase, affecting the crop yields.   
 
As the cost of desalination continues to decrease it may be economically feasible to remove 
the salts from this drainage water.  With reverse osmosis, the amount of energy required is a 
function of the salinity of the irrigation water.  Since drainage water has a salinity level 
significantly less than seawater, the amount of energy needed will be less (this is discussed 
further below).  If it is cost effective to treat drainage water, it could potentially “free up” a 
significant amount of water for use elsewhere in the state.  The amount of water that would 
need to be treated could be as much as 300,000 AF per year (270 MGD, if spread evenly 
throughout the year). 
 
A study at Buena Vista Water Storage District in the late 1990’s showed a cost to treat 
drainage water through reverse osmosis of $300 per AF, including capital expenditures for 
the plant itself and operation and maintenance costs.  This cost did not include expenditures 
for facilities to capture drainage water, dispose of brine, or deliver treated water 
(Frankenberger et al., 1999).  A detailed discussion of studies conducted, as well as types of 
technologies used for drainage water desalination, can be found in Frankenberger et al., 
1999. 
 

Brine Disposal 

The desalination and disposal of the contaminated brine could have a significant impact on 
future energy requirements.  There are four major brine disposal methods used throughout 
the world.  These methods are: 

− Return to the ocean 
− Deep Well Injection 
− Evaporation Ponds 
− Solar Ponds 

 
The first option (return the salt to the ocean) poses significant problems for inland-sited 
desalination plants.  Unless the water (either the brine, influent, or drainage water) can be 
transported long distances, it is not an option.  The NIBY (not in my back yard) sentiments in 
coastal communities are very strong. 
 
Deep well injection has been used for many years throughout the world to dispose of 
hazardous and industrial waste (Glater, 2003).  It generally involves injecting the waste into a 
confining layer around a mile deep.  Another option is injecting effluent into oil wells that 
are no longer in use.  Deep well injection can be an effective method of brine disposal; 
however, Glater (2003) pointed out a few limitations: 
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1. Availability of suitable well sites 
2. Costs involved in conditioning the waste brine and injection 
3. Possibility of contamination of fresh water strata if leakage occurs in the well casing 

through seismic activity or corrosion 
4. Uncertainty of the well half-life, which can only be estimated using mathematical 

simulation techniques 
 
Evaporation ponds are one of the most widely used techniques of inland desalination brine 
disposal.  However, they are not suited for regions with significant rainfall and variable 
evaporation rates (Glater, 2003).  Ponds must be large in order to have significant 
evaporation, and the capital cost associated with land purchase alone can be significant.  
Deep percolation must be prevented.  All current evaporation ponds are generally double 
lined with polymer-based sheets to prevent groundwater contamination (Glater, 2003).  This 
is a large component of the capital cost.  An additional consideration is the environmental 
effects, especially with migrating waterfowl.  Shallow open water bodies in inland areas of 
California are prime attractors for migrating birds.  However, the drainage water is high in 
selenium, which is toxic to riparian species. 
 
The use of salt-gradient solar ponds may be an effective way of treating and storing drainage 
water (Frankenberger et al., 1999).  The salt-gradient solar pond has three zones of different 
salt concentrations, which act to keep the zones separate.  The top and bottom zones are 
homogenous convective zones and the middle zone is non-convective and has its own salt 
gradient (Frankenberger et al., 1999).  The depths of the ponds range from less than a meter 
to several meters.  The figure below shows a typical schematic of a solar pond. 
 

 

Figure 10.  Salt-gradient solar pond.  Figure provide by Frankenberger et al., 1999. 
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The bottom zone is heated through conduction.  Solar radiation penetrates through the non-
convective zone, heating the bottom zone.  The heated water can be used to generate 
electricity to help operate the desalination plant.  A study was conducted in Los Banos, CA 
from 1985 to 1989, where a Rankine-cycle engine was used for generation of electricity.  The 
water temperatures in the bottom zone reached 180 degrees F (Frankenberger et al., 1999).  
However, the study was discontinued as a result of an EPA-ordered shutdown of all drainage 
water in the region, which fed the plant (Glater, 2003). 
 
Further research would be needed in order to determine the feasibility of salt-gradient solar 
ponds as an integrated method of brine disposal and water treatment.  The problem of final 
disposal of the salt still remains, of course. 
 

Energy Requirement of Drain Water Desalination 

There are a number of variables that will influence the future energy requirements regarding 
desalination of drainage water.  If solar ponds are feasible, the amount of energy required for 
desalination from outside of the system may be significantly less than without these ponds.  
The energy requirement is a function of the salinity level of the influent, as well as the target 
level of the effluent.  The current energy requirement for desalination of seawater, 
3.6 MWh/AF, is higher than the requirement for drainage water; however, current data on the 
actual energy requirement is lacking.  In a presentation made by Ron Enzweiler, from 
WaterTech Partners, to the CALFED Water Use Efficiency Subcommittee in 2002, the 
energy required for desalination of drainage water was estimated to be approximately 
2.5 MWh/AF.  If 300,000 AF of drainage water were treated per year, the annual gross 
energy required for treatment would be 750,000 MWh/Year. 
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RESERVOIR STORAGE SENSITIVITY TO 
CLIMATE CHANGE 

Global warming is a major concern throughout the world.  There have been continued 
debates on whether it is actually occurring, what the cause is, what the effect will be, and 
when the potential climate change will be felt.  Climate change is predicted to occur because 
human activities are changing the chemical composition of the earth’s atmosphere (USEPA, 
1997).  Analysis and debate regarding all the effects that this will have on California are 
beyond the scope of the report.  However, there is one particular predicted event that can 
have a dramatic effect on water resources, in addition to energy generation and demand.  
That is earlier snowmelt and increased rainfall at upper elevations of the Sierra Nevadas.   
 
Snow acts as a reservoir, delaying the release of water into the spring and early summer 
when the demand from urban and agricultural vegetation begins to increase.  Throughout the 
Sierra Nevada range, dams have been constructed to create lakes and reservoirs that delay 
rainfall and snowmelt runoff until it is needed downstream.  In effect, there are two 
reservoirs: snow and man-made reservoirs and lakes.  In some cases, these work in 
conjunction to provide outflow just when it is needed.  In other cases, reservoirs have been 
constructed with sufficient capacity to hold multiple years’ worth of snowmelt and rainfall 
runoff without affecting outflow. 
 
A number of reservoirs in the central to southern San Joaquin Valley do not have sufficient 
storage capacity to delay inflows more than 1-2 months.  ITRC conducted an analysis to 
examine the effects of increased winter and spring rainfall and earlier snowmelt on reservoir 
storage and outflow.  The analysis utilized predictions from the U.S. EPA (1997) and the 
Intergovernmental Committee on Climate Change (McCarthy, 2001) to conduct the analysis.  
These predictions include: 
 

− Appreciable increases in precipitation are projected: 20-30% (with a range of 10-
50%) in spring and fall, with somewhat larger increases in winter.  Little change is 
projected for summer. 

− More precipitation will occur as rain and less as snow. 
− Snowmelt will occur earlier in the season. 
− Winter runoff will increase, while spring and summer runoff will decrease. 

 
The reservoir sensitivity analysis was conducted for eight reservoirs in the central to southern 
San Joaquin Valley.  The table below shows data for each reservoir collected from the U.S. 
Army Corp of Engineers (USACOE) and the California Department of Water Resources 
(DWR).  Minimum storage volumes for each reservoir were taken from data in the reservoir 
operations manual or from phone interviews with reservoir operations personnel.  The usable 
storage was estimated from the maximum and minimum storage values. 
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Table 29.  Reservoir information for 10 reservoirs used in the reservoir sensitivity 
analysis 

Dam Name All Values in 
Acre-Feet 

Friant Buchanan Pine Flat Terminus Success Isabella 
New 

Melones Don Pedro
Maximum 

Storage 520,500 150,000 1,000,000 143,000 82,300 568,000 2,400,000 2,030,000
Estimated Min 

Storage 130,000 10,092 100,000 4,066 5,000 80,000 300,000 1,250,000
Estimated 

Usable Storage 390,500 139,908 900,000 138,934 77,300 488,000 2,100,000 780,000 
3 yr. Avg. 

Annual Inflow 1,228,711 44,376 1,243,824 313,868 90,393 424,282 741,524 2,203,540
 
The figure below shows the average annual inflow compared to the usable storage.  
Reservoirs that have more inflow than storage must release water much sooner than 
reservoirs with more capacity.  Therefore, it is predicted that the reservoirs with a lower 
usable storage to annual inflow ratio will be more sensitive to climate change. 
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Figure 11.  Average annual inflow compared to the estimated usable storage 
 
The reservoir inflows were adjusted based on the predicted changes in rainfall and snowmelt 
patterns.  The late winter and early spring inflows were increased and the late spring and 
summer inflows were decreased.  However, these adjustments were made so that the annual 
inflow did not change significantly (same annual volume of runoff).  The assumption made 
by ITRC is that while the timing of the inflows may change, the annual inflow volume will 
not be significantly impacted.  The figure below shows how the inflow timing impacts the 
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reservoir releases at Friant Dam near Fresno, California.  The shaded area indicates the 
volume of water that is currently being released from the dam that will not be available if the 
predicted climate changes occur, with the assumption that reservoir releases will exceed 
current releases once the reservoir reaches maximum capacity and will be less than current 
releases once the reservoir reaches minimum capacity.  When the storage is in between the 
maximum and minimum storage, the future outflow will equal the current outflow (i.e., 
reservoir operation will not change unless physical constraints force it to). 
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Figure 12.  Reservoir sensitivity analysis of Friant Dam.  The shaded area indicates the 
reduction in outflow during the peak summer months. 

 
Currently, snowmelt slows the inflow into the reservoir so that water can be released 
throughout the peak irrigation season.  The end of the month (EOM) storage closely emulates 
the seasonal inflow pattern.  The maximum reservoir elevation occurs near the beginning of 
the summer and the 2001 outflow (releases) are then maximized to meet summer demands.  
The adjusted inflow indicates higher volumes of inflow in the spring until early summer, 
when the inflow drops dramatically.  Since the reservoir storage is limiting, the dam 
operators would be forced to release water earlier than they would under current operation so 
that the capacity is not exceeded (May adjusted outflow is greater than May 2001 actual 
outflow).  This water would then not be available for release during the late summer and fall 
(August-November).  
 
Over the past 30 years it has become increasingly difficult to increase the amount of large-
scale surface storage through construction of large dams.  In some cases, existing dams can 
be raised slightly in order to provide more storage.  However, even this can be difficult with 
current environmental and construction concerns, and the results are limited.  What will most 
likely occur is an increase in groundwater storage programs in the affected areas.   
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Urban and agriculture will still have their highest demands during the summer months, so 
they will be forced to pump more groundwater when surface water becomes unavailable.  
This will have a significant impact on future energy requirements.  ITRC estimated this 
energy requirement using the estimated on-farm groundwater pumping energy requirement 
calculated in the On-Farm Groundwater Pumping section of this report.  It was assumed 
that the volume of surface water that would no longer be available would have to be pumped 
from the groundwater aquifer.   
 
Using the current energy required to pump groundwater on-farm to estimate the amount of 
future energy that will be required also assumes that the overall pumping plant efficiency and 
the pumping water level will both be the same.  However, with a significant increase in 
groundwater pumping in a region, groundwater levels will probably drop.  To overcome 
groundwater overdraft, water that must be released from reservoirs so they do not exceed 
capacity will probably be distributed into recharge basins.  This water would be allowed to 
percolate into the groundwater aquifer to help maintain the groundwater level. 
 
Some of the reservoirs analyzed did not show any significant change in reservoir outflow 
(table below).  This indicates that the reservoirs have sufficient capacity to hold the water 
until it is needed.  Other reservoirs only showed outflows impacted for certain years and not 
others.  The table below shows the results of the sensitivity analysis.  Cells that are blank 
indicate no data was available to complete the analysis.  Values of zero indicate that the 
outflow was not impacted. 
 
Friant, Terminus, and Don Pedro Dams were significantly impacted by the climate change 
for each year analyzed.  These dams also have significantly less storage than annual average 
inflow volume.  The results assume no change in reservoir operation unless physical 
constraints warranted the change.  If the operation were changed, the results would likely be 
different.  The analysis also did not take into account the potential increase in evaporation 
from the reservoir surface or increased evapotranspiration demand by agriculture and urban 
vegetation as a result of climate change. 
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Table 30.  Results of reservoir sensitivity to a significant climate change 

  Dam Name 
  Friant Buchanan Pine Flat Terminus Success Isabella New Melones Don Pedro 

Year 

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase 

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase

Reduced 
Summer 
Outflow 

(AF) 

Resulting 
MWh 

increase
1996                             256,110 93,224 
1997                             185,312 67,454 
1998                                 
1999                                 
2000 235,889 84,212 0 0 0 0 32,950 13,510 0 0 0 0 0 0     
2001 166,536 59,453 0 0 0 0 16,291 6,679 1,262 459 0 0 0 0     
2002 150,689 53,796 0 0 86,365 36,273 22,262 9,127 0 0 25,438 15,543 0 0     

Average 184,371 65,821 0 0 28,788 12,091 23,834 9,772 421 153 8,479 5,181 0 0 220,711 80,339 

            
            Sum of Reservoir Averages 466,605 173,357
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FUTURE RESEARCH 
Future research topics were discussed in a Nov. 24, 2003 workshop held at the CEC offices 
in Sacramento.  The major points and recommendations, plus additional ideas supplied by 
ITRC, are found in Attachment I at the end of this report. 
 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

Irrigation Training and Research Center -46- CEC Ag Water Energy Analysis 
www.itrc.org 

REFERENCES 
 
Allen, R,G., L.S. Pereira, D. Raes, M. Smith. 1998. Crop Evapotranspiration; Guidelines for 

computing crop water requirements. FAO Irrigation and Drainage Paper No. 56.  
Rome, Italy  300p 

Burt, C. M., A. Mutiger, D.J. Howes, K.H. Solomon. 2002, Evaporation from Irrigated 
Agricultural Land in California. Irrigation Training and Research Center, California 
Polytechnic State University, San Luis Obispo, California, USA. 

California Department of Water Resources. Reservoir Data [Online]. Available at 
http://cdec.water.ca.gov/reservoir.html (verified 24 October 2003) 

California Department of Water Resources. 1998. California Water Plan. Bulletin 160-98. 
(Available online at http://cdec.water.ca.gov/reservoir.html) 

Chaudhry, S. 2003. Personal Communication. California Energy Commission Meeting 
August 18, 2003. 

Chaudhry, S. 2003. Unit Cost of Desalinization. California Desalinization Task Force. 
Presented July 3, 2003.  Sausalito, CA. 

Frankenberger, Jr. W. T., C. Amrhein, T. W. M. Fan, D. Flaschi, J. Glater, E. Kartinen, Jr., 
K. Kovac, E. Lee, H. M. Ohlendorf, L. P. Owens, N. Terry, and A. Toto. 1999. 
Advanced Treatment Technologies in the Remediation of Seleniferous Drainage 
Waters and Sediments. Drainage Water Treatment Final Report. February 1999. 
Drainage Water Treatment Technical Committee. The San Joaquin Valley Drainage 
Implementation Program. 

Glater, J. and Y. Cohen. 2003. Brine Disposal From Land Based Membrane Desalinization 
Plants: A Critical Assessment (Draft). University of California, Los Angeles. 

Irrigation Training and Research Center. 1996.  Status and Needs Assessment: Survey of 
Irrigation Districts - USBR Mid-Pacific Region. Irrigation Training and Research 
Center, California Polytechnic State University, San Luis Obispo, CA. 

Irrigation Training and Research Center. 2000. Benchmarking of Flexibility and Needs 2000: 
Survey Federal Irrigation Districts. Irrigation Training and Research Center, 
California Polytechnic State University, San Luis Obispo, CA. 

Irrigation Training and Research Center. 2002. Benchmarking of Flexibility and Needs 2002: 
Survey Non-Federal Irrigation Districts. Irrigation Training and Research Center, 
California Polytechnic State University, San Luis Obispo, CA. 

Jorgensen, G., B.M. Escalera, D.R. Wineman, R.K. Striegler, D. Zoldoske and C. Krauter. 
1996. Microsprayer Frost Protection in Vineyards. CATI Publication #960803. 

McCarthy, J.J., O.F. Canziani, N.A. Leary, D.J. Dokken, and K.S. White (ed.) 2001. Climate 
Change 2001: Impacts, Adaptation, and Vulnerability. Intergovernmental Panel on 
Climate Change. Cambridge University Press. New York, NY. 

Metropolitan Water District of Southern California (MWD). 2003. Metropolitan Calls on 
Water Transfer Options From Sacramento Valley Rice Farmers. Press Release Feb. 
14, 2003. (Available on-line at http://www.mwd.dst.ca.us/mwdh2o/pages 
/news/press_releases/2003-02/Options_Exercised.htm) 

Nemani, R.R., M.A. White, D.R. Cayan, G.V. Jones, S.W. Running, J.C. Coughlan, 1999. 
Asymmetric climatic warming improves California vintages. In Proceedings of the 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

Irrigation Training and Research Center -47- CEC Ag Water Energy Analysis 
www.itrc.org 

International Conference of Biometeorology, November, 1999. Sydney, Australia, 
ICB8, 4:80-81. (Available on-line at http://www.gis.usu.edu/~mikew/papers 
/ICB_1999.pdf) 

Snyder, R.L. 2000. Principles of Frost Protection. FP005. University of California, 
Atmospheric Science. Davis, CA. (Available on-line at http://biomet.ucdavis.edu 
/frostprotection/FP005.htm) 

Thomas, G.A. 2001. Designing Successful Groundwater Banking Programs in the Central 
Valley: Lessons from Experience. Natural Heritage Institute. Berkeley, CA. 

United States Army Corp of Engineers. Water Control Data System [Online].  Available at 
http://www.spk-wc.usace.army.mil/generic/corps_rep_mon.html  (verified 24 
October 2003. 

United States Department of Agriculture. 1994. 1992 Census of Agriculture: Farm and Ranch 
Irrigation Survey (1994). National Agriculture Statistics Service. (Available on-line at 
http://www.nass.usda.gov/census/census92/fris94/fris94.htm). 

United States Department of Agriculture. 1999. 1997 Census of Agriculture: Farm and Ranch 
Irrigation Survey (1998). National Agriculture Statistics Service. AC97-SP1 
(Available on-line at http://www.nass.usda.gov/census/census97/fris/fris.htm). 

United States Environmental Protection Agency. 1997. Climate Change and California. EPA 
230-F-97-008e. (Available on-line at http://yosemite.epa.gov/oar 
/globalwarming.nsf/content/ImpactsStateImpactsCA.html) 

Wilkinson, Robert.  2000.  Methodology for Analysis of the Energy Intensity of California’s 
Water Systems, and an Assessment of Multiple Potential Benefits Through Integrated 
Water-Energy Efficiency Measures. Exploratory research supported by Ernest 
Orlando Lawrence Berkeley Lab, California Institute for Energy Efficiency. 
Agreement No. 4910110.  Environmental Studies Program, UC Santa Barbara. 

 
 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

www.itrc.org 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ATTACHMENT A 
Irrigation District Pumping 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

Irrigation Training and Research Center -A-1- CEC Ag Water Energy Analysis 
www.itrc.org 

ATTACHMENT A 
IRRIGATION DISTRICT PUMPING 

The cost of energy for pumping is one of the largest expenses that some districts incur.  In 
parts of California, districts must pump every drop of water that they deliver to water users.  
In other parts, districts do not have to do any pumping; all of their water is fed through 
gravity.  Some districts pump surface water out of canals or rivers into pipelines or open 
channels.  In some cases, this is the only lift the water needs so that it can be delivered to the 
water users.  In other cases, multiple pump stations are used to pump surface water 
throughout the district.  Some districts pump groundwater to supplement the surface water 
supply.  Many of these districts are called water storage districts.  In years of surplus they 
recharge the groundwater and in years of deficit they use some of that stored water. 
 
The amount of energy used by districts varies significantly throughout California.  This 
attachment will explain the methodology and procedures used to estimate the amount of 
surface and groundwater pumping by irrigation districts on a regional basis throughout the 
state. 
 
Studies conducted by the Irrigation Training and Research Center were used in this analysis.  
The studies include the Benchmarking of Flexibility and Needs of California Water Districts 
for 1995, 2000, and 2002, the Evaporation from Irrigated Agriculture Land in California, as 
well as other technical reports conducted throughout the state.  District surveys and water 
management plans for eighty-seven districts throughout California were used to help estimate 
district pumping requirements.  These sample districts had a combined irrigated acreage of 
approximately 4,350,000 out of a total estimated 9,126,200 irrigated acres in California. 
 

Methodology 

The goal of analyzing the Benchmarking of Flexibility and Needs survey data and the water 
management plans was to estimate: (a) the KWh/AF required to pump surface water and 
groundwater, and (b) find the volume of water supplied by the district to water users per acre 
(AF/acre).   
 
The average annual water deliveries, district irrigated acreage, number of groundwater wells, 
average annual power cost to pump, and average cost per kilowatt-hour were the basis of the 
estimation of each district’s energy requirement and volume of water supplied to farmers. 
 
The estimated annual energy used for district surface water pumping was determined using 
different methods depending on what type of information was available.  Generally, energy 
use by district groundwater pumping was determined first.  The static groundwater level, 
typical regional drawdown, estimated column losses, discharge pressures, and average 
regional pump efficiencies were used to calculate the KWh/AF requirement.  This data was 
obtained from a number of sources.  Static groundwater level (SWL) was obtained from the 
surveys, the estimated column loss (CL) and drawdown (DD) were obtained from pump 
company interviews, discharge pressures (DP) were estimated by ITRC, and the average 
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regional overall pumping plant efficiencies (OPPE) were obtained from the ITRC CEC Ag 
Peak Load Reduction Program Pump Test Database (see Attachment C).  The total dynamic 
head (TDH) was calculated as: 
 

TDH = SWL+DD+CL+DP 
 
Each district was assigned an ETo zone based on its location in the state.  The SWL varies by 
individual district, but the DD, CL, OPPE, and DP vary by ETo zone only because individual 
district data was not available.  The KWh/AF groundwater pumping requirement was 
calculated using the following equation: 
 

KWh/AF = (TDH/(OPPE%/100))*1.023 
 
This equation can be formulated as: 
 

KWh/AF = IHP*0.746/(GPM*(60/325,850))  
 
 IHP=WHP/OPPE=(GPM*TDH/(3960*OPPE)) 
 
KWh/AF = (GPM*TDH/(3960*OPPE))*0.746/(GPM*(60/325850)) 
 
KWh/AF = (TDH/OPPE) * 1.023 
 
Where, 
 IHP = Input Horsepower 
 WHP = Water Horsepower 
 GPM = Flow rate in gallons per minute 

 
The total average annual volume of groundwater pumped by each of the sample districts was 
obtained from district water management plans.  If a water management plan was not 
available, districts were called and asked the value.  The calculated energy requirement 
(KWh/AF) for district groundwater pumping was multiplied by the total volume of 
groundwater pumped by each district to obtain the district energy requirement for 
groundwater pumping.   
 
Separately, the total energy used by each district (groundwater and surface water pumping) 
was estimated by dividing the average annual power cost by the average cost per kilowatt-
hour.  Subtracting the energy needed for groundwater pumping from the total energy used by 
the district gives the energy used for surface water pumping.  If a district did not pump 
groundwater, the total pumping energy usage was assumed to be equal to the energy used for 
surface water pumping. 
 
The annual energy used by each of the 87 districts for surface water pumping was divided by 
the annual surface water deliveries to obtain the energy required per volume of surface water 
pumped (KWh/AF).  Utilizing GIS, each district was assigned to a DWR ETo zone based on 
the district’s location in the state.  The energy requirements (KWh/AF) for groundwater and 
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surface water pumping were weighted based on district size and averaged for each ETo zone.  
Surface deliveries (AF/acre) were also weighted by district size and averaged for each ETo 
zone.     
 
Table A-1.  Average irrigation district pumping energy requirement and groundwater 
and surface water deliveries by modified ETo zones weighted by district irrigated acres 

(for an average precipitation year) 

Modified 
ETo Zone 

Average Irrigation 
District 

Groundwater 
Pumping Energy 

Requirement 
(KWh/AF) 

Average Irrigation 
District Surface 

Pumping Energy 
Requirement 
(KWh/AF) 

Average Irrigation 
District 

Groundwater 
Pumping  
(AF/Acre) 

Average Irrigation 
District Surface 

Supply (AF/Acre)
1 0 0 0 0.00 
3 0 0 0 0.00 
4 0 0 0 0.00 
6 0 0 0 0.00 
8 201 34 0.01 3.31 
9 0 0 0 0.00 

10 0 0 0 0.00 
12a 209 9 0.12 2.80 
12b 209 9 0.12 2.80 
14 145 16 0.01 3.76 
15 394 123 0.23 1.93 
16 205 52 0.03 1.91 
18 0 0 0 6.72 

 
In order to calculate the total energy requirement for district surface and groundwater 
pumping, ITRC utilized ETo zone irrigated acreage that was estimated for the Evaporation 
from Irrigated Agriculture Land in California (ITRC Report No. 02-001; see the table 
below).  Multiplying the average groundwater pumped by the districts and the surface water 
supplied by the districts (AF/Acre) in each zone by the total irrigated acreage in each zone 
provided the acre-feet of water supplied (AF) by all districts in a zone.  Knowing the AF and 
the KWh/AF required to pump, the total energy requirement was estimated (KWh or MWh). 
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Table A-2.  Total irrigated acres by modified ETo zone in California 

  Surface Sprinkler Drip/Micro Combination Total Irrigated 
Zone Acres Acres Acres Acres Acres 

1 18,057 21,119 7,641 7,109 53,926 
3 110,202 123,408 68,903 50,009 352,522 
4 18,660 8,177 18,709 1,226 46,772 
6 120,611 114,211 93,515 31,012 359,349 
8 22,296 6,648 29,200 376 58,520 
9 105,725 43,583 82,773 5,577 237,658 

10 109,177 53,343 32,225 8,429 203,174 
12a 578,263 150,072 319,024 32,357 1,079,715 
12b 183,548 47,635 101,262 10,270 342,716 
14 1,342,862 422,749 365,207 91,358 2,222,176 
15 1,132,305 474,454 434,750 126,149 2,167,658 
16 776,274 315,897 198,189 97,297 1,387,657 
18 331,726 188,762 60,222 33,612 614,322 

          9,126,165 
 

Example of district groundwater and surface water pumping requirements for 
Zone 15 

Given 
 Groundwater pumping energy requirement = 394 KWh/AF 
 Surface water pumping energy requirement = 123 KWh/AF 
 District groundwater pumped   = 0.23 AF/Acre 
 District surface water delivered  = 1.93 AF/Acre 
 Total irrigated acreage   = 2,167,658 Acres 
 
Energy use in Zone 15 for district groundwater (GW) pumping 
 
(1) 2,167,658 Acres * 0.23 AF/Acre 
      = 498,561 AF of GW pumped 
 
(2) 498,561 AF * 394 KWh/AF 
       = 196,433,168 KWh*  

or ~196,433 MWh 
 
 
*This value is different than the value reported because the AF/Acre was rounded.  The value 
from Table A-1 was rounded; the actual value was 0.23339… AF/Acre, which results in an 
energy use of 199,386 MWh. 
 
 
 
 
 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

Irrigation Training and Research Center -A-5- CEC Ag Water Energy Analysis 
www.itrc.org 

Energy use in Zone 15 for district surface water (SW) pumping 
 
(1) 2,167,658 Acres * 1.93 AF/Acre 
      = 4,183,580 AF of SW supplied 

(2) 4,183,580 AF * 123 KWh/AF 
       = 514,580,332 KWh* or  

~514,580 MWh 
 
 
*This value is different than the value reported because the AF/Acre value was rounded.  The 
value from Table A-1 was rounded; the actual value was 1.92611… AF/Acre, which results 
in an energy use of 514,605 MWh. 
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ATTACHMENT B 
ON-FARM PUMPING 

The annual volume of on-farm groundwater pumping for a typical year was estimated based 
on crop irrigation water demands such as crop evapotranspiration, leaching requirements, and 
frost protection, as well as estimated distribution uniformity and the availability of surface 
irrigation water deliveries.  Once the volume of applied water was estimated, on-farm pump 
efficiency and total dynamic head data was used to estimate the energy required to pump that 
water on a regional basis. 
 

Crop Irrigation Water Demands 

This is made up of three categories: crop evapotranspiration of irrigation water (ETirr), the 
water required to leach salts below the rootzone (LRw), and the water required by some 
crops in some regions for frost protection. 
 

Crop Evapotranspiration of Irrigation Water (ETirr) 

Crop evapotranspiration of irrigation water (ETirr) differs from total crop evapotranspiration 
(ETc) by the amount of precipitation water that the crop utilizes for evapotranspiration.  This 
will vary by region, soil type, and year.  Recently, ITRC conducted a study to estimate the 
amount of evaporation from irrigated agriculture land throughout California (Burt et al., 
2002).  For this study, approximately 40 crops, on four soil types, in 13 ETo zones, using 
three irrigation methods, for three different precipitation years were modeled using the FAO 
56 dual crop coefficient method (Allen et al, 1998).  The model was a Quick Basic program 
originally developed by Dr. Richard G. Allen from the University of Idaho and modified by 
ITRC.  A complete discussion of the procedures and methodology used for modeling can be 
found in Burt et al, 2002.  As a result of the modeling, an estimate of ETirr was developed 
for each crop in each ETo zone throughout California, for three precipitation years: Dry, 
Wet, and Typical. 
 
For this report, only the typical year ETirr values were used to estimate the energy use for a 
normal year.  ETirr values were weighted based on soil type acreage and averaged for each 
crop in each zone for the three irrigation methods (Burt et al., 2002).  The leaching 
requirement water and frost protection requirement for a typical year were then added to the 
ETirr value. 
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Table B-1.  Crop evapotranspiration of irrigation water (ETirr) plus water for leaching requirement and frost protection for 
surface irrigation during a typical year 

Zone 1 Zone 3 Zone 4 Zone 6 Zone 8 Zone 9 Zone 10 Zone 12 Zone 13 Zone 14 Zone 15 Zone 16 Zone 18
ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr

Crop AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre
Apple, Pear, Cherry, Plum and Prune 1.42 1.89 2.04 2.23 2.40 2.32 2.28 2.78 2.53 3.00 3.54 3.63
Apple, Pear, Cherry etc w/cover crop 2.73 3.26 3.22 3.74 3.77 3.82 3.77 4.16 3.81 4.30 4.95 5.02
Immature Apple, Pear, Cherry etc 0.84 0.89 1.04 1.11 1.32 1.23 1.57 1.81 1.65 1.85 2.05 2.12
Peach, Nectarine and Apricots 1.69 2.04 2.11 2.21 2.54 2.29 2.29 3.02 2.88 3.42 3.35 5.17
Immature Peach, Nectarine and Apricots 0.84 0.85 0.96 1.07 1.27 1.16 1.39 1.79 1.87 2.02 2.27
Almonds 1.96 2.13 2.50 2.19 2.90 2.31 3.02 3.26 3.48
Almonds w/ cover crop 2.83 3.26 3.36 3.29 3.80 3.58 3.86 4.35 4.34
Immature Almonds 0.91 1.02 1.37 1.62 2.27 1.69 2.28 2.72 2.86
Walnuts 1.95 2.28 2.41 2.71 2.52 2.51 3.42 2.41 3.16 4.01 4.19
Immature Walnuts 0.92 1.04 1.07 1.28 1.23 1.57 1.81 1.65 1.86 2.02 2.10
Pistachio 2.13 2.16 2.29 2.71 2.51 2.57 3.01 3.28
Pistachio w/ cover crop 0.00 3.53 0.00 3.47 3.85 3.51 3.97 4.47 4.59
Immature Pistachio 0.98 1.38 0.00 1.57 1.82 1.64 1.87 2.05 2.09
Misc. Deciduous 1.76 1.97 2.04 2.28 2.42 2.49 2.13 2.79 2.02 3.01 3.52 3.55 5.30
Immature Misc. Deciduous 0.85 0.86 0.97 1.15 1.29 1.17 1.40 1.80 1.51 1.87 2.06 2.29
Grain and Grain Hay 1.08 1.12 1.11 1.37 1.06 1.35 1.24 1.17 1.02 1.27 1.43 1.44 1.86
Rice 2.38 2.81 2.94 3.32
Cotton 1.54 1.34 1.96 2.26 2.45 2.48 3.60
Safflower and Sunflower 1.28 1.55 1.25 1.46 1.47 1.54 1.58 2.15 2.44 2.47
Corn and Grain Sorghum 1.19 1.51 1.50 1.59 1.82 1.70 1.80 1.87 2.10 1.94 2.41 2.21 2.92
Beans 1.58 1.59 1.64 1.68 1.70 1.46 1.75 1.75 2.01 2.18 2.33
Misc. field crops 1.16 1.47 1.51 1.57 1.62 1.36 1.65 1.76 1.84 1.97 1.93
Alfalfa Hay and Clover 2.59 2.80 2.84 3.23 3.05 3.30 3.24 3.52 3.26 3.52 4.05 4.08 6.07
Pasture and Misc. Grasses 2.47 2.75 2.78 3.26 3.07 3.36 3.06 3.39 3.38 3.50 3.93 4.06 4.24
Small Vegetables (Double Crop) 1.87 1.92 1.86 2.16 2.01 2.14 0.90 1.40 0.85 1.40 1.62 1.60 1.92
Tomatoes and Peppers 1.46 1.73 1.77 1.98 1.97 1.98 1.16 1.35 1.31 1.82 1.92 2.62
Potatoes, Sugar beets, Turnip etc. 1.76 2.06 2.35 2.27 2.60 2.35 2.58 2.53 3.03 3.22 3.70
Melons, Squash, and Cucumbers 1.27 1.30 1.25 1.56 1.49 1.43 0.76 1.00 1.07 1.14 1.17 2.39
Onions and Garlic 1.36 1.30 1.28 1.61 1.32 1.54 1.34 1.40 1.29 1.51 1.53 2.86
Strawberries 1.28 1.57 1.59 1.64 1.69 1.71 1.46 1.78 1.53 1.75 2.06
Flowers, Nursery and Christmas Tree 1.77 1.95 2.00 2.28 2.36 2.46 2.09 2.74 2.13 3.00 3.48 3.36 5.04
Citrus (no ground cover) 1.75 2.09 2.13 2.40 2.75 2.42 2.73 2.74 3.03 3.47 3.62 5.07
Immature Citrus 0.87 0.86 0.88 1.12 1.33 1.19 1.58 1.60 1.84 2.01 2.18 2.41
Avocado 1.78 1.85 2.06 2.17 0.00 2.52 2.15 2.44 0.00
Misc Subtropical 1.78 2.14 2.17 2.44 2.83 2.47 2.78 2.82 2.66 3.02 3.57 3.71 5.33
Grape Vines 0.59 0.85 1.52 1.91 1.87 1.83 2.14 2.42 5.28
Grape Vines w/ cover crop 1.19 1.42 2.48 2.80 2.54 2.81 3.43 3.38
Immature Grape Vines 0.55 0.74 1.23 1.41 1.33 1.42 1.68 1.77 2.49
Idle 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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 Table B-2.  Crop evapotranspiration of irrigation water (ETirr) plus water for leaching requirement and frost protection for 
sprinkler irrigation during a typical year 

Zone 1 Zone 3 Zone 4 Zone 6 Zone 8 Zone 9 Zone 10 Zone 12 Zone 13 Zone 14 Zone 15 Zone 16 Zone 18
ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr

Crop AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre
Apple, Pear, Cherry, Plum and Prune 1.41 1.89 2.04 2.24 2.12 2.32 2.76 2.78 2.53 2.75 3.54 3.28
Apple, Pear, Cherry etc w/cover crop 2.73 3.25 3.23 3.76 3.50 3.82 3.85 4.17 3.82 4.02 4.96 5.20
Immature Apple, Pear, Cherry etc 1.02 1.18 1.35 1.11 1.63 1.57 1.60 1.86 1.86 1.85 2.12 2.30
Peach, Nectarine and Apricots 1.69 2.04 2.11 2.21 2.22 2.32 2.55 3.01 3.01 3.43 3.11 5.06
Immature Peach, Nectarine and Apricots 0.98 1.05 1.19 1.07 1.50 1.39 1.63 1.99 1.99 2.26 2.06
Almonds 1.82 2.13 2.16 2.74 2.90 2.31 2.57 3.26 3.06
Almonds w/ cover crop 2.84 3.26 3.24 3.41 3.80 3.57 3.43 4.35 4.57
Immature Almonds 1.25 1.03 1.73 2.04 2.41 1.87 2.38 2.86 2.34
Walnuts 1.82 2.13 2.41 2.47 2.55 2.84 3.42 2.41 3.18 4.01 3.22
Immature Walnuts 1.23 1.35 1.07 1.65 1.57 1.60 1.86 1.86 1.86 2.14 2.30
Pistachio 2.13 2.16 0.00 2.29 2.72 2.51 2.57 3.01 3.27
Pistachio w/ cover crop 0.00 3.45 3.57 3.49 3.87 3.51 3.98 4.50 4.89
Immature Pistachio 0.97 1.61 1.57 1.60 1.85 1.85 1.87 2.11 2.30
Misc. Deciduous 1.77 1.96 2.04 2.28 1.98 2.48 2.38 2.80 2.43 2.73 3.52 2.74 4.87
Immature Misc. Deciduous 0.99 1.07 1.20 1.15 1.51 1.40 1.64 2.00 1.70 1.98 2.29 2.08 0.00
Grain and Grain Hay 1.08 1.11 1.11 1.37 0.88 1.36 1.24 1.17 1.02 1.27 1.43 1.44 1.86
Rice
Cotton 1.53 1.71 2.20 2.16 2.57 2.48 3.67
Safflower and Sunflower 1.28 1.55 1.24 1.45 1.48 1.54 1.58 2.15 2.45 2.47
Corn and Grain Sorghum 1.19 1.51 1.50 1.58 1.80 1.69 1.49 1.88 2.08 1.72 2.25 2.63 2.91
Beans 1.59 1.58 1.64 1.62 1.67 1.46 1.77 1.57 2.05 2.08 2.32
Misc. field crops 1.17 1.48 1.51 1.51 1.49 1.36 1.66 1.56 1.87 1.87 1.92
Alfalfa Hay and Clover 2.75 3.12 3.06 3.23 3.05 3.46 3.25 3.52 3.26 3.52 4.05 4.08 6.07
Pasture and Misc. Grasses 2.47 2.76 2.78 3.26 3.05 3.35 3.06 3.39 3.38 3.50 3.93 4.05 4.24
Small Vegetables (Double Crop) 1.77 1.83 1.78 2.33 0.82 2.29 1.56 1.54 0.87 1.51 1.77 1.03 2.06
Tomatoes and Peppers 1.46 1.73 1.77 1.98 1.13 1.97 1.19 1.35 1.43 1.80 1.92 2.62
Potatoes, Sugar beets, Turnip etc. 1.77 2.05 2.36 2.23 2.60 2.35 2.58 2.53 3.03 3.22 3.70
Melons, Squash, and Cucumbers 1.24 1.30 1.27 1.44 0.79 1.45 0.75 1.01 1.03 1.18 1.16 2.38
Onions and Garlic 1.35 1.30 1.28 1.61 1.01 1.54 1.34 1.40 1.29 1.51 1.53 2.86
Strawberries 1.64
Flowers, Nursery and Christmas Tree 1.78 1.95 2.00 2.28 1.93 2.46 2.34 2.75 2.31 2.73 3.48 2.75 4.96
Citrus (no ground cover) 2.15 2.37 2.53 3.27 3.53 3.70 3.58 4.23 4.31 4.83 4.80
Immature Citrus 1.16 1.16 1.23 1.90 2.55 2.23 2.52 3.07 3.19 3.38 3.50
Avocado 2.88 2.86 2.92 2.95 0.78 3.30 4.23 4.02 3.12
Misc Subtropical 2.20 2.43 2.58 3.28 3.62 3.76 3.64 4.25 2.80 4.32 4.94 4.88
Grape Vines 0.59 2.27 1.64 1.91 1.87 1.83 2.14 2.43
Grape Vines w/ cover crop 1.18 3.23 2.64 2.80 2.54 2.72 3.43 3.41
Immature Grape Vines 0.72 1.95 1.77 1.39 1.39 1.42 1.68 1.82
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Table B-3.  Crop evapotranspiration of irrigation water (ETirr) plus water for leaching requirement and frost protection for 
drip/microspray irrigation during a typical year 

Zone 1 Zone 3 Zone 4 Zone 6 Zone 8 Zone 9 Zone 10 Zone 12 Zone 13 Zone 14 Zone 15 Zone 16 Zone 18
ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr ETirr

Crop AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre AF/Acre
Apple, Pear, Cherry, Plum and Prune 1.58 1.92 1.97 2.00 2.43 2.36 2.49 2.98 2.97 3.08 3.33 3.70
Apple, Pear, Cherry etc w/cover crop 2.34 2.86 2.82 3.26 3.23 3.33 3.48 4.30 4.02 4.38 4.96 5.02
Immature Apple, Pear, Cherry etc 0.92 1.10 1.18 1.27 1.49 1.41 1.56 1.59 1.63 1.64 1.81 1.99
Peach, Nectarine and Apricots 1.57 1.76 1.94 2.00 2.22 2.08 2.46 2.95 2.92 3.28 3.26 5.00
Immature Peach, Nectarine and Apricots 0.79 0.95 1.03 1.05 1.26 1.14 1.39 1.71 1.72 1.98 2.09
Almonds 2.04 2.34 2.72 2.35 3.07 2.72 3.09 3.68 3.64
Almonds w/ cover crop 3.00 3.27 3.72 3.15 4.09 3.49 3.88 4.51 4.57
Immature Almonds 1.10 1.28 1.54 1.43 1.92 1.70 1.88 2.28 2.29
Walnuts 1.93 2.14 2.03 2.22 2.44 2.12 3.16 2.94 3.39 3.70 3.85
Immature Walnuts 1.11 1.18 1.28 1.49 1.41 1.56 1.59 1.63 1.64 1.81 1.98
Pistachio 2.21 2.50 2.35 2.48 2.71 2.58 2.75 2.93 2.91
Pistachio w/ cover crop 3.11 3.42 3.38 3.46 3.73 3.46 3.87 4.17 4.16
Immature Pistachio 1.26 1.48 1.56 1.59 1.64 1.64 1.81 2.02
Misc. Deciduous 1.42 1.62 1.77 1.84 2.05 2.05 2.67 2.97 2.83 2.95 3.31 3.34 5.16
Immature Misc. Deciduous 0.80 0.96 1.04 1.09 1.28 1.15 1.40 1.73 1.62 1.71 2.00 2.11
Grain and Grain Hay
Rice
Cotton 2.42 2.52
Safflower and Sunflower
Corn and Grain Sorghum
Beans 1.35 1.33 1.37 1.58 1.45 1.50 1.80 1.68 2.15 2.17 2.42
Misc. field crops 1.05 1.26 1.27 1.47 1.36 1.39 1.68 1.69 1.94 1.95 1.98
Alfalfa Hay and Clover
Pasture and Misc. Grasses
Small Vegetables (Double Crop) 1.52 1.60 1.48 1.79 1.74 1.62 0.91 1.24 1.22 1.32 1.49 1.49 2.10
Tomatoes and Peppers 0.99 1.07 1.11 1.24 1.23 1.19 1.23 1.42 1.42 1.81 1.81 2.67
Potatoes, Sugar beets, Turnip etc. 1.95 2.15 2.38 2.22 2.18 2.21 2.55 2.39 2.96 3.00 3.50
Melons, Squash, and Cucumbers 0.48 0.68 0.74 0.69 0.83 0.85 0.65 0.89 0.90 0.95 0.98 2.53
Onions and Garlic 1.26 1.18 1.13 1.31 1.23 1.28 1.30 1.35 1.26 1.56 1.58 2.62
Strawberries 1.15 1.35 1.33 1.37 1.61 1.45 1.50 1.82 1.67 1.68 2.15
Flowers, Nursery and Christmas Tree 1.39 1.59 1.74 1.80 1.99 2.01 2.63 2.92 2.74 2.95 3.22 3.24 4.90
Citrus (no ground cover) 1.86 2.13 2.14 2.58 2.81 2.59 2.82 2.95 3.00 3.58 3.59 5.01
Immature Citrus 0.91 0.99 1.07 1.38 1.64 1.43 1.77 1.86 2.00 2.15 2.29 3.10
Avocado 1.60 1.61 1.79 2.33 2.54 2.23 2.67 3.04 2.23
Misc Subtropical 1.90 2.18 2.18 2.61 2.87 2.64 2.87 2.96 2.48 3.00 3.68 3.67 5.28
Grape Vines 0.50 0.66 0.98 0.83 0.86 1.99 1.99 1.81 2.03 2.21 2.42 3.20
Grape Vines w/ cover crop 0.95 1.09 1.44 1.43 1.55 2.66 2.88 2.70 2.74 3.29 3.23
Immature Grape Vines 0.82 0.68 1.11 1.43 0.97 1.39 1.27 1.21 1.25 1.39 1.53 1.60
Idle
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Leaching Requirement Water (LRw) 

Leaching salts from the rootzone is an important component of the crop water requirement 
throughout most of California.  The leaching requirement (LR) is calculated based on the 
crop salinity threshold (threshold ECe), the electrical conductivity of the irrigation water 
(ECw), and the crop evapotranspiration of irrigation water (ETirr).  The general equation for 
LR as a fraction of ETirr is: 
 

LRf = ECw/[(5 x ECe)-ECw] 
 
To combine ETirr and the LRw 
 

ETirr+LRw = ETirr/(1-LRf) 
 
The threshold ECe for each crop is given in the table below.  The threshold ECe is the ECe at 
which the crop yield begins to decline.  Crops that are more tolerant to soil salinity have a 
higher ECe than crops that have a lower tolerance.   
 

Table B-4.  Threshold ECe values used to calculate the leaching requirement 

Crop ECe, dS/m Crop ECe, dS/m
Apple, Pear, Cherry, Plum and Prune 1.5 Corn and Grain Sorghum 1.8
Apple, Pear, Cherry etc w/cover crop 1.5 Beans 1
Immature Apple, Pear, Cherry etc 1.5 Misc. field crops 3
Peach, Nectarine and Apricots 1.7 Alfalfa Hay and Clover 2
Immature Peach, Nectarine and Apricots 1.7 Pasture and Misc. Grasses 6
Almonds 1.5 Small Vegetables (Double Crop) 1.3
Almonds w/ cover crop 1.5 Tomatoes and Peppers 2.5
Immature Almonds 1.5 Potatoes, Sugar beets, Turnip etc. 1.7
Walnuts 1.5 Melons, Squash, and Cucumbers 2.5
Immature Walnuts 1.5 Onions and Garlic 1.2
Pistachio 1.5 Strawberries 1
Pistachio w/ cover crop 1.5 Flowers, Nursery and Christmas Tree 2
Immature Pistachio 1.5 Citrus (no ground cover) 1.7
Misc. Deciduous 1.5 Immature Citrus 1.7
Immature Misc. Deciduous 1.5 Avocado 1.3
Grain and Grain Hay 6 Misc Subtropical 1.3
Rice 3 Grape Vines 1.5
Cotton 7.7 Grape Vines w/ cover crop 1.5
Safflower and Sunflower 6 Immature Grape Vines 1.5  
*Values were taken from Table 3-2 of the BRAE 331 text by Dr. C. Burt, BioResource and 

Agricultural Engr. Dept., Cal Poly, San Luis Obispo, CA 
 
The salinity of the irrigation water (ECw) varies throughout the state depending on the origin 
of the water.  Colorado River water has a greater salinity content (higher ECw) than most 
other sources in California.  Shallow groundwater along the Westside of the Central Valley 
also has a very high level of salinity but is rarely used as a primary source of irrigation water.  
In some cases, drain water is mixed with surface water, which increases the salinity level of 
the irrigation water.  A brief analysis was conducted for the Benchmarking of Flexibility and 
Needs 2002 Survey of unpublished data regarding salinity levels in irrigation water.  This 
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data was not published because only a few districts knew the salinity of their irrigation water.  
California DWR water quality data was also examined to determine average ECw values.  
The table below shows the ECw values used for the modified ETo zones in California. 
 

Table B-5.  Estimated salinity of irrigation water throughout California 

 ECw 
Zones dS/m 

1,3,6,8,9,10,12a,12b,14 0.5 
15,16 0.7 

18 1.2 
 

Frost Protection 

Water is commonly used for frost protection on frost sensitive crops such as citrus, avocados, 
and grapes.  It is most commonly used with microspray and sprinkler irrigation.  Water is 
generally applied to the plant and soil surfaces, or to the soil exclusively, beginning a few 
hours before the predicted frost.  As the water cools and begins to freeze, energy is released 
by the water as heat, which helps to protect the crop. 
 
Frost protection using sprinklers and microspray irrigation is common in coastal regions, 
Napa and Sonoma Valleys, and along the eastside of the Central Valley where citrus is 
grown.  The following table provides the information that was used to estimate the frost 
protection requirement for specific crops in specific zones throughout California. 
 

Table B-6.  Assumed information used to estimate typical year frost protection 
requirements 

  Flow Rate 
  Microspray Sprinkler 

Zones Crop GPM/Acre GPM/Acre

Number 
of 

Events 
per Year 

1,3,6,8,9 Vines, Citrus, Avocado 11 53 7 
12 Citrus 11 53 10 

 
The information in the table above was estimated from Snyder (2000), Nemani et al. (1999), 
and Jorgensen et al. (1996).  An explanation of frost protection in California can be found in 
the Principles of Frost Protection (Snyder, 2000).  The number of events per year and the 
actual flow rate of the irrigation system will vary.  The values presented in the table above 
are ballpark estimates utilizing existing information.  It was assumed that the irrigation 
system would operate for 12 hours per event. 
 

Crop Irrigation Water Demand by Zone 

Once all of the crop irrigation water demands were summed for each crop, irrigation type, 
and zone, an average zone evapotranspiration value was calculated.  The crop irrigation 
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water demand (ETirr+LRw+FP) was weighted based on acreage and averaged for the entire 
zone for each irrigation type.   
 
In order to estimate the total applied water, a distribution uniformity factor had to be taken 
into account.  The distribution uniformity for each region and irrigation type was determined 
utilizing ITRC experience with hundreds of irrigation system evaluations conducted by the 
ITRC Mobile Lab service.   
 
Table B-7.  Distribution uniformity estimate for three categories of irrigation methods 

throughout California 

Surface Sprinkler Drip/Micro

0.70 0.75 0.80 
 
An additional factor was included in the estimation of the volume of groundwater pumping.  
This factor accounts for the unavailability of surface water when farmers need it at specific 
times of the year.  For example, in the Fresno area (Zone 12b) surface water is typically only 
available until mid-July.  After the surface water ceases, farmers must pump groundwater to 
meet evapotranspiration demands.  The calculations used in this study assume that the 
volume of water delivered by irrigation districts is limited only by volume, not by whether or 
not the district has surface water to deliver.  The additional factor takes this timing aspect 
into account.  This factor will be called the “Timing Factor” (TF).  The Timing Factor values 
are shown by region in the table below.  Additional explanation of this factor can be found in 
the main body of this report. 
 

Table B-8.  Timing Factor used to account for groundwater pumping due to surface 
water not being available at certain times of the year 

Mod. ETo Zone Timing Factor

1,3,4,6,8,9,10,12a,15,16,18 0.9 

12b 0.65 

14 0.85 
 
The total volume of on-farm groundwater pumped during a typical year is estimated using 
the following equation: 
 

On-Farm GW Pumping = [(ETirr+LRw+FP)/DU] – (District Deliveries*TF) 
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Table B-9.  Total estimated on-farm groundwater pumping in California by modified 
ETo zone 

DWR 
ETo 

On-Farm 
Groundwater 

Pumping 
Zone AF/Year 

1 123,965 
3 824,486 
4 138,046 
6 959,939 
8 56,387 
9 880,841 

10 669,478 
12a 972,963 
12b 559,014 
14 425,118 
15 3,880,110 
16 2,533,649 
18 61,432 

Total 12,085,400 
 
The energy requirement per volume pumped on-farm (KWh/AF) was estimated based on 
static groundwater water level, average drawdown, column loss, discharge pressure, and 
pump efficiency in each zone (see the table below).  The average drawdown and column loss 
information was the same as used for district groundwater pumping and was obtained 
through pump company interviews conducted by ITRC.  The average pump efficiency was 
obtained from the CEC Agricultural Peak Load Reduction Program On-Farm Pump Testing 
Database.  More information on on-farm overall pumping plant efficiency can be found in 
Attachment D.  The total dynamic head (TDH) is calculated based on the static water level, 
drawdown, column loss, and a discharge pressure.  Average static water level values for each 
zone were obtained from DWR groundwater data and contour maps. 
 
Putting all of the pieces together, the total volume of groundwater pumped for each irrigation 
method was calculated based on the volume of water per acre requirement and the irrigation 
type acreage in each zone.  Multiplying the total volume of groundwater pumped by the 
energy required to pump it (KWh/AF), the total energy use by on-farm groundwater pumping 
was estimated for each zone.  The KWh/AF groundwater pumping requirement was 
calculated using the following equation: 
 

KWh/AF = (TDH/(OPPE%/100))*1.023 
 
An explanation of how this equation was developed can be found in Attachment A. 
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Table B-10.  On-farm pumping plant data used to calculate the on-farm energy 
requirement for pumping groundwater 

Zone 
Pump 
Depth 

Drawdown 
(ft) 

Discharge 
Pres (ft) 

Column 
Loss (ft) TDH 

Ave. 
Pumping 
Efficiency 

On Farm 
GW 

KWh/AF
1 180 35 9 8 233 48.3 493 
3 180 35 9 8 233 48.3 493 
4 180 35 9 8 233 48.3 493 
6 180 35 9 8 233 54.0 441 
8 65 35 9 4 113 40.3 287 
9 150 35 9 7 201 56.9 362 

10 200 35 9 9 253 50.8 510 
12 160 15 9 2 186 52.3 364 
13 164 15 9 2 190 54.5 357 
14 138 50 9 5 202 52.7 392 
15 263 35 9 3 310 51.9 611 
16 216 20 9 3 248 53.2 478 
18 100 20 9 5 134 53.2 257 

 
A significant portion of on-farm electric pump motors have been replaced with diesel 
engines.  Pump company representatives were interviewed to help quantify the percentage of 
electric versus non-electric motors used for on-farm pumping throughout the state.  Estimates 
for each zone, as well as a statewide estimate, are shown in the table below.   
 
The total energy, as well as only the electric energy required for on-farm groundwater 
pumping, is also shown in the table below.  On-farm groundwater pumping makes up the 
majority of energy use for agriculture water in the State.  The bulk of this energy is used 
along the Westside and in the southern portion of the Central Valley. 
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Table B-11.  Estimated total electric energy requirement for on-farm groundwater 
(GW) pumping 

Zone 

On-Farm 
GW energy 
requirement

KWh/AF 

On-Farm 
GW 

Pumping 
Total AF

On-Farm 
GW Pumping 
Total Energy 

KWh 

Percent 
Electric 
Pumps 

On-
Farm 

Percent 
non-

electric 
Pumps 

On-
Farm 

On-Farm GW 
Pumping Electric 

KWh 
1 493 123,965 61,070,924 90 10 54,963,832 
3 493 824,486 406,180,149 90 10 365,562,134 
4 493 138,046 68,007,880 90 10 61,207,092 
6 441 959,939 422,992,256 95 5 401,842,643 
8 287 56,387 16,192,669 90 10 14,573,402 
9 362 880,841 318,999,334 80 20 255,199,467 

10 510 669,478 341,596,776 80 20 273,277,421 
12a 364 972,963 354,225,775 80 20 283,380,620 
12b 357 559,014 199,546,739 80 20 159,637,391 
14 392 425,118 166,759,703 65 35 108,393,807 
15 611 3,880,110 2,371,148,439 70 30 1,659,803,907 
16 478 2,533,649 1,209,911,735 70 30 846,938,215 
18 257 61,432 15,818,166 90 10 14,236,349 

California Total   12,085,428 5,952,450,545 82 18 4,499,016,280 
 

On-farm Booster Pumping 

Booster pumps are used by farmers throughout California to increase the pressure of surface 
and groundwater for sprinkler and drip/micro irrigation (as well as some surface irrigation 
systems).  These pumps can utilize a significant amount of energy throughout the irrigation 
season.  The pump efficiency and the discharge pressure required to operate the irrigation 
system were used to estimate the energy requirement. 
 
On the Westside of the San Joaquin Valley (ETo Zones 15 and 16), surface irrigation 
methods using tailwater and gated pipe require booster pumps.  A discharge pressure 
estimate of 3 psi was used to calculate this energy requirement. 
 
Sprinkler irrigation systems used on row crops typically require a discharge pressure of 
approximately 70 psi, and undertree sprinklers require a booster pump discharge pressure of 
approximately 50 psi.  Years of experience designing and evaluating sprinkler irrigation 
systems by ITRC personnel were used to obtain this estimate.  The discharge pressures used 
for this analysis are shown in the table below by region.  They differ by region based on the 
crop in each region typically utilizing sprinkler irrigation systems.  Coastal regions use 
sprinklers mainly for row crops.  On the Westside of the Central Valley, sprinklers are used 
for both tree and row crops.  However, on the Eastside of the Central Valley, the majority of 
sprinkler systems are undertree.    
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Table B-12.  Estimated booster pump discharge pressures by region for sprinkler 
irrigation 

Zone 

Sprinkler 
Booster Pump 

Discharge Pres. 
PSI 

1 70.0 
3 70.0 
4 70.0 
6 70.0 
8 50.0 
9 70.0 

10 60.0 
12a 50.0 
12b 50.0 
14 55.0 
15 60.0 
16 60.0 
18 60.0 

 
Drip and microspray irrigation system evaluations conducted throughout the state by ITRC 
and other agencies (private and regional resource conservation districts) were used to obtain 
the typical booster pump discharge pressures.  These values were averaged on a regional 
basis and applied to the appropriate modified ETo zones.  Pump efficiencies were assumed to 
be the same as the modified ETo zone average on-farm groundwater overall pumping plant 
efficiency from the On-farm Pump Testing Database (Attachment D).   
 

Table B-13.  Average discharge pressure of booster pumps used for drip/microspray 
irrigation throughout California 

DWR ETo 
Zone 

Drip/Micro 
Booster Pump 

Discharge Pres. 
PSI 

1 44 
3 55 
4 44 
6 44 
8 45 
9 50 

10 45 
12 38 
13 34 
14 45 
15 42 
16 40 
18 48 
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Using the discharge pressure and average pump efficiency, the energy requirement per 
volume of water pumped was calculated (KWh/AF).  The following equation was used to 
estimate the energy requirement based on the OPPE and discharge pressure (~TDH): 
 

KWh/AF = (TDH/(OPPE%/100))*1.023 
 
An explanation of how this equation was developed can be found in Attachment A. 
 
The total applied volumes of water for sprinkler irrigation and drip/micro throughout the 
state, and surface water in Zones 15 and 16, were multiplied by the KWh/AF requirement to 
obtain energy usage. 
 

Table B-14.  Average booster pump energy requirement throughout the State 

Zone 

On Farm 
Drip/Micro Booster 

Pump Energy 
Requirement 

KWh/AF 

On Farm Surface 
Booster Pump 

Energy Requirement 
KWh/AF 

On-Farm Sprinkler 
Booster Pump 

Energy Requirement 
KWh/AF 

On-Farm 
Combination 
Booster Pump 

Energy Requirement 
KWh/AF 

1 215 0 342 171 
3 269 0 342 171 
4 215 0 342 171 
6 193 0 306 153 
8 264 0 293 147 
9 208 0 291 145 

10 209 0 279 140 
12a 172 0 226 113 
12b 147 0 217 108 
14 202 0 247 123 
15 191 14 273 143 
16 178 13 267 140 
18 213 0 267 133 
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Table B-15.  Total and electric energy required to operate booster pumps in California.  
Values are rounded. 

Zone 

On Farm 
Drip/Micro BP 
Total Energy 

KWh 

On Farm 
Surface BP 

Total Energy 
KWh 

On-Farm 
Sprinkler BP 
Total Energy 

KWh 

On-Farm 
Combination 

BP Total 
Energy 
KWh 

Total Energy 
Usage by 
Booster 

Pumps, KWh

Percent 
Electric 
Pumps 

Percent 
Non-

Electric 
Pumps

Total electric 
energy usage 
by Booster 

Pumps, KWh
1 3,339,000 0 17,359,000 2,471,000 23,169,000 90 10 20,852,000 
3 38,566,000 0 104,817,000 17,812,000 161,196,000 90 10 145,076,000
4 10,391,000 0 9,213,000 542,000 20,146,000 90 10 18,132,000 
6 36,373,000 0 109,858,000 9,595,000 155,825,000 95 5 148,034,000
8 16,768,000 0 6,834,000 120,000 23,722,000 90 10 21,350,000 
9 54,315,000 0 52,582,000 2,562,000 109,459,000 80 20 87,567,000 

10 21,182,000 0 48,537,000 3,694,000 73,412,000 80 20 58,730,000 
12a 226,326,000 0 133,984,000 15,102,000 375,412,000 80 20 300,329,000
12b 72,580,000 0 48,350,000 5,413,000 126,343,000 80 20 101,075,000
14 300,954,000 0 404,936,000 46,007,000 751,897,000 65 35 488,733,000
15 330,855,000 60,468,000 519,704,000 72,002,000 983,029,000 70 30 688,121,000
16 135,378,000 38,735,000 316,937,000 52,338,000 543,387,000 70 30 380,371,000
18 87,581,000 0 343,147,000 30,551,000 461,280,000 90 10 415,152,000

California 
Total 1,334,608,000 99,203,000 2,116,258,000 258,209,000 3,808,277,000     2,873,522,000
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ATTACHMENT C 
IRRIGATION DISTRICT PUMP EFFICIENCY 

In June of 2001, the Irrigation Training and Research Center was contracted by the California 
Energy Commission to be a grant administrator for the SB5X Agricultural Peak Load 
Reduction Program (APLRP) for agricultural water agencies throughout California.  This 
program contained three categories of projects, the second of which offered rebates for pump 
testing and pump retrofit/repair.  Data from each pump test submitted to ITRC for rebate was 
organized in a database.  As of September 2003, 1027 water district pump tests had been 
submitted to ITRC for rebate. 
 
Data in this attachment focuses on the irrigation district overall pumping plant efficiency data 
that has been collected by ITRC through the APLRP.  A total of 962 pump tests were used 
for this analysis.  This is less than the total number of tests submitted because some of the 
tests were rejected or the pumping plant efficiencies could not be calculated because the 
pump tester was unable to determine the total dynamic head.  
 

Overall Pumping Plant Efficiency as a Function of Motor Input Kilowatts 

The pump tests submitted to ITRC were conducted on pumps that had motor input kilowatt 
(kW) values ranging from 2.4 - 1,620 kW.  The majority of pumps tested had input kW 
values ranging from 2.4 – 100 kW.  However, as expected with irrigation districts, a 
significant number of tests were conducted on pumps with more than 100 kW of motor load.  
 
Since the motor input kW relates to motor size and has a major impact on energy use, it is 
generally predicted that the higher the input kW, the better the overall pumping plant 
efficiency will be.  Pumps that cost more to operate are thought to be better maintained to 
keep the operating cost as low as possible.  On average this prediction is true.  However, 
some smaller pumps had relatively good efficiencies (greater than 65%) and some larger 
pumps had lower efficiencies.  The figures below show the results of this analysis.  In order 
to reduce outliers from single pumps tested in some ranges of input kW, the figures showing 
averages trends combined pumps with greater than 400 kW motor load. 
 
A trend analysis was conducted in the first two figures.  The first figure containing all of the 
data points has a relatively low r2 value (0.28), indicating a relatively low correlation 
between input kW and OPPE.  However, when the OPPE is averaged over a range of input 
kW values, as in the second figure, a logarithmic trend analysis indicates a good correlation 
in the data (r2=0.99).   
 
The third figure is a bar chart showing the average OPPE in specific ranges of input kW.  
The number of tests averaged in each range is indicated at the top of each bar. 
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Figure C-1.  Pump efficiency as a function of motor input kW for each pump tested 
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Figure C-2.  Average overall pump efficiency as a function of average motor input kW 
 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

Irrigation Training and Research Center -C-3- CEC Ag Water Energy Analysis 
www.itrc.org 

673

210 30
11

38

0

10

20

30

40

50

60

70

80

90

100

2.4-100 100-200 200-300 300-400 400-1700

Input Kilowatts (kW)

O
PP

E
 (%

)

Number of Tests Performed

 

Figure C-3.  Average overall pumping plant efficiency and the number of tests 
performed in each kW range 

 

Overall Pumping Plant Efficiency as a Function of Location in California 

Irrigation district pump tests were conducted through the CEC APLRP throughout California.  
The majority of irrigation districts are located in the San Joaquin and Sacramento Valleys or 
in the desert regions.  Most district pumping occurs in the valleys.  District pumping in the 
desert regions is generally limited to tailwater and drain water pumping. 
 
For this analysis, California was split into zones based on a modified DWR ETo Zone Map.  
These zones coincide with the zones used throughout this report.  The table below lists the 
average district pump efficiency throughout the state.   
 

Table C-1.  Average irrigation district pump efficiency by zone 

Zone 

Average 
Irrigation 
District 

OPPE (%)

Number of 
Tests 

Conducted
8 34 22 

12a&b 57 159 
14 50 158 
15 59 409 
16 58 155 
18 47 78 
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Zones 12a, 12b, 15, and 16 had the highest average overall pumping plant efficiency.  These 
zones are located in the San Joaquin Valley.  This region also has most district pumping and 
district energy use. 
 

Overall Pumping Plant Efficiency as a Function of Total Dynamic Head 

An important component of overall pumping plant efficiency is total dynamic head (TDH).  
THD is the total head the pump imparts on the water.  The TDH is the sum of the discharge 
pressure, drawdown, static water level, and column losses. 
 
The following figures indicate the OPPE as a function of TDH.  Most of the pumps tested 
had relatively low TDH, which indicates that these pumps are most likely used for canal and 
pipeline lifts (as opposed to deep well pumps).  The higher the TDH, the more energy is 
required to pump the same volume of water.  Therefore, in theory, pumps with higher TDH 
should have higher OPPE.  However, pumps operating at less than 200 feet of head had both 
high and low efficiencies.  Pumps operating between 100 and 200 feet of head had the 
highest average efficiency.  And pumps operating above 200 feet had significantly lower 
efficiencies.  The figures below show the OPPE for each pump tested and the average OPPE 
over a range of efficiencies. 
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Figure C-4.  Pump efficiency as a function of motor input kW for each pump tested 
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Figure C-5.  Average overall pump efficiency as a function of average TDH 
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Figure C-6.  Average overall pumping plant efficiency by TDH and the number of tests 
performed in each TDH range 
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ATTACHMENT D 
ON-FARM PUMP EFFICIENCY 

In June of 2001, the Center for Irrigation Technology (CIT) at California State University 
Fresno was contracted by the California Energy Commission to be a grant administrator for 
the SB5X Agricultural Peak Load Reduction Program (APLRP) for individual farms 
throughout California.  This program contained three categories of projects, the second of 
which offered rebates for pump testing and pump retrofit/repair for individual farmers.  Data 
from each pump test submitted to CIT for rebate was organized in a database.  The data used 
for this analysis was provided by CIT to ITRC. 
 
Data in this attachment focuses on the overall pumping plant efficiency data that has been 
collected by CIT through the APLRP.  A total of 2893 pump tests were used for this analysis.   
 

Overall Pumping Plant Efficiency as a Function of Motor Input Kilowatts 

The pump tests submitted to CIT were conducted on pumps that had motor input kilowatt 
(kW) values ranging from 0.78 - 149 kW.   
 
The figures below show the relationship between on-farm overall pumping plant efficiency 
(OPPE) and input kilowatts (kW).  Overall, there is no visible relationship between input kW 
and OPPE.  Looking at the average OPPE over a range of input kW; the values show 
moderate increase in OPPE as the input kW increases.  However, this is variable, probably 
because of the relatively small range of input kW for all pump tests.   
 
A trend analysis was conducted in the second figure.  This trend has a relatively low r2 value 
(0.47), indicating a relatively low correlation between input kW and OPPE.  Because of the 
lower pump efficiencies near the upper range of input kW, extrapolating this polynomial 
equation to pumps at higher input kW will give false values.  In all likelihood, pumps at 
higher input kW will have higher operating efficiencies. 
 
The third figure is a bar chart showing the average OPPE in specific ranges of input kW.  
The number of tests averaged in each range is indicated at the top of each bar. 
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Figure D-1.  On-farm pump efficiency as a function of motor input kW for each pump 
tested 

 

y = -0.0009x2 + 0.1712x + 42.407
R2 = 0.4711

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100 120 140 160

Input Kilowatts (kW)

O
PP

E
 (%

)

 

Figure D-2.  Average on-farm overall pump efficiency as a function of average motor 
input kW 
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Figure D-3.  Average on-farm overall pumping plant efficiency and the number of tests 
performed in each kW range. 

 

Overall Pumping Plant Efficiency as a Function of Location in California 

On-farm pump tests submitted for rebate through the APLRP were conducted throughout 
California.  The majority of the pumps tested were along the eastern side of the San Joaquin 
Valley.  A significant number of tests was also conducted in the coastal region and in Salinas 
Valley. 
 
For this analysis, California was split into zones based on a modified DWR ETo Zone Map.  
These zones coincide with the zones used throughout this report.  The table below lists the 
average on-farm pump efficiency throughout the state.   
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Table D-1.  Average on-farm overall pumping plant efficiency by zone 

Zone 

Average 
On-Farm 

OPPE (%)

Number of 
Tests 

Conducted 
3 48.3 321 
6 54.0 342 
8 40.3 307 
9 56.9 37 
10 50.8 14 
12a 52.3 790 
12b 54.5 677 
14 52.7 236 
15 51.9 33 
16 53.2 37 
18 53.2 99 

 
The average OPPE did not vary significantly throughout the state, except for Zone 8 (Solano 
and Napa Counties).  Otherwise, the average OPPE was in the lower 50% range over most of 
California.   
 

Overall Pumping Plant Efficiency as a Function of Total Dynamic Head 

An important component of overall pumping plant efficiency is total dynamic head (TDH).  
THD is the total head the pump imparts on the water.  The TDH is the sum of the discharge 
pressure, drawdown, static water level, and column losses. 
 
The following figures indicate the OPPE as a function of TDH for on-farm pumps.  Most of 
the pumps tested have a TDH between 0.4 and 200 feet.  Some of the lower pump TDH 
values are probably booster pumps used for surface irrigation.  However, on-farm booster 
pumps can have high TDH values because sprinkler and drip/microspray irrigation systems 
require significant operating pressure.   
 
The first figure shows the OPPE for each pump in this analysis.  Because of the variation in 
the OPPE and the number of pumps tested over the complete range of TDH values, no 
significant trend is visible.  Pumps have a wide range of OPPE at the lower TDH ranges. 
 
By analyzing the average OPPE over a range of TDH values an obvious trend emerges 
(second figure below).  As the TDH increases, the average OPPE increases.  However, at the 
upper range of TDH (500-1100 feet, average TDH of 800 feet) the value decreased.  This 
may be due to the low number of pumps tested in this range, skewing the average. 
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Figure D-4.  Pump efficiency as a function of motor input kW for each pump tested 
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Figure D-5.  Average on-farm overall pumping plant efficiency as a function of average 
TDH 

 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

Irrigation Training and Research Center -D-6- CEC Ag Water Energy Analysis 
www.itrc.org 

1075

1161
451 152

31
23

0

10

20

30

40

50

60

70

80

90

100

0-100 100-200 200-300 300-400 400-500 500-1100

Total Dynamic Head Range (Feet)

A
ve

ra
ge

 P
um

p 
E

ff
ic

ie
nc

y 
(%

)

Number of Pumps Tested

 

Figure D-6.  Average overall pumping plant efficiency by TDH and the number of tests 
performed in each TDH range 

 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

www.itrc.org 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ATTACHMENT E 
Analysis of Irrigated Areas in 

Ranchettes 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

Irrigation Training and Research Center -E-1- CEC Ag Water Energy Analysis 
www.itrc.org 

ATTACHMENT E 
ANALYSIS OF IRRIGATED AREAS IN RANCHETTES 

Urban sprawl into agricultural areas is occurring throughout California.  In recent years, a 
popular form of urbanization is for developers to buy large parcels and split them into 1- to 
8-acre parcels.  Generally, one or two houses are built on these relatively large lots, termed 
“ranchettes”.  The popularity of ranchettes has increased in suburban areas where the price of 
land is reasonable.  Most of the owners commute to the cities for work and recreation but do 
not feel they live in the confined areas generally associated with urban or suburban housing. 
 
Unlike complete urbanization of a region where lots can be a quarter to an eighth of an acre 
or smaller, ranchette areas are open and can be used to grow crops, raise horses, etc.  The 
amount of area currently in ranchettes has not yet been defined; however, the California 
Department of Conservation Division of Land Resource Protection Farmland Mapping and 
Monitoring Program is currently completing a survey of Fresno, Madera, Merced, and 
Stanislaus counties as a pilot project to begin defining this area.  Other important questions 
that must be addressed are: 
 

− How is the conversion to ranchettes from irrigated agriculture going to affect the 
amount of applied water? 

− What is the source of the water and is it different than the source of the irrigated 
agriculture that it replaced? 

− How will the answers to the first two question impact energy requirements? 
 

Applied Water 

The difference in the amount of applied water for ranchettes versus large-scale irrigated 
agriculture depends on a number of variables.  Some of these variables include: 
 

− Irrigation efficiency 
− Irrigated acreage 
− Crop type and health 
− Management 

 
In all probability, the irrigation efficiency is going to decrease.  Most ranchette owners do not 
have a farming or agricultural background and are growing crops as a hobby, not as an 
important part of their income.  Management and irrigation efficiency are not going to be 
priorities.  This will lead to an increase in applied water. 
 
A more important factor may actually be whether or not the irrigated land is even being 
irrigated.  To date, no known research has been conducted to analyze this question.  ITRC 
conducted a brief GIS analysis of ranchette areas in Fresno, Tulare, Kern, and Sacramento 
counties to help answer this question. 
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The California Department of Water Resources (DWR) conducts land use surveys by county 
throughout the state.  One of the identifiers used is Residential (UR), which differs from 
Urban (U) by the amount of land per parcel.  UR is not limited to ranchettes; however, 
ranchettes fall into this category.  Areas included in the UR category may not have more than 
8 single family dwellings on 1 acre, a spatial definition that is smaller than what would be 
called a ranchette.  However, despite the definition, for the most part the UR category is 
made up of 1 single family dwelling on 1- to 5-acre lots.  The latest land use survey for each 
of the four counties sampled was used for the ranchette irrigated area analysis. 
 
The land use surveys were obtained in shapefile format from the DWR.  All land classified as 
UR was separated from the original survey and overlaid on 1-meter color aerial photos 
(DWR) using ArcView 3.2.  However, while analyzing the data, it became difficult to 
determine whether or not the land was irrigated.  For the most part, the ranchette areas 
seemed to be non-irrigated, but it was challenging to quantify a value.   
 

 

Figure E-1.  An example of the DWR UR classified land overlaid on DWR color aerial 
photos near Clovis, CA 

 
It was decided that LandSat 7 images taken during the beginning of August 2002 would be 
used for this analysis.  Using LandSat’s multiband images, the vegetative index can be 
calculated and used to quantify the irrigated versus non-irrigated UR land.    
 

Well-
Irrigated 

Field 

UR Classified Land 
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LandSat 7 images were obtained from the California Spatial Information Library (CaSIL) 
Calview program.  Image bands 10, 20, 30, and 40 were downloaded and stacked using 
ArcView Image Analyst.  These images have a resolution of 20 meters, which is much 
poorer than the 1-meter aerial photos.  However, the accuracy is sufficient to estimate the 
percent of irrigated acreage. 
 
First, the UR classified land shapefile was overlaid on the stacked LandSat image.  Since the 
image has bands 30 and 40 (red and near infrared, respectively), it can be used to show 
natural or infrared (IR) color.  In the natural color image, the more green the area, the 
healthier the vegetation.  In the IR image, the areas that were green now show up as red. 
 

 

Figure E-2.  Natural color LandSat image of the same area as Figure E-1 
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Figure E-3.  LandSat image showing an infrared image of the same area as the first two 
images 

 
Using ArcView Image Analyst, the Normalized Difference Vegetative Index (NDVI) was 
calculated.  A grayscale image is created that shows land with healthy vegetation as white 
and as the health of the vegetation decreases, the pixels become darker.  The equation used 
by the image analyst to calculate NDVI is ((IR-Red)/(IR+Red)).  NDVI values range from 1 
to –1.  Pixels representing healthy vegetation have positive values approaching 1; bare soil, 
road, and urban areas have values around 0.  Open water and clouds have negative values 
approaching –1. 
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Figure E-4.  Normalized Difference Vegetative Index image of the area in the previous 
images.  The light gray-white indicates healthy vegetation. 

 
The NDVI image is then classified, where pixel values are grouped into a range.  Since the 
LandSat images used were taken in August, rain fed pasture and natural vegetation would be 
dead and would show up as a darker pixel.  Only the light gray-white pixels indicate healthy 
vegetation. 
 

Range of Irrigated Vegetation

NDVI Pixel Color

Pixel values classified 
into 8 ranges

 

Figure E-5.  Schematic of how NDVI pixels are classified.  The three lightest colored 
ranges are classified as irrigated vegetation. 
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Once the classification or grouping is completed using ArcView Image Analyst, the new 
classified image can be used to determine the area in each grouping.  Using the DWR UR 
land survey shapefile overlaid on the classified image, ArcView Image Analyst neglects the 
areas that are not covered by the shapefile and only the area classified as UR is examined.  
The table below shows the estimated UR acreage by classification.  The acreage values do 
not indicate total ranchette acreage; rather, the acreage classified by the DWR as UR. 
 
Table E-1.  Irrigated acreage analysis for ranchettes using ArcView GIS and ArcView 

Image Analyst 

 Vegetative Index Classification 
 8 7 6 5 4 3 2 1 

Total 
Sample 

Total 
Irrigated

Region Acres Acres Acres Acres Acres Acres Acres Acres Acres Acres 

Percent 
Irrigated 

Vegetation
Fresno 54 519 1,222 2,156 3,033 4,795 4,268 487 16,533 1,795 11% 
Kern 62 243 433 733 1,155 1,770 2,765 1,180 8,340 738 9% 
Sacramento 88 247 477 969 1,707 3,534 7,801 1,046 15,869 813 5% 
Tulare 126 450 661 1,017 1,467 2,096 1,809 252 7,878 1,237 16% 
 Irrigated Vegetation         

 

Source of Applied Water 

The second question with regards to ranchettes is what the source of the irrigation water is.  
Without extensive ground truthing, this question is difficult to answer.  The DWR land use 
survey completed for Fresno County in 1994 did classify the water sources for some of the 
land.  However, the majority of the land classified as UR did not have a classification for 
water source.  The UR land that had a water source classification was said to have surface 
water as the main source. 
 

Table E-2.  DWR classified source of irrigation water for sampled acreage in Fresno 
County 

Sample Size
Water Source Acres 

Percent of 
Total 

Surface 5,748 35% 
Mixed Surface and Groundwater 1,883 11% 
Groundwater 163 1% 
Unclassified 8,739  
Total Sample Acreage 16,533  

 
The accuracy of the data in the table above is suspect.  The DWR does ground truth all 
surveys; however, how the surveyors determine the water source is unknown.  With a 
significant amount of acreage utilizing surface water, it would seem that more UR acreage 
would be irrigated.  If, however, the surveyors simply assumed surface irrigation was the 
source because of the proximity of the land to a surface water source (irrigation district 
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canal), the area actually able to utilize surface water may be much different.  Just because a 
surface supply is near the parcels does not mean the ranchette owners have the ability to use 
this water.   
 
It is entirely possible that ranchette owners do not have a supply source sufficient to irrigate 
their entire parcel.  Generally, a groundwater well for a house does not have the capacity to 
irrigate more than typical landscaping.  Treated city water is too expensive and drilling a well 
specifically for irrigation may not be cost effective for hobby farming.  This would explain 
why such a small amount of UR land had irrigated vegetation.  
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ATTACHMENT F 
GROUNDWATER BANKING CASE STUDIES 

Arvin-Edison Water Storage District 

The Arvin-Edison WSD is located in the southern end of the San Joaquin Valley.  The initial 
source of water for the district was from groundwater.  Consumptive use was greater than the 
recharge, so the aquifer was in overdraft.  Supplemental water was brought into the district in 
the late 1960’s by way of the Friant-Kern Division of the Federal Central Valley Project to 
counteract the overdraft conditions.  The amount of imported water would vary from as low 
as 10,000 acre-feet in dry years (such as 1977) to over 350,000 acre-feet in very wet years.  
Since the district did not have any surface storage capability, groundwater recharge was done 
during wet years so the water would be available during dry years.  Arvin-Edison WSD, 
therefore, was operated as a true conjunctive use district. 
 
Other agreements were developed over time as new methods for bringing in imported water 
to the southern San Joaquin Valley were developed.  Still, the main mode of operation for the 
district is conjunctive use.  The district has gained much experience in developing spreading 
works and well fields for the storage and recovery of imported water.   
 
The aquifer is well defined, with impermeable rock to the south and east and a groundwater 
gradient sloping into the district from the north and west.  Therefore, there is very little water 
lost due to lateral flow when the groundwater is recharged.  The surface to the aquifer is 
moderately permeable so the recharge rate of the spreading basins is relatively fast.  The 
aquifer has a comparatively high hydraulic conductivity, which allows the relatively fast 
recovery of groundwater from the well fields.  These recharge and recovery characteristics, 
plus the availability of aquifer storage space from years of overdraft, gives Arvin-Edison 
WSD desirable physical conditions to participate in a groundwater banking program. 
 
In 1997, Arvin-Edison WSD entered into an agreement with MWD to bank approximately 
250,000 acre-feet of MWD State Water Project Supply and return the water in dry years.  
MWD can request an amount to be returned for a certain year, but Arvin-Edison WSD has 
the discretion to determine when the water is returned.  The agreement states that the water 
“…will be returned during off-peak times so as not to interfere with normal, historic District 
operations” (quote from The Arvin-Edison Water Storage District Water Resources 
Management Program, April 2003).  MDW provided all the funding ($25 million) needed to 
construct the new facilities to enable the “put” and “take” of the banking program, including 
an additional 500 acres of spreading basins, 15 new wells, and a 4½ mile pipeline connecting 
the district’s south canal with the California Aqueduct.  
 



California Agricultural Water Electrical Energy Requirements 
http://www.itrc.org/reports/cec/energyreq.pdf                                                 ITRC Report No. R 03-006 

Irrigation Training and Research Center -F-2- CEC Ag Water Energy Analysis 
www.itrc.org 

Average Static Groundwater Depth in District

300

350

400

450

500

550

600

650
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Year

D
ep

th
 to

 G
ro

un
dw

at
er

 (f
ee

t)

Arvin-Edison Water Storage District

Attachment 1

With Project

Without Project

First Project Deliveries

330 feet

595 feet

265 feet

 

Figure F-1.  Historical groundwater level graph provided by Arvin-Edison WSD 
 
The effect of importing water is clearly shown in the figure above.  The groundwater banking 
program with MWD is also evident in this figure, with the increase in water level around the 
year 2000 attributed to the banking program.   
 
The financial support from MWD not only facilitates the groundwater banking program since 
the district is also able to use the pumping and spreading facilities for district operations.  
Therefore, the district now has an increased ability to store excess runoff during wet years, as 
well as the ability to recover groundwater for district use. 
 

Energy Component 

MWD has several options for storing water in the Arvin-Edison WSD, including in lieu 
exchanges.  In general, however, the water stored by MWD in Arvin-Edison WSD will be 
delivered down the California Aqueduct.  The water would then cross over to the eastern side 
of the San Joaquin Valley through the Cross Valley Canal to the Forrest Frick pumping plant.  
From that point, the water would be pumped up to the district to the spreading basins.  The 
total energy required to “put” the water into the district’s aquifer is around 500 KWh/AF. 
 
The energy required to “take” water from the district is an average of 775 KWh/AF to pump 
the water to the surface, and 45 KWh/AF to pump the water through the 4½ mile pipeline 
back to the California Aqueduct.  The water is delivered to the California Aqueduct 
downstream (uphill) of the Buena Vista pumping station, bypassing an energy requirement of 
242 KWh/AF.  The net energy required to “take” the water out of the district would then be 
(775 + 45 – 242) KWh/AF, or about 580 KWh/AF.  The total energy required for both “put” 
and “take” is then approximately (500 + 580) KWh/AF, or 1080 KWh/AF. 
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For a sense of magnitude, MWD budgets 3,000 KWh/AF as the energy required to deliver 
State Project water from the Delta to Southern California (including regeneration).  The 
groundwater banking program with Arvin-Edison WSD would add an additional 1080 
KWh/AF.   
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Figure F-2.  Schematic of the Arvin-Edison WSD groundwater banking program 
 

Kern County Water Agency (KCWA) 

The KCWA was created in 1961 for the primary purpose of importing water into Kern 
County.  It acts as the wholesaler of water, including State Project water, with its 
stakeholders (Kern County water districts and the city of Bakersfield) acting as the retailers.  
KCWA has an annual entitlement of one million acre-feet of water from the State Water 
Project (SWP), which represents 25 % of the total SWP.  The Kern River, a federal project 
(Central Valley Project) and groundwater are other water sources for KCWA, which results 
in a total of approximately 3.2 million acre-feet of applied water.  Arvin-Edison WSD and 
Semitropic WSD are stakeholders in the KCWA.   
 
Groundwater banking is the primary way in which KCWA regulates seasonal and year-to-
year variations in storm runoff and the importation of water.  The KCWA controls and 
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manages (both directly and indirectly) a variety of projects that include both direct recharge 
and in lieu projects.  The bulk of the direct recharge projects are physically located on the 
Kern River Fan west of the city of Bakersfield.  The geologic conditions of the Kern River 
Fan are good for groundwater banking since there is a relatively high hydraulic conductivity 
for both direct recharge and recovery (put and take) for a large aquifer.   
 
The KCWA does not directly have transfer agreements with stakeholders outside of Kern 
County; however, other participants under the umbrella of KCWA may have such 
arrangements with water banked in the KCWA projects.  The table below shows the scope of 
groundwater banking projects that KCWA is directly or indirectly involved with. 
 
Table F-1.  Data on groundwater banking projects in Kern County provided by KCWA 

Project

Gross Area 

(Acres)

Date Operational

Maximum 

Annual 

Recovery (AF)

Maximum 
Annual 

Recharge 
(AF)

Estimated 

Defined 

Storage (AF)

Direct Recharge Projects
Berrenda Mesa 369 1983 46,000 58,000 200,000
COB 2800 Acres 2,760 1978 46,000 168,000 800,000
Kern Water Bank 19,900       1995 287,000 450,000 1,000,000
Pioneer 2,273 1995 123,000 146,000 400,000
West Kern WD/Buena Vista WSD 2,000 1978 30,000 75,000 300,000

Subtotal 27,302 532,000 897,000 2,700,000

In Lieu/Direct Recharge Projects
Arvin-Edison WSD/MWD 130,000 1998 40,000 140,000 250,000
Semitropic WSD/MWD 221,000 1990 223,000 315,000 1,000,000
Rosedale-Rio Bravo WSD 40,000 2003 15,000 80,000 200,000
Buena Vista WSD 50,000 2002 50,000 105,000 400,000
Kern Delta Water District/MWD 125,000 2004 50,000 50,000 250,000

Subtotal 566,000 378,000 690,000 2,100,000

Total 593,302 910,000 1,587,000 4,800,000  
 
The COB (City of Bakersfield), Kern Water Bank and Pioneer direct recharge projects are a 
major part of the KCWA banking program, as shown in Figure G-3.  Most of the area in 
these projects is open ground (not farmed).  A major portion of this area, the Kern Water 
Bank, was previously private farmland.  When this area became a groundwater banking 
project, farming operations ceased and the existing wells were taken over by the project.  
Further wells were constructed as needed to operate the groundwater banks to their desired 
capacity.   
 

Energy Component 

Water is “put” into these groundwater bank spreading basins by gravity.  The “take” energy 
requirement is primarily the pumping requirement to bring the water to the surface.  
Therefore, the major energy component is a function of the well pump lift and the well pump 
efficiency.  KCWA pays close attention to its well pump efficiencies (as do Arvin-Edison 
WSD and Semitropic WSD).  One of the limiting factors in well pump efficiency is when the 
peak efficiency is designed for the lowest anticipated water table level (highest pump lift), 
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but the water table is usually kept higher than this level as part of the groundwater banking 
program.  The rationale behind this is that it is better to have a higher efficiency when the 
energy requirement is the highest.  There may be potential to mitigate this problem with the 
use of variable speed control. 
 
The figure below was provided by KCWA and shows the general condition of the Kern River 
Fan aquifer over time and how the groundwater banking programs influence the aquifer. 
 

 

Figure F-3.  Graph provided by KCWA showing aquifer changes over time 
 
As stated earlier, the average energy requirement to operate the groundwater banking 
projects on the Kern River Fan is approximately 400 KWh/AF.  The actual energy required 
for any given well over a period of time is obviously related to the water table depth.  From 
the figure above, and from discussions with KCWA personnel, the water table depth would 
be much lower without the groundwater banking program.  However, as Rick Iger of KCWA 
pointed out and as stated on the previous page, pumping efficiency may actually decrease 
with a decrease in pump lift, or TDH (Total Dynamic Head).  Since the system curve 
involves bringing the water to the surface only and does not require pressurizing the water 
above the level of the ground, the TDH decreases almost directly proportionally to the 
decrease in pumping depth (column losses do increase as flow rate increases, however).  An 
analysis of Well #3 pump curves provided by KCWA shows that if the water table were to 
rise from the present 150 ft, with a corresponding energy requirement of 270KWh/AF, to 
around 75 feet, the pump efficiency would start to fall off dramatically, resulting in an energy 
requirement of 233 KWh/AF.  Therefore, the gain in water level would not translate to 
energy savings as significant as might be expected. 

It should be noted, however, that if the water level for pump #3 were to drop below 150 ft, 
the system curve for the pump would actually move toward higher efficiency.  Maximum 
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efficiency is approximately at a TDH of 240 ft., which would correspond to a water table 
depth of over 200 ft. 
 

Semitropic Water Storage District (Semitropic WSD) 

Semitropic WSD is in a region that traditionally used groundwater for irrigation.  The district 
was in overdraft until surface water from the State Water Project (SWP) began being 
imported in the early 1970’s.  Although the decline of the water table slowed appreciably 
with the import of SWP water, the district was still facing long term overdraft.   
 
Semitropic WSD developed facilities so that it could operate under the conjunctive use 
method, where surface water is used when available (more used in wet years, less in dry 
years) with any shortfall made up with groundwater.  With the way the district was 
developed, not all of the land in the district was able to utilize surface water.  That fact, 
combined with the lower relative hydraulic conductivity (low percolation rates), limited the 
ability of Semitropic WSD to take advantage of surplus water during wet years.  To increase 
their surface water delivery facilities, Semitropic WSD entered into a groundwater banking 
agreement with MWD, Santa Clara Valley Water District and others to bank up to 1,000,000 
acre-feet of water.   
 
The primary method for “put” and “take” by the banking partners was to be in lieu exchange.  
This would mean that the overlying landlords would forgo using well water and use surface 
water when a banking partner “put” water into the groundwater bank.  When a banking 
partner wanted to “take” water from the groundwater bank, the partner would simply use 
SWP water that was entitled to the district and the overlying landowners would use well 
water in a “bucket for bucket” exchange (minus an agreed-to percentage for delivery and 
other losses).  The banking partners, however, also wanted to be able to physically recover 
water out of the groundwater bank for times when surface water would not be available.  
Therefore, it was agreed that the district would have a pump-back capacity of 90,000 acre-
feet per year.  The total “take” possible in a year would then be 90,000 acre-feet of direct 
extraction (pump-back) and from zero to 133,000 acre-feet of in lieu transfer.  In a dry year, 
no SWP water may be available, so the maximum “take” would be 90,000 acre-feet.  In a wet 
year, up to 133,000 acre-feet of SWP might be available, but not needed by the banking 
partners, so the maximum of 223,000 acre-feet would rarely be realized. 
 
New surface delivery facilities needed to be constructed in order to bring the water to a larger 
area than before the groundwater banking project.  Facilities to pump back the water also 
needed to be constructed.  First, a combined ability to receive surface water during times of 
recharge and to be able to pump well water back to the district canals was needed for the 
areas directly participating in the groundwater banking project.  Reversing the flow in the 
main delivery canals through the use of gates and pumps creates the pump-back ability up to 
the Vido G. Fabbri Hydro Turbine Pumping Plant.  At this point the water must be lifted up 
60 feet to the California Aqueduct (TDH of 115 feet).  The Vido G. Fabbri Hydro Turbine 
Pumping Plant also generates electricity.  This generating capacity essentially matches the 
canal pumping energy requirement to reverse the canal flow.   
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Figure F-4.  Semitropic WSD general schematic of groundwater banking plumbing 
 

Energy Component 

The energy component of the “put” for the Semitropic WSD is essentially zero.  Energy is 
generated at the Vido G. Fabbri Hydro Turbine Pumping Plant through the 850 kW turbine.  
This essentially balances with the energy required to pump the water through the pipelines 
off the main delivery canal to the field turnouts. 
 
The “take” energy component includes the lift at the farmer’s pump from the dynamic 
pumping level back to the main canal, plus the 12-foot lift required to cause the main canal to 
flow back to the California Aqueduct, and the 115 ft. TDH required to pump up to the 
California Aqueduct at the Vido G. Fabbri Hydro Turbine Pumping Plant.  In 2001, 
Semitropic WSD charged its banking partners an energy charge based on 650 KWh/AF for 
water returned by “pump-back” and 485 KWh/AF for in lieu water.  The in lieu water energy 
charge is essentially the cost of the well used by the farmer instead of the farmer taking 
surface water. 
 
The effect of banking 1,000,000 acre-feet within the Semitropic WSD has been to raise the 
water table almost 45 feet higher than it would have been without the project (as of 2002).  
The facilities to deliver surface water and return groundwater from participating landowners, 
including pumping and piping from the main canal to the fields, the pump lifts along the 
main canal to allow water to flow back to the California Aqueduct, and the Vido G. Fabbri 
Hydro Turbine Pumping Station, were funded by the banking partners.  The facilities for the 
groundwater banking project also allows the district to take greater advantage of surplus 
water during wet years for conjunctive use that wouldn’t have been possible without the 
project.  Therefore, the net effect of the groundwater banking project on the water table 
might be greater than simply the amount of water banked. 
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Figure F-5.  Pumping location on main delivery canals 
 
Surface water from the main canal to participating groundwater banking landowners needs to 
be pumped through a pipeline system.  Return flow for “take” by banking partners is 
accomplished by having well water flow back to the main canal through the same pipelines. 
 

 

Figure F-6.  Typical configuration of a field turnout 
 
Field turnouts have been modified to allow irrigation to be done using either surface water 
brought to the field through the district pipeline system from the main canal, or with 
groundwater.  Well water can also be injected directly into the district pipeline system and 
returned to the main canal. 
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Figure F-7.  The Vido G. Fabbri Hydro Turbine Pumping Plant 
 
The Vido G. Fabbri Hydro Turbine Pumping Plant includes an 850 KW hydro turbine (not 
shown) to generate electricity when water from the California Aqueduct flows into the 
district (60 ft. elevation drop from California Aqueduct to the hydro turbine).  When water is 
returned to the California Aqueduct, the pumping plant shown above is used.  The district 
removes some of the pumps (notice some of the discharge pipes do not have pumps attached) 
for use in other parts of the district when there are only inflows into the district and no 
outflows. 
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ATTACHMENT G 
NET ENERGY COST OF A GROUNDWATER BANKING 

PROGRAM 

Arvin-Edison WSD is used as an example for examining the potential effect on energy use 
due to a groundwater banking program.  An estimate of the potential energy savings per year 
due to a higher water table is determined and then compared to the annual energy required 
for the basic operation of the groundwater bank.   
 
Arvin-Edison WSD is comprised of approximately 132,000 acres.  The aquifer under the 
district is mostly isolated, so it will be assumed that all the water “put” in by a banking 
program stays within the district.  Two other assumptions are made for this exercise: 
 

1. The Specific Yield of the aquifer is 0.12 (ft.3 water/ ft.3 soil). 
2. The water table remains level as it rises and falls. 

 
The Arvin-Edison WSD has an agreement with MWD for a water bank storage of 250,000 
AF (nominal).  If the full 250,000 AF is “in the bank” (that is, no recovery has taken place), 
the water table would rise almost 16 feet from where it would have been without the banked 
water.  Therefore, the district wells would have 16 fewer feet in lift when all 250,000 AF is 
in storage. 
 

District Annual Pumping Energy Requirements 

Over the past 20 years, the average amount of water delivered to approximately 40% of the 
district that receives water directly from the district distribution system was 148,848 AF.  Of 
this 148,848 AF, an average of 34,011 AF was pumped from the aquifer using district wells, 
with the remaining water coming from outside surface water. 
 
The remaining 60% of the district gets its irrigation water directly from private wells.  
Assuming the application amount per acre is the same as the areas receiving district water, 
this would equal 220,000 AF of groundwater pumped.  Therefore, the district as a whole 
would pump an average of 254,000 AF a year from both private and district wells. 
 

Estimated Annual Energy Savings 

The net effect of the full 250,000 AF of MWD water in storage for pumping an average of 
254,000 AF per year is an energy savings of around 7 million KWh per year (or 7,000 
MWh/Year):  
 

1. It takes 1.02 KWh to pump 1 AF up 1 foot at 100% efficiency.   
2. Assuming a 60% efficiency, it would take (254,000 AF x 1.02 KWh/AF-ft x 

16 ft)/60% = 6,930,133 KWh or approximately 7,000,000 KWh.  1 megawatt (MW) 
= 1,000 kilowatts, so 7,000,000 KWh = 7,000 MWh. 
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It can be assumed that all 250,000 AF will not be in storage at any given time.  During dry 
years, the banking partner (MWD) may want to “take” water and during wet years the 
banking partner may want to “put” water.  It is assumed that the energy reduction benefit 
from the groundwater bank will be directly proportional to the amount stored in the bank. 
 

Table G-1.  Arvin-Edison energy savings due to a higher water table 

Water 
Table 

Increase, 
ft. 

Annual Energy Savings 
for Groundwater 

Pumping, Megawatt-
hours 

16 7,000 
12 5,250 
8 3,500 
4 1,750 

 

Estimated Annual Energy Requirement 

The “take” rate (recovery capacity) is estimated to range from 40,000 to 75,000 AF per year 
(from Designing Successful Groundwater Banking Programs in the Central Valley, The 
Natural Heritage Institute, 2001).  The average annual “take” rate is assumed to be 
60,000 AF, with 40,000 AF the minimum and 75,000 AF the maximum. 
 
The resulting annual energy requirement for basic operation of the groundwater bank for the 
average annual “take” would be 60,000 AF/year x 1,100 KWh/AF = 66 million KWh/year or 
66,000 MWh/Year.  Since it will not be necessary to “take” water each year it was assumed 
that a “take” would occur 3 out of 10 years. This is roughly a magnitude of 2 to 10 times 
what might be expected for the energy savings due to a higher water table. 
 

Table G-2.  Arvin-Edison WSD annual energy required for a given annual “take” 

Annual 
"Take" by 

MWD, 
(acre-feet)

Estimated Annual 
Energy 

Requirement for 
Basic Operation 

during the “take” 
year, Megawatt-

hours 

Estimated Average 
Annual Energy 

Requirement for 
Basic Operation 

assuming 3 “take” 
years out of 10, 

Megawatt-hours 

40,000 44,000 13,200 
60,000 66,000 19,800 
75,000 82,500 24,750 
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ATTACHMENT H 
GLOSSARY OF GROUNDWATER BANKING TERMS 

Active recharge  Recharge (put) of a groundwater basin is accomplished by using spreading 
basins, injection wells, or surface delivery to overlying land. 
 
Banking partner  A stakeholder, who is not an overlying landowner and who does not have 
a historical right to existing groundwater from a given area, who provides a volume of water 
from an outside source not hydraulically connected to the aquifer for later removal. 
 
Groundwater banking  The right to export, with conditions, groundwater from an aquifer, 
including in lieu water, by an outside party (non-overlying user), at a volume not to exceed 
the amount put into the aquifer from an outside source. 
 
In lieu  Recharge (put) of a groundwater basin is accomplished through substitution of 
surface water for existing groundwater usage.  Extraction (take) is accomplished by 
overlying landowners substituting groundwater for entitled surface water.  The surface water 
that the overlying landlord was entitled to would then be redirected to the banking partner. 
 
In situ  Native or existing groundwater. 
 
Put  Water “deposited” in the groundwater bank either by active recharge or in lieu 
substitutions. 
 
Reoperation  The lowering of the water level in a reservoir below the normal (based on past 
reservoir management practices) operating level, with the released water stored as 
groundwater for later recovery by the beneficiaries of the reservoir.  The lower water level in 
the reservoir allows the reservoir management the potential to store more water during peak 
inflows. 
 
Take  Water “withdrawn” from the groundwater bank either by exporting groundwater or in 
lieu substitutions. 
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Definitions from California DWR Bulletin 118 (update 2003) 

 
Aquifer  A body of rock or sediment that is sufficiently porous and permeable to store, 
transmit, and yield significant or economic quantities of groundwater to wells and springs. 
 
Aquitard  A confining bed and/or formation composed of rock or sediment that retards but 
does not prevent the flow of water to or from an adjacent aquifer.  It does not readily yield 
water to wells or springs or store groundwater. 
 
Artificial recharge  The addition of water to a groundwater reservoir by human activity, 
such as putting surface water into dug or constructed spreading basins or injecting water 
through wells. 
 
Available groundwater storage capacity  The volume of a groundwater basin that is 
unsaturated and capable of storing groundwater. 
 
Conjunctive use  The coordinated and planned management of both surface and 
groundwater systems in order to maximize the efficient use of the resource; that is, the 
planned and managed operation of a groundwater basin and a surface storage system 
combined through a coordinated conveyance infrastructure.  Water is stored in the 
groundwater basin for later and planned use by intentionally recharging the basin during 
years of above-average water supply. 
 
Groundwater basin  An alluvial aquifer or a stacked series of alluvial aquifers with 
reasonably well-defined boundaries in a lateral direction and a definable bottom. 
 
Groundwater budget  A numerical accounting, the groundwater equation, of the recharge, 
discharge and changes in storage of a aquifer, part of an aquifer, or a system of aquifers. 
 
Groundwater in storage  The quantity of water in the zone of saturation. 
 
Groundwater management  The planned and coordinated management of a groundwater 
basin or portion of a groundwater basin with a goal of long-term sustainability of the 
resource. 
 
Groundwater management plan  A comprehensive written document developed for the 
purpose of groundwater management and adopted by an agency having appropriate legal or 
statutory authority. 
 
Groundwater mining  The process, deliberate or inadvertent, of extracting groundwater 
from a source at a rate in excess of the replenishment rate such that the groundwater level 
declines persistently, threatening exhaustion of the supply or at least a decline of pumping 
levels to uneconomical levels. 
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Groundwater monitoring network  A series of monitoring wells at appropriate locations 
and depths to effectively cover the area of interest.  Scale and density of monitoring wells is 
dependent on the size and complexity of the area of interest. 
 
Groundwater overdraft  The condition of a groundwater basin in which the amount of 
water withdrawn by pumping exceeds the amount of water that recharges the basin over a 
period of years during which water supply conditions approximate average conditions. 
 
Groundwater recharge facility  A structure that serves to conduct surface water into the 
ground for the purpose of replenishing groundwater.  The facility may consist of dug or 
constructed spreading basins, pits, ditches, furrows, streambed modifications, or injection 
wells. 
 
Groundwater recharge  The natural or intentional infiltration of surface water into the zone 
of saturation. 
 
Groundwater storage capacity  Volume of void space that can be occupied by water in a 
given volume of a formation, aquifer, or groundwater basin. 
 
Groundwater table  The upper surface of the zone of saturation in an unconfined aquifer. 
 
Groundwater  Water that occurs beneath the land surface and fills the pore spaces of the 
alluvium, soil, or rock formation in which it is situated.  It excludes soil moisture, which 
refers to water held by capillary action in the upper unsaturated zones of the soil or rock. 
 
Hydraulic conductivity  A measure of the capacity for a rock or soil to transmit water; 
generally has the units of feet/day or cm/sec. 
 
Hydrograph  A graph that shows some property of groundwater or surface water as a 
function of time. 
 
Infiltration  The flow of water downward from the land surface into and through the upper 
soil layers. 
 
Infiltration capacity  The maximum rate at which infiltration can occur under specific 
conditions of soil moisture. 
 
Irrecoverable losses  The water lost to a salt sink or lost by evaporation or 
evapotranspiration from a conveyance facility or drainage canal, or in the fringe areas of a 
cultivated field. 
 
Natural recharge  Natural replenishment of an aquifer generally from snowmelt and runoff; 
through seepage from the surface. 
 
Operational yield  An optimal amount of groundwater that should be withdrawn from an 
aquifer system or a groundwater basin each year.  It is a dynamic quantity that must be 
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determined from a set of alternative groundwater management decisions subject to goals, 
objectives, and constraints of the management plan. 
 
Overlying right  A mutual right of property owners above a common aquifer to the 
reasonable and beneficial use of a groundwater resource on land overlying the aquifer from 
which the water is taken.  Overlying rights are correlative (related to each other) and 
overlying users of a common water source must share the resource on a pro rata basis in 
times of shortage.  A proper overlying use takes precedence over all non-overlying uses. 
 
Perennial yield  The maximum amount of water that can be withdrawn from a groundwater 
basin over a long period of time (during which water supply conditions approximate average 
conditions) without developing an overdraft condition. 
 
Permeability  The capability of soil or other geologic formations to transmit water .  See 
hydraulic conductivity. 
 
Porosity  The ratio of the voids or open spaces in alluvium and rocks to the total volume of 
the alluvium or rock mass. 
 
Recharge  Water added to an aquifer or the process of adding water to an aquifer.  
Groundwater recharge occurs either naturally as the net gain from precipitation, or artificially 
as the result of human influence.   
 
Recharge basin  A surface facility constructed to infiltrate surface water into a groundwater 
basin. 
 
Safe yield  The maximum quantity of water that can be continuously withdrawn from a 
groundwater basin without adverse effect. 
 
Service area  The geographic area served by a water agency. 
 
Specific yield  The ratio of the volume of water a rock or soil will yield by gravity drainage 
to the total volume of the rock or soil. 
 
Stakeholder  Any individual or organization that has an interest in water management 
activities.  In the broadest sense, everyone is a stakeholder, because water sustains life.  
Water resources stakeholders are typically those involved in protecting, supplying, or using 
water for any purpose, including environmental uses, who have a vested interest in water-
related decisions. 
 
Sustainability  Of, relating to, or being a method of using a resource so that the resource is 
not depleted or permanently damaged. 
 
Transmissivity  The product of hydraulic conductivity and aquifer thickness; a measure of 
the ability of water to move through the aquifer.  Transmissivity generally has the units of 
ft2/day or gallons per day/foot.  Transmissivity is a measure of the subsurface’s ability to 
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transmit groundwater horizontally through its entire saturated thickness and affects the 
potential yield of wells. 
 
Unconfined aquifer  An aquifer which is not bounded on top by an aquitard.  The upper 
surface of an unconfined aquifer is the water table. 
 
Usable storage capacity  The quantity of groundwater of acceptable quality that can be 
economically withdrawn from storage. 
 
Water year  A continuous 12-month period for which hydrologic records are compiled and 
summarized.  Different agencies may use different calendar periods for their water years.
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ATTACHMENT I 
INTERBASIN TRANSFERS 

 
 
Note: ITRC notes that the report by Robert Wilkinson was well done, and that there was no need to 

repeat key findings from that report.  Therefore, pertinent portions of that report are included 
verbatim in this attachment.  If this attachment reads awkwardly, it is because ITRC has not 
included paragraphs and sections that ITRC deemed unrelated to the Agricultural Energy 
analysis that was the focus of the ITRC report for CEC.   

 
 
 

METHODOLOGY FOR ANALYSIS OF THE ENERGY INTENSITY OF 
CALIFORNIA’S WATER SYSTEMS,  

 
AND 

 
AN ASSSESSMENT OF  

MULTIPLE POTENTIAL BENEFITS THROUGH INTEGRATED WATER-
ENERGY EFFICIENCY MEASURES 

 
 
 

EXPLORATORY RESEARCH PROJECT SUPPORTED BY: 
 

ERNEST ORLANDO LAWRENCE BERKELEY LABORATORY, 
CALIFORNIA INSTITUTE FOR ENERGY EFFICIENCY 

 
Agreement No. 4910110  

 
January 2000 

 
Principle Investigator: 

 
Robert Wilkinson 

Environmental Studies Program 
University of California, Santa Barbara * 

 
 

* Contact:  
(wilkinso@envst.ucsb.edu) phone: 805 569 2590, fax: 805 569 2718 
1428 West Valerio Street, Santa Barbara, CA  93101
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Interbasin Transfers 
 
California’s water systems are uniquely energy-intensive, relative to national averages, due to pumping 
requirements for major conveyance systems which move large volumes of water long distances and over 
thousands of feet in elevation lift.  Some of the interbasin transfer systems (systems that move water 
from one watershed to another) are net energy producers, such as the San Francisco and Los Angeles 
aqueducts.  Others, such as the State Water Project (SWP) and the Colorado River Aqueduct (CRA) 
require large amounts of electrical energy to convey water.  On average, approximately 3,000 kWh is 
necessary to pump one acre-foot (AF) of SWP water to southern California,i and 2,000 kWh is required to 
pump one AF of water through the CRA to southern California.ii   
 
As outlined in this study, energy inputs for local treatment and distribution, on-site uses (facility-level 
pumping, processing, thermal requirements for end-uses), and wastewater collection and treatment, must 
be added to the energy required to provide “raw” water supplies (from imports and/or local supplies) in 
order to develop an estimate for total embodied energy or energy intensity. 
 

 
 Energy intensity, or embodied energy, is the total amount of energy,  
 calculated on a whole-system basis, required for the use of a given amount  
 of water in a specific location. 
 

 
 
Total energy requirements for use of marginal (e.g. imported) supplies of water in Southern California 
were estimated in 1992 in a study prepared for Southern California Edison at 3,519 kWh/acre-foot (0.01 
kWh/gallon).iii  This is an average figure for marginal supplies for the region.  In specific geographic 
areas, the figure is higher due to additional pumping requirements.  The average energy requirement for 
blended water (local and imported supplies) was estimated at 2,439 kWh/AF due to less energy 
intensive local supplies. 
 
Water system operations provide a number of challenges for energy systems due to factors such as large 
loads for specific facilities, time and season of use, and geographic distribution of loads. Key pumping 
plants are among the largest electrical loads in the state.  For example, the SWP’s Edmonston Pumping 
Plant, situated at the foot of the Tehachapi mountains, raises water 1,926 feet (the highest single lift of 
any pumping plant in the world) and is one of the largest single users of electricity in the state. iv   In 
total, the SWP is the largest single user of electricity in the state.v 
 
Water use in homes located in some areas of the state accounts for the equivalent of a major end-use 
electrical appliance.  For example, a study conducted for Southern California Edison found that the 
energy required to provide water use in a typical southern California residence can rank third behind the 
air conditioner and refrigerator as the largest energy-user “in” the home.vi  (For homes with efficient 
refrigerators and without air conditioners, water use may be the largest energy user.)   Approximately 
sixty percent of the state’s population is located in Southern California. 
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The following graph indicates the average constituent energy inputs for water systems in southern 
California as a percent of total energy use for water systems. 
 

 
Source: QEI, Inc., 1992, Electricity Efficiency Through Water Efficiency, Report for the Southern California Edison Company, p. 2. 
 
 
California Energy Use 
 
California uses more energy than most nations, with a total consumption of more than seven quads 
(quadrillion BTUs).vii  On a per capita consumption basis, however, California ranks 48th in the 
nation,viii and on the basis of energy used per dollar of gross product, California ranks 46th.ix 
 
According to the California Energy Commission, California’s electricity use has increased an average of 
2.3 percent per year since 1977.  The greatest share of electricity consumption is in the commercial 
sector, using 34 percent of the total and growing at an average annual rate of 3.3 percent.  Residential 
electricity consumption has increased 2.3 percent per year on average, and industrial demand has grown 
at 1.4 percent per year.x  By some projections, the state’s population could increase 50 percent by 2020,xi 
and energy requirements will continue to rise with it.   
 
The Metropolitan Water District of Southern California (MWD) reached similar findings.  MWD 
estimates that energy requirements to deliver water to residential customers equals as much as 33 
percent of the total average household electric use.xii  A recent study for the Electric Power Research 
Institute (EPRI) by Franklin Burton indicates that at a national level, water systems account for an 
estimated 75 billion kWh (3% of total electricity demand).xiii  Due to California’s settlement patterns, 
topography, and climate patterns, energy use for water systems is greater than in other areas.  Water 
systems in California are estimated to use about 6.9% of the state’s electricity. 

Electricity Use for Water System Components In Southern 
California

(As a percent of total energy inputs)

Local Distribution
9%

Groundw ater Supply
6%

Imported Water Supply
71%

Waste Treatment
14%

Sour ce: QEI, Inc., 1992, Electr ici ty Ef f i ciency Thr ough Water  Ef f iciency, Repor t f or  th
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Water Sources and Use in California 
 
The distribution, in both time and space, of water sources in California impact the energy requirements 
of water systems.  A brief review of the context for water systems is provided here. 
 
Three principle sources provide the state with water: (1) surface water, which is often diverted or extracted and stored 
in reservoirs; (2) groundwater; and (3) imported supplies, principally from the Colorado River.xiv  On average, about 
200 million acre feet per year (mafy) falls as precipitation, two-thirds of which falls in the northern one-third of the 
state.xv  About 71 mafy is surface runoff, stored and redistributed for human use.xvi  Water from the Colorado River 
Basin supplements in-state supplies and provides for about 14 percent of the state’s total water; it provides more than 
60 percent of the 8.4 million acre-feet used in southern California.xvii  Groundwater supplies an average of about 7 
mafy, but in drought years, this may increase drastically.  Overdraft and contamination has reduced the availability 
of groundwater supplies throughout the state, and salt-water intrusion in coastal aquifers is already a problem in 
some coastal areas. 

 
California Average Annual Water Supply and Extractions From All Sources 

 
 
Water Source Million Acre Feet per Year (mafy) 
 
Precipitation 193.0 
Natural recharge, percolation, and non-developed uses (a) 122.0 
surface runoff (historical range:  15 mafy [1977] to 135 mafy [1983]) 70.8 
Average annual water supply (b)  85.0 
Total groundwater resources 850.0 
Economically recoverable groundwater resources 250.0 
Extractions of surface water (c)  21.6 
Extractions of groundwater 15.0 
 “Use” of groundwater (does not include overdraft) 7.1 Overdraft 
(d)  1.3 
 “Net” use of groundwater (“use” plus overdraft) 8.4 
Surface storage capacity (reservoirs) (e) 42.8 
Delta extractions (f) 10.3 
Reclaimed water 0.2 
Desalination 0.017 
Imported Water 
 Colorado River imports (g)  5.2 
 “Local imports” 1.0 
 
 
Sources:  California Department of Water Resources. California Water Plan Update, Bulletin 160-93. 1994. California Legislative Analyst’s Office. 
Colorado River Water: Challenges for California.” October 16, 1997. (http://www.lao.ca.gov/101697_colorado_river.html) 
(a):  “Non-developed” uses are evaporation, evapotranspiration from native plants, and percolation/ 
(b):  Appears to include groundwater extractions including overdraft of 15 mafy and surface at 70 mafy.  
(c):  Based on sum of local, SWP, CVP, and other federal projects. 
(d):  DWR projects no overdraft from 2000 forward (Vol. 1, p. 6, Table 1-2), although it states on the same page that “...the reductions in overdraft 
seen in the last decade in the San Joaquin Valley will reverse as more ground water is pumped to make up for reductions in surface supplies from 
the Delta.” (emphasis added) 
(e):  California Department of Water Resources, Division of Dams. “Dams Statistical File,” July 1997. 
(f):  Based on figures for SWP and CVP. 
(g):  California’s entitlement is 4.4 mafy 
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The water diversion, conveyance, and storage systems developed in California in this century, such as 
the Central Valley and State Water Projects, the Colorado and Los Angeles Aqueducts, are remarkable 
engineering accomplishments.  These water works move millions of acre-feet of water around the state 
annually.  The state’s 1,200-plus reservoirs have a total storage capacity of 42 million acre feet 
(maf).xviii 

Total Water Use—1990

Other
4%

Urban
19%

Agriculture
77%

 
 
Water in California is extracted from natural systems primarily for use in the urban and agricultural 
sectors.  The urban water use sector includes residential, commercial, industrial, and institutional uses, 
as well as municipal uses such landscaping and fire-fighting.  As the state’s population continues to 
grow, urban uses of water are steadily increasing.  Agricultural demand, however, peaked at the end of 
the 1980s and is declining.xix  In the early 1970s, agriculture used about 85 percent of the state’s 
developed water supply.xx  By the end of the 1980s, the percentage of the state’s water used by 
agriculture had fallen to 80 percent.  Irrigated land area increased from about 4 million acres in 1930 to a 
high in 1981 of 9.7 million acres.xxi  In place of the continuing increase in water used for irrigation 
projected in earlier forecasts, the state now projects a continued decline in water use for agriculture.xxii  
Land retirement, crop shifting, water transfers, and improved efficiencies in irrigation as well as 
conveyance and management will all contribute to a reduction in water used for irrigation.xxiii  Despite 
this decline, however, total extractions from the state’s water systems has increased through the years, 
with flows for the environment decreasing as a result.   
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Applied Water Use Comparison  1960 — 1990 — 2020
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* Total of “other outflow” and “environmental”, a category which is not disaggregated for 1960. Assumes total water resources 
of 85 mafy for 2020, consistent with 1960 and 1990 data.  
 

 Source: California Department of Water Resources. California Water Plan Update, Bulletin 160-93. 1994.  

 
With very real limits to the state’s water system, and every major supply source being reduced, the 
state’s water systems may be fairly said to be stressed.  Every major water supply source in California is 
currently beyond the physical or legal capacity to be sustained.  California’s entitlement to Colorado 
River water is 4.4 mafy, but it has been taking 5.2 mafy.xxiv  An average of 1.3 mafy of groundwater 
extraction is overdraft xxv (extractions exceed recharge by more than 18 percent).  In severe drought 
years, this overdraft may be as high as four to 10 mafy,xxvi which drastically depletes economically 
recoverable groundwater resources.   
 
 
Data for Specific Geographic Locations 
 
The energy intensity of water is usually determined by geographic factors including the location of the 
sources of water and the location of end-use.  Water in California is often moved from one area to 
another via conveyance facilities.  Total energy requirements for the conveyance of water in systems 
like the SWP and the CRA to particular destinations may be estimated with reasonable accuracy.xxvii   In 
a given geographic area, the water used may be a mix of imported and/or local supplies from surface or 
groundwater sources. xxviii  Each of these sources can be identified and an energy value per unit of water 
from each may be determined.   
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Water is typically treated and delivered by a local water management entity, and the wastewater 
generated by users is usually collected and treated in specific geographic areas.xxix  Each responsible 
entity, from imported supply delivery agencies to local treatment and distribution, to wastewater 
authorities, operate within specific geographic areas.  In many cases the boundaries for jurisdiction of 
these agencies overlap or are inconsistent.  The analysis must therefore account for geographic 
boundaries and attribute the appropriate energy factor for each element of the system.  The use of 
geographic information systems (GIS) to delineate the boundaries and record energy and other data is 
envisioned as a next step in the research initiated here.  One significant benefit of the use of GIS is the 
ability to define areas of use based on location, and to attribute the energy per unit of water values 
accordingly. 
 
Methodology for Analysis 
 
One objective of this exploratory research project is the development of a methodology for the 
calculation of total embodied energy in water in a particular location or geographic area of use.  To meet 
this objective, a spread-sheet tool has been developed with equations embedded to calculate total energy 
requirements for water use.  Both the equations and the data input to the spread-sheet are fully 
transparent, so the user can alter elements as needed.  The spread-sheet can be linked directly to GIS 
applications, such that data can be calculated and displayed for the user through the GIS tool. 
 
For purposes of this exploratory project, all data listed in the spread-sheet is referenced to the text 
(located in the notes section of the appendix) which explains the source of the data and other 
information. 
 

Energy and Water Units 

The units for energy are kilowatt hours (kWh) and therms.  Therms (based on the energy content 
of fuel) are 100,000 British thermal units (BTUs).  For comparison of total energy, therms are 
converted to kWh equivalent.   
 
The common unit for water supply is an “acre-foot” (AF).  An acre-foot of water is the volume 
of water that would cover one acre with one foot.  An acre-foot equals 325,851 gallons, or 
43,560 cubic feet, or 1,233.65 cubic meters.  (See conversion table in the Appendix.)  
Wastewater is typically measured in “million gallons per day” (MGD).  Figures have been 
converted to AF to provide consistency.  One MGD equals 1,120 AF per year, and one AFY 
equals 0.000893 MGD.  One acre-foot equals 0.325851 MG.   

 
Energy Inputs Included (and Excluded) in the Analysis 

The methodology developed for this analysis seeks to account for all of the energy inputs 
embodied in water delivered to and used in specific locations.  Energy inputs for extractions 
from natural systems through end-uses to ultimate disposal or re-use are included.   
 
For purposes of this analysis, power generated by water systems separate from the delivery and 
conveyance systems is not included in the calculations.  This is because power would be 
generated in any event, regardless of the ultimate use of the water, and whether power is 
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generated or not does not influence the energy requirements for delivery and use.  For example, 
hydro-power generation from water flowing from northern California to the Delta is not counted 
in this analysis because it would be generated whether the water flows out the Golden Gate or is 
pumped out of the delta to southern California in the SWP.  The calculations for the SWP 
therefore start at the delta.  (This methodology is not intended to diminish the role and 
importance of hydro-power production. The consideration is strictly the correct methodology for 
assessment of the total embodied energy in each unit of water used in a specific location.) 
 
Power generated as part of the conveyance systems, however, is counted because it is directly 
related to the volumes of water pumped through the system.  (For example, power recovered 
from the Warne and Castaic plants on the west branch of the SWP recover a portion of the 
energy inputs in the system from the Banks through Wind Gap pumping plants in the Central 
Valley and the Edmonston and Oso pumping plants that lift water over the Tehachapi Mountains.  
Total energy requirements are adjusted to credit back to the system the power generation against 
the pumping requirements to a given point in the system.    

 
 
Policy Implications  
 
This exploratory research project addresses the linkage between efficiency improvements in water and 
energy use in California and the potential multiple benefits to be derived from them.  Efficient water 
and energy use, and the facilitation of cost-effective measures to improve efficiency for both, is an 
important policy challenge and opportunity.  Multiple benefits from integrated strategies constitute 
potential opportunities for policy development.   
 
With better information regarding the energy implications of water use, public policy and combined 
investment and management strategies between energy, water, and wastewater agencies and utilities can 
be improved.  Potential benefits include improved allocation of capital, avoided capital and operating 
costs, reduced burdens on rate-payers, and environmental benefits.  Other societal goals, including 
restoration and maintenance of environmental quality, can also be addressed more cost-effectively 
through policy coordination.  Full benefits derived through water/energy efficiency strategies have not 
been adequately quantified or factored into policy, although the California Public Utilities Commission 
adopted principles supporting such approaches in 1989.xxx  Recent drought cycles in California, coupled 
with economic considerations and an increasing concern for environmental impacts, have confirmed the 
importance of efficient resource use as a policy objective.  Energy efficiency benefits accruing as a 
result of water efficiency programs hold significant potential. 
 
 
Overview of Energy Inputs to Water Systems 
 
There are four principle energy elements in water systems: 
 

primary water extraction and supply delivery (imported and local) 
treatment and distribution within service areas 
on-site water pumping, treatment, and thermal inputs (heating and cooling) 
wastewater collection and treatment 
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Pumping water in each of these four stages is energy-intensive and constitutes a major use of 
California’s total energy.  Other important components of energy embodied in water use include 
groundwater pumping, treatment and pressurization of the water supply systems, treatment and thermal 
energy (heating and cooling) applications at the point of end-use, and wastewater pumping and 
treatment. 
 
1.  Primary water extraction and supply delivery 

Moving water from near sea-level in the Sacramento-San Joaquin delta to the San Joaquin-Tulare 
Lake Basin, the Central Coast, and Southern California, and from the Colorado River to 
metropolitan Southern California, is highly energy intensive.  As noted, approximately 3,000 kWh is 
necessary to pump one acre-foot (AF) of SWP water to southern California, and 2,000 kWh is required 
to pump one AF of water through the CRA to southern California.xxxi  Groundwater pumping also 
requires significant amounts of energy depending on the depth of the source.  (Data on groundwater 
is incomplete and difficult to obtain because California does not manage groundwater resources, 
other than in adjudicated basins, and meters and data reporting are not required.) 

 
2.  Treatment and distribution within service areas  

Within local service areas, water is treated, pumped, and pressurized for distribution.  Local 
conditions and sources determine both the treatment requirements and the energy required for 
pumping and pressurization. 

 
3.  On-site water pumping, treatment, and thermal inputs 

Individual water users use energy to further treat water supplies (e.g. softeners, filters, etc.), circulate 
and pressurize water supplies (e.g. building circulation pumps), and heat and cool water for various 
purposes.  

 
4.  Wastewater collection and treatment 

Finally, wastewater is collected and treated by a wastewater authority (unless a septic system or 
other alternative is being used).  Wastewater is sometimes pumped to treatment facilities where 
gravity flow is not possible, and the standard treatment processes require energy for pumping, 
aeration, and other processes.  (In cases where water is reclaimed and re-used, the calculation of total 
energy intensity is adjusted to account for wastewater as a source of water supply.  The energy 
intensity generally includes the additional energy for treatment processes beyond the level required 
for wastewater discharge, plus distribution.)   

 
Water pumping, and specifically the long-distance transport of water in conveyance systems, is a major 
element of California’s total demand for electricity.  Water use, based on embodied energy, is the 
second or third largest consumer of electricity in a typical Southern California home after refrigerators 
and air conditioners.  Electricity required to support water service in the typical home in Southern 
California is estimated at between 14% to 19% of total residential energy demand.  If air conditioning is 
not a factor the figure is even higher.xxxii  Nearly three quarters of this energy demand is for pumping 
imported water. 
  
Both California State Water Project (SWP) and Colorado River supplies are energy-intensive due to 
pumping requirements.  The SWP supplies average 2,956 kWh/acre foot for delivery pumping alone, 
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with Colorado River supplies averaging 1,916 kWh/acre foot.xxxiii  For the 1989-90 fiscal year, Colorado 
river pumpingxxxiv (without accounting for station service and transmission losses) was 2,434,567,313 
kWh.xxxv  The SWP required approximately 3,420,092,000 kWh in the same year.xxxvi  The cost of this 
electricity is incorporated into water rates. 
 
 
Primary Users: M&I and Agricultural 
 
The two major water users in California are agriculture (at around 80% of the total extracted amounts) 
and urban or “M&I” (municipal and industrial) sector at around 20%.  The present analysis is focused on 
the M&I sector for several reasons.  First, important data for the agriculture sector analysis is 
unavailable or difficult to obtain due to prevailing groundwater law and other factors.  Second, water use 
in the M&I sector is considerably more energy-intensive than in agriculture due in large part to major 
inter-basin conveyance systems.   
 
Water managers typically identify urban water use in a broad category called municipal and industrial 
(M&I), which generally includes residential uses as well as commercial and institutional, industrial, and 
municipal uses.  An important sub-set of M&I water use is the non-residential category of commercial, 
industrial, and institutional (CII) users.xxxvii 
 
As noted above, this analysis focuses on the M&I sector due to its energy intensity and the availability 
of data. 
 
 
Major Supply Systems: Interbasin Transfers  
 
Major inter-basin water transfers in California began at the turn of the 20th century.  Early transfers, such 
as the Colorado River diversions to the Imperial Valley, were gravity fed and therefore required no 
energy for pumping.  The infamous Los Angeles aqueduct and San Francisco’s water from Hetch 
Hetchy Valley (in Yosemite National Park) are net energy producers due to the hydro-power production 
of the systems.  Systems built later in the century, however, required significant pumping plants ad 
energy inputs to run them to lift water over mountain ranges.  The State Water Project and the Colorado 
River Aqueduct are the two most energy-intensive systems in the state, and are therefore the focus of 
this analysis. 
 
 
The State Water Project 
 
The State Water Project (SWP) is managed by the California Department of Water Resources (DWR) 
and provides water for agricultural and urban uses. xxxviii   SWP facilities include 28 dams and reservoirs, 
22 pumping and generating plants, and nearly 660 miles of aqueducts. xxxix 
 
The SWP stores water in the Feather River watershed in Northern California.  Lake Oroville, the 
project’s largest storage facility, has a capacity of about 3.5 million acre-feet.  Three smaller upstream 
reservoirs provide additional storage.xl  (Oroville Dam is the tallest and one of the largest earth-fill dams 
in the United States.)xli  Power is generated at the Oroville Dam as water is released down the Feather 
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River, which flows in natural water courses into the Sacramento River, through the Sacramento-San 
Joaquin Delta, and to the ocean through the San Francisco Bay.   
 
Water is pumped out of the delta for the SWP at two locations.  From the northern Delta, Barker Slough 
Pumping Plant diverts water for delivery to Napa and Solano counties through the North Bay 
Aqueduct.xlii   Further south at the Clifton Court Forebay, water is pumped into Bethany Reservoir by 
the Banks Pumping Plant.  From Bethany Reservoir, the majority of the water is conveyed south in the 
444-mile-long Governor Edmund G. Brown California Aqueduct to agricultural users in the San Joaquin 
Valley and to urban users in Southern California.  The South Bay Pumping Plant also lifts water from 
the Bethany Reservoir into the South Bay Aqueduct. xliii  
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State Water Project 
Names and Locations of Primary Water Delivery Facilities 
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DWR provides the following description of water conveyance in the SWP:  

 
 

California State Water Project 
 
The California Aqueduct moves water south along the west side of the San Joaquin 
Valley. It transports water to the Gianelli Pumping-Generating Plant and the San Luis 
Reservoirxliv which has a storage capacity of more than 2 million acre-feet.xlv  SWP water 
not stored in San Luis Reservoir, and water released from San Luis, continues to flow 
south through the San Luis Canal, a portion of the California Aqueduct jointly owned by 
the Department and the USBR.  As the water flows through the San Joaquin Valley, it is 
raised over 1,000 feet by four pumping plants—Dos Amigos, Buena Vista, Teerink, and 
Chrisman — before reaching the foot of the Tehachapi Mountains.  In the San Joaquin 
Valley near Kettleman City, the Coastal Branch Aqueduct extends west to serve 
municipal and industrial water users in San Luis Obispo and Santa Barbara counties.  
 
The remaining water conveyed by the California Aqueduct is delivered to Southern 
California. Pumps at Edmonston Pumping Plant, situated at the foot of the mountains, 
raise the water 1,926 feet — the highest single lift of any pumping plant in the world. 
Then the water enters 8.5 miles of tunnels and siphons as it flows into the Antelope 
Valley, where the California Aqueduct divides into two branches, the East Branch and 
the West Branch.  The East Branch carries water through the Antelope Valley into 
Silverwood Lake in the San Bernardino Mountains. From Silverwood Lake, the water 
flows through the San Bernardino Tunnel into the Devil Canyon Powerplant. The water 
continues down the East Branch to Lake Perris, the southernmost SWP reservoir.  Water 
in the West Branch flows through the Warne Powerplant into Pyramid Lake in Los 
Angeles County. From there it flows through the Angeles Tunnel and Castaic Powerplant 
into Castaic Lake, terminus of the West Branch. 
  
 
California Department of Water Resources, 1996, Management of the California State Water Project.  
Bulletin 132-96. 
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The SWP is the largest consumer of electrical energy in the state, requiring an average of 5,000 GWh 
per year.xlvi  The energy required to operate the SWP is provided by a combination of DWR’s own 
hydroelectric and coal-fired generation plants and power purchased from other utilities. The project’s 
eight hydroelectric power plants, including three pumping-generating plants, and a coal-fired plant 
produce enough electricity in a normal year to supply about two-thirds of the project's necessary power.  
 
Energy requirements would be considerably higher if the SWP was delivering full entitlement volumes 
of water.  The project has in fact been delivering approximately half its contracted volumes.  As DRW 
comments: 
 

Facilities were designed and built to meet demands for water through 1990; these demands were 
projected to be about 4.0 million acre-feet. Actual demand, however, has not developed as 
projected, owing to circumstances such as slower population growth, changes in local use, local 
water conservation programs, and conjunctive use programs. The most SWP entitlement water 
delivered to date was about 2.8 million acre-feet in 1989.xlvii 
 
 

 
MWD provides the following information on SWP energy requirements: 

 
The electric power required to pump SWP water is primarily off-peak energy with a substantial 
portion supplied by Edison under a 1979 Power Contract and 1981 Capacity Exchange 
Agreement. On-peak energy is provided by SWP power generation facilities located throughout 
the state. DWR has long-term transmission contracts with PG&E and Edison for delivery of 
power from SWP generation facilities to SWP pumping plants.  
 
Metropolitan pays approximately 60-80 percent of the total power costs incurred by DWR for the 
SWP depending upon delivery, since it is the largest and one of the last contractors on the 
aqueduct, and its water is pumped the furthest. Approximately 3,000 kWh (net) are required to 
pump one acre-foot of water to the Los Angeles basin from the Sacramento-San Joaquin Delta. 
Metropolitan's SWP deliveries require approximately 2,700 GWh of energy annually. xlviii 
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State Water Project 

Names, Locations and Generating Capacity of Primary Power Facilities 
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The following chart shows energy requirements to pump an acre-foot of water through each pumping 
station on the SWP.  Also shown is the cumulative kilowatt-hours necessary to pump the water as it 
moves south down the state and the recovery energy from generators on the down-hill runs. 
 
 

State Water Project 
Kilowatt-Hours Per Acre Foot Pumped 

(Includes Transmission Losses) 
 

 
Source: Based on data from: California Department of Water Resources, State Water Project Analysis Office, Division of Operations and 
Maintenance, Bulletin 132-97, 4/25/97. 

 

All figures: kWh/AF
Top figure = cumulative energy
Lower Figure = facility energy Devil Canyon 

Mojave Siphon Variable
Pearblossom 4,349 3,236
4,444 -95 -1,113

703

H.O. Banks Dos Amigos Buena Vista Wheeler Ridge Wind Gap A.D. Edmonston Alamo
296 434 676 971 1,610 3,846 3,741
296 138 242 295 639 2,236 -105

South Bay Las Perillas
1,093 511
797 77

San Luis Variable
Pumping (169-523) Badger Hill Oso W.E. Warne Castaic
Generating (105-287) 711 4,126 3,553 2,580

Del Valle 200 280 -573 -973
1,165
72

Devil's Den Bluestone Polonio
1,416 2,121 2,826
705 705 705
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State Water Project 
Water Delivered in Calendar Year 1995 and Delivery Locations 
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State Water Project 
Water Deliveries by Section 
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Colorado River Aqueduct 
 
Significant volumes of water are imported to Southern California from the Colorado River via the 
Colorado River Aqueduct (CRA).  Though MWD’s entitlement to Colorado River water is 550,000 afy, 
it has extracted as much as 1.3 mafy through waste reduction arrangements with IID (adding about 
106,000 afy) and by using “surplus” water.xlix  The Colorado River water supplies require about 2,000 
kWh/af for conveyance to Lake Mathews in the Los Angeles basin. 
 
The Colorado River Aqueduct extends 242 miles from Lake Havasu on the Colorado River to its 
terminal reservoir, Lake Mathews, near Riverside. The Colorado River aqueduct was completed in 1941 
and expanded in 1961 to a capacity of more than 1 MAF per year.  Five pumping plants lift the water 
1,616 feet, over several mountain ranges, to southern California. To pump an average of 1.2 million 
acre-feet of water per year into the Los Angeles basin requires approximately 2,400 GWh of energy for 
the CRA's five pumping plants.l  On average, the energy required to import Colorado River water is 
therefore about 2,000 kWh/AF.  The aqueduct was designed to carry a flow of 1,605 cfs (with the 
capacity for an additional 15%).   
 
The sequence for pumping the water supplies is as follows: The Whitsett Pumping Plant elevates water 
from Lake Havasu 291 feet out of the Colorado River  basin. At “mile 2,” Gene pumping plant elevates 
water 303 feet to Iron Mountain pumping plant at mile 69, which then boosts the water another 144 feet. 
The last two pumping plants provide the highest lifts - Eagle Mountain, at mile 110, lifts the water 438 
feet, and Hinds Pumping Plant, located at mile 126, lifts the water 441 feet. li  The five pumping plants 
each have nine pumps.  The plants are designed for a maximum flow of 225 cubic feet per second (cfs).  
The CRA is designed to operate at full capacity with eight pumps in operation at each plant (1800 cfs).  
The ninth pump operates as a spare to facilitating maintenance, emergency operations, and repairs.lii  
 
MWD has recently improved the system’s energy efficiency.  The average energy requirement for the 
CRA was reduced from approximately 2,100 kWh /af to about 2,000 kWh /af “through the increase in unit 
efficiencies provided through an energy efficiency program.”liii  The energy required to pump each af of 
water through the CRA is essentially constant, regardless of the total annual volume of water pumped.  
This is due to the 8-pump design at each pumping plant. The average pumping energy efficiency does not 
vary with the number of pumps operated, and the same 2,000 kWh /af estimate is appropriate for both the 
“Maximum Delivery Case” and the “Minimum Delivery Case.”liv  
 
Based on the relatively steep grade of the CRA, limited active water storage, and transit times between 
plants, the system does not generally lend itself to shifting pumping loads from on-peak to off-peak.  
Under the Minimum Delivery Case, the reduced annual water deliveries would not necessarily bring a 
reduction in annual peak load, since an 8-pump flow may still need to be maintained in certain months.lv 

 
Electricity to run the CRA pumps is provided by power from hydroelectric projects on the Colorado 
River as well as off-peak power purchased from a number of utilities.  The Metropolitan Water District 
has contractual hydroelectric rights on the Colorado River to “more than 20 percent of the firm energy 
and contingent capacity of the Hoover power plant and 50 percent of the energy and capacity of the 
Parker power plant.”lvi  Energy purchased from utilities makes up approximately 25 percent of the 
remaining energy needed to power the Colorado River Aqueduct.lvii 
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Colorado River Aqueduct 
Pumping and Power Transmission Facilities 

 
 
 
 

Metropolitan's Colorado River Aqueduct
Pumping and Transmission Facilities
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