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1 Executive Summary 

1.1 Overview 

Water supply and conveyance consumes approximately 16,000 GWh each year, equivalent to 6 percent 

ƻŦ /ŀƭƛŦƻǊƴƛŀΩǎ ŀƴƴǳŀƭ electrical energy requirements. The California Public Utilities Commission (CPUC) 

initiated the Operational Energy Efficiency Program (OEEP) to investigate options for achieving a 10% 

reduction in electrical power consumed by induction motors employed in water facilities. Energy and 

Environmental Economics, Inc. (E3), on behalf of the CPUC, completed a preliminary Evaluation, 

Measurement and Verification (EM&V) report for five pilot pump sites for OEEP on June 23, 2011. This is 

the final EM&V report for all 17 OEEP pump sites, with 22 total pumps retrofit (ordered in CPUC Decision 

10-04-30).  

The OEEP replaces pumps run by fixed speed drives with Variable Frequency Drives (VFD), also known as 

Variable Speed Drives or VSD. In addition, the OEEP installs Programmable Logic Controllers (PLCs), 

efficiency optimization software, and monitoring equipment at the facility to improve operational 

efficiency. Unlike the typical constant speed on-off control of a fixed speed drive, the VFD controlled by 

the PLC continuously adjusts the motor speed to optimize wire to water energy efficiency for the given 

system operating conditions and within the system constraints of pressure or level.  

The preliminary evaluation of the five pumps over 6 months of operation found that the OEEP has 

potential for economic energy-efficiency improvement, but may not be beneficial for all pumping 

facilities that have specific demands placed upon the pump.  

Our final EM&V analysis considers the expanded program, with 22 pumps at 17 sites. Our ability to use 

the full dataset, however, is constrained by the data limitations listed below:  



é Only six pumps have the installation, operation, and monitoring characteristics fully representative 

of the OEEP. 

é Five pumps did not use a bypass contactor, which allows the VFD to be de-energized and isolated 

from the pump and motor system. These pumps also interacted with other pumps not in OEEP, 

ƳŀǎƪƛƴƎ ǘƘŜ h99tΩǎ ŜŦŦŜŎǘǎ ƻƴ ǘƘŜƛǊ ǿƛǊŜ ǘƻ ǿŀǘŜǊ ŜƴŜǊƎȅ ŜŦŦƛŎƛŜƴŎȅΦ 

é Three pumps operated under pressure control, restricting or eliminŀǘƛƴƎ ǘƘŜ h99t ŀƭƎƻǊƛǘƘƳΩǎ ŀōƛƭƛǘȅ 

to optimize efficiency. 

é Two pumps were pressure controlled by pressure reducing valves, precluding an estimate of the 

efficiency impact of the OEEP alone. 

é Six pumps were excluded from data analysis altogether, due either to voltage imbalances, no 

variation in operating speed, or no baseline data for benchmarking their operation under a fixed 

speed drive.  

As implemented, the OEEP does not achieve a cost-effective level of efficiency improvements. 

é Of the six pumps with the full OEEP, the average efficiency improvement was 1.0 percent. Two 

pumps demonstrated efficiency improvements of 3.1 and 15.5 percent respectively. Four pumps 

saw efficiency reductions ranging from -2.7 to -5.5 percent.  At a majority of sites, the OEEP did not 

produce efficiency savings sufficient to offset the additional losses of 2-5 percent associated with 

the VFD.  

é Pump and motor efficiency changed only modestly at thirteen sites. Three sites are found to have 

produced significant energy savings. However, only two sites are cost-effective, with energy cost 

savings mainly from the use of the VFD to manage discharge pressure.  

The OEEP optimization algorithm is relatively expensive to implement due in part to the high resolution, 

real-time monitoring required. Our main conclusion is that implementing such an efficiency algorithm is 

potentially cost-effective only at those sites with larger, high load factor pumps operating with a high 

degree of flexibility. Other sites may benefit from less expensive monitoring and installing a VFD with a 

simpler and less expensive control algorithm. The results supporting such a conclusion include: 

é Eleven of the thirteen sites showed peak demand reduction and on-peak energy savings. When 

considering VFD installation costs alone, six sites are found to have achieved cost-effective peak 

demand reduction and load shifting.  



é Operational data including total dynamic head, flow, kW and operating speed obtained through 

OEEP has helped identify 6 pumps running at low efficiency, good candidates for replacement. A 

lower cost monitoring and evaluation program with a 25 percent success rate in identifying good 

candidates for replacement pumps is found to have a Total Resource Cost-effectiveness Test ratio of 

1.9. 

é VFDs are found to improve power factor, reduce line losses, and reduce reactive power draw. We 

find the value of reduced reactive (kVAr) loads to average 9% of the energy and demand savings at 

those sites with wire-to-water efficiency improvements. 

Our analysis indicates problems in installing and operating the VFD and PLC as intended, or that many of 

the applications were better suited to a properly-sized fixed-speed pump, rather than a VFD. 

Furthermore, the realized efficiency savings vary tremendously from site to site. Such findings lead to 

our recommendations that may improve implementation of a redesigned program in the future. 

Corroborating several prior studies of VFD and water utility incentive programs, these recommendations 

are:  

é Prior to committing funding for a VFD installation at a facility, perform a screening-level analysis of 

the operational characteristics of the proposed pump, aiming to identify pumps that would likely 

benefit from a VFD. The best candidates are systems with larger pumps, a degree of operational 

flexibility, water storage capability and high load factors. We find that the pumps with higher 

variability in pumping load with the OEEP off also had the largest improvements in efficiency. Sites 

where VFDs can manage flow or pressure in place of control valves are also good candidates.   

é Once funding is committed, provide implementation assistance and follow-up visits to assure that all 

the elements of the system are optimally designed and installed and that the system is operating as 

intended over time.  

é Strengthen incentives to participating utilities to screen sites, realize targeted savings, and maintain 

active participation by water utility staff. This recommendation aims to remedy the diminished focus 

ƻŦ ǳǘƛƭƛǘȅ ƳŀƴŀƎŜƳŜƴǘ ŀƴŘ ǎǘŀŦŦ ǘƘŀǘ Ƴŀȅ ŀǊƛǎŜ ŘǳǊƛƴƎ ǘƘŜ h99tΩǎ ǇǊƻƎǊŀƳ ƭƛŦŜ.  

Finally, several of the OEEP pumps demonstrated the ability to rapidly moderate energy consumption 

while maintaining target pressure, flow and water deliver targets. We found that over a 1 minute 

interval, six pumps changed their output from 3 to 7 percent of their average kW demand.  These ramp 

rates are equal to or faster than the ramp rate for steam or combined cycle gas turbines and 



comparable to the average ramp rate of hydro generating plants. We suggest the use of this capability 

to provide load based ancillary or renewable integration services be explored further.  

1.2 History of the Program 

The CPUC first adopted a Water Action Plan in 2005 (CPUC 2005).1  The plan set forth CPUC policy 

objectives, established goals for applying regulatory best practices from the energy industry to the 

water utilities, and made water conservation a top priority. In 2007, the CPUC approved one-year 

research, development and demonstration (RD&D) water conservation programs to be jointly 

implemented by electric and water utilities (D. 07-12-050). These programs were designed to 

demonstrate that electric utilities could cost-effectively reduce ǘƘŜ ŎƻƴǎǳƳǇǘƛƻƴ ƻŦ άŜƳōŜŘŘŜŘ ŜƴŜǊƎȅέ 

in the provision of water service by conserving water, using less energy-intensive water or making 

delivery systems more efficient.2  

At the urging of the CPUC commissioners, the CPUC staff developed and published approaches for 

improving the operational efficiency of pump-motor systems in 2008 (Naidu and Howard 2008). 

Approved by the CPUC in 2008 and again in 2010, the OEEP instituted a series of RD&D projects to 

determine the level of operational efficiency and energy savings that can be achieved by these 

approaches. The OEEP RD&D projects included in this EM & V report encompass 22 pumps at 17 sites in 

six water utilities with funding to $3.4 million.  

¢ƘŜ h99t ǎŜŜƪǎ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ άǿƛǊŜ-to-waterέ ŜŦŦƛŎƛŜƴŎȅ ƻŦ ǿŀǘŜǊ ǎȅǎǘŜƳ ǿŜƭƭ ŀƴŘ ōƻƻǎǘŜr pumps 

(Figure 1). We measure efficiency by power output per unit of power used (i.e., kW output/kW input).3 

In contrast, most (but not all) of the Embedded Energy in Water Pilot Programs emphasize reducing the 

άŜƳōŜŘŘŜŘέ ƪ²Ƙ ǳǎŀƎŜ ǇŜǊ Ƴƛƭƭƛƻƴ Ǝŀƭƭƻƴǎ ƻŦ ǿŀǘŜǊ ŘŜƭƛǾŜǊŜŘΦ 

                                                           
1
 The plan was updated in October 2010, see 

http://www.cpuc.ca.gov/PUC/hottopics/3Water/051109_wateractionplan.htm 
2
 See CPUC Decisions 08-11-057 and 09-07-052 

3
 While pump output is often defined in terms of torque (joules/radian), we keep output in terms of power 

with units of watts (joules/second) for purposes of direct comparison to electrical power in. 

http://www.cpuc.ca.gov/PUC/hottopics/3Water/051109_wateractionplan.htm


Figure 1:  Illustrative Energy Efficiency Program Roles 

 

The OEEP installs a VFD and a PLC with an efficiency optimization algorithm to continuously vary the 

speed of the motor and pump. Additional equipment necessary to measure the pump efficiency is also 

installed. This includes a water level sensor, a power quality meter, a digital pressure transducer and a 

digital flow meter (most sites had analog equipment insufficient to the task of monitoring and recording 

ŜŦŦƛŎƛŜƴŎȅύΦ ¢ƘŜ ƳƻƴƛǘƻǊƛƴƎ ŜǉǳƛǇƳŜƴǘ ƛǎ ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ ǳǘƛƭƛǘȅΩǎ {/!5! ǎȅǎǘŜƳΣ ǿƘƛŎƘ ƛƴ ǎƻƳŜ ŎŀǎŜǎ 

requires additional wiring, communications equipment and programming.  

The OEEP was designed to operate in four stages. The first stage entails the installation of the OEEP 

equipment described above. The monitoring equipment records, at resolutions as high as one-second, 

real (kW) and apparent (kVA) input of the pump-motor combination. It also records the pump's water 

flow and pressure differential (total head), which translates into kW output. We use the archived kW 

input data and the kW output data to calculate the real-time kW losses that reflect the wire-to-water 

efficiency. The kVA input and kW input data is used to determine power factor improvements. The 

measured reduction in kW losses and improvement in pump operation efficiency are then used to 

estimate the energy (kWh) savings. When valued at their estimated avoided costs, the hourly energy 

(kWh) and demand (kW) reductions provide the basis for computing the benefits of the OEEP. 
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In the second stage, the pump-motor systems are operated with the VFD under the t[/Ωǎ energy 

efficiency optimization algorithm. The algorithm continuously seeks to minimize the kW loss and 

improve the wire-to-water efficiency by operating the pump at its optimum efficiency point for the 

given operating conditions, with the overall constraint of meeting the system requirements of water 

demand and/or pressure. The OEEP equipment also includes the ability to record and store historical 

Řŀǘŀ ŦƻǊ ƳŜŀǎǳǊŜƳŜƴǘ ŀƴŘ ǾŜǊƛŦƛŎŀǘƛƻƴΣ ŜƛǘƘŜǊ ƭƻŎŀƭƭȅ ƛƴ ŀ ŘŜŘƛŎŀǘŜŘ {/!5! ǎȅǎǘŜƳ ƻǊ ƛƴ ǘƘŜ ǳǘƛƭƛǘȅΩǎ 

existing SCADA system.  

The third stage replaces, if necessary, the existing pump and/or motor with optimally sized pump and/or 

motor to match field conditions. The OEEP monitoring equipment provides long term historical trend 

data for evaluating whether the pump-motor system is properly matched for dynamic system 

operations. Unlike annual or periodic pump efficiency tests, the OEEP historical data can help select 

pumps that better meet changing system requirements. 

In the fourth and final stage, the new pump and motor are then operated with the VFD and optimization 

algorithm.  

It proved more difficult than anticipated to purchase and schedule the installation of replacement 

pumps for the OEEP sites. Only one pump, Alisal, was replaced during the period of analysis. In this 

report, we therefore present the results comparing the operation of the pump and motor system with 

the OEEP off (Stage 1) and OEEP On (Stage 2).  

As it became clear that several of the pumps were not benefiting from the full OEEP, a water 

engineering firm, Black & Veatch, was brought in to the project in February 2011 to evaluate whether 

the OEEP equipment was installed and functioning as intended. Black & Veatch worked with the 

participating water utilities between February and June of 2011 to align the facilities with the OEEP 

program guidelines to the extent practical, and to perform the necessary recalibration and 

programming.  



1.3 Measurement Goals 

We use six metrics to evaluate the overall performance of the OEEP:   

1. Wire-to-water efficiency:  measured as the ratio of the useful work output (in kW) per the real 

kW power input (kW output/kW input). 

2. Power Factor:  measured as the ratio of the real kW power input per apparent kVA power input 

(kW input/kVA input). 

3. Embedded energy:  measured as the ratio of the kWh energy input per million gallons (MG) of 

water delivered (kWh input/MG output) 

4. Energy (kWh) savings:  measured by the ratio of change in annual energy consumption over pre-

OEEP annual energy consumption (ҟ kWh/kWh). 

5. Demand (kW) reduction:  measured as the ratio of the change in peak  power demand over pre-

OEEP peak power demand (ҟ kW/kW). 

6. Cost-effectiveness:  measured by the ratio of the value of the energy and demand savings over 

the OEEP installation cost (dollar benefits/dollar costs, also the Total Resource Cost-

effectiveness Test or TRC ratio) 

The first three are different measures of efficiency based on the measurement data discussed below. 

The last three extrapolate the efficiency measurements to estimate the energy, demand and dollar 

savings that would occur over the useful life of the installed equipment.  

Quantifying the OEEP's effect compared to the pre-OEEP baseline requires data collected under two 

scenarios: one with the VFD disconnected and the OEEP off (pre-OEEP baseline) and one with the VFD 

and optimization algorithm on (OEEP). Thus, over the period of analysis, the goal was to operate the 

pump with the OEEP on seven days a week and with the OEEP off every eighth day, so as not to have the 

OEEP-on day always on the same day of the week.  



In the OEEP off mode, the pump and motor ran at full speed at the electric utility system frequency 

(normally 60 Hz), bypassing the VFDs entirely. The pumps were operated at full speed in an on-off mode 

in response to system level and or pressure set points. Data thus collected served to establish a baseline 

wire-to-water efficiency and energy use for the existing pump and motor system, without the VFD and 

optimization algorithm.  

In the remaining days, the pump ran with the optimization algorithm on to control the VFD. Data 

collected during these days establish the wire-to-water efficiency and energy use for the existing pump 

and motor system under active use of the VFD and optimization algorithm.  

Since the kW output profiles may differ across algorithm-off and on days, we use a regression analysis to 

estimate efficiency change due to the active use of the VFD and algorithm, after adjusting for the daily 

variations in output kW.  

1.4 Sites Evaluated 

The OEEP ultimately included 22 pump and motor systems at 17 sites operated by six water companies 

(Table 1). Ten ǎƛǘŜǎ ŀǊŜ ƭƻŎŀǘŜŘ ƛƴ tDϧ9Ωǎ ǎŜǊǾƛŎŜ ǘŜǊǊƛǘƻǊȅ ŀƴŘ ǎŜǾŜƴ ǎƛǘŜǎ ƛƴ {/9ΩǎΦ ¢ƘŜ ǎƛǘŜǎ ƛƴŎƭǳŘŜ ōƻǘƘ 

vertical turbine well pumps and centrifugal booster pumps. 



Table 1:  OEEP Pump Sites 

 

1.4.1 SITES FOR WHICH RESULTS ARE NOT SHOWN 

Several pumps are not included in this report. Hemingway is excluded due to a voltage unbalance on the 

PG&E system that prevenǘŜŘ ǇǊƻǇŜǊ ƻǇŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ŜŦŦƛŎƛŜƴŎȅ ŀƭƎƻǊƛǘƘƳΦ !ǘ /ŀƭƛŦƻǊƴƛŀ !ƳŜǊƛŎŀƴΩǎ 

/ȅǇǊǳǎ ǿŜƭƭ ŀƴŘ 9ŀǎǘ tŀǎŀŘŜƴŀΩǎ 5ǳŀǊǘŜ ōƻƻǎǘŜǊ ǇǳƳǇǎ ǘƘŜǊŜ ǿŀǎ ƛƴǎǳŦŦƛŎƛŜƴǘ ǾŀǊƛŀǘƛƻƴ ƛƴ ƻǇŜǊŀǘƛƴƎ 

ǎǇŜŜŘǎ ǘƻ ŘǊŀǿ ǎǘŀǘƛǎǘƛŎŀƭƭȅ ƳŜŀƴƛƴƎŦǳƭ ǊŜǎǳƭǘǎΦ /ŀƭƛŦƻǊƴƛŀ ²ŀǘŜǊΩǎ .ŀƪŜǊǎŦƛŜƭŘΣ /hico and Visalia did not 

record any periods in OEEP off mode. With these pumps excluded, we were able to analyze data for 17 

pumps at 13 sites.  

IOU Pump Type Size From To

Alco Water Services Company

1 PG&E Alisal (1) Well 300 HP Well Distribution

2 PG&E County Well 300 HP Well Distribution

3 PG&E Hemingway Booster 30 HP Reservoir Distribution

California American Water Company

4 PG&E Cypress Well 300 HP Well Transmission/Tank

5 PG&E Rancho Canada Well 450 HP Well Transmission/Tank

6 PG&E Segunda Booster 200 HP Tank Tank

7-8 SCE Mesa (1 & 2) Booster 50/50 HP Reservoir Transmission

9-11 SCE Scott (1, 2 & 3) Booster 50/50/100 HP Tank Reservoir

Californa Water Services Company

12 PG&E Chico Well 75 HP Well Distribution

13 PG&E Bakersfield Booster 125 HP Distribution Distribution

14 SCE Visalia Well 100 HP Well Distribution

East Pasadena Water Company

15 SCE Duarte # 9 Well 250 HP Well Reservoir

16 SCE Duarte # 4 Booster 40 HP Reservoir Reservoir

17 SCE Duarte # 5 Booster 50 HP Reservoir Reservoir

Golden State Water Company

18 PG&E Pacifica Booster 75 HP Distribution Distribution

19 SCE Jeffries Well 200 HP Well Distribution

20 SCE Mojave Booster 25 HP Distribution Distribution

Hill Street Booster Shut Down. Replaced with Pacifica

San Jose Water Company

21 PG&E Grant Well 200 HP Well Reservoir

22 PG&E Bascom Booster 100 HP Reservoir Reservoir

Seventeenth Street Booster Replaced with Bascom

Del Oro Water Company

SCE Pines District Booster Withdrawn

(1) Not included in CPUC Decision.



1.4.2 DESCRIPTION OF PUMP SITES 

The sites included in the OEEP varied considerably in their design, installation and operational 

requirements. This was due in part to the flexibility given to the utilities in the type of equipment that 

could be installed to meet the overall intent of the OEEP objectives. The installation of the OEEP 

equipment and operation of the pumps also varied considerably with the expertise and availability of 

utility personnel, the expertise of the original control/VFD equipment suppliers and PLC/SCADA 

programmers, site accessibility, existing equipment, and operational requirements. As preliminary data 

was collected and evaluated, it was recognized that additional data was required to be collected. It 

proved to be a challenge to some of the utility participants to modify OEEP facilities that had already 

been put into operation under the original concepts. This posed challenges in collecting comparable 

data across all the sites. Appendix A contains a detailed table describing each of the OEEP sites. The key 

deviations from the full OEEP installation and operation observed at most of the pumps are listed in 

Table 2 and described below. 

A bypass contactor provided for the complete bypass of the VFD in the OEEP off mode. Five installations 

did not include a bypass contactor. Without a bypass contactor, the VFD remains energized, with 

associated efficiency losses of 2-5%, but is at operated at a constant speed.  

By coincidence only, the same five pumps that do not have a bypass contactor were also observed to have 

potential interactions with other pumps. At these five sites it is not possible to determine whether or to 

what extent efficiency gains at one pump are offset by reduced efficiency at other potentially affected 

pumps. 

At three sites the efficiency algorithm did not control operation. The operation of the VFD was, due to 

operational requirements, de facto controlled by pressure, level or flow rather than efficiency. As such, 

the efficiency algorithm could not vary pump speed and achieve OEEP goals. 

Several installations used pressure reducing valves to control flow. With the OEEP off, the valves are 

constantly opening or constricting to vary pressure; this is an inefficient way to control flow, in terms of 

energy demand. With the OEEP on, the VFD assumes the role of maintaining pressure, while the valve 



remains fully open. This greatly increases the efficiency of the system, as pressure is controlled by 

reducing energy input rather than increasing the output pressure.  

Pump input and output requirements were nearly constant at some installations, greatly reducing the 

opportunity of the OEEP to achieve energy savings. For example, pumps to maintain pressure between 

zones in the system, and booster pumps, have limited flexibility to change speed based on efficiency.  

Due to the difficulties described above, we were not able to record a full year of usable data for each 

pump site. The OEEP was turned off for a month or more at a time at some sites, and not turned off for 

several months at others. Without both OEEP on and OEEP off operations recorded in the same month, 

it was not possible to perform an accurate comparison. At other sites, Black and Veatch found that 

recalibration of instrumentation or reprogramming of the PLC was needed. Site visits occurred in March, 

April and June of 2011. Even so, data or operational issues persisted so that only July and August data 

was then available for many pumps. At a few sites, communications or SCADA issues prevented remote 

recording of data over long periods. Finally, mechanical failures or operating requirements at some 

pumps prevented the utilities from operating in OEEP mode for long periods.  

Ultimately, only six pumps have the installation, operation, and monitoring characteristics fully 

representative of the OEEP. Five pumps did not use a bypass contactor. These pumps also interacted 

ǿƛǘƘ ƻǘƘŜǊ ǇǳƳǇǎ ƴƻǘ ƛƴ h99tΣ ƳŀǎƪƛƴƎ ǘƘŜ h99tΩǎ ŜŦŦŜŎǘǎ ƻƴ ǘƘŜƛǊ ǿƛǊŜ ǘƻ ǿŀǘŜǊ ŜƴŜǊƎȅ ŜŦŦƛŎƛŜƴŎȅΦ 

¢ƘǊŜŜ ǇǳƳǇǎ ƻǇŜǊŀǘŜŘ ǳƴŘŜǊ ǇǊŜǎǎǳǊŜ ŎƻƴǘǊƻƭΣ ǊŜǎǘǊƛŎǘƛƴƎ ƻǊ ŜƭƛƳƛƴŀǘƛƴƎ ǘƘŜ h99t ŀƭƎƻǊƛǘƘƳΩǎ ŀōƛƭƛǘȅ ǘƻ 

optimize efficiency. Two pumps were pressure controlled by pressure reducing valves, precluding an 

estimate of the efficiency impact of the OEEP alone. 

Six pumps were excluded from data analysis altogether, due either to voltage imbalances, no variation in 

operating speed, or no baseline data for benchmarking their operation under a fixed speed drive.  

For this report, we group the pumps into three categories for evaluation, shown in Table 2. The first five 

sites only partially implemented the OEEP, the next six sites fully implemented the OEEP, and at the last 

two sites the OEEP VFDs effectively replaced PRVs for managing pressure. In the first group, the results 

are confounded due to the lack of a bypass contactor, potential interactions with other pumps and, in 



the case of Duarte #9, inability to operate in efficiency seeking mode. ²ƘƛƭŜ ǘƘŜ ǎŜŎƻƴŘ ƎǊƻǳǇΩǎ ǊŜǎǳƭǘǎ 

accurately reflect the OEEP, their general applicability may be limited by the small sample size. In the 

last group, we believe the majority of the efficiency improvement is due to the VFD taking over pressure 

control responsibility in place of the PRV.  

Table 2:  OEEP Site Characterization Summary 

 

1.5 Results 

1.5.1 PRELIMINARY REPORT 

To provide a preview of the evaluation presented here, recall the five pumps analyzed in the preliminary 

report that demonstrated a wide range of possible outcomes. One of the five pumps showed positive 

real (kW) wire-to-water efficiency improvements while four of the pumps showed power factor 

improvements, achieving apparent (kVA) efficiency improvements. One pump, (Hemmingway) was 

excluded due to a voltage unbalance problem that prevented proper operation of the efficiency 

algorithm.  

The preliminary report found that when the pump and motor system was significantly over or under 

sized, required to run at a relatively constant rate, or operated close to its maximum efficiency point 

without the VFD, the OEEP efficiency algorithm was not able to achieve efficiency improvements. Grant 

Water Company Pump

Pressure 

Reducing 

Valve

Bypass 

Contactor

Potential 

Interaction

Programmed 

With 

Efficiency

From To

Golden State Pacifica No No Yes Yes System System

Cal Am Cypress No No Yes Yes Well Reservoir/Tank

Cal Am Segunda No No Yes Yes Reservoir/TankReservoir/Tank

Cal Am Rancho Canada No No Yes Yes Well Reservoir/Tank

East Pasadena Duarte 9 No Yes No No Well Reservoir/Tank

Alco Alisal No Yes No Yes Well System

Cal Am Scott (1, 2 & 3) No Yes No Yes Reservoir/TankSystem

San Jose Water Bascom No Yes No Yes Well System

Alco County No Yes No Yes Well System

Cal Am Angeles Mesa (1 & 2) No Yes No Yes Reservoir/TankReservoir/Tank

San Jose Water Grant No Yes No Yes Well System

Golden State Jefferies Yes Yes No No Well System

Golden State Mojave Yes No Yes No System System
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Street Station, the site with the best results, was found to have a pump-motor system properly sized for 

actual operating conditions.  

1.5.2 MEASURED RESULTS SUMMARY 

The results from the current evaluation are similarly diverse to those in the preliminary report. Of the six 

sites that fully implemented the OEEP, four show efficiency reductions and only two show improvement. 

This suggests that the efficiency algorithm is unable to sufficiently improve efficiency at most of these 

sites to offset the additional losses of 2-5 percent introduced by the addition of the VFD. At Jefferies and 

Mojave, two of the sites with the greatest impact, much of the efficiency improvement is due to the use 

of the VFD, rather than pressure reducing valves to control for pressure. 

Table 3 summarizes the change observed at each of the 13 sites. Three pumps are located at the Scott 

site and two pumps at the Angeles Mesa site for 16 pumps in total. Note that the County pump was 

replaced with a less efficient, refurbished pump during the study period; we therefore performed 

separate analyses for the period before and after the pump was replaced.  

The first five sites show efficiency reductions or modest improvements. The Pacific pump was required 

to vary output over a much wider range than the other pumps to meet pressure targets. This caused the 

efficiency algorithm to vary the pump speed more rapidly as it sought to maximize efficiency, even as 

the pump operated well outside its maximum efficiency range. We believe this accounts for the large 

negative change in efficiency relative to other pumps. At other sites this problem was mitigated by 

dampening efficiency seeking algorithm.  

Of the six sites that fully implemented the OEEP, four show efficiency reductions and only two show 

improvement. This suggests that the efficiency algorithm is unable to sufficiently improve efficiency at 

most of these sites to offset the additional losses of 2-5 percent introduced by the addition of the VFD. 

At Jefferies and Mojave, two of the sites with the greatest impact, much of the efficiency improvement 

is due to the use of the VFD, rather than pressure reducing valves to control for pressure. 



Table 3:  Relative Percent Improvement of Assessment Metrics 

 

The results for change in power factor are somewhat more positive. Six of the 13 sites improved their 

power factor by 5 percent or more with a VFD. Four of sites showed an improved power factor and 

reduced apparent (kVA) loads even though they had reduced real (kW) wire-to-water efficiency with the 

OEEP on.  

The changes in embedded energy (kWh/MG) are similar to those for wire-to-water efficiency. This 

suggests that the OEEP is achieving energy savings predominately through wire-to-water efficiency 

improvements, not by reducing the overall work output required.  

Even with negative or modest positive changes in wire-to-water efficiency at most locations, the VFDs 

do reduce peak demand and/or on-peak energy consumption at 11 sites. In fact, peak demand reduction 

of 14 percent or more is achieved at four sites with negative or small positive changes in efficiency.  

A summary of the measured changes in efficiency, power factor and embedded energy is shown in 

Figure 2. Changes in peak load and annual energy consumption are shown in Figure 3.   

Pump Site
Efficiency 

Change

Power 

Factor 

Change

Embedded 

Energy 

Change

Peak KW 

Change

Annual kWh 

Change

Pacifica -17.7% -15.0% -20.5% 23.2% -21.5%

Cypress -2.9% 0.0% 2.2% 1.1% -3.0%

Segunda 0.3% -1.0% 0.5% 3.9% 0.3%

Rancho Cañada 2.8% -0.2% 10.8% 18.7% 2.7%

Duarte #9 -4.9% 10.5% -0.7% 3.6% -5.2%

Alisal -3.8% 16.9% -4.8% 13.8% -4.0%

Scott -3.8% 10.8% -25.0% -0.8% -3.9%

Bascom -2.9% 5.6% -0.9% 17.7% -3.0%

County (Period 1) -2.7% 3.9% -0.8% 0.7% -2.8%

County (Period 2) -5.5% 3.3% -2.8% 1.9% -5.8%

Angeles Mesa 3.1% 9.0% -7.5% -6.3% 3.0%

Grant 15.5% 4.5% -2.0% 24.0% 13.4%

Jefferies 22.2% -13.5% 40.0% 22.0% 18.1%

Mojave 73.5% 6.1% 60.7% 55.3% 42.4%
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Figure 2:  Relative Percent Change in Measured Results 

 

Figure 3:  Relative Percent Change in Peak Load and Annual Energy Consumption 

 

1.5.3 COST EFFECTIVENESS RESULTS 

Because most of the pumps did not show efficiency or energy savings, we did not do a cost-effectiveness 

analysis of the OEEP as implemented in the RD&D program. Instead, we consider two alternative 

approaches that can better capture how the OEEP actually occurred in the field. The first approach 

considers the demand reduction load shifting, and in some cases energy savings achieved with the 

installation of the VFD, not including the costs of the OEEP monitoring equipment. The second approach 

examines the value that the measurement and evaluation in identifying inefficiently operating pumps 

and selecting, designing and implementing their replacements. 



1.5.3.1 Energy Savings, Demand Reduction and Load Shifting 

A significant portion of the OEEP equipment and installation cost is related to the additional monitoring 

and control equipment and associated installation, software and programming costs. Assuming similar 

levels of demand reduction and load shifting can be achieved with the installation of a VFD, but without 

the additional monitoring equipment, the equipment and installation cost could be reduced 

significantly. If we consider just the cost of installing the VFD (without the OEEP monitoring equipment), 

a cost-effective combination of energy savings, demand reduction and load shifting is achieved at five 

sites (Table 4).  

Table 4:  Cost-effectiveness without OEEP Monitoring Equipment 

  

1.5.3.2 Measurement and Evaluation 

Monitoring and historical data provided by the OEEP helped operators identify six pumps that are 

running at low efficiency and candidates for replacement. Here we assume that the OEEP monitoring 

enables the design and installation of replacement pumps that achieve 70% efficiency, which is the 

Pump Site HP VFD Cost
NPV 

Savings

TRC 

Ratio

Pacifica 75 HP $25,000 -$16,537 -0.66

Cypress 300 HP $43,205 -$13,082 -0.30

Segunda 200 HP $27,402 $17,643 0.64

Rancho Cañada 450 HP $53,825 $197,261 3.66

Duarte #9 250 HP n/a -$16,633 n/a

Alisal 300 HP $28,472 $70,386 2.47

Scott 50/50/100 HP $72,553 -$27,307 -0.38

Bascom 100 HP $35,000 $22,758 0.65

County (Period 1) 300 HP $23,727 -$16,335 -0.69

County (Period 2) 300 HP $23,727 -$17,630 -0.74

Angeles Mesa 50/50 HP $118,215 $37,059 0.31

Grant 200 HP $40,000 $180,640 4.52

Jefferies 200 HP $50,000 $178,799 3.58

Mojave 25 HP $25,000 $28,582 1.14
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average efficiency of the six most efficient pumps in this study. We assume a lower cost monitoring and 

evaluation program could be installed at 30 percent or less of the cost of the OEEP installation. A VFD 

and pump and motor replacement are found to be cost effective for the three large pumps, but not for 

the smaller pumps. Including the replacement costs for all six pumps and monitoring for six additional 

sites not found to be good candidates for replacement, the overall program is still cost-effective with a 

TRC ratio of 1.9 (Table 5).  

Table 5:  Cost-effectiveness of Monitoring and Evaluation Program 

 

1.5.3.3 Power Factor Improvement 

With improvements in power factor, all but 2 sites reduced their reactive load (kVAr). For those pumps 

with improved efficiency, savings from reduced reactive loads and line losses the OEEP on ranged from 5 

to 12 percent of the $/kWh energy savings (Table 6). Equipment to correct power factor is relatively 

inexpensive. However, for a variety of reasons, however, such equipment is not routinely installed 

unless reactive power problems are severe or cause customer complaints. This suggests that improved 

ǇƻǿŜǊ ŦŀŎǘƻǊ ŦǊƻƳ ±C5Ωǎ ǿŀǊǊŀƴǘǎ ƎǊŜŀǘŜǊ ŎƻƴǎƛŘŜǊŀǘƛƻn in cost-effectiveness analysis. 

HP
Starting 

Efficiency

Improve 

to

Annual 

kWh 

Savings

Lifetime 

NPV $

Monitorng 

Equipment 

Cost

VFD, Pump 

and Motor

TRC 

Ratio

Mojave 25   24% 70% $46,486 $38,970 $9,000 $46,858 0.7

Jefferies 200 44% 70% $352,706 $289,697 $9,000 $127,763 2.1

Bascom 75   61% 70% $58,166 $50,049 $36,031 $135,145 0.3

County 300 54% 70% $389,395 $311,002 $34,754 $146,825 1.7

Alisal 300 39% 70% $1,167,813 $1,014,044 $24,297 $130,362 6.6

Hemmingway 30   55% 70% $29,326 $23,020 $25,422 $35,986 0.4

$138,504

$2,043,891$1,726,782 $277,008 $622,939 1.9

Monitoring costs for 6  additional pumps not 

needing replacement

Total Program Costs and Benefits



Table 6:  Benefits of Improved Power Factor 

 

1.5.4 ANCILLARY SERVICES AND RENEWABLE INTEGRATION 

In varying pump speed to maximize efficiency, the OEEP demonstrates the ability of these pumps to 

make rapid changes in kW load while meeting their primary operating criteria. The CAISO procures 

ancillary services to balance system needs, dispatching both generation and load based resources as 

frequently as every four seconds. The CAISO has identified increased requirements for regulation and 

load following integrate increasing penetrations of renewable resources. Regulation dispatches 

resources every four seconds to maintain system frequency.  Load following is needed to balance 

variations in loads and intermittent generation within each hour over a 5 to 20 minute time frame.   

We found that over a 1 minute interval, six pumps changed their output from 3 to 7 percent of their 

average kW demand (Table 7).4  Aggregating a number of pumps to provide regulation or load following 

(as opposed to maximizing efficiency) could presumably achieve even higher ramp rates without adverse 

impacts water utility operations. These ramp rates are equal to or faster than the ramp rate for steam or 

                                                           
4
  Pacifica is excluded as the variation in output is governed predominately to meet pressure requirements 

Pump Site

Power 

Factor 

Off

Power 

Factor 

On

kVAr 

Savings

kVAr 

$NPV

Reduced 

kWh 

Losses  

$NPV

Power Factor 

Savings as 

Percent Energy 

Savings

Pacifica 89% 76% (5.5)       ($322) $2,481

Cypress 88% 88% 1.0         $60 $1,311

Segunda 83% 83% 1.3         $75 $1,779

Rancho Cañada 89% 89% 30.3      $1,764 $16,373 9%

Duarte #9 82% 90% 44.2      $2,568 $17,713

Alisal 77% 90% 88.3      $5,131 $36,637

Scott 88% 97% 46.6      $2,710 $7,868

Bascom 83% 88% 14.0      $817 $8,331

County (Period 1) 86% 90% 16.8      $978 $9,339

County (Period 2) 80% 83% 20.2      $1,175 $6,263

Angeles Mesa 90% 98% 10.9      $636 $484

Grant 95% 99% 34.8      $2,025 $19,219 12%

Jefferies 88% 76% (5.1)       ($295) $13,525 7%

Mojave 88% 93% 3.8         $219 $1,527 6%



combined cycle gas turbines and comparable to the average ramp rate of hydro generating plants.5 With 

the installation of controls that the CASIO can activate, water pumping presents a potentially cost-

effective load based resource for providing ancillary services and renewable integration. 

Table 7:  Ramp Rate Experienced During OEEP Operation. 

 

 

 

                                                           
5
  PNNL 2008, Table 4-1, p. 16 

Pump Site
Average 

kW

Avg. 1 

Min. 

Ramp

%

90th 

Percentle 1 

Min. Ramp

%

Pacifica 29           2.2            7.7% 6.0                 20.6%

Cypress 161         0.4            0.2% 0.3                 0.2%

Segunda 123         0.2            0.2% 0.2                 0.1%

Rancho Cañada 264         0.4            0.2% 0.7                 0.2%

Duarte #9 173         0.4            0.3% 0.8                 0.5%

Alisal 169         3.2            1.9% 9.1                 5.4%

Scott 161         0.9            0.6% 1.8                 1.1%

Bascom 51           0.5            1.0% 0.9                 1.7%

County (Period 1) 199         2.5            1.3% 6.0                 3.0%

County (Period 2) 119         1.3            1.1% 3.5                 3.0%

Angeles Mesa 69           0.9            1.2% 1.4                 2.0%

Grant 117         1.4            1.2% 3.6                 3.1%

Jefferies 87           2.2            2.5% 4.7                 5.3%

Mojave 5             0.1            2.3% 0.3                 7.3%
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2 Background 

Water pumping constitutes a significant portion of electricity use in California. According to the 

Embedded Energy in Water Studies recently completed for the CPUC (GEI/Navigant 2010a, 2010b), 

water supply and conveyance consume approximately 16,000 GWh each year, equal to 6 percent of 

/ŀƭƛŦƻǊƴƛŀΩǎ ŀƴƴǳŀƭ electrical energy requirements. The energy use peaks in July and August at 1,600 

GWH per month, and the vast majority of the energy consumed is used for groundwater pumping and 

ŎƻƴǾŜȅŀƴŎŜ Ǿƛŀ ǘƘŜ ǎǘŀǘŜΩǎ ƳŀƧƻǊ ǿŀǘŜǊ ŀǉǳŜŘǳŎǘǎ. 

Recognizing the potential for energy efficiency in the water supply system, the California Air Resources 

Board (/!w.ύΣ ƭŜŀŘ ǇǳōƭƛŎ ŀƎŜƴŎȅ ŦƻǊ ƛƳǇƭŜƳŜƴǘƛƴƎ /ŀƭƛŦƻǊƴƛŀΩǎ Dƭƻōŀƭ ²ŀǊƳƛƴƎ {ƻƭǳǘƛƻƴǎ !Ŏǘ ƻŦ нллсΣ 

proposed significant energy reduction from the water sector. They set a goal of 20% reduction of water 

supply system energy use by 2020, identifying more efficient pumping as a key strategy towards 

achieving this target (CARB 2008a, 2008b).6  Reducing energy use in water was also identified as a goal in 

ǘƘŜ /t¦/Ωǎ ²ŀǘŜǊ !Ŏǘƛƻƴ tƭŀƴ (CPUC 2010). Furthermore, if successful, the findings for the OEEP can be 

applied to other induction motor end uses, including HVAC, fans and industrial processes. 

2.1 OEEP Background  

In 2007, the CPUC approved one-year pilot water conservation programs to be jointly implemented by 

electric and water utilities (D. 07-12-050). The pilot programs were designed to demonstrate that 

electric utilities could achieve cost-effective energy savings through water conservation, thus reducing 

the consumption of so-ŎŀƭƭŜŘ άŜƳōŜŘŘŜŘ ŜƴŜǊƎȅέ ƛƴ ǿŀǘŜǊ. The pilot projects initially proposed by the 

utilities included several measures focused on water conservation, but did not include programs focused 

on increasing the operational efficiency of the water utility systems themselves. In response to a 

                                                           
6
 CARB Climate Change Scoping Plan Appendices, Volume 1, Appendix C 



petition to modify filed by the California Water Association (CWA), the CPUC initiated, by its own 

motion, the OEEP to fill that gap (D. 08-11-057). The CPUC approved $1.4 million for the installation of 

monitoring equipment, operational software, variable frequency drives (VSD) and the replacement of 

pumps and motors at 13 sites in eight regulated water utilities. In 2010, in response to a joint PG&E, SCE 

and CWA petition to modify, the CPUC approved modifications to the OEEP, including increasing total 

funding to $3.4 million, approving alternative project sites for a total of 20 pumps at six water utilities, 

and funding for evaluation, measurement and verification (EM&V).  

In February of 2011, Black & Veatch was brought in to the project, to evaluate whether the OEEP 

equipment was installed and functioning as intended. Black & Veatch has visited all the OEEP 

installations and is now working with the participating water utilities to align the facilities with the OEEP 

program guidelines and objectives. Among other objectives, the evaluation will determine if the control 

algorithms are seeking the optimum efficiency point possible for the equipment and operating 

requirements and whether the collected data provides an accurate representation of pumping plants 

performance. In the process, Black & Veatch is also developing guidelines and standards that can be 

used for water utilities that are considering OEEP implementations.    

This preliminary report presents the first EM&V results for the OEEP implemented at five sites. After 

excluding the Hemingway site due to feeder voltage imbalance, the results are based on the data 

collected from the remaining four sites during May 2010 ς November 2010.  

As illustrated in Figure 4, the OEEP plays a unique role in energy efficiency programs overseen by the 

CPUC. Energy efficiency programs are implemented by the investor owned electric utilities, local 

governments and third-parties. They seek, by and large, to provide the same end-use (e.g., lighting) with 

less electricity. Energy efficiency focuses on reducing energy (kWh) and demand (kW) of utility 

customers and are funded through a public benefits surcharge in electric rates. Most of Embedded 

Energy in Water Pilot Programs focus on conserving energy by reducing water consumption (or losses) 

or improving system efficiency, without changing the water supply service to the end use customer.7  As 
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 Three utility programs were in the category of ñMaking delivery and treatment systems more efficientò, see 

CPUC Decision 09-07-052 



with energy efficiency, these programs are also funded solely by electric ratepayers through the public 

benefits charge. A diverse set of programs, they focus necessarily on a high level measurement of the 

energy required to provide a million gallons or an acre-foot of water, or embedded energy (kWh/MG or 

kWh/AF). These embedded energy in water measurements include all applicable stages water supply, 

including water supply and conveyance, treatment, distribution, wastewater collection and wastewater 

treatment. The embedded energy in water varies tremendously among water utilities, driven primarily 

by the source, distance and quality of their water supply as well as other factors.  

The OEEP, on the other hand, seeks to improve the energy efficiency of water pumping, focusing initially 

on a specific function of water utility operations. Unlike the Embedded Energy in Water Pilot Programs, 

the OEEP targets the improvement of wire-to-water pump-motor system efficiency (kW output/kW 

input). The OEEP measures both the flow and the pressure differential (total head) to quantify the useful 

output of the pump and motor in terms of kW.8  The useful kW produced by the pump-motor is 

subtracted from the KW input to determine the kW loss. Alternatively, dividing the kW output by kW 

input provides the wire-to-water pump-motor system efficiency. Measuring the kW input and kW 

output over time provides similar measures of energy loss and efficiency. Unlike the two programs 

mentioned above, the OEEP is funded by both electric and water utility ratepayers.  

                                                           
8
 ¢ƘŜ ǊŜŎƻǊŘŜŘ άǘƻǘŀƭ ƘŜŀŘέ ŘƛŘ ƴƻǘ ƛƴŎƭǳŘŜ ǘƘŜ ŘȅƴŀƳƛŎ ǎǳŎǘƛƻƴ ƭƻǎǎŜǎΦ !ǎ ŀ ǊŜǎǳƭǘ ǘƘŜ ƪ² ƻǳǘǇǳǘ ǿŀǎ ǎƭƛƎƘǘƭȅ 

underestimated. Velocity head effects are also ignored; however we expect these should be relatively small. 



Figure 4:  Illustrative Energy Efficiency Program Roles  
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3 Measurement Goals 

3.1 Metrics 

We use six metrics to evaluate the overall performance of the OEEP. These metrics are: 1) wire-to-water 

efficiency improvement, 2) power factor improvement, 3) embedded energy reduction, 4) energy 

savings, 5) demand savings and 6) cost effectiveness of the program. Each of these is discussed in brief 

below.  

3.1.1 WIRE-TO-WATER EFFICIENCY IMPROVEMENT 

3.1.1.1 Real (kW) Wire-to-Water Efficiency 

Real wire-to-water efficiency compares the useful work of the pump-motor output, measured in kW, to 

the kW input required. Therefore, the definition of real efficiency, kWOutput / kWInput, uses the real power 

in its denominator. This measure of efficiency is useful because input energy to the pumps is paid for on 

a kW basis. However, in some cases, a significant part of savings achieved by the optimization algorithm 

are due to an improved power factor, which reduces the apparent (kVA) power requirements, but does 

not reduce the real, or kW power requirements (see next section). 

3.1.1.2 Regression Analysis of Wire-To-Water Efficiency 

The wire-to-water efficiency for the algorithm being on and off is measured over different time periods. 

Due to operation differences in the on and off periods, we performed regression analysis to control for 

such differences, which were found to affect the estimates of wire-to-water efficiency.  



3.1.2 POWER FACTOR IMPROVEMENT 

The apparent power, or kVA, is a measure of the power the utility must produce and deliver to 

overcome inductive loads. While utility customers are billed for the kW consumed, the generation, 

transmission and distribution equipment used to deliver energy to the customer is sized and built based 

on the kVA loads. The relationship between kW and kVA is expressed as a power factor, which is 

kW/kVA. Inductive loads such as transformers and induction motors decrease the power factor, 

requiring the utility to produce more kVA for a given real, or kW load. The proper operation of the 

pump-motor system with the VSD reduces reactive power losses, thus improving the power factor, 

defined as kWInput / kVAInput, with the apparent power in the denominator. Because the useful output of 

the pump-motor system is calculated from the total dynamic head and flow rate of the pump, there is 

no meaningful way to express a power factor for the useful output of the pump and motor. Therefore 

the power factor is calculated using input values; the values that the distribution system sees. 

3.1.3 EMBEDDED ENERGY REDUCTION 

Embedded energy in water is measured by the energy required to supply a million gallons of water to an 

end user (kWh/MG). Improvements in the wire-to-water efficiency demonstrate that less energy is 

required to do the same amount of work. Reduced embedded energy in water may also be achieved by 

reducing the total work output required to deliver water within the acceptable levels of flow and 

pressure.  Embedded energy in water is most commonly used to express the total energy required per 

million gallons for the water system as a whole or in each of five stages: supply, transportation, 

treatment, distribution and wastewater disposal. Here, however, our measurements of embedded 

energy refer only to the specific pumps in question.  

Wire-to-water efficiency and embedded energy are related but distinct metrics. Consider the analogy of 

improving the MPG efficiency of an automobile as a way to visualize the types of efficiencies that can be 

gained. hƴŜ ǎǘǊŀǘŜƎȅ ƛǎ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ άǘŀƴƪ-to-ǿƘŜŜƭǎέ ŜŦŦƛŎƛŜƴŎȅ ōȅ ƛƳǇǊƻǾƛƴƎ ǘƘŜ ƳƻǘƻǊ ŘŜǎƛƎƴ ƻǊ 

drive train. An alternative approach would be to improve the operation by the driver, minimizing 

unnecessary acceleration and braking. In both cases one might conceivably save the same amount of 

gasoline in a 6-hour trip from San Francisco to Los Angeles. In the first instance, the work performed by 

the car would be the same but efficiency improvements reduce the gasoline consumed. In the second 



instance, the work performed by the car is reduced, even though the duration and distance of the trip is 

the same. If the appointment in Los Angeles is in 7 hours, there may be further opportunity for 

additional energy savings by reducing the driving speed and lengthening the duration of the trip, with no 

material adverse impact to the driver. If these strategies are implemented simultaneously, it will be 

difficult to isolate and quantify the effects of one alternative versus the other.  

This is the situation we face with the OEEP. It is conceivable that the OEEP is not only improving wire-to-

water efficiency, but also reducing the overall work output requirement for the pump and motor. 

Operating the VSD at a lower speed but over a longer period might also reduce the embedded energy 

required to deliver a gallon of water while maintaining acceptable pressure levels and flow rates.  

If the OEEP equipment is achieving savings primarily through improved wire-to-water efficiency, the 

efficiency improvement and the embedded energy reduction will be similar on an absolute percentage 

basis. If, on the other hand, the OEEP equipment is also reducing the level of work required, the 

reductions in embedded energy would exceed those measured for wire-to-water efficiency.  

3.1.4 ENERGY SAVINGS 

The wire-to-water efficiency measures the instantaneous work input and useful work output of the 

pump-motor system. We are also interested in how the different wire-to-water efficiencies with the 

optimization algorithm on and off translate into energy (kWh) savings over time. However, simply 

comparing the algorithm on and off wire-to-water efficiencies is not sufficient for this purpose; the 

pump operation over two different periods may not reflect the same amount of work performed.  

To accurately estimate the energy savings, we construct hourly kW profiles of useful work for both the 

algorithm on and off cases. The resulting hourly kW profiles are plugged into the real wire-to-water 

efficiency regression model to determine the efficiency improvement achieved with the optimization 

algorithm.  

The wire-to-water efficiency and the overall energy efficiency of a pump-motor system are related, but 

distinct metrics. The amount of work or kW output required to deliver a given volume of water is 

determined by hydraulic factors such as well depth or head, system pressure, flow rate and other 



factors. When the actual operating conditions are consistent with those used in the design of a well-built 

pump-motor system, the required output is provided at the Ƴƻǎǘ ŜŦŦƛŎƛŜƴǘ ƻǊ άōŜǎǘ operating pointέ 

(Figure 5). However, in the real world, actual operating conditions can be dynamic and different from 

those used in the design of the pump-motor system. Therefore, the minimum amount of work, or 

embedded energy (kWh/MG), is not necessarily achieved by operating the pump-motor system its 

maximum wire-to-water efficiency. Alternatively, a pump operating at a higher wire-to-water efficiency 

but lower output may require additional hours of operation to deliver a given volume of water so as to 

require more energy in total.9   

Figure 5:  Illustrative Pump Efficiency Curve 

 

3.1.5 DEMAND SAVINGS 

We are also interested in the peak demand (kW) savings produced with the OEEP equipment. We 

measure the kW savings as the difference between (a) the peak kW load in each hour with the OEEP off; 

and (b) the peak kW load in each hour with the OEEP on. With the hourly measurements both average 

and on-peak demand savings are calculated.  

                                                           
9
 See Global Energy Partners 2010a and 2010b for further discussion 
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3.1.6 COST EFFECTIVENESS 

The final metric used to evaluate the OEEP is cost-effectiveness based on the Total Resources Cost (TRC) 

Test. This test compares the cost of program implementation to the benefits achieved through use of 

the optimization algorithm. Implementation cost is the sum of OEEP equipment, installation, and other 

costs incremental to normal pump operation. The benefits are the hourly avoided costs times the 

energy savings achieved in each hour over the anticipated useful life of the equipment. The avoided cost 

benefit categories and cost-effectiveness tests are discussed further in section 8.1.1.  

3.2 Data Collection  

3.2.1 PUMP SITES 

Figure 6 shows the typical arrangement of an OEEP installation at a vertical well pump. A standard pump 

and motor system include an electric meter measuring the energy and power consumption of the motor as 

well as a pressure transducer and flow meter to measure the discharge pressure and flow rate.  The pump 

is controlled either manually or with a programmable logic controller (PLC) to maintain desired operating 

conditions. The pump may be controlled based on discharge flow, discharge pressure or the level of a 

reservoir or storage tank. In a standard, non-VSD installation, the only control possible is turning the pump 

on or off.  



Figure 6:  Vertical Turbine Well Pump 

 

The OEEP installs a VSD, a PLC with an efficiency optimization algorithm, a water level sensor and 

monitoring equipment. The monitoring equipment records, at resolutions as high as one-second, real 

(kW) and apparent (kVA) input of the pump-motor combination. It also records the pump's water flow 

and pressure differential (total head), which translates into kW output. We use the archived kW input 

data and the kW output data to calculate the real-time kW losses that reflect the wire-to-water 

efficiency. The kVA input and kW input data is used to determine power factor improvements. The 

measured reduction in kW losses and improvement in pump operation efficiency are then used to 

estimate the hourly kW and kWh savings. When valued at their estimated avoided costs, the hourly 

energy (kWh) and demand (kW) reductions provide the basis for computing the benefits of the OEEP. 

3.2.1.1 Vertical Turbine Well Pump Stations  

A typical vertical well pump installation is shown above in Figure 6:  Vertical Turbine Well Pump. Nine of 

the OEEP sites are well pumps. All nine sites employ a discharge check valve to prevent reverse flow when 
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the pump shuts down. The pressure and flow measurements are taken after a discharge check valve at 

ŜǾŜǊȅ ǎƛǘŜ ŜȄŎŜǇǘ 9ŀǎǘ tŀǎŀŘŜƴŀΩǎ 5ǳŀǊǘŜ ²Ŝƭƭ ІфΣ ǿƘŜǊŜ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊŜ ǘŀƪŜƴ ōŜŦƻǊŜ ǘƘŜ 

discharge check valve. One well pump installation also included a hydro pneumatic tank interconnected 

downstream of the discharge check valve. The hydro pneumatic tanks are primarily used for surge control 

but do provide a small amount of storage that can be used to dampen the variations in pressure and flow.  

Another variation is one that includes a downstream pressure reducing valve (PRV) between the pump 

stations discharge and the system header. The original purpose of the PRV valves was to maintain a 

predetermined system pressure for constant speed pump applications. In two OEEP installations (Golden 

{ǘŀǘŜ ²ŀǘŜǊΩǎ WŜŦŦŜǊƛŜǎ ŀƴŘ aƻƧŀǾŜ ǎƛǘŜǎύΣ tw±ǎ ǿŜǊŜ ƭŜŦǘ ƛƴ ǇƭŀŎŜ ŜǾŜƴ ǘƘƻǳƎƘ ǘƘŜ ǇǳƳǇǎ ǿŜǊŜ ǇǊƻǾƛŘŜŘ 

with VFD controls.  

3.2.1.2 Booster Facility  

The typical booster facility includes one to three pumps that operate in parallel and transfer water from 

either a pressure zone or reservoir to a terminal reservoir or another pressure zone.  Figure 7:  Centrifugal 

Booster Facility provides an overview of a typical arrangement. Thirteen of the OEEP installations are 

booster pumps. 



Figure 7:  Centrifugal Booster Facility 

 

3.2.2 DATA COLLECTION METHODS 

Data was collected from the PLC at each of the pump locations. The pumps were requested to turn off 

the OEEP optimization algorithm and run the motor in bypass mode, every eighth day, so as not to 

always be the same day of the week. In OEEP off or bypass mode the pump and motor are operated at a 

fixed speed, usually at the electric utility system frequency (normally 60 Hz). Energy is provided to the 

motor through a separate parallel electrical circuit, using an across-the-line motor-starter. The VSD is 

not powered-up and the PLC and its control algorithm are not active. Thus, the pump and motor operate 

at full power, as if no VSD or optimization algorithm were present.  

Collecting data in bypass mode with the OEEP off allows us to establish a baseline wire-to-water 

efficiency and energy use for the existing pump and motor system, without the optimization algorithm. 

With this baseline we then quantify the wire-to-water efficiency and energy efficiency improvements 

attributable to the monitoring equipment and optimization algorithm installed under the OEEP. Note 

that this evaluation only measures the impact of the OEEP optimization algorithm on the existing, and if 

warranted, replacement pump and motor.  
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Unfortunately, the desired OEEP off operation schedule was not achieved at most sites. Some sites 

could not be turned off remotely and visiting the site regularly in person for this RD&D project was not 

feasible for operators. Even with remote operations, switching modes sometimes proved costly or 

operationally challenging. In addition, operators at times found it necessary to operate in OEEP off mode 

to meet pressure and water delivery requirements. This limited the comparison of OEEP on and off 

operations to just one month of data at several sites.  

All pumps were requested to provide one-minute values for input and output kilowatts (KW), input 

kilovolt-amperes (kVA) and Boolean values for optimization algorithm on/off (Figure 8 and Table 8). Data 

on voltage, amperage, flow, dynamic suction head (DSH), dynamic discharge head (DDH), and total 

dynamic head (TDH) were also collected to validate, if necessary the real-time input and output power 

measurements provided by the SCADA system. 

Figure 8:  Alisal Well Site Display 

 



Table 8:   OEEP Data Template 

Time 
Off/ 

On 
Freq. 

Power 

Factor 

Input 

KVA 

Input 

KW 

Output 
kW 

KW 
Loss 

Eff. 

5/7/2010 10:37 Off 60 85 162.8 138.4 73.7 64.7 53.2 

5/7/2010 10:38 Off 60 85 162.8 138.4 74.3 64.1 53.7 

5/7/2010 10:39 Off 60 85 162.8 138.4 73.5 64.9 53.1 

5/7/2010 10:45 On 59 89 156.3 139.1 102.7 36.4 73.9 

5/7/2010 10:46 On 57 89 147.7 131.4 95.2 36.2 72.4 

5/7/2010 10:47 On 57 89 147.8 131.5 93.5 38.0 71.1 

3.2.3 ILLUSTRATIVE DATA 

An illustration of the pump operation and data collection with the optimization algorithm on and off is 

shown below in Figure 9 and Figure 10. The SCADA system provides a measurement of the useful work 

or kW output of the pump-motor system. This is calculated from the flow rate, in gallons-per-minute 

(GPM) and the total dynamic head (TDH) in feet, which in turn is the sum of the dynamic suction (DSH) 

head and the dynamic discharge head (DDH). With the OEEP off, the pump-motor system is operating at 

its maximum HP. At the maximum HP, both the total head and flow rate are relatively constant, with a 

useful output averaging 103 kW. With the optimization algorithm on, the pump-motor system operates 

at a lower than maximum HP. As the optimization constantly seeks the maximum efficiency, the total 

head and flow rate vary rapidly. In this example, the useful output with the algorithm on is lower, 

averaging 74 kW. This illustrative result is not consistent across all pumps evaluated; in some cases, the 

useful work output with the algorithm on is equal to that with the OEEP off.  



Figure 9:  Output kW as a Function of Total Dynamic Head and Flow 

 

An example of power input required with the algorithm on and off for a different time period is shown 

in Figure 10. In this case average useful output averages approximately 70 kW both with and without 

the algorithm. The power input required with the OEEP off averaged 140 kW, for a real wire-to-water 

efficiency of 50%. With the algorithm on, the input kW requirement decreases to an average of 90 kW 

resulting in a higher real wire-to-water efficiency of 78%.  
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Figure 10:  Input and Output kW  

 

3.3 Efficiency Calculations 

3.3.1 MEASURED WIRE-TO-WATER EFFICIENCY 

3.3.1.1 Approach 

To calculate the real wire-to-water efficiency, we divide the kWOutput by the kWInput for each observation 

of the pump data, and then average together these values by pump site and algorithm on or off. This 

same process is repeated to find the apparent wire-to-water efficiency, only with kVAInput replacing 

kWInput as the base of the percentage.  

3.3.2 REGRESSION ANALYSIS OF WIRE-TO-WATER EFFICIENCY  

Pump and motor efficiency depends on head and flow, which together determine the useful kW output 

produced. However the head and flow regimes during the algorithm on and off measurement periods 

differ and the useful work produced varies across periods. We therefore also use an ordinary least 
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squares (OLS) regression to estimate efficiency after accounting for the output kW variations across 

periods. 

Using the Statistical Analysis Systems (SAS) software package, we model 

Efficiency = 

  h  + ß(kWout) + µ(kWout
2) + ʅj j˂Hj + ˒ t + q (P × kWout) + ̀  (P × kWout

2) + ʁ  

where  h is the intercept, Hj are binary indicators for each hour of the day, P is a binary indicator for 

optimization algorithm on, and ʁ is the random error with zero mean and finite variance. The regression 

coefficients ,h ß, µ, ,˒ q, and  ̀are shown in Table 9. The hourly coefficients ˂j, which are less influential 

and whose values are less volatile, are not shown in the table in order to conserve space. 

We find the efficiency to be normally distributed and that OLS regression provides a satisfying fit 

(average R2 å 0.8). The use of lognormal regression or an auto regressive (AR) error term does not prove 

necessary. The use of a monthly binary indicator would improve upon the fit of the regression to the 

data by capturing seasonal patterns. However, a lack of data for many pump sites during several months 

makes comparison across all pumps at the monthly level impossible, and so we remove any monthly 

dependence from the regression. 

In spite of the seemingly low R2 values for Cypress, Scott (Pump 2), Bascom, and County (Period 2) in 

Table 9, the biases between actual and predicted values for these pumps are just as good as for the 

other pump sites (-4.6% and 5.8% error at the 1st and 99th percentiles in the most extreme case). 

Additionally, it is important to note that 95% of all coefficient estimates are significant at the 1% level. 

The Scott pump site, which contains three pumps, is not aggregated prior to performing the regression. 

Unlike Angeles Mesa, whose two pumps always run in unison, the Scott pumps have very different 

operational patterns and to aggregate them prior to the regression and normalization (described in 

Section 3.3.4.1) would poorly characterize the pump site. 



Table 9:  kW Efficiency Regression Results 

 
 h ß µ  ˒ ɸ  ̀ R2 

Pacifica -8.17E-01 9.89E-02 -1.55E-03 8.04E-01 -4.65E-02 5.76E-04 0.7863 

Cypress -1.64E-02 1.05E-02 -3.62E-05 3.54E-01 -5.43E-03 1.96E-05 0.3962 

Segunda 1.55E-03 8.03E-03 -2.81E-06 -1.15E-01 1.02E-02 -8.99E-05 0.8135 

Rancho Cañada -1.50E+00 1.70E-02 -3.18E-05 1.17E+00 -5.19E-03 1.57E-07 0.8375 

Duarte #9 3.57E-02 4.43E-03 7.01E-06 7.58E-03 -2.14E-05 1.84E-06 0.9577 

Alisal -1.47E-02 5.27E-03 -1.97E-06 2.23E-01 1.87E-03 -2.35E-05 0.8330 

Scott (Pump 1) -2.14E-02 4.04E-02 -4.29E-04 3.02E-01 -3.17E-02 6.24E-04 0.9785 

Scott (Pump 2) 3.35E-01 1.17E-02 -8.86E-05 1.94E+00 -1.77E-01 3.93E-03 0.6150 

Scott (Pump 3) 5.46E-02 1.20E-02 -1.05E-05 4.39E-01 -1.50E-02 1.44E-04 0.9575 

Bascom 1.81E-02 1.04E-02 1.31E-04 3.10E-01 6.76E-03 -4.14E-04 0.5858 

County (Period 1) 1.00E-02 5.11E-03 -2.36E-06 6.84E-01 -1.20E-02 5.27E-05 0.7304 

County (Period 2) -4.71E-01 2.19E-02 -9.69E-05 9.32E-01 -1.86E-02 8.42E-05 0.5299 

Angeles Mesa -2.51E-02 1.29E-02 8.09E-05 -5.22E-02 7.24E-03 -1.72E-04 0.9774 

Grant 1.97E-01 3.50E-03 8.25E-06 -3.50E-01 2.33E-02 -2.25E-04 0.7066 

Jefferies -5.92E-03 9.67E-03 -2.92E-05 5.77E-02 4.58E-03 -5.02E-05 0.9453 

Mojave -1.00E-04 1.06E-01 -2.83E-03 -1.64E-02 1.69E-01 -2.29E-02 0.9782 

3.3.3 EMBEDDED ENERGY IN WATER SAVINGS 

To calculate the embedded energy in water savings, we convert the minute kWInput data to kWh and the 

gallons per minute of flow to total millions of gallons. We sum each of these over the entire range of 

data separately for algorithm on and OEEP off, and then divide the kWh by the millions of gallons to 

arrive at kWh/MG. 

3.3.4 ENERGY SAVINGS 

3.3.4.1 Approach 

Given the method of pump operations chosen for analysis (OEEP off one day out of an 8-day period), it 

was necessary to predict the operations of the pump for days in which the opposite mode of operation 

occurred (i.e. to predict how the pump would have operated with the optimization algorithm on for 

days in which the optimization algorithm was actually off). To do this, the assumption was made that the 

ǘƻǘŀƭ ŘŀȅΩǎ ƻǳǘǇǳǘ ƪ²Ƙ ǿŀǎ ŀ ǘŀǊƎŜǘ ƻŦ ŦƭǳƛŘ ŜƴŜǊƎȅ ǘƘŀǘ ǘƘŜ ǇǳƳǇ ǿƻǳƭŘ ƘŀǾŜ ǘƻ ǊŜŀŎƘΣ ǊŜƎŀǊŘƭŜǎǎ ƻŦ 

whether the optimization algorithm was on or off. Thus, the target output kWh for a day in a given 



month is the average daily output kWh across all days in the month, regardless of optimization 

algorithm operation. This fluid energy requirement is a function of the flow and total dynamic head of 

the system over the course of the day. 

After establishing the average daily fluid energy by month for each pump, representative output kWh 

shapes for both optimization algorithm on and off are normalized to match this target value. OEEP off 

profiles are scaled along the time axis to reach the normalized total kWh. Algorithm on profiles are 

scaled along the kW axis to reach the normalized total kWh. The details of this normalization process are 

described in 
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Appendix B and Figure 11 shows the basic method employed. In all cases, the 

adjustments made to produce consistent kWh output were less than 5% of the 

measured output. 

Figure 11:  Normalization of Pump Operations Example 

 

Having determined the hourly average output kW profile for each pump in each 

month, we need the real efficiencies at different levels of pump output to find 

the kW input in each hour required. We used the regression model described in 

the previous section to calculate kW input values from the kW output shapes. 

Aggregating the input and output kW measurements over the operating profiles 

provides an hourly estimate of energy savings for the pump operation with the 

algorithm on vs. off.  
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IOU Pump Type Size From To

Alco Water Services Company

1 PG&E Alisal (1) Well 300 HP Well Distribution

2 PG&E County Well 300 HP Well Distribution

3 PG&E Hemingway Booster 30 HP Reservoir Distribution

California American Water Company

4 PG&E Cypress Well 300 HP Well Transmission/Tank

5 PG&E Rancho Canada Well 450 HP Well Transmission/Tank

6 PG&E Segunda Booster 200 HP Tank Tank

7-8 SCE Mesa (1 & 2) Booster 50/50 HP Reservoir Transmission

9-11 SCE Scott (1, 2 & 3) Booster 50/50/100 HP Tank Reservoir

Californa Water Services Company

12 PG&E Chico Well 75 HP Well Distribution

13 PG&E Bakersfield Booster 125 HP Distribution Distribution

14 SCE Visalia Well 100 HP Well Distribution

East Pasadena Water Company

15 SCE Duarte # 9 Well 250 HP Well Reservoir

16 SCE Duarte # 4 Booster 40 HP Reservoir Reservoir

17 SCE Duarte # 5 Booster 50 HP Reservoir Reservoir

Golden State Water Company

18 PG&E Pacifica Booster 75 HP Distribution Distribution

19 SCE Jeffries Well 200 HP Well Distribution

20 SCE Mojave Booster 25 HP Distribution Distribution

Hill Street Booster Shut Down. Replaced with Pacifica

San Jose Water Company

21 PG&E Grant Well 200 HP Well Reservoir

22 PG&E Bascom Booster 100 HP Reservoir Reservoir

Seventeenth Street Booster Replaced with Bascom

Del Oro Water Company

SCE Pines District Booster Withdrawn

(1) Not included in CPUC Decision.

4 Pump Data 

4.1 Sites Evaluated 

The OEEP ultimately included 22 pump and motor systems at 17 sites operated by 

six water companies (Table 10). ¢Ŝƴ ǎƛǘŜǎ ŀǊŜ ƭƻŎŀǘŜŘ ƛƴ tDϧ9Ωǎ ǎŜǊǾƛŎŜ ǘŜǊritory 

ŀƴŘ ǎŜǾŜƴ ǎƛǘŜǎ ƛƴ {/9Ωǎ.  

Table 10:  OEEP Pump Sites 
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4.2 Site Descriptions 

The sites included in the OEEP varied considerably in their design, installation 

and operational requirements. This was in part due to the flexibility that was 

given to the utilities in the type of equipment that could be installed to meet the 

overall intent of the OEEP objectives. Also, as preliminary data was collected 

and evaluated, it was recognized that additional data was required to be 

collected. It proved to be a challenge to some of the utility participants to 

modify OEEP facilities that had already been put into operation under the 

original concepts. This is desirable for performing analysis across a range of 

sites, but also poses challenges in collecting comparable data across all the sites. 

The installation of the OEEP equipment and operation of the pumps also varied 

considerably with the expertise and availability of utility personnel, the 

expertise of the original control/VFD equipment suppliers and PLC/SCADA 

programmers, site accessibility, existing equipment, and operational 

requirements. Appendix A contains a detailed table describing each of the OEEP 

sites. The key deviations from the full OEEP installation and operation observed 

at most of the pumps are listed in Table 11 and described below. 

4.2.1 BYPASS CONTACTORS 

A bypass contactor provided for the complete bypass of the VFD in the OEEP off 

mode. Five installations did not include a bypass contactor. Without a bypass 

contactor, the VFD remains energized, with associated efficiency losses of 2-5%, 

but is at operated at a constant speed. At three pumps, the VFD was operated 

at full speed (60 Hz). However, to maintain desired flow rates, the Cypress and 

Rancho Cañada pumps at California American Water were operated at 53 Hz 
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and 57 Hz respectively. We expect the absolute efficiency improvement with 

the OEEP on at these sites would be approximately 2-5% higher if a bypass 

contactor had been installed. This small change in efficiency did not materially 

alter the results of the cost-effectiveness analysis at any of the five sites.  

4.2.2 POTENTIAL INTERACTION WITH OTHER PUMPS 

By coincidence only, the same five pumps that do not have a bypass contactor 

were also observed to have potential interactions with other pumps. At California 

American Water, the Segunda booster pump draws from the Segunda tank, which 

in turn is fed by both the Rancho Cañada and Cypress well pumps. The level of the 

Segunda tank affects the operation of all three pumps. At Golden State Water, 

both the Pacifica and Mojave booster pumps have OEEP equipment installed on 

only one of two pumps operating in parallel. At these five sites it is not possible to 

determine whether or to what extent efficiency gains at one pump are offset by 

reduced efficiency at other potentially affected pumps. 

4.2.3 EFFICIENCY ALGORITHM 

At three sites the operation of the VFD was, due to operational requirements, 

de facto controlled by pressure, level or flow rather than efficiency. The East 

Pasadena Duarte 9 well pump experienced a failure and was off line for an 

extended period of time. Since returning to service, the pump has had to 

operate at near maximum capacity to meet flow requirements. The Golden 

State Water Jefferies and Mojave pumps were required to operate continuously 

to maintain system pressure. Under certain operating conditions, there were 

times where other pumps could not meet pressure or volume requirements 
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while operating in OEEP mode. As a result the operators overrode or turned off 

the algorithm. 

4.2.4 PRESSURE REDUCING VALVES 

The Golden State Water Jefferies and Mojave booster pumps mentioned above 

both discharged to lines with a valve installed to control for pressure. Each 

pump serves a pressure zone that does not have any type of storage. With the 

OEEP off, the valves are constantly opening or constricting to vary pressure. 

When the pump operating at full speed is providing too much pressure, the 

excess pressure must be reduced by increasing the constriction in the valve, 

dissipating the excess energy. With the OEEP on, the VFD assumes the role of 

maintaining pressure, while the valve remains fully open. This greatly increases 

the efficiency of the system, as pressure is controlled by reducing energy input 

rather than increasing the output pressure. Still, the PLC and VFD may operate 

the system at efficiencies far from the best efficiency point available for the 

pump. Jefferies and Mojave are two of the four pumps with significant efficiency 

improvements. However, we presume the bulk of improvement is due to the 

VFD replacing the pressure reducing valves rather than the OEEP efficiency 

algorithm. This is because the recorded efficiency appeared to be much lower 

than the best efficiency point for the installed pump. . 

4.2.5 PUMP INPUT AND OUTPUT 

The range of permissible pump operation is partially a function of where the site 

pumps water to and from. The Jefferies and Mojave pumps both pump from a 

pressure zone to a pressure zone and are relied upon to maintain pressure. This 

severely limits the flexibility of the pump and motor system to change speed 
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based on efficiency. Booster pumps that pump to or from a tank or reservoir 

and well pumps that discharge to a tank or reservoir presumably have greater 

flexibility due to the presence of storage. This is not always true; in some cases 

the maximum output of the pump is required to maintain desired storage levels.  

Table 11:  OEEP Site Characterization Summary 

 

4.3 Period of Analysis 

Due to a variety of difficulties, we were not able to obtain a full year of usable 

data for each pump site. The OEEP was turned off for a month or more at a time 

at some sites, and not turned off for several months at others. Without both 

OEEP on and OEEP off operations recorded in the same month, it was not 

possible to perform an accurate comparison. At other sites, Black and Veatch 

found that recalibration of instrumentation or reprogramming of the PLC was 

needed. Correction of implementation issues at several sites was completed 

between March and June of 2011. However due to some problems 

implementing OEEP off operation and recording data,  only July and August data 

Water Company Pump Site

Pressure 

Reducing 

Valve

Bypass 

Contactor

Potential 

Interaction

Programmed 

With 

Efficiency

From To

Golden State Pacifica No No Yes Yes System System

Cal Am Cypress No No Yes Yes Well Reservoir/Tank

Cal Am Segunda No No Yes Yes Reservoir/TankReservoir/Tank

Cal Am Rancho Canada No No Yes Yes Well Reservoir/Tank

East Pasadena Duarte 9 No Yes No No Well Reservoir/Tank

Alco Alisal No Yes No Yes Well System

Cal Am Scott (1, 2 & 3) No Yes No Yes Reservoir/TankSystem

San Jose Water Bascom No Yes No Yes Well System

Alco County No Yes No Yes Well System

Cal Am Angeles Mesa (1 & 2) No Yes No Yes Reservoir/TankReservoir/Tank

San Jose Water Grant No Yes No Yes Well System

Golden State Jefferies Yes Yes No No Well System

Golden State Mojave Yes No Yes No System System
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was then available for analysis for many facilities. At a few sites, 

communications or SCADA issues prevented remote recording of data over long 

periods. Finally, mechanical failures or operating requirements at some pumps 

prevented the utilities from operating in OEEP mode for long periods.  

With several months of data available for the five pumps in the preliminary 

analysis, we were able to create 24 hour OEEP on and OEEP off profile for each 

month. With the limited dataset, this is not possible for most of the 13 pump 

sites in the final analysis. We therefore elected to create a single 24 hour profile 

for OEEP on and OEEP off to represent pump operations over the entire year.  

With the limited data, we cannot identify the peak load or seasonal operational 

changes for the pump and motor systems. We did find, however, that recorded 

pump operating profiles varied only modestly from month to month for sites 

with longer records. Even with the limited data, we believe the analysis does 

support meaningful comparisons of pump operations with and without the 

OEEP equipment.  
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5 Measured Efficiency 
Improvements  

This section describes the results of our analysis of the changes in efficiency 

metrics resulting from the OEEP applied to 22 pumps at 17 sites. Our ability to 

use the full dataset is limited, however, because many of the pump installations 

and operation do not represent the full OEEP. Of the 22 pumps, only 7 (Alisal, 

Scott, Bascom, Angeles Mesa, County, Jefferies, and Grant) have the installation, 

operation, and monitoring characteristics that represent the full OEEP. Six 

pumps were excluded from data analysis altogether, owing to either voltage 

imbalances, no variation in operating speed, or no data representing operation 

as a fixed speed drive. Five pumps did not use a bypass contactor, which allows 

the VFD to de-energize; these same five pumps also interacted with other 

pumps not in OEEP, masking the effects. Three pumps operated under pressure 

control, minimizing the influence of the VFD. There was also data loss at some 

sites from frequent errors in data storage and transfer. Therefore, in the 

following, we first evaluate the performance of the OEEP at the seven sites with 

fully compliant data. We then evaluate the full data set, both to gain further 

insight into the performance relative to these efficiency metrics, and to help 

develop recommendations for future implementation of the OEEP that avoids 

some of the pitfalls evident in these installations. 
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5.1 Wire-to-Water Efficiency Results 

The measured wire-to-water efficiency improvements achieved at each of the 

13 sites are shown in Table 12.  Three pumps are located at the Scott site and 

two pumps at the Angeles Mesa site for 16 pumps in total. The results are listed 

in in the three groups described in Section 1.5.2.  

The first five sites show efficiency reductions or modest improvements. The 

Pacific pump was required to vary output over a much wider range than the 

other pumps to meet pressure targets. This caused the efficiency algorithm to 

vary the pump speed more rapidly as it sought to maximize efficiency, even as 

the pump operated well outside its maximum efficiency range. We believe this 

accounts for the large negative change in efficiency relative to other pumps. At 

other sites this problem was mitigated by dampening efficiency seeking 

algorithm.  

Of the six sites that fully implemented the OEEP, four show efficiency reductions 

and only two show improvement. This suggests that the efficiency algorithm is 

not able to improve efficiency at most of these sites by enough to offset the 

additional losses of 2-5 percent introduced by the addition of the VFD. At 

Jefferies and Mojave, two of the sites with the greatest impact, much of the 

efficiency improvement is due to the use of the VFD, rather than pressure 

reducing valves to control for pressure. 
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Table 12:  Measured Real Wire-to-Water Efficiency Improvement by Pump Site 

 

With the regression described in Section 3.3.2, we recalculate the real 

efficiencies, now requiring that the algorithm on and off values result in the 

same pump output. The results of this operation are displayed in Table 13. For 

most pumps, the wire-to-water efficiencies calculated with the regression 

analysis are quite similar to the straight comparison of the algorithm on vs. off 

efficiencies shown in Table 12. The OEEP off efficiencies for all pumps are quite 

similar when using the regression analysis. The OEEP on efficiencies with the 

regression approach are higher for Scott, Grant and Mojave. When correcting 

for different operating characteristics in the algorithm on vs. off days, the 

reduced efficiency is lower for Scott and the improved efficiency is higher for 

Grant and Mojave. 

Pump Site

Algorithm 

Off 

Efficiency

Algorithm 

On 

Efficiency

Absolute 

kW Loss 

Change

Percentage 

Efficiency 

Change

Pacifica 70.7% 55.2% -15.6% -22.0%

Cypress 71.0% 69.9% -1.1% -1.5%

Segunda 77.1% 77.1% 0.1% 0.1%

Rancho Cañada 71.9% 73.2% 1.4% 1.9%

Duarte #9 63.4% 62.6% -0.8% -1.3%

Alisal 70.0% 67.8% -2.2% -3.1%

Scott 70.6% 57.6% -13.0% -18.4%

Bascom 59.4% 58.3% -1.1% -1.9%

County (Period 1) 53.6% 52.9% -0.7% -1.3%

County (Period 2) 65.2% 63.6% -1.6% -2.4%

Angeles Mesa 59.7% 59.5% -0.2% -0.3%

Grant 55.0% 59.5% 4.5% 8.1%

Jefferies 43.4% 50.4% 6.9% 16.0%

Mojave 23.6% 33.0% 9.3% 39.5%
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Table 13:  Regression Analysis Real Efficiency Improvement by Pump Site 

 

5.2 Power Factor Improvement 

The results for power factor improvement are somewhat more positive (Table 

14). Six of the 13 sites showed measured improvements in their power factor of 

nearly 5 percent or more. Five of the sites showed a measured improvement in 

power factor and reduced apparent power (kVA) loads even though they had 

lower real power (kW) wire-to-water efficiency with the OEEP on. In all, 11 of 

the 13 sites reduced their reactive (kVAr) loads.  

Pump Site

Algorithm 

Off 

Efficiency

Algorithm 

On 

Efficiency

Absolute 

kW Loss 

Change

Percentage 

Efficiency 

Change

Pacifica 71.6% 58.9% -12.7% -17.7%

Cypress 72.1% 70.0% -2.1% -2.9%

Segunda 77.3% 77.6% 0.3% 0.3%

Rancho Cañada 73.3% 75.3% 2.0% 2.8%

Duarte #9 66.3% 63.0% -3.3% -4.9%

Alisal 72.2% 69.4% -2.8% -3.8%

Scott 69.2% 66.6% -2.6% -3.8%

Bascom 60.7% 58.9% -1.8% -2.9%

County (Period 1) 53.9% 52.4% -1.5% -2.7%

County (Period 2) 67.5% 63.7% -3.7% -5.5%

Angeles Mesa 62.3% 64.2% 1.9% 3.1%

Grant 54.9% 63.4% 8.5% 15.5%

Jefferies 43.6% 53.3% 9.7% 22.2%

Mojave 24.3% 42.2% 17.9% 73.5%
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Table 14:  Measured Power Factor Improvement by Pump Site 

 

As with wire-to-water efficiency, we recalculate the power factor improvement, 

requiring that the algorithm on and off values result in the same pump output. 

Using power factor in place of efficiency as the left hand variable of the 

regression equation shown in Section 3.1.1.2, we calculate the power factor 

improvements shown in Table 15. Unlike the changes in efficiency, the 

regression analysis results for power factor are nearly identical to the straight 

power factor comparison in Table 14. 

Pump Site
Algorithm 

Off

Algorithm 

On

Absolute 

Change

Percentage 

Change

Pacifica 88.3% 75.5% -12.8% -14.5%

Cypress 88.2% 88.3% 0.1% 0.1%

Segunda 83.4% 82.4% -1.0% -1.1%

Rancho Cañada 89.0% 88.1% -1.0% -1.1%

Duarte #9 81.7% 90.2% 8.6% 10.5%

Alisal 76.6% 89.5% 12.9% 16.8%

Scott 87.1% 97.4% 10.3% 11.9%

Bascom 83.4% 87.3% 3.9% 4.7%

County (Period 1) 86.1% 89.6% 3.5% 4.1%

County (Period 2) 79.8% 82.8% 2.9% 3.7%

Angeles Mesa 91.4% 98.1% 6.7% 7.3%

Grant 84.4% 84.8% 0.3% 0.4%

Jefferies 85.5% 74.9% -10.7% -12.5%

Mojave 88.5% 93.5% 5.0% 5.6%
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 Measured Efficiency Improvements 

 

Table 15:  Regression Analysis Power Factor Improvement by Pump Site 

 

5.3 Embedded Energy In Water 

It is possible that the OEEP is not just changing the wire-to-water efficiency of 

the pump and motor system, but also reducing the total work output required 

to deliver water within acceptable levels of pressure and flow. Consider the 

analogy of improving the MPG efficiency of an automobile. One strategy is to 

ƛƳǇǊƻǾŜ ǘƘŜ άǘŀƴƪ-to-ǿƘŜŜƭǎέ ŜŦŦƛŎƛŜƴŎȅ ōȅ ƛƳǇǊƻǾƛƴƎ ǘƘŜ ƳƻǘƻǊ ŘŜǎƛƎƴ ƻǊ ŘǊƛǾŜ 

train. An alternative approach would be to improve the operation by the driver, 

minimizing unnecessary acceleration and braking. In both cases one might 

conceivably save the same amount of gasoline in a 6-hour trip from San 

Francisco to Los Angeles. In the first instance, the work performed by the car 

would be the same but efficiency improvements reduce the gasoline consumed. 

In the second instance, the work performed by the car is reduced, even though 

Pump Site
Algorithm 

Off

Algorithm 

On

Absolute 

Change

Percentage 

Change

Pacifica 89.1% 75.8% -13.3% -15.0%

Cypress 88.3% 88.3% 0.0% 0.0%

Segunda 83.4% 82.6% -0.8% -1.0%

Rancho Cañada 89.0% 88.9% -0.2% -0.2%

Duarte #9 81.7% 90.2% 8.6% 10.5%

Alisal 76.9% 89.8% 13.0% 16.9%

Scott 87.9% 97.4% 9.5% 10.8%

Bascom 83.3% 88.0% 4.7% 5.6%

County (Period 1) 86.4% 89.8% 3.4% 3.9%

County (Period 2) 80.3% 82.9% 2.7% 3.3%

Angeles Mesa 89.8% 97.9% 8.1% 9.0%

Grant 94.6% 98.8% 4.2% 4.5%

Jefferies 87.9% 76.0% -11.8% -13.5%

Mojave 87.8% 93.2% 5.3% 6.1%
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the duration and distance of the trip is the same. If the appointment in Los 

Angeles is in 7 hours, there may be opportunity for additional energy savings by 

reducing the average speed driven with no material adverse impact to the 

driver. If these three strategies are implemented simultaneously, however, it 

may be difficult to isolate and quantify the effects of one alternative versus the 

other.  

This is the situation we face with the OEEP. It is conceivable that the OEEP is not 

only improving wire-to-water efficiency, but also reducing the overall work 

output requirement for the pump and motor. If this is the case, the reductions 

in embedded energy could exceed those achieved through improved wire-to-

water efficiency alone.  

Table 16 displays the kWh input per million gallons (kWh/MG) pumped for each 

station with the algorithm on and with the OEEP off. For seven sites, the relative 

percentage changes are similar to those for wire-to-water efficiency shown in 

Table 12. This suggests that the VFD and OEEP efficiency algorithm is changing 

the wire-to-water efficiency, but not the work performed by the pump.  

At Rancho Cañada, Jefferies and Mojave, the change in embedded energy is 

greater than the change in efficiency. At Rancho Cañada, it is possible that 

interaction with other pumps is reducing the embedded energy of the 

immediate site at the expense of increasing energy consumption at other 

pumps. At Jefferies and Mojave, eliminating the need for the pressure reducing 

valve reduces the work required of the pump and therefore reduces the 

embedded energy. In addition, the work output requirement for Mojave was 
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lower during the OEEP off periods, possibly due to interactive effects with other 

pumps in the system. 

At Scott, Angeles Mesa and Grant, there is a measured improvement in 

efficiency, but also a measured increase in embedded energy with the OEEP on. 

Recall that these are three sites for which the regression analysis found a 

significant difference in the work output for the OEEP on as compared to the 

OEEP off periods. The regression analysis corrects for different work output 

between the two periods and finds higher wire-to-water efficiencies than the 

direct measurements alone would indicate for these pumps.  

Table 16:  Measured Embedded Energy Change by Pump Site 

 

Pump Site
Algorithm 

Off

Algorithm 

On

Absolute 

Change

Percentage 

Change

Difference 

from 

Efficiency 

Change

Pacifica 998              1,202           (204)            -20.5% 1.6%

Cypress 2,075           2,029           46                2.2% 3.7%

Segunda 960              955              5                  0.5% 0.5%

Rancho Cañada 2,473           2,205           268              10.8% 8.9%

Duarte #9 1,918           1,932           (14)              -0.7% 0.5%

Alisal 1,735           1,817           (83)              -4.8% -1.6%

Scott 1,652           2,066           (414)            -25.0% -6.6%

Bascom 609              615              (6)                -0.9% 1.0%

County (Period 1) 2,270           2,288           (18)              -0.8% 0.5%

County (Period 2) 1,786           1,836           (50)              -2.8% -0.4%

Angeles Mesa 468              503              (35)              -7.5% -7.2%

Grant 1,481           1,510           (29)              -2.0% -10.0%

Jefferies 3,665           2,198           1,467           40.0% 24.1%

Mojave 2,534           997              1,537           60.7% 21.2%P
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6 Energy Savings and Load 
Shifting 

6.1 Operating Profiles 

The regression model is applied to the normalized output kW profiles as 

described in Appendix B; this yields the hourly input kW values for both the 

algorithm on and off. An example chart of energy use at the Grant site over 

several months is shown in Figure 12. The red and blue lines represent 

respectively the optimization algorithm off and on input kW hourly profiles of 

each month. The blue shading indicates energy that is spent by the pump with 

the optimization algorithm off in excess of operation with the optimization 

algorithm on. The red shading indicates energy that is spent by the pump with 

the optimization algorithm on in excess of operation with the optimization 

algorithm off. Thus, the difference between the blue shaded area and the red 

shaded area gives the net energy savings of having the optimization algorithm 

on. 


































































































