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Abstract

Application of advanced control to improve water quality and increase energy efficiency has long been a goal of water
utilities. With the widespread implementation of distributed control systems, and especially centralized SCADA in the
water sector, beginning in the 1980s, utilities had the technical tools to begin to realize this objective. In the US, an
estimated three percent of all electricity production is consumed by water and wastewater systems, with more than 90%
of the energy purchased being used for pumping. A prudent utility will make every effort to specify and install the most
energy efficient pumps for the application, as well as to operate pumps in the most cost efficient manner possible.
Climate change is an issue of growing international concern. Many governments and organizations have recognized this
and are now seeking ways to reduce their emissions of greenhouse gases (GHGSs), in particular carbon dioxide (CO,).
Generation of electricity through fossil fuels or coal burning plants are prime contributors to GHG emissions. It follows
that if a water utility desires to minimize its carbon footprint, one way to do so would be to reduce net energy
consumption through operation of pumps at greater efficiencies.. An energy management system (EMS), if properly
designed can supplement the SCADA system to enable plant operations and planning personnel to both reduce their
electricity bills and to minimize total energy consumption, thereby resulting in a net reduction in CO2 emissions.

This paper describes four case studies of energy management systems in the US and the impact each of these have had
on reducing the carbon footprint of the respective water utility. The process of estimating the impact based on energy

efficiency measurement followed by analysis of each statebd

results achieved following the first full year of operation.
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INTRODUCTION

Electricity consumption by water and wastewater utilities accounts for three percent of all energy
consumption in the US. With national electricity production exceeding 3,000million MWh/yr, this represents
net annual consumption of about 100 million MWh, about 90 percent of which is consumed by pumping of
water, at the raw water intakes or wells, at the treatment plants, and at the pumping stations. As we
demonstrate, energy efficiency investments can yield excellent reductions in energy consumption. Potential
depends on the specific conditions at the individual utility as well as the source of electricity. Experience has
demonstrated that returns of five percent to over 25% in energy consumption can be achieved, with the
inherent accompanying benefit of reducing the GHG footprint of the utilities. For individual pumps, in the
methodology for analyzing performance and matching characteristics to suit actual duty requirements is
widely understood and straightforward., these have relied on a single duty reference point. In practice, pump
operating requirements are much more complex, Demand is typically subject to highly variable seasonal and
diurnal fluctuations, making it virtually impossible for the operator or planner to adequately cover all operating
contingencies. In addition, pumping facilities and water distribution networks have become highly
interconnected and complex systems. Pumps therefore do not operate in isolation; in fact due to the
incompressibility of water, it is typical that any change in operation of one pump, such as a high-lift discharge
from a treatment plant, may affect the operating point of many other pumps, both those operating in parallel
within the plant or pumping station, and to a lesser extent, impact on the operation of, and be impacted by
pumps within the distribution system.
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Pump Energy Efficiency

Given the significant ongoing amount that the typical
water utility water spends on energy for pumping, one
could assume that reasonable effort is made to keep
pumps operating efficiently. In practice, that assumption
may prove to be the exception, not the rule. For example
a major study of pumps [1] commissioned by the
European Commission (EU Commission) in 2001
determined that very little if any effort was being made in
this area. They recommended three strategies: Obtaining
better efficiency information prior to selecting and
procuring pumps; matching pump characteristics to
production requirements and operating conditions, and
countering efficiency deterioration through a proactive
preventive  maintenance  program  inclusive  of
reconditioning pumps; and thirdly, scheduling pumps to
improve efficiency.

M Electricity
B Purchase price

M Maintenance

A key finding of the EU Commission study was that pump manufacturer efficiency curves typically include
significant tolerance allowances which means that quoted figures and printed graphs were often virtually
meaningless. In some case, efficiency figures and performance curves were based on special one-off
Aipolishedd pumps to achieve high efficiency figures
Further, the study looked at procurement practices and priorities within the water sector to identify the key
criteria used for pump selection. Leading the list, in most cases was initial purchase price and delivery
followed by reliability and likely maintenance costs. Efficiency trailed as a distant third if considered at all. If

we examine the pie chart above, quantifying the life cycle costs for a pump, we see that this ordering of
priorities is in direct opposite to the lifetime costs, where the energy consumed by a pump over its 20 to 40

year life makes up 95% or more of the life cycle costs.

Reconditioning existing pumps was shown to be of significant benefit. Pumps wear over their operating life,
and although potable water wears a pump significantly less than wastewater as a general rule of thumb
performance for a clean water pump will degrade by about 1% per year. The EU Commission report looked
at surface roughness of various parts of the pump and gains to be made from polishing or coating these
parts. Efficiency improvements achieved ranged from five percent to 18%.

The gradual performance degradation in clean water pumps over the course of years may be a factor in the
absence of any urgency by operations or maintenance to institute a proactive preventive maintenance
program, looking at pump performance. Where water utilities have tackled pump reconditioning, the results
have led to payback measured in months rather than years. A coordinated approach of matching pump to
duty and refurbishing pumps can lead to improvements of 10%, 20% or more.

In the EU report, pump refurbishment and pump duty matching were two of three key items with cumulative
savings potential. The third item was scheduling pumps to achieve energy savings through matching pump
characteristics to duty requirements in real-time.
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Figure 1 Efficiency improvements through polishing pump surfaces

PUMP SCHEDULING SOLUTIONS

A number of solutions have been proposed or developed to establish dynamic pump scheduling systems to
optimize the scheduling of pump run times, intended primarily to leverage time of use (TOU) tariff structures
to minimize energy costs as water utilities are in a prime position to maximize pumping to storage during off
peak hours when energy rates are lowest, and draw down during peak energy cost periods. Due to the
complexity of most water distribution systems, and the myriad production requirements and operational
constraints, it is generally considered impossible to explicitly solve the scheduling problem through
mathematical inversion techniques., Projecting system energy use from a given pump schedule is
straightforward and is already a feature of most off-the-shelf hydraulic modelling packages such as MWH
H2 ONet . A Abrute forced approach, model |l ing eve
solution would not be practical as a. system with N pumps requiring hourly schedules for a single day has
(2")"24 possible combination. So a system with only 10 pumps has about 3 x 10° possible schedules, which
coincidentally is almost the same value as recent estimates of the number of atoms in the entire universe.
Even supercomputers would take more than the lifetime of the universe to run through all schedules. Most
sizeable water utilities have hundreds or even thousands of pumps. Brute force solutions are therefore
impractical and as a consequence, more sophisticated search and optimization techniques and strategies
have been developed to assist in solving this problem.

Most approaches to this problem show that significant electricity cost savings could be made through
appropriate pump scheduling decisions; especially when multi-objective evolutionary algorithms (MOEA) are
used (Mackle, Savic and Walters, 1995), (Savic, Walters and Schwab, 1997), (Sotelo, Liicken and Baran,
2002). Typically energy cost savings of 10%, 15% or more are predicted. These solvers also use a trial and
error approach but use sophisticated tools to guide the schedules towards useful results meaning that only a



few million combinations may need to be tested to find suitable schedules. The problem has always been
one of implementation of these systems into real-world applications. Solutions based on MOEA have always
suffered from relatively slow speed of solution, especially in systems with more than a trivial number of
pumps, as even fast computers take time to run millions of hydraulic simulations. More recently the
European based Potable Water Distribution Management (POWADIMA) project has looked at speeding up
some of the bottlenecks in solving this type of problem through the use of Artificial Neural Nets (ANN) to
solve the hydraulic equations faster than a hydraulic model can. (Zhengfu Rao and E.Salomons, 2007). In
this study, modelling a modest sized system for Valencia in Spain that includes seventeen pumps, using a
standard PC hardware solutions were arrived at in about ten minutes.

Solutions to optimise pump scheduling and also integrate energy efficiency have remained elusive. One such
solution, Aquadapt, eschews GA techniques in favour of the speed of Linear Programming combined with
heuristic and non-linear formulations and explicitly models pump efficiency based on actual data. Solution
times for systems with up to 200 pumps are arrived at in less than 2 minutes.

Optimizing Pump Schedules with explicit incorporation of efficiency

Scheduling for tariff alone only achieves part of the savings available. In the four US sites discussed in this
paper up to 40% of annual cost savings was found to come from efficiency gains. To incorporate efficiency
information into a solver we first need a methodology to accurately model efficiency over the expected
operating range of each pump. A hydraulic engineer typically selects a pump based on the required duty,
such as being able to re-fill storage within a reasonable time period (typically about eight hours). This means
the pump will satisfy demand on typical days with sufficient pumping time in reserve to respond to peak
demand days. A pump is then selected so that it runs at its Best Efficiency Point (BEP) on the expected
system curve at the calculated head and flow.

In the typical water distribution system, demand changes
diurnally, from very high demand in the mornings and
evenings and almost no demand overnight. It is very
difficult to select a pump that will operate efficiently over
the entire operating range. An engineer must also take
into account expected growth in demand in an area over
the 40 years or so of anticipated pump operating life and
will consequentially tend to specify a much larger pump
than is required at the installation time to cope with
future projected demands. This means pumps rarely
operate close to their BEP. A third issue is that the
pump will wear over its lifetime, so its characteristics will
mi grate from the manufacturer €
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To be able to effectively operate pumps close to their best efficiency point as well as to track significant
deviation from the manufacturerés <curve, an energy
calculate actual pump curves and system curves in real time and then match the best available pump or
selection of pumps to the current duty. If a pump only needs to run 8 hours in a day to satisfy demand and
replenish storage then this permits operational flexibility as to which hours to use during the day. There is no

clear pattern as to when to run a pump. For example a badly worn pump may run much more efficiently at

night when demand is low as this will tend to increase the pressure across the pump while a new pump may

run more efficiently during the day when demands are high and discharge pressures are lower.
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Figure 2 Pump curves for a single pump and two identical pumps running together

Shown in Figure 2 are the pump curves for a single pump and for two of these pumps operating in parallel.
These are actual plots obtained from a Californian water utility. The corresponding efficiency curves are also
given. Actual telemetry dat a, after validation, has b
Note that two pumps working together do not give twice the flow of a single pump, as the higher flow creates
higher back-pressure through frictional losses in the pipes which make the pumps operate higher on their
curves (i.e. the operating points move up in pressure and to the left on flow). One pump was recorded as
operating between 40 and 60 feet of head but two pumps operated between 65 to 100 feet of head as a
result of the increase in flow rate creating increased back-pr essur e. Note also that
telemetry value are not a single point but cover a range on the pump curve., This is the effect of changing
diurnal demand and static lift changes such as changing level in the destination storage tank. Operators
tended to use a single pump most of the time under the basis that they got 6 MGD of flow from the one pump
but only 10 MGD from two pumps., Their reasoning was
was a better operating regime. However careful review of the chart shows that using two pumps is almost
always significantly more efficient that operating one pump. Pump efficiency is measured off the dotted lines

by tracing upwards from the points on the solid line, so in this case using one pump has an efficiency range

of 20% to 74% while using two pumps has an efficiency range of 75% to 88%. So the operators reasoning in

this case is misleading, operating of two pumps being more efficient than operating a single one, and hence
requiring less net energy to move the same quantity of water. Even this simple example illustrates that
experienced operators would have difficulty in determining what combination of pumps would meet
production requirements at the minimum cost expenditure. The situation facing the operator becomes even

more complex where stations have multiple pumps, with differing sets of pump curves.

Solving the hydraulic equations for each possible pump and pump combinations is relatively simple for a
single pump station, as long as water demand is predicted reasonably accurately for the rest of the day.
However as discussed earlier, water being incompressible means that often actions at one pump station
affects the operation of many other pump stations by affecting either the suction or discharge pressure and
making the pump operate at a differing point on its curve than expected. Scheduling for efficiency needs to
be solved globally. This solution, as implemented by Aquadapt, is a much more complex problem to solve
than conventional solutions that focus only on pump scheduling.



RESULTS FROM FOUR CASE HISTORIES

Derceto Aquadapt software is a real-time operations optimization program that attaches to a Scada system
to fully automate a water distribution system. It continuously reads live data from the Scada system including
current storage levels, water flows, and equipment availability and then creates schedules for treatment plant
raw and finished water flows, pump operation and automated valve position schedules throughout the
system for the next 24 to 48 hours. It can achieve a solution within two minutes, even for a system inclusive
of hundreds of pumps. Every half an hour it runs again to adapt to changing conditions, primarily demand
changes and equipment failure. Controls are automatically initiated by Aquadapt allowing for fully automated
unattended operation of even very large distribution systems.

In July 2006 the fourth US implementation of the Derceto pump scheduling optimization software was
installed. This is in addition to systems already installed in Australasia. The first US system went live in July
2004 for East Bay Municipal Utility District (EBMUD) in Oakland California. This was followed by systems
installed for Washington Suburban Sanitary Commission (WSSC) in Maryland, Water District No. 1 of
Johnson County (WaterOne) in Kansas and Eastern Municipal Water District (EMWD) of Southern California.
Each system imposed unique challenges in creating a real-time water distribution optimization solution to
reduce operational costs, mainly energy, in widely varying physical distribution systems. Significant
customization was required for each implementation. Table 1 below gives some indication as to the relative
size and complexity of these systems.

Table 1 ; Statistics for Four US Utilities

Customer System Pop. Storage Pressure Pump Pumps Auto Demand
Served tanks zones  Stations Valves  (MLD)
East Bay MUD, CA 660k 28 26 20 66 4 160 to 480
Washington Suburban, MD 1.6m 57 15 18 81 25 640 to 900
WaterOne, Kasas 570k 25 3 26 84 11 190 to 400
Eastern Municipal, CA 630k 68 44 58 143 9 333to 643

In additional to the physical complexity of each of the distribution systems, we found that for each client
system, there were a range of unique features that the Aquadapt solution had to accommodate.. For
example, WSSC operates under real-time energy pricing; EMWD has gas reciprocating engine driven pumps
in addition to electric pumps at most stations; and WaterOne has only underground storage negating much
of the ability to reduce electrical load through use of elevated storage to supply pressure when pumps are
off.

At all four systems, energy efficiency improvements of between 6% and 8.4% overall were realized. For each
state where Derceto Aquadapt operates we obtained greenhouse gas data from public records. More data
on greenhouse gas contribution of fuel types is being generated in the US as a consequence of state
initiatives due to concerns on climate change. This is particularly evident in California, where Governor
Arnold Schwarzenegger has made greenhouse gas reduction a state-wide mandate and introduced
Assembly Bill 32 (AB32). Other states are following suit in the absence of a clear directive at the federal
level.

There is no one official source of GHG by each energy company, and the information was not readily
available on the supplier websites. As a result, estimates were made using the Energy Information
Admi ni st r-agericydat from(EPA, IEIA & FERC) eGRID 2004 database’. This had statistics on
almost every power generation plant in the US in 2004, including annual figures for MWh production and
CO2 emissions. Groups of power plants were selected from eGRID that were relevant to each supplier that
were operated by them or in their power control area. An average annual coefficient for CO2/MWh could
then be estimated by dividing the sum total emissions by sum total generation. These are shown in Table 2
Table 2 below.



Table 2 Energy efficiency improvements achieved for four US clients

Customer System Average Average EPA eGRID 2004 Extrapolated CO2
MWH per  Efficiency Gain CO2 Emissions Reduction per Yeal
Year under Aquadapt (Tons/MWh) (Tons)
East Bay MUDCA 26,000 6.1% 0.502 800
Eastern Municipal, CA 7,000 8.4% 0.515 300
Washington Suburban, MD 99,000 8.3% 0.547 4,500
WaterOne, KS 94,000 6.0% 0.845 4,800

In Figure 3 below we analysed one major pump station at Eastern Municipal Water District in California and

we compare two plots: the red plot represents one

monthly kWh/MG (Million Gallons) delivered from before Aquadapt software was installed and the green plot
represents the results after installation. The range of operating points is demonstrated by the wide range
covered under the red bell curve. Values to the left of the graph are more efficient than the right. The
improvement in measured mean efficiency of 11.5% for this station is evident by the shift to the left of the
green bell-graph. What is also noteworthy, evidenced by the narrowing of the bell curve is that the pump
station is now consistently running close to its maximum efficiency, whereas prior to Aquadapt the operation
was not only much less efficient but extremely variable. This reflects the success the algorithm is having in
selecting the most appropriate pump or group of pumps as well as selecting when to pump.
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Figure 3 One year of pump station efficiency data

Variable Speed Pumps

The special case of variable speed pumps is also solved by Aquadapt. Variable speed pumps were
promoted as a method of better matching a pumps performance to its duty requirements by altering the
speed of the pump and thereby altering its pump curve. In theory this should improve efficiency, especially
in the case of over-sized pumps which generate excessive head and flow. The reality is that in many of the
variable speed pump installations analyzed the vast majority operated less efficient than was the case for
installations consisting of fixed speed pump stations. Again a diagram is useful and in Figure 4 below
various pump curves for 70%, 80%, 85% and 100% of rated pump speed are shown along with their
matching efficiency curves. The red line is a plot of the Best Efficiency Point against all possible speeds.

y
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Figure 4 Variable speed pump performance

Most variable speed drives are programmed to operate in constant pressure mode, as noted by the black
line on the graph above. This is done to protect the pipe network against the possibility of over-pressurization
or rapid fluctuations. In the example in Figure 4 you can observe that as the pump speed adjusts up and
down to maintain constant discharge head it covers a very wide range of efficiencies, from nearly zero
efficiency at 70% of speed to around 75% at 100% speed but is most efficient at around 85% of full rate
motor speed. The actual flow delivered is a function of the system curve, which is a combination of the
physical pipe network characteristics, static lift and the water demand. It is not possible to force the pump to
deliver 5.3 MGD at 85% speed and peak efficiency; this is merely one of the many possible operating
situations. You can also note that operating at fixed pressure is a horizontal line on the graph whereas the
BEP curve is quite steep. It would be far more beneficial to confine a variable speed pump to operate only
over limited flow and pressure ranges and to use fixed speed pumps for all other operational situations. In
one particular example in the United Kingdom, we found that two operators ran the same variable speed
pump differently; one preferring 200 ft of discharge head and the other 216 ft. The first achieved an average
efficiency of 40%, while the second achieved an average efficiency of 66%. It must be noted that neither
operator was aware of this fact since efficiency information was rarely calculated nor was it monitored and
di splayed for the operatordés information.

Presenting efficiency information on pumping is difficult. Some utilities carry out regular pump audits where
static tests are done on the pump to determine its current pump curve and efficiency curve. While useful for
determining if a pump needs to be serviced or replaced, this is not actually a measure of where the pump
typically operates. A more useful figure is to use the electricity meter reading values divided by the volume of
water delivered each month and calculate the kWh consumed divided by the MG delivered.

Aquadapt carries out these calculations in real time to select either the most efficient pump or pump
combination to run at any particular point in time. It is useful to display this information in suitable formats to
accommodate both real time viewing for system operation and analysis of historical performance for planning
and management.



Figure5 Drilling in to the data for one pump station to see 1 week of operation

Figure 5 above is a typical operations summary display screen for a selected week of operation. It can
clearly be discerned that only pumps 2 and 3 were operated during the course of the week. The respective
efficiencies of each of the two pumps as computed from real time data are displayed. As you can see pump
3 operates a little more efficiently than pump 2. The best measure of energy is the kWh/MG/ft of lift. A 100%
efficient pump would use 3.15 kWh/MG/ft whereas this pump is operating at 66% efficiency, which by the
way is quite typical based on the hundreds of pumps we have analyzed. In this case, before implementation
of Aquadapt, the pumps each operated at an average efficiency of about 5.5 kWh/MG/ft (based on the
previous 2 years of operation). From the summary display, it can be determined that for this week the pumps
have run 13% more efficiently than did prior to the software installation.

Figure6 Reattime pump curve displayed on Summary display screen



