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1. INTRODUCTION AND OBJECTIVES

Electricity nowadays is the energy resource of oban every area of life. The level of supply
of electricity that serves industrial productiondadomestic convenience is increasingly
harmonized with its environmental effects.

This has become increasingly evident since thesfafunterest has turned to renewable
energy. In the past, resources seemed endlessthanel was a relatively good balance
between supply and demand. With growing urbaninatiod standards of living, and pressure
on resources from events like the oil crisis, epésgues have increasingly come to the fore.
The link between energy and the environment hasrheca daily concern, and this is also
true for the water utilities that serve househadd industry. There is every sign that energy
is the resource that most influences productionsamdices in this increasingly technical age,
and it is bound up with environmental protectiod &#me economy.

The second most prominent infrastructural resouscepiped water, whose efficient
operation is one of the prime indicators of themeenic advancement. History has proven
several times that it is in the basic interestsamfiety to provide and operate public utilities at
a satisfactory standard. In Hungary, developing expanding water utility networks and
operating them efficiently will be one of the gresttchallenges for the national economy. A
significant influence on its capabilities in thisettion will be the consumption and price of
energy.

Energy demand, industrial development and popuiatiave been growing steadily since
the middle of the last century (ENSZ, 1987). Ihasv widely accepted that our present energy
systems, from the primary energy sources to thenmeaconsumption, cannot be sustained.
Atmospheric pollution in cities and the global wamg caused by greenhouse gases are
causes for increasing concern. In addition, thevigidut steadily receding classic fossil fuel
sources threaten severe energy shortages.

As these factors develop, one of the key technemnomic and political tasks is to build
up a system of energy supply and use which camgtaisably operated on a global scale.

On the energy supply side, the most important iegk employ technology that can reduce
the emission of greenhouse gases. This can beattbeved by greater use of renewable
energy resources. Political, industrial, econonmd technical groups are working together to
explore possible solutions and develop new teclgie$o The goal of energy use is to reduce
the rate of consumption relative to GDP. This detisaa change in domestic and industrial

energy demand and more economic utilization.



Saving energy usually, and fundamentally, involtw@s options. One is the application of
energy-saving technologies and installing more gyrefficient equipment, and the other is to
optimize the use of existing systems.

In recent years, the costs of water supply and geweeatment have been steadily
increasing. Service providers are engaged in consi@gotiations with the local authorities
which own them to have realistic prices accepted.

The present government has imposed centralized ptating and is trying to gradually
reduce these prices. This is because our servitieeisnost expensive in Europe, so that
consumers are finding it increasingly difficult pay service prices that often rise faster than
their income. In order to moderate price risesline with government endeavours, water
utilities regard the constant optimization of energe in water extraction and supply and
sewage treatment as a primary task.

Water supply systems and sewage pumps were otigib@signed with high capacity. A
trend of the last 25 years, however, has been sticineduction in water use, leading to a
decline in capacity utilization. Identifying and kmag proper use of surplus capacity can
deliver significant savings that can in turn sigrahtly reduce consumer expenses.

Studies of how modifications to the system takeafdemand a new, horizontal approach
which covers the entire process of water movemem fextraction to reservoir. Maximizing
energy savings requires an analysis of the eneagpgumption of supply, treatment and
network pumps in operation, so as to determin@ienum pattern of operation.

Pump regulation must achieve optimum energy usthimihe constraints, by taking account

of the characteristics of every element of the waitgply system.

The objectives of the project were:

to adapt and apply energy use optimization algarstin measurements of operational

energy efficiency (in kWh/f) of Hungarian water utilities,

* to use the measurements to determine the potesaiahgs in kWh and long-term
operating costs, and in terms of £#issions,

« to check the attainability, in various water uid#t, of the potential savings identified
by the studies,

* to evaluate the results as a basis for recommerubtential means of energy saving

and new means of enhancing efficiency.



The objectives of the project are in harmony whk televant European Union objectives.
Recital 4 of Directive 2005/32/EC of the European Parliament and of the Council of 6 July
2005 establishing a framework for the setting of ecoglesiequirements for energy-using
products states, “Energy efficiency improvement -#thvone of the available options being
more efficient end use of electricity — is regardasl contributing substantially to the
achievement of greenhouse gas emission targetheinCbmmunity.” To implement this
directive, the modifications made on the basis lbé tprocedure employed and the
measurement results may serve as a model for ingpléng statutory reductions in domestic

utility bills (Léderer, 2010; Horvath, 200&azdasagi és Koérnyezeti Minisztérium, 2003).



2. MATERIAL AND METHOD

The main distinctive feature of the measurementsechout to determine potential energy
savings was the testing of pumps in situ and irraimm, i.e. “on-line”. The most important
aim of the measurements is to increase potentddh@s, given in unit efficiency values
measured during the test. The measurement metlaidesrthe expected or attainable savings

to be modelled with high accuracy.

2.1. Location of experiments

The locations chosen for the experiments were wathty sites serving small and medium-
sized towns, where the cost of water supply is Ijiglependent on the working connections
between pumps and network.

Tests were performed on both water supply and waséz networks.

2.1.1. Water supply stations
 Domboévar Water Works
 Paks Water Works

2.1.2. Wastewater networks
e Székesfehérvar sewage works and network
e Csakvar network

* Sopron network

2.2. Experimental equipment

The link between water supply rate and electricagsumption formed the basis for proposed
modifications to reduce and optimize energy use.

The most energetically economical operation ofgbmps was determined for the full range
of operating conditions via test measurements uaifrgquency converter and an ultrasonic
flow meter.

The basis of measurement was the instantaneousr mmwsumption of the pump indicated
on the frequency converter [kW] and the rate ofewvdiow given on the flow meter [fh].
The relation between these gives the unit energyrukWh/nd.

The test involved sequential measurements in wihielspeed of the frequency converter was
continuously changed. Measurements were taken batwee limits of 30 and 50 Hz. The
minimum frequency is usually determined by the negwndations of the pump

manufacturer.



2.2.1 Characteristics of the frequency converter
We used an AQUA DRIVE unit made by DANFOSS. Itsrelateristics are:

* Measurement range: for pumps operating in the uhdeédW range — usually on
water extraction wells — we used the 5.5-10 kW AQDRIVE version, and for
higher-power pumps, the 50 kW version. To ensuceiracy of measurement, the
measurement range of the frequency converter haaaich the pump it was
controlling. Where frequency converters had alreadgen installed at
measurement locations, the existing units were .usdtese were mostly
DANFOSS units. This circumstance is noted in thecadsion of each test
measurement (DANFOSS, 2006; DANFOSS, 2009).

» Connection to the power supply during measuremerg made by temporarily
interposing the frequency converter between thepoand the supply. This caused
the pump motor to receive the converted frequemhg basic type of frequency
converters used in the tests corresponds to th#teotonverters which may be
installed in future, and one was actually installed Dombévar during the
experiment.

* Where the power rating was greater than 50 kWjrteasurement used only built-
in units. It is difficult to install a mobile dewedn this power range.

2.2.2. Characteristics of the ultrasonic flow meter
Water flow through pipes of various cross sectionslved in the experiments was measured
using the FLUXUS ADM 6725 meter manufactured by KL¥ (figure 1). Its characteristics
are

» suitability for measurement on the pipe types aaddters under examination,

» simplicity and speed of operation in temporary mieasent circumstances. It may

be used in damp and wet conditions.

Figure 1: Control panel of mobile ultrasonic flow meter usedtest measurements



The flow meter measures the flow of liquid usingragonic signals and the flow-through
method. A transducer on one side of the pipe eutitasonic signals, and these are reflected
from the opposite side and detected by anothesdrarer (Figure 2). The signals are emitted
in both directions (FLEXIM, 2008).
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Figure 2: The path of ultrasonic signals in the pipe

Since the medium in which the signals are travglismin motion, the sound waves have a
shorter period of travel in the direction of flohan in the opposite direction. The transit time
AT may be measured, enabling determination of tlezage flow speed of the liquid in the
path of the ultrasonic signals (Figure 3).
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Figure 3: Generation of transit time differenad

The descriptions of each test measurement inclodg/ses of the characteristics which can
affect liquid flow as measured, such as the coowlitf isolation valves. Every setting in the

measurement range was recorded on the form showigare 4.



Szivattyu teszt adatlap

Helyszin:
m Datum:
Jaka:
Szivattyl megnevezése:
ad atfehvétel
% Hz [Q-1]m3h [P-A]W [O-2] mEh [P-Z]kW
40 20
48 24
52 28
56 28
80 30
84 32
a8
T2
ii] 38
20 40
84 42
88 44
92
E:.i] 48
100 50

Figure 4: Pump test data sheet

2.3 Measurement procedure

We adapted the measurement methods as the Hungkvaopment partner of the Danish
company PICCA (Steffensen, 2011).

The objective of regulation is to attain an optimstate, which occurs when operating near a
certain working point. This permits the pumps todperated with low energy use while
satisfying the hydraulic demands (J6zsa 2013; MAXG0). It does not mean, however, that
the pump motor (or the unit as a whole) is opega#ihits highest level of efficiency, which
does not usually coincide with the working pointregponding to water demand. It is only
possible to determine the highest-efficiency wogkpoint by measurement and control in
situ, while the system is in operation.

The purpose of measurements performed on the wpdgistem is to determine the point of

highest efficiency.



The tests used electronic devices. Measurements veeorded using the Excel program
running on a portable computer. Analysis of theadatolves individual calculation of unit

energy use indicators to create an energy préfifure 5 shows a typical energy profile.
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Figure 5: Energy efficiency and water flow test on a pummator loads of 32-50 Hz

Operating the pump at the lowest unit consumptiohiewves the energetically optimum
operating condition in every case.

The requirement of highest priority for the watdilities is quantitative provision of
service.
Consequently, it is not currently possible to usedptimum setting in every case, and so unit
energy consumption cannot always be minimized.
The prescribed water demand is usually higher ti@nactual demand, so that optimum
energy use can only be attained approximately.

The criteria of security of service and optimum rggedo not usually coincide in the
operations of water utilities.
The purpose of the total test method is to detegrthe unit energy consumption of the pumps
in kWh/n? for pumping/transit from point A to point B. Thawng in every case is given
relative to the 50 Hz value.
The calculated saving depends on the operatingnedess. The more precise the available
operating data, the more accurately it is possiblealculate the saving, which changes
depending on the quantity of water delivered dagag and month to month. The research

measurements used “simple optimums”.



The optimum frequency value is not fixed, but canly changes depending on the number
of pumps and/or wells in operation, the specifienbmations of these, and the reservoir
levels.

The full implementation of this optimum is possildely using control that is optimized
for energy efficiency.
When a utility company requests energy efficienmpriovement in a system, the tests
described in the previous chapter are carried adtthe results are analyzed to produce a
proposal for energy efficiency.

The calculation based on the test results yieldseipected energy savings in the specific
system to high precision.
Changes in operating conditions, if they are natical changes, will cause only small
deviations in attainable energy saving during lterga operation. With appropriate IT
support, the machinery will always deliver the wate as to meet immediate water demands

and will operate in the set range only when opegatonditions permit.

2.4. Study of water supply networks

The energy efficiency of water supply networks amacterized by measuring the energy
consumption of the system and the utilization eféimergy. Systems for small, medium-sized
and large towns have different characteristics.ré@lage also major characteristic differences
among means of water of extraction. The charatiesi®f the distribution system (pipe
length and diameter, altitude differences, vale#s,) can crucially affect energy use and thus
the expected level of saving. Systems with rel&tiv@gh unit energy use have greater
potential for savings, but this cannot be realireevery case.

2.4.1. Selection of test measurement locations irater supply networks

The type of water extraction is the main consideratbecause the conditions of access to the
source greatly influence the energy demand. Cleaniraction from deep drilled wells may
require considerably greater energy than from g@ddpspring or a karst well or surface
abstraction. One of the main criteria for select@npcation is the size of the town it serves,
because this determines the water demand.

For the purposes of energy efficiency tests, a Istoabn is one with daily water
consumption of less than 800-1006, mnd a small water works is one with less thaa thi
level of daily extraction. The maximum number ohsomers served, if average consumption
is 100 | per head of population, is 8—10.000. Imdaisconsumers can alter these figures.
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There are 142 towns in Hungary of population gretitan 10,000. | carried out tests in two
of these: Dombdvar and Paks, which have populatan$7.017 and 19.481 respectively
(KSH, 2014).

Water works of smaller capacities typically suppigall towns and villages where there are
limited opportunities for energy saving. Some oés water works have very poor unit
energy efficiencies. From a strictly energy-effirig standpoint, savings could best be
attained by connecting to another water works lfefeand distances permit (Budapest
University of Technology and Economics, 2007).

Both surface and underground extraction offer poldses for test measurements. Careful
consideration is required to decide the test ambrdar special underground modes of
extraction, such as radial collector wells andmsigde and riverbed galleries (Karacsony and
Mészaros, 1998). Since water levels vary over seweetres, the unit efficiency of the pumps
also changes, making regulation difficult.

Good subijects for testing are deep drilled wells e associated water works, and extraction
from karst wells.
For unmodified pipe networks, optimizing or posgilgplacing pumps can reduce operating
and consumer costs.
Factors other than pump characteristics are:

» Location of extraction,

* Necessity for treatment,

* Mode of extraction,

e Connection to the network.

All of these factors offer opportunities for costluction, but exploiting some of them may be
excluded or restricted if the system constraintsnoé be changed. Where wells operate
continuously 18-20 hours per day and/or with motarming at less than 3.5 kW, there is
little scope for reducing their unit energy constiop

Where the water is treated, the process requiresrssita constraint on the regulation of the
pumps supplying the filters: e.g. high filter pness or volume of the raw or treated water
reservoir.

By contrast, pumps which fill reservoirs, high-potanks and water towers, and whose

systems of connection serve several functions, magertant roles.
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2.4.2. Selection of Dombovéar Water Works
In terms of type of extraction, mode of operatiand rate of extraction, Dombovar Water
Works (Figure 6) was ideal for test measurements subsequent experiments. The results

bore this judgement out.

Water tower: $00 m* eSSl !

Faw water tank: Traatad watar
600 m* tank: 600 m*
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‘ - filtration: IxT3EW
220 mih max 400 m*h
| - backwashing:
q 1 M 260 mih
g | 1

Walls: various vizsldand
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Figure 6: Process diagram of Dombovéar Water Works

The water works operates on two sites and servestdtvn of Dombovar and some
neighbouring villages. The installed capacity pésmininterrupted water supply in case of
failure of a well or pipe fracture in the systemheTwater works has around 20.000
consumers. It supplied water at the annual quaafity.200.000 mhbetween 2008 and 2012,
the period of test measurements and evaluationeMéatraction is solely from deep-bored

wells, like most water works of similar size in Hamny.

2.5. Study of sewage systems
Our study concerned sewage systems where pumpg wastewater and rainwater into a
common sewer and into treatment works. The studyndit cover the pumps involved in

sewage treatment, since they are regulated asopé#ne treatment process. The higher the
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power consumption of a sewage pump, the greatgrdtential saving. This saving, however,

cannot always be attained.

2.5.1 Selection of test measurement locations omsge systems

For measurements of energy efficiency on the pugpirsewage, the subjects of testing are
the pumps themselves. Under normal working conatiovhere a town is served by a
separate sewer, the quantity of wastewater tratespday the pumps is approximately the
same as the quantity of water supplied (Juhasz)2@B®rmal working conditions means
absence of infiltration and incorporation of rainerg As for water supply systems, we
regard small towns as those with consumption of tesn 800—1000 #day. The sewage
collection and pumping system is of a charactet riguires small pumps with limited scope
for energy saving.

Sewage works are usually located at a low-lyinghptw take advantage of gravitational
drainage potential. The wastewater collected thegeires to be pumped into the treatment
works by final wastewater pumps. We calculated thate is potential for saving where at
least 1000 rfiday has to be pumped. Smaller pumps consumetlsoplitwer that the probable
saving would not cover the investment requireditaim it.

There are limited means for measuring the rateasftewater flow through sewage pumps.
For small towns, flow is measured only at the finalstewater pumps to check the quantity
arriving at the sewage works. Flow measurementsrame common, but not universal, at
large sewage pumps in the systems of medium-s@edst Consequently, the running time
and the power consumption as calculated from ndnpoaer constituted a reliable basis for
selecting pumps on which measurements were to Herpeed. This enabled a check of
whether savings could be expected from the wayststem operates. Sewage pumps are
chosen to be able to meet the peak loads that ladaly. Peak loads usually occur at times
of high precipitation. The peak demand is usuabyesal times the power required for
transporting wastewater under normal conditionsl enmeet it, there are usually at least
three pumps installed in the pumping station (ofcllone is a reserve). These pumps are
often of different rated power. Such configuratidv@/e considerable potential for saving in
normal, dry-weather operation.

These considerations all had significance in thék8zfehérvar sewage system for the testing
of sewage pumps.The process diagram of the Szélésfe pumps is shown in Figure 7.
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Figure 7: Process diagram of sewage pumps and system in SeBkevar

The existing instrumentation is very important fioe test measurements, particularly for the
accuracy of water flow measurement. Built-in andutarly-calibrated flow meters greatly
facilitate measurements and increase their reitgbflow-through meters are rarely used for
wastewater, however, and portable flow meters lstiald to be installed for the period of
the tests. The optimum location for measuremethepumps had to be chosen carefully in
accordance with the manufacturer’s instructions tloe meter, and checked by visual
inspection while planning the test. The researciolired measurements on both types of
sewage pump.

The Székesfehérvar sewer and its pumps had beearggrenovated, but before the
present study, there had been no specifically gp@pgimization tests or developments on the
pumps. The system thus offered a promising suldmcta sewage pump energy saving
potential study in a large Hungarian town. Pumpthéesystem of rated power greater than 22
kW were designated for measurements.

The relatively long pressurized pipes required ittstallation of high-power pumps. For
these, large savings can be made even where thegspetential is relatively small (a
hypothesis proven by subsequent measurements)urnps are described in detail together
with the measurements. All of the tests were cdrmigt using a portable flow meter.

Our calculation of financial savings was basedhandverage unit cost of electricity paid by
the water works, HUF 36 Ft/kWh (ex. VAT).
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3. RESULTS
3.1. Results of tests on water supply networks

Dombovar

There are two water works supplying water to Dondséand surrounding villages. These,
with their wells, filters and pressurizing pumpie ahown on Figure 6.

We started measurements for the study in 2008.Widter extracted is filtered at the water
works. From there, booster pumps pass the wateereilirectly to the network or to a water
tower. The water supply is relatively constant ahe water quality fully meets the
requirements. Both water extraction sites were lwaa in the study. They are designated (in

order of measurement) site V and site IV.

Water works site V
There are two deep drilled wells serving the slesignated N2 and N5. N2 is located outside
the site, and N5 inside it.

Optimization of deep drilled well N2: N2 connects to the site via several kilometresipé p
We performed 14 measurements for the study. Thegergofile of the results is shown on

Figure 8.
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Figure 8: Energy efficiency and water transport of pump Mator loads of 37-50 Hz

Energy profiles and their implications

Measurements were performed starting with eledtpoaver supplied at a frequency of 50 Hz
and reducing by 1 Hz steps to 37 Hz. On Figureh8,results are thus ordered right to left
(50—37 Hz). The unit energy consumption (purple)im kW/n? shows a steady decrease
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(greater efficiency), and water flow (blue line) im’/h also steadily decreases. The most
economical consumption figure is where the pumpesdract the same daily amount of water
from the well as before but consume less eleggriaitdoing so. In this mode of operation, it
will extract the water over a longer period.

The following values may be read off Figure 8: Theast economical unit energy
consumption was 0.318 kWhinmeasured at 50 Hz (red arrow on Figure 8).

The most economical unit energy consumption waSDKWVh/n?¥, measured at 40 Hz (blue
arrow on Figure 8). The difference between the (nwanded) was 18%.

By regulating extraction from the well to maximiezeergy efficiency for unchanged daily
water quantity, the following could be achieved.

With the most economical mode of operation, theeeigrdd annual saving is approximately
10.000 kWh, which will reduce carbon dioxide enossi by about five tonnes.

The total potential savings over the 12-year Iifietiare approximately 125.000 kWh of
energy 62.5 tonnes of emitted carbon dioxide. Boththese figures imply major
environmental benefits.

The discussion of the other measurements incogmthe same principle, and the analysis is

given only if there is a deviation.

Optimization of well N5

The deep drilled well N5 is located on the waterkgcsite. Some measurements in the series
had to be repeated because of multiple pump shusloWhese were later found to have
occurred because the state of wear of the pumpseTheterruptions account for the
unevenness of the energy profile. The energy pradibtained from the measurements is
shown in Figure 9.

The least economical unit energy consumption W&S5kW/n7.

The most economical unit energy consumption wasS2KV/nr.

The difference between them (rounded) was 23%.

The saving cannot be maximized, because the wedt mheliver 350.000 ffyear, while the
optimum power consumption would deliver only 230.06%/year.

The 10% savings potential at this well translateart annual saving of 15.000 kWh in energy

and 7.5 tonnes in carbon dioxide emissions.
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Figure 9: Energy consumption and water transport of welldiBotor loads of 33—-49 Hz

This is a major saving in terms of the analysis evaluation of environmental factors. Over a
period of 12 years, these result in an overallrgaaf 187.000 kWh in energy and 93.5 t in

carbon dioxide emissions.

Pumps in the water supply network
We carried out tests on three pumps: SZ4, SZ6 atid $hese are located in pumping
stations outside the water works.
The test measurements were preceded by a survéye oéxisting condition. Overall, the
parameters of the condition of the pumps were vgopd, which enabled the test
measurements to be carried out quickly and prodeigti
The measurements yielded the energy profiles shownFigure 10. For the sake of
comparability, this figure does not show the watansport data.
The pumps were connected as follows for the operalitests:

* Measurement 1 — pump SZ6 only

* Measurement 2 — pump SZ7 only

* Measurement 3 — pumps SZ6 and SZ7 together

* Measurement 4 — pump SZ4 only
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Figure 10: Energy consumption of water supply pumps SZ4, &46SZ7 at motor loads of
44-50 Hz.

The test data showed that pumps in these combnsaf®z6 alone, SZ7 alone, SZ6 and SZ7
together and SZ4 alone) operated at approximatghaleefficiencies. The least economical
unit energy consumption for all four pumps was @.k8/h/n7.

The most economical unit energy consumption wa@3KIWh/n7.

The difference between the power consumption intweemodes of operation was 0.019
kW or approximately 10%.

The annual energy saving attainable for each puitipthve parameters set to provide the
most economical mode of operation would be 17.00M kand the annual carbon dioxide
emissions saving would be 8.5 tonnes. There woldd bBe an annual saving of 6.500
working hours for the pumps taken together. In ltreger term, 12 years, there would be
savings of 204.000 kWh of energy and 102 tonnesudion dioxide emissions.

Pump house pumps

The water supply pumps SZ1, SZ2 and SZ3 are logatedmp houses on the water works
site. All have the same parameters and installafiest measurements were carried out only
on pump SZ1, but the results yielded valid conclasifor the operating environment of the
other pumps. All of the test measurements provaiguificant data.

The measurement design had to account for the topeiaf the pump with a partially-closed
gate valve. The operator employs this arrangenfethieidesign working point of the pump

significantly deviates from the working conditiomhis was taken as the basis state for
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calculation of potential saving. Figure 11 showe thnergy profile obtained from the

measurements.
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Figure 11: Energy consumption and water transport of suppimmiSZ1, SZ2 and SZ3 at
motor loads of 31-50 Hz.

The least economical unit energy consumption of p&x1 was 0.124 kWh/n

The most economical unit energy consumption of p@ap was 0.044 kWh/m

The difference between the least and most econbmpasger consumption levels was 0.080
kW or 65 %.

However, consideration of the other service paramedf water quality requirements and
guantitative requirements for security of supplgluees the saving to 35%. At this level, the
annual saving would be 55.000 kWh. Calculating ratagerage of HUF 34 / kWh, this is
equivalent to an annual saving of HUF 1.9 millidine annual reduction of carbon dioxide
emissions is also significant — 27.6 tonnes.

Taking these figures together, the optimized camalitlearly implies more economical and
environmentally-friendly operation.

The study results also indicated further efficiemoprovement with the joint operation of
two pumps, SZ1 and SZ2. This has the potentiabt@ €5 % of energy consumption. The
annual saving would be 80.000 kWh, or (at HUF 84h) HUF 2.7 million. Carbon dioxide
emissions would decrease by 40 t. For a lifetiméd 2fyears, the energy saving would be
990,000 kWh or — with an annual saving of 55.00(hk\650.000 kWh.

There would also be substantial reduction of cadioride emissions: 325-495 tonnes.

19



Characteristics of Water Works site 1V

Site IV of the Water Works was also included in gtedy. There, we optimized one deep-
bored well (3A) and one water supply pump (SZ1).

As for the other measurements, we used a portaBHDSS frequency converter and, for

the well, a flow-through meter.

Characteristics of deep drilled well 3A
The well lies on the water works site. A specialtfee of its operation is that, owing to its low

yield, it operates almost continuously. Its opergitharacteristics are shown on Figure 12.
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Figure 12: Energy consumption and water transport of welbe8#otor loads of 34-50 Hz

The measured energy profile shows that the leastagnical energy consumption was 0.419
kwW/m?® and the most economical, 0.353 kW/rihe difference between the two, rounded,
was 15%.

Although this implies some energy saving potentiaprinciple, it cannot be practically
attained in the present situation. This is becapsgation at the optimum point would require
a yield of 16 n¥h instead of the present 32%/m This shortfall could not be made up from
other wells. There could only be a saving if watexs extracted from more than one deep

drilled bored well. At my recommendation, a new lweds indeed drilled (see chapter 4.4.1).
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Tests on pumping station pumps

Two pumps in the pumping station, SZ1 and SZ2, wsetgected to tests. The measurements
did not have to take water quality and quantityapagters into account, but only the potential
saving. The results showed that savings were attén

The tests on pump SZ1 served as a model. Previqesience of reserve pumps implied that

SZ2 would give the same results. The pump openraidd a partly-closed gate valve. The

measurement results are shown on Figure 13.
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Figure 13: Energy consumption and water transport of wateplsuypump SZ1 under motor
loads of 30-50 Hz.

The least economical unit energy consumption wa830kWh/n.

The most economical unit energy consumption was8KWh/n7.

The difference between the two was 68 %.

The annual savings if the full potential is att@ingould be 55.000 kWh and ~ 27.5t £0O
with a total of 6.500 running hours.

The potential saving is 70%, depending on runniogy .

Owing to the mode of installation of their dischatgbes, operating the two pumps together
in this case would not change the result.

The savings over a lifetime of 12 years would beual660.000 kwh or ~ 330 t GQ year.
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Optimization of Dombovar water supply
Energy could be saved at both water works siteprbper regulation. For the deep drilled
wells, this would also improve the operating coioti$ because there would be less load on
both wells (over a longer period), increasing tliétime.

The measured potential savings range between 1%5@%d The total attainable saving
calculated from the measurements is 137.400 kWh/y&4.450 kWh/month) or HUF
3.570.000/year. The attainable reduction in,@@issions is 76 t/year and 900 t for the

specified lifetime of 12 years.

Proposed improvements and additions at water worksite V

The pumping station pumps offer considerable savpaential, and the measurement results
clearly show that the pumps are capable of optichaeeration.

The potential savings for the network pumps is IQvieit optimization of pump operation
could still provide benefits.

The savings potential at the wells is even lowed, the payback period is relatively long.
Renovation of wellN5 (with frequency converter and motor starter) wopldvide the
expected result, and was definitely recommendedad¢hed similar conclusions for the other
wells on the site. The test measurements clearpwetl that optimizing the pumps

accordingly would save energy under unchanged tondiof supply.

Proposed improvements and additions at water worksite IV

Considerable saving was attainable with the pumgitagion pumps, and optimizing their
operation was definitely recommended.

A new well is being planned to meet rising quatittademand and to improve water quality.

If it is built, we recommend it is optimized togetiwith the existing well.

3.2. Pumped wastewater networks

Székesfehérvar pumping station Tordai-2

This pump was tested to determine the optimum wgrkiondition and the potential savings.
The same principle was followed with the other wastter pumps, but their descriptions
mention only the differences. The station trangpevastewater to the treatment plant via
several kilometres of pipe. The operating datahef Tordai wastewater pumping station are

given in Table 1.
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Table 1: Tordai wastewater pumping station operating data

Pumping station: Tordai-2

Number of pumps: 2

Flow measurement: At wastewater treatment plant
Control: Other PLC, level control
Water transport (i 2010: 598 773

Pump number: 1. 2.

Power (kW): 22 22

Mode of starting: Direct Direct
Daily operating hours: 5.30 4.70
Annual operating hours: 1933 1716

The controller switches between the two 22 kW pumgssuring approximately equal
operating time. The two pumps are of the same &ypmkuse the same motor. The water flow
was determined during the test using the builtowfmeter.

The water level when the measurement was takenallased to reach a high level —
almost 100% — so that we could carry out the me

@sents continuously. The high water
level resulted in water transport in the test push244 ni/h at 50 Hz, considerably higher
than the average value given in Table 2, calcul&ted the hours run: 164 m3/h with direct
start. (Total water transport in 2010: 598.773/m865 days = 1640 ¥fday / 10 hours total
operating time = 164 ¥h average water transport.)

In terms of energy efficiency, this difference slsatvat the pumps may be operated much
more efficiently at high sump levels. We did notrgaout tests to determine the variation of

efficiency with sump level.

Test data from pump 1

The measurements shown on the graph of Figure 14 werformed in steps of 2 Hz
downwards from 50 Hz, i.e. from right to left.

The least economical energy consumption was 0.V¥h/k°®, measured at 50 Hz, and the
most economical consumption 0.081 kWf/@t 36 Hz (marked with the red arrow on Figure
14). The potential saving implied by this differeris 26.7%. The water transport at the most
economical energy consumption is 12&hm(the water yield at measurement 8, marked on
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Figure 14 with the blue arro. To provide this yield, both pumps would have perate 13.
hours per day to transport the requi600,000 nyear to the treatment pla(13.4 h/day x
125 ni/h x 365 daysfear=61.375 nilyear).Figure 14 shows the unit values calculated f
the measurements.
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Figure 14: Energy consumption of Tordai wastewater pump abmogds of 3—50 Hz

To optimize the annuairansport of600.000 m of wastewatercurrently performed by
operating théwo pumps seven hours per dthey should be ruat increasewater level for
13.4 hours per day.

The period of optimum operation of the pumps wdsnedged to be 85% of total operati
time. No saving was calculated for the remainingaqak

Table 2 summarizesi¢ attainable savings and their assod unit values.
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Table 2: Savings calculation for Tordai-2 wastewater pump

kWh/m3 Saving kWh TON CO2
before 0.111 68.985 34.5
Energy consumption
after 0.081 26.7% 50.561 25.3
Economy
kWh Potential kWh HUF  TON CO2
Annual saving 1 18.424 85% - 563.779  9.21
Savings over x years 6 110.545 93.9635 3.382.677 47
Years of saving over x years 1.6

Calculated at 36 Ft/kWh, the attainable annual rggviare HUF 560.000 and 9 t of €O
emissions.

The energy saving under actual operating condittmsd vary slightly from this prediction.

Test of pumps in the MEBA station

The pumping station transports wastewater to thatrment plant via several kilometres of
pipe.

The operating data of the pumping station are shawiable 3.

Table 3: MEBA wastewater pumping station operating data

MEBA
Number of pumps: 3
Flow measurement: Out of service
Control: Other PLC, level control

Water transport (f) 2010: 2.242.747

Pump number: 1. 2. 3.
Power (kW): 44 44 44
Mode of starting: Direct Direct Soft start
Daily operating hours: 3.56 3.12 3.33
Annual hours run: 1300 1138 1214

The controller switches between the three 44 kW gmjnensuring approximately equal
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operating time. The water in the sump was at theraipmg level during the measurement.
Water flow was measured using a portable flow méatee three pumps are of the same type
and use the same motor. The figure taken for anmat&r transport was 2.243.006.m

In the present operating conditions, the annuaispart of wastewater is attained under
present operating conditions using the three puatd® operating hours per day, and in the

optimum condition at 18.6 operating hours per &aak periods had to be taken into account.

Operating characteristics of pump 3
The least economical energy consumption was 0.0%8/i°, and the most economical,
0.058 kWh/m. The difference between these implies potentiglnsaof 26.7%. The unit

values of the measurement are shown on Figure 15.
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Figure 15: Energy consumption and water transport of wastavatep MEBA at motor
loads of 36-50 Hz.

The period of operation in the optimum mode wasreded at 85% of total running time. No
saving was calculated for the remaining periodl@dbsummarizes the attainable savings and

their associated unit values.
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Table 4: Savings calculation for MEBA wastewater pump

Calculated savings

kWh/m3 Saving kWh TON CO2
before  0.073 164.250 82.1
Energy consumption
after 0.058 20.5% 130.604 65.3
Economy
kwWh Potential kwh HUF TON CO2
Annual saving 1 33646  85% - 1.029.57¢ 16.82
Savings over x years 6 201.878 171.596 6.177.472 85.8
Years of saving over x years 1.23

Calculated at 36 Ft/kwh, the annual savings attdénare HUF 1.100.000 and 17 t of £0
emissions.

The energy saving under actual operating conditbmosd vary slightly from this prediction.

Optimization of pumps in Varalja sor pumping stations | and Il

The twin wastewater pumps in Véralja sor supplytesmater to the central reservoir of the
sewage treatment plant.

The initial data are given in Table 5. This pumpsigtion uses the “twin pumping station”

arrangement. The 30 kW pump in station 1 is effetyi unused, while the two 15.8 kW

pumps in station 2 are both operated, sometimdgeeagame time. The two stations are linked
by pipes and isolated in the present operatingigorstion. It is technically possible to swap

operation of the two stations, enabling comparisiothe pump efficiencies.

The pumping stations transports wastewater tordahent plant via a relatively long pipe

(several kilometres).

Adding up the running hours of the 15.8 kW pumpsegtne figure of 8.6 hours. Water
flow was measured using the built-in meter. For38ekW pump, which has no flow meter,
we used a portable flow meter.

To optimize the annual transport of 350.000 ofi wastewater, currently performed by
operating the 15.8 kW pumps in pumping stationr28{8 hours per day, the 30 kW pump in
pumping station 1 should be run for 6.5 hours pmy. @eak periods must be taken into

account.
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Table 5: Varalja sor wastewater pumping station operatiaig d

Pumping station: Véralja 1 Varalja 2
Number of pumps: 1 2
Flow measurement: none yes
Control: Other PLC, level Other PLC, level control

control
Water transport (f 2010: n/a Water transport (m3) 2010: 348.300
Pump number: 1. 1. 2.
Power (KW): 30.0 15.8 15.8
Mode of starting: Direct Direct Direct
Daily operating hours: 0.13 4.30 4.53
Annual operating hours: 48.81 1570 1655

The least economical unit energy consumption oflHi& kW pump was 0.144 kWhinThe
near-optimum consumption of the 30 kW, measur&®atz, was 0.051 kWh/m
The potential saving deriving from the differenevizeen these two (rounded) was 64%.

The measurement figures of the 15.8 kW pumps Su25a.3 are shown on Figuté/I. It
is clear that the least efficient energy use ocadren the two smaller pumps operate together
(red curve). One pump operating (blue curve) is lasfficient. These two curves show that
the optimum figure is obtained at full motor loddhe larger pump, no. 1, can operate much
more efficiently in a lower speed range. Sinceate of transport is much higher — 156/m
at the optimum 32 Hz — it can perform the task ucmfewer operating hours. The test results
are shown on Figure 16/II.

The period of the optimum operating mode was eséchas 85% of total operating time.
We did not calculate a saving for the remainingqaerTable 6 summarizes the attainable

savings and the associated unit values.
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Figure 16/1.: Energy consumption of wastewater pumps Varaljészo? and Sz.3 at motor
loads 38-50 Hz
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Figure 16/11.: Energy consumption of wastewater pump VéraljaSsot at motor loads 28—
50 Hz.
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Table 6: Calculation of savings for Véaralja sor wastewatg@mp

Savings calculation

kWh/m3 Saving kWh TON CO2
before 0.144 50.750 25.4
Energy consumption
after 0.051 64.7% 17.902 9.0
Economy
kWh Potential kWh HUF TON CO2
Annual saving 1 32.848 85% - 1.005.150 16.42
Savings over x years 6 197.088 167.525 6.030.903 83.8
Years of saving over x year 3.88

Calculated at 36 Ft/kWh, the annual savings attdénare HUF 1,100,000 and 16 t of CO2
emissions. The energy saving under actual operatingitions could vary slightly from this
prediction.

The measurements show that there could be a 25+886stion in the energy consumed
by most of the pumps tested. The only major demafrom this was at Varalja sor, where
there was a predicted saving of 64%. The resulteespond to other measurements carried
out in Hungary and other countries. The efficienéywastewater pumping can be improved
by giving preference to the optimum operating ctadi Characteristics of the operation of
wastewater pumps and pumping stations, such akdges, treatment plant load demand and
wastewater retention time at the pumping statiostrall be taken into account in the design.

3.3. Applying the results in water supply systems

The results were applied experimentally in Dombdxéater Works 2 of the utility company
Dombdévar és kdrnyéke Viz-és Csatorriait.

The wells operated in the water works, the filbatprocess and the pressure booster pumps
were tested. The results found potential savingsebieen 15 and 55% in the various pumps.
Frequency converters with ENQWFAVE (online energy efficiency meter) units and
SIEMENS PLC controllers were interconnected inteyatem by the existing Omron PLC.
The basic setting of the system was then perforteedhttain the operating condition
determined by the measurements. After the firsehmonths of pilot operation, the savings
attained were as follows:

The average monthly energy saving was measured.849 kwWh, or 95% of the saving
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predicted by the test. (Note: the first three mertbincided with the low water consumption
period.) Experience gained from the pilot operatwas used to adjust the system to
harmonize it with changing water demands, satiséywater quality requirements, and attain

further savings.

Statistical analysis of actual savings

Monthly savings of 15.000 were attained by the ehthe pilot operation, and even higher
savings by the end of the year. The higher-thadipted result derived from the
commissioning and integration of three new wellbeif efficiency and energy-efficient
operation enabled them to replace some less effiold wells, such as well 3 at water works
site IV. The saving attained at water works site dperated under the new method of
regulation was over 40%, and at site V it was @&96.

Statistical analysis of unit energy consumption fw? of pumps involved in the
programme involved pairwise t-test of consumptionthe years before and after the change.
A change of 5% was considered significant. The agerconsumption in 2009 was taken as
the base condition. Compared with this, energyiefficy improved considerably in the years
2010, 2012 and 2013.

Figure 17 shows how unit energy saving changedwatig the start of the pilot operation.
The decrease in unit energy consumption duringatjoer in 2010 is clear. The figures show
the unit values of the average of the two waterka/aites, the total electricity consumption
per unit of water extracted. The site operated wiith old settings in 2009. The steady
improvement was the outcome of the full system e@agm. The pumps were optimized as a
system as well as individually. The figures for 20dnd 2012 are for the system after full
adjustment.

Figure 18 shows the savings achieved. The prelipipaedictions were verified in the
three years of operation. The monthly savings ih128nd 2012 regularly exceeded 25.000
kWh, and occasionally 30.000 kWh. The fluctuatidnsavings was the result of changing

water demand and various operational tasks.
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Figure 17: Unit energy consumption of Dombdévéar Water Workshia years 2010-2012
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Figure 18: Dombdvar Water Works energy saving in 2010 and2201
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4. CONCLUSIONS AND RECOMMENDATIONS

| used a new approach in my research, studyingvtiee process of water transport
from wells to reservoirs, and including process psmand supply pumps. The main
objective was to assess and optimize the energguoption of operating pumps
regardless of the pump type. Accordingly, the meéthwy be applied to any pump
type and pumping function.

We carried out test measurements to assess péteatimgs at three water utility

companies in Hungary. The attainable annual savistgfied 740.000 kWh, averaging
21%.

The experimental application in Dombdévar proved tbperation of the pumps in
relatively optimum conditions results in considdeasavings.

Attaining energy efficiency requires a change avise strategy. This must involve
environmental considerations, a complete changeambroach and major IT

developments. The outcome could be efficient, ereaying operation with lower

running costs. It could form the basis for reducocamsumer charges, in line with
government objectives.

The information given above permits the conclustbat the new measurement
method is capable of determining the energy efficyeof pumps to a high level of
precision. The measurements form the basis for gdeg] new operational

configurations that will yield savings that couldypfor developments.
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. NEW SCIENTIFIC RESULTS

| developed a procedure, based on Danish resderdimgs, to determine with high
precision the efficiency of energy consumed ingpanting water through measurements
conducted on the system in operation, with re=xfgessed in kWh/fn
The test measurement method used in the reseamhdgs an accurate means of
determining the energy saving potential. The measants can form the basis for design
which delivers savings of energy and £#issions.
The pilot application achieved significant saving$ie first three years of operation
verified the preliminary predictions. The monthlgvengs in 2011 and 2012 regularly
exceeded 25.000 kWh and occasionally 30.000 kWh.
Analysis of the practical application proved thaéegy efficiency in water utilities can be
enhanced step by step through innovative intergantCharacteristically, the innovative
attitude becomes established in this process, pljcapion of various means. The process
results in a steady increase in efficiency. Thegss consists of:

0 designing energy efficiency tests,

o performing targeted tests,

0 setting up pilot applications at a designated iocabn the basis of the test

results,

0 evaluating the results and involving further looas,

0 optimization in a system,

0 integrating energy efficiency into the water workanagement system.
The applied method differs from energy savingsirath by replacing the pumps. Its
main objective is to assess the energy consumpfioperating pumps and optimize their
regulation, regardless of the type of pump used:oAdingly, it may be applied to any
pump type and pumping function.
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6. RESULTS WITH PRACTICAL APPLICABILITY

The measurement results open up the prospect titutmgy a practice of operational
optimization that could deliver major energy saginghis objective can be attained by proper
use of our observations and recommendations. Byirgiting certain aspects of operation
observed during the study, considerable operatong@mies may be achieved.

In the case of water extraction wells:

 The wells serving one water works site can diffensiderably in their energy
efficiency.

* When extraction decreases, the pump is regulaied agjate valve.

» Frequency converters are often used as soft starts.

* The potential of frequency converters is not realiz The are periodically set
manually, but not at the optimum point, so thatirsgs are not attained and operating
costs rise further.

In the case of pumping stations:

 Owing to decreased water consumption, the instgl@thps are too large, and the

capacity commitment charge is also too high. Comsetly, pump replacement is
often the solution of first choice, but gate vategulation is employed as a temporary
measure.

Replacing a pump which is “too big” is a frequealusion to increase energy efficiency. In

fact, properly regulated large motors, as the tesasurements bear out, are usually more

energy efficient than small motors. To cover fotremes of weather, operating a large pump

may also be necessary to provide security of supply

In the case of wastewater pumps:

* Frequency converters are seldom used.
* Even in separate sewers, rainwater can reach #ie, dequiring excess capacity. This
justifies energetically-regulated operation.

Regulated operation of wastewater pumps providasflie in addition to energy saving:

» Coordination of wastewater pumps to eliminate aslveffects.

» Evening out the load in the sewage treatment plant.
A great benefit of energy saving developments & they can be paid for out of the savings
themselves. The question arises of when a develaopmay be regarded as economic.
Experiences in Denmark show that energy-savingldpueents that pay back within 8 years
are worth implementing. Hungarian operators, howeesad not to embark on developments
that pay back in longer periods than 4-5 yearsarkéimg developments could be the greater
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task, because if the developments do indeed desimeings, these can provide cover for

interest and capital repayments.
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