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Executive summary

Objective of this syhesis report is to summarise the main achievements of the | @ELLR

project. Based on a preparatory phase OPTIWHEL{Z®112012), the main project phase

OPTIWELLS (20122015) included the developmerdf two different optimisation modelling

methodologes (data-driven, processlriven)for minimisingag St f FA St RQdemandJSOA FA O ¢
whilst satisfying both, water demand and water quality constraints

Chapter gives a short overviewn thetechnicd background on pipe hydrauliesdthe general
methodology usedvithin the project.

The gereral workflow of the testing and applicatiorfor the three @se study well fields
investigated within OPTIWELRSs summarised irChapter 3 For thefirst two case studies
(Chapter3.1 and 3.2), a procesgdriven modelling approach wassed which enabled the
assessment of three different management strategies (smart well field management, pump
renewal or a combination of both) on the specific energy demdha approach was more time
and datademanding(Chapter2.5) compared to the datalriven approach used for the third case
study(Chapter3.3).

The crossase analysisChapter 4 showed,that the energetic prediction accuraayf process
driven modeling (Chapter4.1.3 was inproved significantlyby using pump characteristics
derived from audits instead aklying onmanufacturerdata, whilst includingsteadystate well
drawdown compared to assuming a static water level in the production well was much less
important. This can be explained by the fact, thatll drawdowncontributed to less than 3% of
the required pump head (Chaptet.1.1), whilst the offset between audit and manufacturer
pump characteristics is much more relevant becaopump ageing duringpng usage periods

(up to 40 years)The databased modelling approachised for Sie C has yielded energy
consumption drecasts with a similar accuracy, but is more robust as it relies on operational
data, thus requiring no calibration

Optimisation modellingesults(Chapter4.1.3 obtained for three case study well fieldedicate

that optimised well operation reduces energy consumptiom to 20% The supplementary
replacement of particularly aged pumps increases the savings even up tarb0&se that very
aged pumps were formerly operated at high priority. A newly developed pump database
comprising the relevant facts of submersible pumps of different manufacturers can be used for
the selection of suitable pumps (Chapted.2.

Testing the methodology developed in OPTIWELLSF2 NJ YAYAYAAAy3 GKS gStf
energy demand was limited to three small to medium sized well field sites rarrgimgéfto 18

submersible pumps. However, the methodology should be also scalable, i.e. applicable for larger

well field sites without being too expensive. Currently this is not possible, because important
parameters required for assessing thesitu pump taracteristics (pumping rate, pressure head

and power demand of pump, water level in well) &ypicallynot logged by the operat@with a

sufficient temporal resolution. To overcome this data shortatype-consuming pump audits

were required, but theserovide only a snapshot that in addition can be fast outdated (for

example fi that the pumps are renewed].hus, future research in the field of energetic well field

optimisation should focus on:

- the identification (or equipment) of a bigger well fieldtlvdata loggers
- testing of the datadriven approach for this (large) well field
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Chapter 1
Introduction

1.1 Background

Fresh water aquifers act as a safe drinking water resource for a majority of the European
population (75 %)Groundwater abstraction is energlemanding, represents thussegnificantcost

factor in drinking water productiomnd is also responsible for ¢iinect) greenhouse gas emissions.
For instance, groundwater abstraction was estimated to account for 35 per cent of the energy
demand of water utilities both in Germany and SwitzerlgRthth & Wichmann 20)0Although
groundwater abstraction represents only about 1% of the European electricity consumption,
rising energy prices and growing public concern on environmental issueswvatge utilities to
increase the energgfficiency ofwater services.

Manyfacors influence theenergy demand of a well field, for example geometrical elevation
(i.e. height difference between static groundwater level and pipe inlet to waterworks), well
drawdown and punctual (e.g. at bends, valves, fittings) and ledggienden pressure losses in
the raw waterpipes. In addition, the pump characteristics (e.g. offset to manufaciumerp and
global efficiency curvedue to ageing or cavitation) as well as the well field operatidluence
the operating point ofeach singlepump and thusits energyefficiency and specific energy
demand OPTIWELLSE identified key energy drivers and quantified thewntribution to the
total energy demand for a case study well fi¢Btaub et al. 2012 However, this quantitative
information cannot begeneralized and additional investigations on well fields with different
hydrogeological settings and design are necessadetove more general conclusions about the
relative weight of the different drivers.

Current optimisation strategies include eithrevery general operational guidelines or very site

& LIS O A Fahd NaN@dpiakches but lack comprehensive and applicable globssessments

Meanwhile, there are severahanagemenioptions forYA YA YA &dAy 3 (GKS Sttt FASH
demand for vater abstractionwhilst satisfying predefined boundary conditions (watéemand

raw water quality)such as: smart well field management (operating the pumps with the lowest

specific energy demand at highest priorigymp renewal or a combination of bath

The energetic optimisation of well field is complex, since the different syst@mmponents
(aquifer, well, pump, pipe, operation schemésderact with each other, and the water demand
may vary, thus leading to a complex hydraulic optimisation probhth varying system operating
points. The large number ofvell field operation schemes (e.g. -off switching of pumpsadds

to the complexity of an optimising approach, explaining that only very few similar optimisation
studies have been conducted saf@lansen et al. 20t3Hansen et al. 201Madsen et al. 2009

In addition, numeroudoundary conditionsieed to be considered to deliver applicable results
(water demand,water quality requirements This complexity requires adequate modelling tools
for assessing the saving potentials (e.g. energy, costs for abstraétaom)smart well field
operation and/or design (e.g. investments in new pumps).

Veolia Eau DT developed atdoh t ¢ L a by cdRIM@tbe pipe network model EPANET with

a genetic optimiser (NGSGalgorithm;(Deb et al. 200p for improvingthe system performance.
However, this tool, which focuses on water distribution, is currently only able to consider wells
as infinite reservoirs (i.e. constamiater level, no drawdown due to pumpingdfADSEN et al.
(2009) developed the WELLNESS tool, coupling a pipe model (EPANET), a complex numerical
groundwater moe! (MIKESHE) and a well mod@onikow et al. 2009with a genetic optimiser
(SEPA algorithm; (Zitzler et al. 2000 by using the open nuelling interface OpenMI
(Www.openmi.org.



http://www.openmi.org/

This approaclenabled a detailed, physical representation of the whole abstraction system, but
is verytime-consuming dueo the sophisticated numerical groundwatenodel and thus not
easily adaptable to other site$he two approachedescribed above eithecompletelyneglect

the energy driver well drawdowa h t ¢ L a )Xot cénRidéRit using a very compledistributed
time-dependent numerical model cha(WELLNESSHIKE SHE plus well modefus reducing

the predictive model performance due to owrA YL AFAOFGA2Y oOht¢LaQl &F
parameterisation (WELLNESSpnsequetly, there is a lack of mapproachthat is able to
simulate production well drawdown with sufcient accuracy but is less complex than the
numericalgroundwatermodel MIKE SHE in the WELLNESSAbalytical functions actually exist

to compute local drawdowns in wells for different hydrogeological boundary conditions and well
designgKresic 200¥ These couldbe integrated in a modelling tool in order to take into account
drawdown in a more realistic way while avoiding eparameterisation and too long calculation
times.

Based on findings @PTIWELLE smart well field management can yield up to 20% energy savings

at the well field scale in comparison to classical operation schemes. The investment in newer, more
efficient pump technologies, pump and well maintenance actions, or the use r@bléeSpeed

Drives (VSD) may enable further savinggesides, while several operators and pump
manufacturers pledge for a wider use of variabfeed driveqBoldt 2010 BPMA 200 the
conditions wherethe use of VSDprovides additional savinggor a well field system are yet
unclear as they strongly depend on the rankingtleé energy drivers- and thuson site
characteristics and hydrogeological boundary conditi(8taub et al. 2012 To dag, no general
assessment method exists to assist operators with the decisions of installing VSDs for a given
purpose.

1.2 Objectives
The objectives within the OPTIWEI2§oject were accordingly:

- Development of a methodology for modelling and optimising tieeSt t FA St RQ&a &aLJS
energy demandby means of smart well field management or pump renewal (of same
type) whilst satisfying prelefined boundary conditions (water demand, water gquality).

- Pump auditsfor three small to medium sized case study well fieBlgo( 18 pumps) to
assess current pump characteristics (i.e. pump and global efficiency curves), which can
showa offset to the manufacturer pump catalogues due to ageing or cavitation

- Sensitivity analysigo assess how simplifying the structure of the pFssdriven model,
for example neglecting well drawdown (static water level in production well) and using
YIydzFl OGdzNBNJ LidzYLd OKIFNFOGSNARAGAOA oy2 LlzyLJ
I OOdzNI G Sf & LINBRAOGO (GKS Sttt FTASEtRQa &ALISOATFAO
- Testing of he developed modelling and optimisation methodologfor the three
audited case study well fields and providing energetic optimisation recommendations to
the well field operators



Chapter 2
Energetic Well Field Optimisation

2.1 System boundary and components

Water abstaction from drinking water well fields typically starts at the production well that is
equipped with a submersible pump and ends at the pipe inlet to the waterworks. Here, the
abstracted raw water is treated before being distributed to the @sers (indusy, households).

Within OPTIWELLSE the energetic optimisationwas limited to the water abstraction process
(Figurel), which comprises the following system components:

1 Pipe (network) system

T Wells

1 (Submersible) Pumps

, -
[}

: WATER ABSTRACTION 1 WATER WORKS DISTRIBUTION

X ~ A N ~— A -
]

1

I ) /'/

1 Pipe s

1 e

| 1

. A/W(—Z‘ I : v

: , Ground

1 1

| Pum :

: > - !

— 5 0l :

| [ |
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Figurel  System boundary and componer{taub et al. 201

The key prerequisite for optimising the energetic performance of water aksirads the

O2y OSLIi 2F GKS LizYLIQad 2LISNFGAYy3a LRAY(IZI AdSo (K
head (dischargetotal dynamic head curve), and thus the global efficiency of the system
(dischargeglobal efficiency curve).

The operational poindf a pump is defined by two component&Edure?):

1 the pump head curveand
i the system head curve

While the pump head curve(as well as the global efficiency curve) is well defined from
YIydzFl OGdzZNBNDa OF (I f 8ystelrSheadctirgeNdr ah Sgeratinidpomiaiz G K S
depending on the following system components:

1. Geometrical elevation (Klometica): IS the height differace between static groundwater
level and delivery point (e.g. geometric height of the pipe inlet at waterworks, minimum
pressure in pipe network at a certain point). This height difference needs to be
overcome in any case, thus it is also called statidhea

2. Well drawdown (Hyen): is the lifting height difference between dynamic groundwater
level and static water level from pumping (drawdowmechnical details on how
pumping rate, pump duration, well construction and aquifer characterigtsvell as
well interferenceimpact the drawdown were provided within deliverable D{Rustler
et al. 2013 and D2.1(Rustler & Sonnenberg 2014b



3. Pipe losses (Hwork): are due to friction or turbulence in the pipe network, which
increa®s depending on the flow velocity by the power of two (i.e. doubling the pumping
rate leads to four times higher pipe losses; see also D.2.1 of thd Pkiject).In detail
one can distinguish:

a. Lengthdependent losses (huokengy: function of pipelength, diameter and its
roughness

b. Point losses: dependent on loss coefficients (e.g. valves, bends, fittings)

Drawdown and pipe losses are summarized indiigamic head loss componenDynamic head
losses due to pipe losses occur in any pipe systeminbecaise of well fields, an additional head
loss due to well drawdown (i.e. increasing depth to the groundwater table in case of pumping)
hasto be taken into account. In case of multiple operating pumps in the same pipe, the system
head curve will furthebe impacted by increasing pipe losses, which may shift the operational
point and thus influencgthe global pump efficiency.

H [m] Operational point
System head curve
) Characteristic
pump curve HloSnemwork
Dynamic Hoperatio - .
head L= Hye
T N\ ) Energy demand
Static
head
OxH
lclooeralmn Q [mf‘,’hr] E - f
Eff [%] | N giobai
I BEP
|y
Effopcratlan
Efficiency
pump curve
Ooperal(nn Q [m34’hr]

Figure2 How system components (pipe network losses, well drawdown) impact the operational point. The
relevance and shape of each head component isd#gendent and thus not to scale. [modified after
(Strybny & Romberg 2047

The hydraulic behaviour of the abstraction system (pump, well, pipe network) can thus be
defined by the two variables H and Q and the energy demand can be described as a function of
these two variables and the global efficiency by the following equation

o 0
where:

E energy consumption (kW),
Q discharge(m?3/h),
H total dynamic headm) and
global efficiency (dimensionless).

=A =4 -8 =4

The closer the operational point from the dischatysadcurve is to the besefficiency point
(BEP)which is the maximum of the dischargglobal efficiency curveF{gure2), the more
efficient is the pump in terms of specific energy cost for abstraction [typic@lly/m3].



The relation between discharge rate (Q) and leng@pendent pipe loss (in meters) can be
described by the Hazewilliams equation:

” 28038
0 h 8 5 8

with:

length of pipe (meters)
volumetric flowrate, m'/s (cubic meters per second)
pipe roughness coefficient

inside pipe diameter (meter)

= =4 —a -9

Figure3 shows exemplarily the pipe loss component (m/km) on a logarithmic y axis for varying
pipe roughness coefficients and diameters depending on a) the discharge rate and b) the flow
velocityas @lculated during model calibratio hisvisualisatiorshowsthe importance of these
parameters orpredictingthe pipe head loss in the abstraction system, thus pointing out that it is
necessary to know each dhese parametersas accurately as possibler increasing the
predictive model performance.
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Figure3: Hazensolution for different pipe roughness coefficients and diameters under variation of Q (top) and
variation of flow velocity (bottom); calculated with R



2.2 Smart wellfield management

Pumps operate in a given hydraulic hdmv range defined by their pump curve, but are not

equally efficient for all possible operation points. To maximize their efficiency, they should be

operated as close as possible to their BEP. Qimgrall possible pumps of a well field in this
YEYYSNI Aa OFffSR aaYFNI ¢6Stf FTASER YIyl3ISySyidé¢o
Operating a well field in this way is complex, since the different components of the system

interact with each other, and the water demand may vary, leadinga toomplex hydraulic

optimisation problem with varying systeoperating points.

Within the OPTIWELigBojects, the main energgrivers within a well field were identified and
prioritized for the investigated case studid$iese were (with decreasing impact

() a4 GAO KSIFRY 3AS2YSUNROIE StSOIFiA2Y RSUGSNNAYS:
(i) LdzY' LI 1 3SY 2FFasSd o0S06SSy YIydzFlI OGdzZNBENR&a | yR
and global efficiency curves)

(i) pipe head losses: as detailed in the previous cegpbaving several pumps operating
within the same pipe network is changing the system head curve depending on the
number and placement of pumps in operation

(iv) well drawdown: the drawdown component accounted in median between 2 to 12% of
G§KS &St frgyfdensahdRd@@ the sfugi&l well fields, whilst the sum of the other
energy demand drivers (static head, pipe head losses and pump aging) accounted for
88% to 98%.

For the optimization of well field management, as envisaged withTIWELLE pump age and
well operation schemes, i.e. eoff-distribution of wells,were targeted, while the static head
remains the biggest, but inalterable energy driver.

2.3 Modelling

As for the single system components models are available, the objective within the OPFIWELLS
projects was to develop a coupling scheme to optimize well field management by taking into
account drawdowns (aquifer & well component), the pipe network and the pump characteristics
in an energetic well field optimisation tool.

Two different approaches to implement and couple these system components were considered
and testedaswill be detailed below:

() Procesddriven: numerical hydraulical pipe network model (EPANEMichis based on
physical principles (continuity equation amdass conservationand coupled with a
(steadystate) well drawdown model

As soon as the model is implemented and calibrated, unknown scenarios can be
calculated and compared to base scenarios to predict system behaviour.

(i) Datadriven: predictonandoptVA & GA2y 2F ¢Sttt TADJWRIMWE ALISOAT
available datasets (e.ggumping rate, abstracted volume per punfrom continuous
monitoring on a high temporal resolution (~ minutes).

As only past and current conditions are considered, this @ggr is able to describe
current system behaviour but cannot be used to predict unknown scenarios.



2.3.1Processdriven

Objective of procesdriven modelling was to represent all system components by numerical or
analytical modelsin the case of OPTIWEL2,$hese were:

1 adrawdown model (WTAQ versus static and steadyate approach), and
1 the pipe network model EPANET.

As described within deliverable D1(Rustler et al. 2003WTAQ2 was able to consider quasi

transient well drawdowns and account for well interferencdfowever, calibration
demand was high and for most parameters sensitivity was in the range of uncertainties.
Therefore, for the case studies (see aldmapter 3, a well interference matrix was derived
from monitoring data and implemented into optimization instead of using WPAQ
account for timedependent drawdown development. This energetic well field
2LIAYAALFGA2Y Y2RSt O0GhLIWGAYATSNEOD g1 a GKSy N

() adlraAaAd O2yRAIGA 2 gparatedbyeollaT, éntl ¢ L a Q1 & RNER

(i) steadystate conditions (datdased regression modak developed within @-2)

The programming language (fhaka & Gentleman 1996vas used for the optimiser to be
coupled with EPANETRossman 2000n order to automattally run the pipedrawdown
model multiple times. The results were pdsiN2 OS&daSR dzaAy3a wQa R
visualisation capabilities.

Figure4 shows the components of the finally implemented tool. The procgien modelling
approach withinOPTIWELLS accordinghmprised the following procedure:

1 model setup under local boundary conditions (EPANET)

9 integration of steadystate well drawdown (bad on multiplestep pumping tests)
1 model calibration with pump audit data (beft using R)
1

sensitivity analysis to quantify the impact of the different levels of model simplifications on
the predicted energy demand (multiple calculation runs using R)

9 optimization (multiple calculation runs using R)

Energetic well field optimisation tool

A it F--—=- geffaWells)™ =~~~ - = ~saetConfig) :
I Drawdown (—————H Pipe network Optimisation: | |
: model | model(EPANET) model !
! get(DDWells) get(NetResults) :

- — —. L e e e _
: ' 1 ' | L J ¥ |
| | |
' | Istatic /oo || Steady- || (Quasiq |1 | Auditpump | Manufacturer |
I v M ~haractar PHmp |
1 | drawdown) state transient |! charactensiics characteristics | !
| | |
e e e = = = — | e e e e = = = — 4

Figured: Components of procesdriven modelling



with:

Model setup:
Network geometry (derived from scanned map or EPANET model providsgaebgtor).

1

1 Pipe head loss coefficients (derived frditarature)

1 Boundary conditions: water quantity, water quality constraints (derived from data
analysis of operator data)

1 Pump characteristics(derived from audix

1 (Steadystate) GW drawdown (derived from dataaysis or audit)
Calibration:

1 Only calibration parameter: pipe diameter

1 Neglecting of other (minor) losses

The aim of model calibration was to reproduce the hydraulic well field behaviour (i.e. pumping
rates) as accurate as possible by only changing ife giameters until modelled and measured
pumping rates showed the lowest root mean square error. The model setup used for model
calibration included not only theipe network modebndaudit pump characteristics (i.e. pump
and global efficiency curves)rfall pumps but also a steagyate well drawdown model for all
wells.

Using the calibrated model, a sensitivity analysis was carried out for each case study in order to
assess the impact of different levels of model simplifications (e.g. no well or pgeipod on the
accuracy of the predicted specific energy demand. In total, four different model setups were
tested Tablel summarizes the resulting level of impact of the model simplifications

Tablel:  Sensitivity analysis: impact of model simplification level (high, medium, low) on the modelled specific
energy demand* indicates the calibrated refence model used for model comparison

Steadystate well Static (no well
drawdown drawdown)
Audit pump characteristics Low* Medium
Manufacturer pump characteristics Medium High

Finally, the calibrated modaémplementing audit pump characteristics and steatgte well
drawdown (low simplification level) was used for energetic optimisation modeliingase of
different management strategieShese comprised:

1) Onlysmart well field managementformer studies Bowed that this strateggouldsave
up to 1620% of energy compared to the routinely applied operation scheme (Staub et
al., 2012)Smart well field managemeidt based on identifying the most energfficient
pumping schedules in order to minimize the sffie energy demanaf the well field
operation For this objective, the optimizer simulates all possible pumping configurations
within the well field and calculates the specific energy of each scenario, defined as the
energy needed to provide one cubic tree of raw water (depending on number of
pumps n with on/off operation, i.e."possible combinations minus 1 considering that at
least one pump is on).

2) Only pump renewal if the pumping schedule cannot be modified due to additional
constraints (waterquali @ = 6+ GSNJ RSYF YRS YIAYyidSylryoOoSs Sic
can be a good option to reduce the energy demand. Within this study, pump renewal is
defined as followed: the currently installed pump is replaced by a new pump of the same
model (i.e. the curret pump characteristics obtained from the audit are replaced by the
manufacturer pump characteristics). For identifying the most suitable pump(s) to
change, the optimizer simulates all possible pump renewals (combinations as above) and
calculates the spefic energy of each one.

8



3) Combinationof smart well field management (1) and pump renewal (2)

The boundary conditions for optimising the specific energy demaerke always to satisfgn
average hourly water demand whilst also takingp accountpossible vater quality constraints.

Both boundary conditions were derived for each case study by performing a data analysis with
the software R.

2.3.2 Data-driven

Objective of datadriven modelling was to evaluate the feasibility of optimizing well field
management byaking into account operational data on drawdown development within the well
field without model components. Thus, all system components needed to be represented by
data sets. The exact approach had to be developed based on the extent and temporal rasolutio
of available data.

First step was a sensitivity analysis with regard to the impact of transient conditions in
drawdown modelling on the energy demand prediction error. As for the waase (high
drawdown component) an error of 4.9% was calculated, tligcin the range of measurement
uncertainties, considering transient conditions in the case study approach was abandoned and
instead, datadriven modelling should help to identify

() the most efficient and most inefficient pumps of a well field, and
(i) the optimum combination of pumps with regards to total energy demand.
Representing all system components by data was implemented by considering
1 the pump system curve from manufacturer and audit data,
1 the energy demand per pump from audit and operator data, and
1 the current pumping scheme (incl. energy demand of well field) from operator data.

In order to answer the questions above, the following stepwise approach was developed and
tested within the third case studys further describeth Chapter 3of this report

i) Determination of offset between manufacturer and audit data: Identification of
inefficient pumps, i.e. operating outside their befficiency point (aged owrongly
dimensioned)

ii) Calculation of specific energy demaoadrves (E.cQ) by extrapolating from
manufacturer data and offset from audit pump curves

iii) Calculation of total energy demand for the well field by summing up discharges,
operating hours and energyemand per pumpvith satisfaction of thevater demandas
stop criterion

iv) Prediction of base scenario (current pumping scheme) and plausibility check

vV) hLJiAYAalrdAz2y o0& YSIya 2F aavYINI oSttt TFASE
energyefficient pumping scheme

All visualization and data aggregation and modelling tasks agaiperformed with Rlhaka &
Gertleman 1996.



2.4 Pump audits

The pump characteristics of new pumps are available from manufacturer pump catalogues quite
accurately with wetknown uncertainty levels depending on theldzY Li#Sletance class
according tolSO 9906 (1999)However, due toaging effects(iron-ochre formation in the
impellers)or cavitation (pump operation in overload, outside optimal randbg derived values

do not need to be true especially for older, highly used pumps. Both can lead to an offset from
the manufacturer characteristics, whicim turn may lead to an increased specific energy
demand. Thus prior to assessing the energy demand of the well fipldnp audits are
recommended to derive the current pump characteristics.

Within OW2, the following parameters were measured within the purapdits that were
carried out for all three case studidsigure5):

- Power demand (E)power demand of the pump (measurement device FLUKE 1730;
assume measurement error: 2%)

- Pumping rate (Q)clampedon ultrasound device (FLEXIM F601, assumed measurement
error: 5%)

- Total pressure head (TDH): sum of the

9 Pressurenead in the pipe(P, measurement device: VEGABAR 51) and the
9 Distance to the groundwaterdble (H, measurement device: STS DL70) below
that point

The error of the total pressure head is assumed to be 1%. Furthermore, this approach neglects
possible head losses in the rising pipe, because the pressure head of the wampot
measured directly ethe pump butbehindthe rising pipe.

During the pump audjtonly the audited pump was operated, i.e. all other pumps of the well
field were turned off. In additionthe pump characteristics were assessed for at least five
different steps (i.e. pumping tas) that were kept constant for approximately five minutes by
opening (or closing) a preinstalled throttling valve. In case no throttling valve was installed (a
few pumps of the third case study), only one pumping rate could be measured. The duration of
the pump audit for each pump (including installation of measurement equipnteok)between

60 to 90 minutes.

The logger data werthen imported into R for data analysi§igure6) and aggregated for each
pumping step by using the median values during a time period of geasitant pumping rates.

This enabled the calculation of audit pump characteristics, i.e. audit pump and global efficiency
curves, wiichwere thencompared against the manufactureurves(Figure?).
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2.5 Data prerequisites & uncertainties

The different modelling approaches,

(Chapter2.3.2 have different data prerequisites, which are summarisetiahle2.

Table2

Data requirements for the different modelling approaches

Modelling approach

procaekssen (Chapter 2.3.1) and datadriven

Data requirements Processdriven | Datadriven
Pipe network yes no
Well drawdown curves for each well yes no
Pump characteristics

Pump curves (Q, TDH) yes no
Globalefficiency curves per pump (Q, TDH, E) yes no
Specific energy demand curves per pump (Q, E) no yes
Operational data

Abstracted volume per pump (V) yes yes
Pumping rate per pump (Q) yes yes
Power demand per pump (E) yes yes
Total dynamic head per pump (TDH) yes no
Specifieenergy demand of well field (E/Q) yes yes

Accordingly, aly for procesgriven modelling detailed maps of the abstraction pipe network

are required, which should include information on pipe diameters, installed features (valves,
fittings, bends), and geometrical elevations of system boundaries (e.g. static groundwater level

in wells, geometrical elevation of pipe inlet at waterworks), sa thaligital model of the well

field abstraction system can be constructed.

In addition dischargedependent (steadystate) well drawdown curves need to be included in

OFasS GKIG 6Stf RNIgR2gy O2yiNAROGdziSa
its operating point, which is true for field sites with low static head but large well drawdowns.

For integrating dischargéependent well drawdown datarecently carried out multiple step

pumping tests can be used.

Pump and global efficiency chatadstics for each pump are required input parameters in case

iead at

of the procesdriven model, whichwas used for the first two case studies (Chapt&4 and

3.2), while in case of the datalriven modeling approach as used for the third case study

AATYA

(Chapter3.3), specific energy demand curves (based on power demand and pumping rate) for
each pump arethe only required inputs. For acquiring these datdhere are generdy two
options:

1) Pump audits:in case that no redime monitoring of the required parameters for
assessing the pump performance is availalsiee 2.4) and pump ageing or cavitation
cannot be ruled ouytpump auditsare recommended. The uncertainty of the measured

parameters depends on the measurement equipment and systematic eeaysificase
of improperinstallation of the monitoring equipment)

13



2) Manufacturer pump characteristicsf neither pump audits nor redgime monitoring are
available but the pump is quite new, the pump characteristics can be deduced from
manufacturer pump catalogues. The uncertgirgf the pump characteristics derived
from pump catalogues depends on the pump tolerance claablé3) and on the degree
of conformity betweerthe installed pum@mndthe manufacturer pump curve.

Table3  Uncertainty of pump characteristics based on manufacturer catalofj&€s 9906 1999

Norm Pumping Total dynamic Pump Power
rate (%) head (%) efficiency (%)| demand (%)

Class 1 4.5 3 3

Class 2 8 5 5

Appendix A 9 7 7 9

Finally, operational datare required for both modelling approachgsut for different purposes:

- Procesdriven: in case no pump audit is carried out, operational data required for
assessing the current pump characteristics (pumping rate, total dynamic head, power
demand). In additionoperational data (pumping rates per pump) are required for
hydraulically calibrating the model (e.g. by changing either the pipe diameter or
roughness, sealsoFigure3).

- Datadriven: this approach requires no model calibration, but operational data
(pumping rate and abstracted volume per pumpje required as model input
parameters. In additionin case no pump audit is carried owperational dataare
required for assessing the specific pump characteristics

For both modelling approachesperational data on the specific energy demand of the well field
should be available at least on a monthly basis, so that the predictive modelmance can be
compared with measured data.

In general,as can be seen frorfiable 2, processdriven modelling has not only higher data
requirements ompared to data driven modelling, but also its application requires more
technical steps (e.g. model parameterisation, calibration, validation). However, the more
technical steps are needed the higher is the predictive uncertainty of the model (e.g. due to
overfitting during calibration). Thushe predictive uncertainty in case of datkiven modelling

is much lower, but at the expense thitis not possible to assess the system behaviour for

different boundary conditions (e.g. asseggthe impact of punthd NB LJX I OSYSy i 2y GKS
future energy demand).
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Chapter 3
Case studies

Within Optiwells2, three cases studies werassessed concerning their energy demand
optimization potential In order to do spdetailed data analyses, pump audits, modelling and
optimisation of the specific energy demand were perform&etailsare givenin the following
chapters. Reports or presentations are availahtividuallyfor eachcase stug, thus only brief
descriptiorsare given here.

3.1 Site A

3.1.1Site characteristics

The first cae studywasa small well field in nortteastern GermanyHigure8) with a total of8
production wells of which six wells were operatesith a total averageéhourly pumping rate of
74 m3/h (data: January May 2013). Raw water is transported innaain pipe (DN 400)
approximately 3.5 km to the pipe inlef the waterworks, whiclwasset as system boundary for
this study. Water treatmentorsisting ofaerationandfiltration within the waterworks as well as
distribution of the purified drinking watewere not taken into account within this study. Static
lifting height, i.e. from the static groundwater table to the pipe inlet at the water wpakids up
to 30 meters. The age of the perablepumps varied between one to six years (median: 4.5
years). The pumping rate of the pumpgas comparablylow with a median of 35 m?3h
(minimum: 14 m3/h; maximum: 66 m3/h), which can be explained by tiaedpecific capacitpf
the wellshavingwell drawdowns up to 10 meters the given discharge rates

B\ Water works

Figure8 Case study well field

As letween 2004 and 2013 the energy price has tripleahsiderableefforts were dedicated to
optimising the specific energy demand of the well fidhy the operator already in the past
whichdecreasedy approximately 20% in the same time per{@&igure9).
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Figure9 Energy price and specific energy demand of the well field

3.1.2Pump audit

The pump audit was performed within four day$' 811" of April 2013) by KWB and TU Berlin
together with the local well field operator in order to assess the current pump and global
efficiency curves of the six operable pumps in the production wells W1, W2, W4, W6, W7, W8 of
the studied well field. The pumps3 and p5 (in W3 and W5, respectively) were not audited
because these wells were not operated dudheir low specific capacity

During the pump audjtonly one pump was operatedt a time while all other pumps were
turned off. For each well,ite pumpingrate was increased every five minutes fyccessively

opening the initially fully closed valve in at least five steps with ge@sstant discharge until it
was fully open.

The audit resultsre summarized ifrigurel0and Figurell. Comparing audit and manufacturer
data shows that for bth, total dynamic head and global efficiency there is a large offset for
pump p6 and a minor offset for pump p2 whilst all other are pumps very close to the
manufacturer curvesHigure10). Interestingly the picture is different for the specific energy
demand of the pumpsHgure 11), because even pump p6 fits nearly perfectly with the
manufacturer data. This can be explained by the fact foatthis pump obviouslpoth, total
dynamic head and global efficiency dropdedthe same order of magnitude, thus having nearly
no impact of the specific energy demand.
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Figurel0 Comparison of audit (red lines with dots) and manufacturer (blue lines with dots) pump characteristics for
both, total dynamic head (top panel) and global efficiency (bottom panEBch dot represents one
pumping step.



However, despite the fact that the specific energy demand cuiivigsi(el1) are very similar for

all pumps, the pump with the highest specific energy dem@gump p6 (0.5 kwh/m3 at
maximum audit pumping rate)& the maximum audit pumping rati is 250 % higher compared

to the specific energy demanof the other pumps. Thyd is recommended taheckwhether

the pumpis connected electrically correct (i.e. that the phases are not shifted so that the
impeller is turning in the wrong directioand potentially torenewthe pump p6.

Type Audit == Manufacturer

p1 (Age: 6 years) p2 (Age: 4 years)

p4 (Age: 3 years) p6 (Age: 7 years)

p7 (Age: 5 years) p8 (Age: 4 years)

Specific energy demand (kwh/m?)

T U T T
20 40 60

0
Pumping rate (m3h)

Figurell Impact d changed pump characteristicaudit (red) versus manufacturer data (blie)n the specific
energy demand

3.1.3Procesdriven modelling

The raw water pipe network was digitalisad EPANET input file based on maps provided by the
well field operator.For using the modein processdriven optimization,the following model
features needed to be includestiditionally.

- Pump characteristicspump and global efficiency curves (derivedn the pump audit
as described i€hapter3.1.2)

- Well drawdown: steadystate drawdown for different pumping rates (based tme
audit datg

- Bounday conditions: average waterdemand and water quality derived from the
analysif operational data
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3.1.4Results

Model calibration & validation

The processlriven EPANET model, which included stestdye well drawdown and audit pump
characteristics (i.e. pup and global efficiency curves) was hydraulically calibrated by fitting only
the unknown pipe diameter for the main pipe between the well field and the waterworks

(3.6km) for all wells pumping in parallglith this approachthe real pipe diameteis poentially

underestimatedbecause no minor pipe losses are assumed.

The objective function to be minimised was defined as average error between measured and
modelled pressure and discharge in the pipe, in case that all six pumps in the wells of the well
field were operating in parallel. For the best calibration rtie pipe diameter was adjusted to

371 mm, which resulted in an error of less than 0.3 % for both paramefatded).

In a next stepmodel validation was performed by checking the model residtssingle well

operation to the datameasuredduring the audit. The average error for both, discharge and
pressure increasd up to 6% Table 4). However,given the measurement uncertainties for
discharge (clampedn ultrasound device, assumed error: > 5 %) anessure measurement
(assumption: 1%)such a value is acceptablnd the model was thus assumed to be well

calibrated.

Table4 Results of model calibration & validation

Relative error (in %)

Discharge modelled — measured

measured -
(m*h) | pischarge |Pressure avg(discharge,

pressure)

Calibration (W 1[2|4|6|7]8) 212.64 -0.26 -0.32 -0.29
Validation (W 1) 66.02 -2.350 -10.04 -6.19
Validation (W 2) 15.03 2.93 -6.98] -2.02
Validation (W 4) 36.88 -2.60 -1.50 -2.05
Validation (W 6) 19.12 7.95 -3.50| 2.23
Validation (W 7) 66.02 -4.26 -7.28 -5.77
Validation (W 8) 38.25 0.08 -5.28 -2.60

Sensitivity analysis

In asecondstep, the calibrated madel was used to test the impact tfie model structure (i.e.

including audit pump curves and measured well drawdowns instead of neglecting well
drawdown and using manufacturer pump curves) and uncertainty (i.e. missing operation data)

on the predicted spedfic energy demand of the well fieldzigure 12 shows theresulting
deviation between predicted (model) and measured (operator, reference value) ederggnd

with regard to:

(i) Model structure (difference between the four different bewhisker plots):the most

simplified model structure, assuming static groundwater levels (GW) during well

pumping and manufacturer pump characteristics (right bokigurel2) underestimates
ALISOATAO SYSNH& RS)H
realistic modeistructure, taking into aaunt audit pump curves and steadyate well
RN} 6R26YS dzy RSNBAGAYH (64
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median (left box inFigure12). In case only one feature is considered in the model
structure, the median underestimation of the specific energy demand varies between

22% (in case of neglecting well drawdown, second box from Idftgare12) and 19%
(in case of assuming manufacturer pump curves, third box from I&figirel2).
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(i) Uncertainty (range of each bewhisker plot): due to the unknown temporal
distribution of the pump configuration schemes (e.g. how much of the time all wells are
pumping in parallel), the bewhisker plots indicate the specific energy demand for all
different 63 well field operation schemes (i.€-2= 63 pumps on/off combinations for
the six pumps). This uncertainty could only be ruled, dutlata on the real temporal
distributions of the used pump configurati@@hemesvould be available

Figurel2 Sensitivity analysis: model structure (different boxes) uncertainty concerning the realoperation
schemes (range of bexthisker plots) on predicted specific energy demand

Energy optimisation

For the first case study, the optimisation objectivasto minimisethe specific energy demand
of raw water abstraction under the following two constraints:

- Satisfying an average hourly water demaiflere: 75 m3/h, dashed grey linEigurel3)

- Maintaining a predefined minimum raw water qualitpnly by means of dilution either
by mixing water of different wells within the studied well field lmy diluting the raw
water of the studied well field with raw water from a second well field with better water
quality.

The impact othe three investigatedmanagement alternativegchapter2.2) for minimising the
specific energy demand of the well field under the constraints defined above is shdviguire
13. By applying smart well field managemenbra¢ or in combination with the renewal of two
pumps (p2 and p6), the specific energy demaondld only be reduced by % to 12% for the
bestcase pump configurations compared to the current operation schefablé 5). While
investing in new pumps lano impact in terms of energy savings for the bease pump
configuration scheme compared to smart well field management dofy ganel inFigurel3), it
significantly minimisé the specific energy demand variability of the 63 different pump
configuration schemesr(iddle panel inFigurel3), thus reducing the risk of using highly energy
demanding pumping configurations.
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