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Preface

Dynamic control of water systems is an challenging new field of study, which is currently
attracting a lot of attention. Water managers, engineers and advisors are trying to develop
methods to achicve better management of water systems, and meet ever higher quantity,
guality and safety requirements. The aim of this thesis is to make a contribution to these
developments.

The study which is reported in this thesis should not be seen in isolation, but must be
considered the next step in a series of developments which took place mainly in Europe
during the past decade, especially in sewer-system control. A regional water system
comprises various subsystems, one of which is the sewer system. Consequently, regional
water systems are more complex and several water authorities may be involved in
management. This complexity has led to the development of a methodology, which considers
the entire water system, as well as all requirements of different interest groups that exist in
that system.

The rescarch took place at Delft University of Technology, in the Department of
Water-Management, Invironmental and Sanitary Engineering, Section Land and Water
Management and was co-funded by a number of institutions: the Foundation for Applied
Watcr Rescarch (STOWA), the Water Boards Delfland and De Drie Ambachten, and DHY
Water BV.

‘The present study focuses, in addition to theory development, on practical applications of the
new methodology. The results will hopefully be incorporated in many water managers’ daily
practice.

The general awarcness that we should aim for a sustainable Jiving environment, where
sufficient water of the right quality is continually available, is currenily reflected in various
developments in integrated water management. These developments will hopefully persuade
others to attempt further fine-tuning of methods which will improve the guality of our
water-related environment. Not in the least because it is a challenging field, which would
benetit from improved efficiency: better management at a lower cost.

Arnold L.obbrecht
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Summary

Modern water management is characterized by an integrated approach of entire water systems
and an increased concern for new interests that did not feature prominently in the past.
Current policy objectives for water management focus on the creation and maintenance of
a sustainable living environment, taking into account all demands made on the water system
by the different interests. The intention is to consider a water system in its entirety. This
implies that the relationships between various subsystems of a water system, such as surface
water and groundwater in rural areas and surface water, groundwater and sewers in urban
areas, should be considered together. These subsystems are traditionally the responsibility
of different authorities.

Present-day planning processes involve balancing interests and setting priorities,
scheduling the layout for the area concerned and combining or, conversely, splitting up
interests. In day-to-day operational water management, this new development is still in its
infancy. Various problems still have to be solved before the operational tasks of the water
authorities of the various subsystems can actually be coordinated all the time. No impartial
methods are available as yet for deciding which interactions between subsystems are really
important and would therefore have to be incorporated in overall operational management.

Considering the aspects listed above, the main objective of the present study is: to develop
a pencrally applicable methodology to achieve a well-balanced design and control of regional
water systems, considering the dynamics of the intrinsic processes in the water system and
the various requirements of the different interests, which may, in addition, vary in time,

A key aspect of the methodology developed here is a weighing mechanism that enables water
managers to assign priorities to the various interests present a water system. Subjective policy
preferences can be included in this weighing. The following types of interests are
distinguished: common-good interests, sectoral interests and operational interests.
Common-good interests involve requirements related to the primary water-management
duties, such as flood prevention and maintaining sustainable conditions for the ecological
obligations of water systems. Sectoral interests are characterized by the benefits that a
particular group derives when specific requirements are met, or that are gencrally considered
desirable in present-day socicty. Examples are: agriculture, recrcation and nature
preservation. Finally, operational interests consider efficiency in water management, such
as the best possible water-system control at the fowest possible cost.

Demands made on water systems are time-dependent and in addition vary depending on the
seasonal situation of the water system. For example: the requirements of arable farming on
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the water system are greatest during the sowing and growing season, of water sports in the
holiday season and weekends, of navigation during transport on water and of nature when,
for instance, wildflower seeds germinate in spring. To establish optimal control of regulating
structures in all possible situations, the dynamics of the water system and the
time-dependency of the requirements have to be taken into account. Fypical for a
hydrological load on a water system such as precipitation, is that it is dynamic and that it is
difficult to predict exactly which quantity will fall at what moment. The dyvnamics of the
waler system, the demands it has to meet and the hydrological toad, necessitate a dynamic
approach to water management, which continually reflects the current situation. This type of
approach i1s fundamentally different from current practice, where fixed target values in
control of water systems are the main 1ssues,

The type of approach that takes into account dynamic processes will here be called
dynamic control. The autcome of dynamic control 1s a time-dependent controf stratesy that
determines how the regulating structures of a water system ¢an be applied best for a
particular period ahead. to meet predetermined water-guantity and water-quality objectives
as well as possible.

[n day-to-day operations the different interests present in the various subsystemns of a water
system, rarely require the full system capacity simuliancously. Therefore. there is frequently
room 1o employ the unused capacity of one subsystem for the benefit ot another subsystem,
A simple example 15 tempoerarily storing water in the subsurface to prevent flooding by
surlace water elsewhere.

[ dynamic control is applied, a smaller overall capacity is required than woutd be
expected on the basis of a static approach. The resulting excess system capacity can be used
in two different ways, The capacity could either be used to better satisfy the growing number
of requirernents presented to the water system by newly recognized interests, or the excess
capacity could compensate for any deficiencies in the system. In practice. the latter implies
that planned extension of infrastructure can be postponed, reduced or canceled altogether,
Examples are widening of water courses and/or building extra pumping capacity. This would
yield considerable savings.

To ¢nable the application of dynamic control, a real-time control system is required. A
Decision-Suppori System (1385 can help determine the best control strategy. The DSS
especially developed during the present research is called AQUARIUS.

AGUARIUS consists of @ number of interactive program modules: a simulation module,
a prediction module and an optinization module. The simulation module accurately
determines the current state of the water system, considering both water quality and water
quantity.

The prediction module predicts the hvdrotogical load to the water syvstem for a
particular period ahead, on the basis of weather forecasts. This period is here called the
control horizon.

The optimization module builds the optimization problem for a period equal 10 the
control horizon and resolves the optimal control strategy. The mathematical formulation of
this prublem comprises several intrinsic water-system relationships. the requirements
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presented to the water system by the various intcrests, the current state of the water system
and the predicted hydrological load.

The optimal control strategy is transferred to the simulation module, which in turn
determines the new state of the water system on the basis of the first control actions resulting
from the control strategy. This technique, which involves program modules interacting and
at the same time transferring data, is called simultaneous simulation and optimization.

The methodology incorporated in the DSS can be used for analysis purposes as well as for
day-to-day operations. In the present study, the DSS has only been used for water-system
analysis. In that analysis, multi-year time series were calculated and statistical information
has been gathered from the calculation results.

While developing the DDS, the choice of an efficient optimization method and water-system
modeling with its associated requirements were emphasized. The mathematical optimization
method selected is Successive Linear Programming (S1.P). The main justifications for this
choice were: the speed of that method and the accuracy that can be achieved. The speed in
finding the optimal solution of a control problem is particularly important in day-to-day
operations.

The processes that take place in a water system arc nonlinear. To ensure the required
accuracy, nonlinear processes are linearized for the control horizon at the estimated values
of the water-system variables. The method developed to do this efficiently is here called
Jorward estimating. Calculating the time series involves building a optimization problem for
each time step. In building the problem the forward estimate repeatedly uses the optimal
solution of the previous time step.

In the case studies, the principle of forward estimating was found to be so efficient
that the optimization problem only had to be solved once for each time step of the time series
calculated. This makes the SLP method virtually as fast as standard Linear Programming
(LP).

The method was found to enable determination within seconds of the optimal control
strategy for a water system comprising dozens of rural and urban subsystems, where a limited
number of requirements has to be met. Even for a large, complex water system, consisting
of hundreds of subsystems, where a large number of requirements has to be met, the optimal
control strategy can stitl be determined within minutes.

‘The reliability of weather forecasts supplied by the weather bureaus, was investigated. Using
present-day techniques, predicting extreme precipitation events was found to be virtually
impossible. A theory was developed to enable determination of a control strategy on the basis
of the available forecast, which carries the least risk of violating the objectives of controi that
would result in e.g. floods or sewer overflows. An application of that theory is included in
the prediction module of the DSS.

In the present research, dynamic and other forms of control were studied for water systems
both for flat, polder areas and for gently sloping, hilly arcas. The consequences of using
dynamic control were analyzed in detatl for the water systems in the areas controlled by the
Water Boards of Delfland, De Drie Ambachten and Salland.
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One of the parameters used in the evaluation of dynamic control is the performance
index. which reflects how well the requirements set for a water system are met over an
extended period, when a particular control mode is used. Time-series caleulations were used
to compute the performance indices. In addition, the conscequences of using dyvnamic and
other forms of control have been evaluated by checking system-failure frequencies. failure
duration and several other performance parameters. Bxtreme situations. such as high water
levels and extremely poor water quality have been investigated.

For both polder and hilly arcas, dynamic control was found 1o vicld 4 considerable
improvement in mecting the objectives set for water systems. In generul, the improvement
n performance that can be attained by using dynamic control 1s largest in flat polder arcas,
because these water systems are relatively easy to control. [n hilly arcas, where the soils are
often sandy. a considerable amount ol precipitation may percolate via the groundwater,
somelimes even resulting in water courses running dry. At present. the controllability of
waler systems 15 usually limited in these hilly arcas. However. this situation would change
if the water management systern of these arcas is adapted to the requirements. which mas
include the construction of water-supply works.

Furthermore. the susceptibility of the water systems to extreme events such as massive
downpours or droughts. was analyzed in the case studies. The general conclusion is
warranted that dynamic water-system control more efficient]y uses the capacities that exist
within the water syvstem. for instance the surface-water storage capacity. the groundwater
storage capacity, the seswer-system capacity and the pumping or inlet capacity. An accurate
prediction of the hydrological load was found not to be essential in all cases. Especially in
waler systems where discharge is slow. such g prediction may not be necessary at all,
However, in fast-discharging systems. such as sewer systems. @ more accurate prediction is
generally required.

The analyses performed using dynamic control prove that this control mode satisfies the
current requirements inowater systems better. Moreover. the Hexibility resulting from
dynamic control in operational management often vields excess system capacity . The excess
capacity available is sometimes sutficient to compensate scheduled extensions in a water
system without having to build new infrastructure nor enlarge the existing structures,

A prerequisite for dynamic control. however, is the avatlability of a real-time version
of the DSS. situated in o central location, where monitoring data on water guantity and water
yuality are available. Depending on which mode of operation is preferred. cither dhynamic
automatic control using control units, or dvaamic manval contral by operators can be
selected.

The prospect of efficient water-system control and the resultant optimal use of existing
system capacities., raises the guestion whether application of this methodology has to be taken
into account in the design stage of new water systems. Afier alll unnecessary and unusable
excess system capacity might be avoided. To test this option. a dviamic design procedure
has been developed.

Standard design metheds are based on generalized rules and use generalized data on
soil propertics and use. The dvnamic design procedure also takes into account the lavout of
the water system and the actual conditions of solls, waterways. and regulating structures that
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exist in a waler system. In addition, stochastic methods assist in assessing the operational
situation of the control system, including those situations when parts of the system are
unavailable as a result of maintenance or technical maltfunctioning.

The dynamic design procedure is based on verification of the performance of a
particular water-system design. The merits of a design are verified using time-series
calculations that determine the fuilure frequency and fuilure duration of the water system.
Failure in this respect is defined as the situation that arises when one of the requirements
identified for the various interests, is violated.

When verification is applied to systemns that were designed using traditional, standard
design methods, the associated design rules were found to result in water systems that have
unnecessary large excess capacities. However, the exact sizes and locations of these excess
capacitics cannot be determined from the standard design.

The dynamic design procedure takes into account the actual situation of the water
systemn and determines the system capacities exactly needed for water management, whether
dynamic control is really applied or not. The method results in a well-balanced water-system
design, where sizes and locations of any excess capacities are known exactly and which,
obviously, satisfies the requirements identified, inctuding the obligatory safety margins.

Last but not least, water systems, in which dynamic control was incorporated at the
design stage, were found to be much more cost-effective to build than those intending to use
local automatic control. The conclusion is therefore warranted that, on economic grounds,
the intended control technique should be taken into account as early as the design stage of
a water systern.

A H. Lobbrecht (1997) Dynamic Water-System Control; Design and Operation of Regional Water-
Resources Systems. A A, Balkema, Rotterdam, NL.
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Samenvatting

Het moderne waterbeheer kenmerkt zich door een integrale benadering van watersystemen
en toenemende aandacht voor nieuwe belangen die in het verleden geen rol van betekenis
speelden. De huidige beleidsdoelstellingen voor het waterbeheer richten zich op het
ontwikkelen en in stand houden van een duurzame leefomgeving, waarbij wordt gelet op de
eisen die vanuit de diverse belangen aan het watersysteem worden gesteld. Hierbij wordt
ernaar gestreefd om het watersysteem als geheel te benaderen. Dit heeft onder meer tot
gevolg dat de relaties tussen de verschillende deelsystemen van het watersysteem, zoals het
oppervlaktewater, het grondwater en de riolering, van landelijke en stedelijke gebieden, in
samenhang moeten worden beschouwd. Traditioneel vallen deze deelsystemen onder de
verantwoordelijkheid van verschillende beheerders.

In de huidige planvorming is sprake van afstemming en prioriteitstefling bij keuzen
die worden gemaakt voor de inrichting van de omgeving en het integreren of juist scheiden
van belangen. Een dergelijke ontwikkeling op het terrein van het dagelijkse, operationele
beheer van watersystemen is nog in een prille beginfase. Er zijn nog diverse problemen die
moeten worden opgelost, voordat kan worden gesproken over afstemming in de uitvoerende
taken van de verschillende beheerders van deelsystemen. Niet in de laatste plaats ontbreekt
het aan de juiste methoden om te bepalen welke interacties tussen de deelsystemen van
belang zijn en in het operationele beheer van het watersysteem een rol zouden moeten spelen.

Dit proefschrift heetft in het licht van het bovenstaande tot doel: het ontwikkelen van een
algemeen toepasbare methodiek voor een afgewogen ontwerp en beheer van regionale
watersystemen, waarin rekening wordt gehouden met de dynamica van de processen die zich
voltrekken in het watersysteem en de in de tijd variérende eisen van diverse belangen.

Onderdeel van de ontwikkelde methodick is een wegingsmechanisme waarmee waterbeheer-
ders in staat zijn om prioriteiten toe te kennen aan de belangen in het watersysteem.
Subjectieve voorkeuren die volgen uit bepaalde beleidsafspraken kunnen in de weging
worden betrokken. De volgende typen belangen zijn onderkend: a/gemene belangen,
sectorale belangen en operationele belangen. Belangen van algemene aard hebben
betrekking op de eisen die voortvloeien uit de primaire taken van het waterbeheer, zoals het
voorkomen van overstromingen en de zorg voor het ecologisch functioneren van watersyste-
men. Sectorale belangen worden gekenmerkt door het profijt dat een zekere groep heeft bij
het voldoen aan de gestelde eisen, of door de maatschappelijke wenselijkheid van deze eisen.
Voorbeelden zijn: de landbouw, de recreatie en de natuur. Operationele belangen tensiotte,
hebben betrekking op het efficiént laten verlopen van de waterbeheersing, zoals het sturen
van het watersysteem tegen de laagste kosten.
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De cisen die asn watersvstemen worden gesteld zijn tijdsathankelijk en Kunnen
eveneens worden bepaald door de actucele toestand in het watersysteem. Zo stelt de landbouw
de zwaarste cisen in het zaai- en grociscizoen, de waterrecreatie in de vakanties en weekends,
de scheepvaart gedurende het transport over water en de natuur bijvoorbeeld gedurende het
ontkiemen van zaad in het voorjaar. Om bij iedere toestand van het watersysteem de beste
sturing van regelbare kunstwerken te kunnen bepalen. dient rekening te worden gehouden
met de dynamica van het watersysteem en de tijdsvariabiliteit van de eisen. De hydrologische
belasting van het watersysteem, zoals bijvoorbeeld de neerslag, is dynamisch van karakter
en voor bepaalde perioden slecht voorspelbaar,

De dynamica van het watersysteem, de gestelde eisen en de hydrologische belasting,
vragen om cen dynamische aanpak van de waterbeheersing, waarbij continu wordt ingespeeld
op de actuele situatie. Len dergelijke aanpak is fundamenteel anders dan de op het moment
veelal gebezigde praktijk, waarbij met name wordt gezocht naar vasie streefwaarden in het
heheer.

De aanpak waarbij rekening wordt gehouden met de genoemde dynamische processen
is dyvnamische sturing genoemd. De uitkomst van dynamische sturing is cen tijdsathankelijke
sturingssirategie, dic weergeell hoe de regelbare kunstwerken van een watersysteem het
beste kunnen worden ingezet gedurende een zekere periode vooruit, om voortdurend zo goed
mogelijk te voldoen aan de geformuleerde waterkwantiteits- en kwaliteitseisen,

In de operationele situatie vereisen de diverse belangen in de deelsystemen van het
watersysteem zelden gelijkupdig de maximale systeemcapaciteit. Daarom is er veelal ruimte
om de onbenutte capaciteit in het ene deelsysteem te gebruiken ten gunste van een ander
deelsysteem. Een eenvoudig voorbeeld is het tijdelijk bergen van water in de grond om te
voorkomen dat zich clders een overstroming met opperviaktewater voordoet.

Bij toepassing van dynamische sturing lcidt dit tot de situatie dat kan worden volstaan
met geringere systeemeapaciteil dan op grond van een statische beschouwing zou worden
verwacht. De systeemcapaciteit die ten opzichte van de statische situatie beschikbaar is, kan
op twee verschillende manieren worden aangewend. De vrijgekomen capaciteit kan worden
gebruikt om beter te voldoen aan het toenemende aantal eisen dat wordt gesteld door nieuw
onderkende belangen, of worden benut om een eventueel tekort te compenseren. In de
praktijk komt het laatste neer op het uitstellen, beperken. of geheel laten vervallen van
infrastructurcle uitbreidingen. Voorbeelden daarvan zijn het verruimen van vaarwegen en/of
het installeren van meer bemalingscapaciteit. Dit kan aanzienljke kostenbesparingen
opleveren.

Om dynamische sturing te kunnen toepassen is een real-time sturingssysteem nodig. De beste
sturingsstrategic kan worden bepaald met behulp van een beslissingsondersteunend systeem
{BOS). In het kader van het onderzoek is een BOS ontwikkeld met de naam AQUARIUS.

AQUARIUS is opgebouwd it een aantal samenwerkende programmamodules: een
simulatiemodule, een voorspellingsmodule en cen eptimafisatiemodule. De simulatiemodule
bepaall nauwkeurig de huidige toestand van het watersysteem voor zowel waterkwantiteit
als waterkwaliteit.
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De voorspellingsmodule voorspelt voor een periode vooruit de hydrologische
belasting op het watersysteem, op grond van weersverwachtingen. Deze periode wordt de
sturingshorizon genoemd.

[J¢ optimalisaticmoduie bouwt het optimalisatieprobleem op voor een periode gelijk
aan de sturingshorizon en bepaalt de optimale sturingsstrategic. e wiskundige formulering
van het probleem bestaat uit de diverse relaties die voor het watersysicem gelden, de eisen
die door de belangen in het watersysteem worden gesteld, de actuele toestand in het
walersysteem en de voorspelde hydrologische belasting.

De optimale sturingsstrategie wordt aan de simulaticnodule doorgegeven, die op
grond van de eerste sturingsactics die volgen uit de sturingsstrategie, weer de huidige
toestand van het watersysteem hepaalt. it samenwerken van programmamodules en
tegelijkertijd doorgeven van gegevens wordt simultane simulatie en optimalisatie genoemd.

De methodick die is verwerkt in het BOS kan voor analysedoeleinden en ook voor sturing
in de operationele situatic worden gebruikt. In het kader van het huidige onderzock is het
systeem uitsluitend voor de analyse van watersystemen toegepast. Bij de analyses zijn
meerjarige tijdrecksen doorgerekend en is op grond van de berekeningsresultaten statistische
informatie vergaard.

Bij het opstellen van het BOS is veel aandacht besteed aan de keuze van een efficiénte
optimalisaliemethode en de modellering van het watersysteem met de bijbchorende cisen.
Fris gekozen voor mathematische optimalisatic met Successieve Lineaire Programmering
(SLP). Belangrijke redenen hicrtoe zijn gewceest: de snelheid van de methode en de te
behalen nauwkcurigheid. Snelheid bij het vinden van de beste oplossing voor het
sturingsvraagstuk is met name van belang bij toepassing van de methode in de praktijk.

De processen die zich voltrekken in een watersysteem zijn niet lineair. Om de
gewenste nauwkeurigheid te kunnen garanderen worden de niet-lineaire processen voor de
sturingshorizon gelineariscerd rond de geschatte waarden van de variabelen van het
watersysteem. De ontwikkelde methode om dit op efficiénte wijze te kunnen doen is
voorwaartse schatting genoemd. Bij het doorrekenen van een tijdrecks wordt voor iedere
tijdstap van de sturingshorizon een optimalisatieprobleem opgebouwd. Bij het opstellen van
dat probleem maakt de voorwaartse schatting teikens gebruik van de optimale oplossing van
de vorige tijdstap.

Het principe van voorwaartse schatting blijkt in de vitgevoerde praktijkstudies zo
efficiént te z1n, dat het optimalisatieprobleem voor iedere tijdstap uit een doorgerekende
recks slechts eenmaal behoeft te worden opgelost. Hierdoor is de gebruikte methode van SLP
nagenoceg even snel als standaard Lineaire Programmering (LP}.

De methode hlijkt voor cen cenvoudig watersysteem, dat bestaat uit tientallen
landelijke en stedeljke deelsystemen en waarin aan een beperkt aantal cisen moet worden
voldaan, de optimale sturingsstrategie hinnen enkele seconden te bepalen. Zelfs voor een
groot en ingewikkeld watersysteem, dat bestaat uit honderden deelsystemen en waarin aan
een groot aantal eisen moet worden voldaan, wordt de optimale sturingsstrategic nog binnen
enkele minuten bepaald.
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e nauwkeurigheid van de weervoorspellingen die door de meteorologische diensten
beschikbaar worden gesteld is nader onderzocht. Hieruit is onder meer gebleken dat op dit
moment, extreme neerslag slecht kan worden voorspeld. Erois cen theorie ontwikkeld
waarmee op grond van de beschikbare voorspellingen een sturing kan worden bepaald. met
het kleinste nsico op ongewenste effecten die zouden leiden tot bijvoorbeeld overstromingen
of nooloverstorten. Een toepassing van de theorie is opgenomen in de veorspellingsmodule
van het BOS.

Dynamische en andere vormen van sturing 2150 bestudeerd aan de hand van watersystemen
van vlakke en enigsezins hellende gebieden. De watersystemen binnen de beheersgehieden
van het Hoogheemraadschap van Delfland, het Waterschap e [ric Ambachten en het
Waterschap Salland zijn uitvoerig op de consequenties van dynamische sturing onderzocht.

De toetsing van dvnamische sturing is onder meer uitgevoerd aan de hand van de
prestatie-index. die weergeeft hoe goed cen bepaalde manier van sturen over een langere
periode voldoet aan de gestelde eisen. e bepalingen van de prestatic-indices zijn uitgevoerd
aan de hand van tjdrecksberekeningen. Verder is onderzocht wat de consequenties van
dynamische en andere vormen van sturing zijn, door middel van het bepalen van de
faalfrequentic van het watersysteem. de faalediarr en verschillende andere parameters, Daarbij
1s gekeken naar extreme situaties zoals hoogwater en extreem slechte waterkwaliteit,

Voor zowel vigkke als hellende gebicden hlijken met dynamische sturing aanzienlijke
verbeteringen in het operationele beheer te kunnen worden bereikt. Gezien de veelal betere
mogelijkheden tot het sturen van viakke watersystemen, kunnen daar de hoogste prestaties
warden hehaald. In hellende gebieden kan. door de veelal zandige ondergrond. de alvoer via
het grondwater soms zo groot zijn dat waterlopen droogvallen. De huidige praktijk is dat in
hellende gebicden de mogelijkheden tot sturing van het watersysteem vaak laag zijn, Deze
situatie verandert als het waterheheersingssysteem in deze gehieden wordt aangepast aan de
waterbehoefie, hetgeen kan hetekenen dat water moet worden aangevoerd,

Vaoorts 1s voor de praktlijkgebicden bestudeerd hoe deze reageren in situaties van
extreme hydrologische belasting. zoals extreme neerslag of extreme droogte. [n algemene zin
kan op grond van de bevindingen worden geconcludeerd dat in dynamisch gestuurde
walersysternen beter gebruik wordt gemaakt van de aanwezige systeemecapaciteit, zoals de
berging in het oppervlaktewater, de berging in het grondwater, de berging in riolering en de
hemalings- of inlaatcapaciteit. Daarbij bleck lang nict altyd ¢en nauwkeurige voorspelling
van de hydrologische belasting noodzakelijk 1e #ijn. Met name in langzaam afvoerende
systemen kan een dergelijke voorspelling soms geheel achterwege blijven. De noodzaak tot
cen goede voorspelling is in snel afvoerende systemen, zoals riclering. over het algemeen
echter groter.

Op grond van de vitgevoerde analyses met dynamische sturing kan worden geconcludeerd
dat met deze vorm van sturing beter kan worden voeldaan aan de cisen die tegenwoordig aan
het waterbeheer worden gesteld. Door de flexibiliteit die als gevolg van dynamische sturing
in het operationele beheer ontstaat. komt daarnaast veelal systeemcapaciteit vrij. Met die
beschikbare capaciteil kan in sommige gevallen de geplande uitbreiding van hel watersys-
teem worden opgevangen. zonder infrastructurele aanpassingen of vergroting van de
aanwezige kunstwerken voor de waterbeheersing.
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Wel dient ten behoeve van dynamische sturing op een centrale lokatie ecn real-time
uitvoering van het BOS operationcel te zijn dat wordt gevoed met meetgegevens over
waterkwantiteit en waterkwaliteit. Op grond van de bepaalde sturingsstrategie kan worden
gckozen voor dymamisch automatische sturing via sturingseenheden, of dyvnamisch
handmatige sturing door bedienend personeel,

Het efficiént sturen van het watersysteem en het daarmee op optimale wijze gebruiken van
de aanwezige systeemcapaciteit, roept de vraag op of met de tocpassing van deze techniek
rekening moet worden gehouden bij het ontwerpen van watersystemen. Zo kunnen onnodige
¢n onbruikbare reserves in systeemcapaciteit worden voorkomen. Om deze mogelijkheid te
toetsen is cen dyramische ontwerpprocedure ontwikkeld.

De gangbare ontwerpmethoden zijn gebaseerd op gegeneraliseerde regels en maken
gebruik van globale gegevens over bodemopbouw en grondgebruik. In de dynamische
ontwerpprocedure wordt tevens rekening gehouden met de ruimtelijke inrichting en de
feitelijke toestand van de grond, waterwegen en kunstwerken in een watersysteem. Daarnaast
wordt met behulp van stochastiek rckening gehouden met de mogelijke bedrijfstoestand van
het sturingssysteem, inctusiet de situatie dat delen van het systeem als gevolg van onderhoud
of storing niet beschikbaar zijn.

De dynamische ontwerpprocedure werkt op grond van verificatie van de prestatics van
cen ontworpen watersysteem, e kwaliteit van een ontwerp wordt aan de hand van
tijdreeksherckeningen bepaald door het vaststeller van de faalfrequentie en de faalduur van
het watersysteem. Hierbij is falen gedefinieerd als de situatic dic ontstaat indien niet kan
worden voldaan aan één van de eisen dic vanuit de onderkende belangen worden gesteld.

Indien de verificatic wordt tocgepast op een watersysteemn dat met de gangbare repels
is ontworpen, blijkt dat deze ontwerpregels kunnen leiden tot watersystemen met veel
onnodige reserve in capaciteit. De grootle en lokatie van deze reserve kan echter nict uit het
gangbare ontwerp worden afgeleid.

In de dynamische ontwerpprocedure wordt rekening gehouden met de feitelijke
situatic in het watersysteem en worden de voor het operationele beheer benodigde
systeemcapaciteit bepaald, al dan piet met toepassing van dynamische sturing, De methode
leidt tot cen uitgebalanceerd ontwerp van watersystemen, waarbij cventuele reserves in
groottc ¢n lokatie bekend zijn en waarbij wordt voldaan aan de gestelde eisen, met inbegrip
van de daarbij 1¢ hanteren veiligheden.

Dynarnisch automatisch gestuurde systemen blijken aanzienlijk kosten-effectiever te
kunnen worden gedimensioneerd dan lokaal automatisch gestuurde systemen. Op grond van
deze bevinding moet de conclusic worden getrokken dat er bij het ontwerp van een
watersysteem uit economisch oogpunt rekening zou moeten worden gehouden met de
toegepaste sturingstechniek.

AH. Lobbrecht (1997). Dynamic Water-System Control; Design and Operation of Regional Water-
Resources Systems. AA. Balkema, Rotterdam, Ni..
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1 Introduction

1.1 Framework

1.1.1 Scope of Research

A major recent development in the water sector is the gradual introduction of integrated
water management in the Netherlands and several other countries. Present-day integrated
water management presents a way of considering the entire water-related environment, in
which various interests are present, cach of which poses its own specific demands. An
essential element of integrated water management is the water-system approach, which
considers the various interrelated elements of a water system and their interactions.

A problem that crops up is that the number of interests considered important increases
continuously, whereas the water systems cannot always meet the corresponding demands.
Considering the great number of water-related interests, weighing is needed. This is achieved
in the planning stage of water systems by sctting priorities and ranking.

A major issue in this thesis is the allocation of scarce or plentiful water resources to
the various interests (Fig. 1.2) at the right time. In that allocation, the requirements of the
interests should be met as well as possible, taking into account both water-quantity and
water-quality aspects.

Many interests that are currently considered important, use the same water resources and are
geographically linked. A tendency can be observed to separate interests that have conflicting

@a;i—c_ec: logy ]

Fig 1.2, Water-related interests.
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water-quantity and/or water-quality requirenients. Separating activities und relocating them
to different sites in the environment can result in a drastic change in historically grown
situations. Such relocations are ne doubt very costly.

A possible effective alternative is to Teave the environment unaltered as much as
possthle and adapt the management and control of the water system in such a way that the
requirements of cach interest are met adeguately. This appreach can be very flexable as it
involves control by a better use of often existing infrastructure. The control of a water svstem
can thus be adapted to changed circumstances with relative case.

In general. very little attention has been given to the consequences of integrated water
management schemes that involve the design and operation of an entire warer system. Most
traditional methods for design and operation are based on quantitative standards. Such
standards arc typically fixed for many years, The standards incorporate extreme conditions
in the water system in the desipn, whereas in dayv-to-day operations. the average conditions
are generally considered more important.

After a long history of traditional methods to control subsystems (Fig. 1.3). water authorities
are currently adopting more integrated control methods. However. the increasing number of
demands resulls in o complex operational problem, especially during periods of extreme
hydrological conditions, such as excessive rainfall or severe drought.
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Fig 1.3 Subsystems of awater system: interactions and exteraa! Toads,

The various authorities involved in regional water management generally have very distinet
responsibilities. [n the Netherlunds. for example. the municipalives are responsible tor urban
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drainage, the water boards for surface-water quantity, surface-waler quality and sewage
treatment, and the provinees for regional groundwater.

Ohjectives for control in ene subsystem may be in conflict with objectives in another
subsystem. The strict administrative borders in operational control and the current practice
of trying to meet the objectives of cach subsystem separately, preclude a suceessful balance
of all interest requirements within a water system.

To achieve integrated water-system control, water authoritics should therefore
overcome the administrative hurdles and aim for real integration, not only in the planning
stage, but also in the design and operation of water systems,

1.1.2 Objective of this Thesis

The present study presents @ methodology for the operation of water systems on the basis of
the definition and weighing of time-varying interests. Ixisting water-system arrangements
are laken as a starting point to determine control strategices that best satisfy the requirements
of cach interest. Another issue of importance in the present study is 1o extend the interest-
hased approach to water-system design, to include the operational situation. This incorporates
the necessary control-system and the water-system dynamics.

The thesis deseribes water systems on a regional scale, involving a wide range of interests.
The purpose is to fill the gap between the current integrated water-management policies and
their implementation in the operational setting.

Special attention 1s given to the various types of regional water systems that can be
distinguished. The main focus is on rural arcas, but urban areas including sewer systems are
incorporated as well. Large river basins have not been considered in the scope of the present
study.

The challenge of the study is to seive the operational water-control problem that oceurs when
trying to meet the objectives of various and sometimes conllicting interests present in the
water-related environment. General examples of such objectives are:

. to prevent looding in rural and urban areas;

. 1o maintain conditions that ¢cnable sustainable flora and fauna;
. to maintain biodiversity;

. to prevent drought problems in rural and urban areas;

. to facilitate transport on water;

. 10 prevent poor surface- and groundwater quality;

. 1o minimize operational costs.

Summuarizing, the objective of this thesis is to develop a generally applicable methodology
to achieve a well balanced design and control of regional water-systems, considering the
dynamics of the intrinsic processes in the water system and the various requirements of the
different interests, which may, in addition, vary in time.
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1.1.3 Qutline of the Thesis and Conventions Used

The first chapter of this thesis desertbes the problems and developments in current water
management and places these developments inahistorical perspective. It furthermore gives
a general introduction 1o the subject of dvnamic control.

Chapter 2 shows the general structure of & control system and introduces the specific
lerminology used with respect to the control of water systems. Special attention is given to
Decision Support Syvstems and how these systems can be applied inoperational water control.
Chapter 3 mathematically formulates the general operational control problem and outlines
various methods for solving that problem. Chapter 4 describes the various clements of
regional water systems that are used momodeling, Chapter 3 presents an analvsis of
hvdrological Toads on a water systeny and the wiy in which these loads can be determiined on
the basis of weuther forecasts and other prediction methods. Chapter f explains the way in
which the control problem considered s formulated. specificaliy focusing on ¢fficient
solving. Special technigues are presented Lo keep the solution 10 the contrel problem
aceurate. Chapter 7 describes applications of the method developed in several case studies.
Chapter 8 Tocuses on the consequences ol control to the design of water systems. In Chapter
9 the overall results are presented. as well as conclusions and recommendations for further
research.

The reader who s interested In the subject of dynamic water-system control. but not
specificallyin the underlying methods. is recommended to read only the current chapter and
Chapter 9.

All through this thesis kevwords are defined. Kevwords that are used frequently are printed
in italics and are incloded in the attached glossary. Other kevwords that only have a specific
meaning once or twice in the text. are printed beoween quotation marks. Abbreviations are
explained when they are used for the first time. All abbreviations are included in the list of
ahbreviations.

The relevant variables used in this thests are summarized in the attached List ol svmbols,
Multiple use of the same variable name with a different meaning is avoided as much as
possible. Some equations hivve a very specitic naming conmvention though. In those cases it
huppens occasionally that @ variable 1y used for the second tine with another meaning.
However, this s expheitly indicated in the text aénd these varishles are not incorporated in
the list of symbuols.

1.2 Water-System Control in Historical Perspective
1.2.1 General

This scetion outhines the historical developments that resulted in present-day regional water
svstems in the Netherlands and the was mowhich they are controlled. Tt describes
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Fig. 1.4, Typical water-management regions in the Netherlands.

developments in water-system control and tries to generate an understanding of current
water-management problems and the way in which these problems can be solved. It is not
the purpose to discuss the history of water management in the Netherlands in detail.
Comprehensive descriptions of the reclamation of land which previously belonged to the sea
can be found in Colenbrander (1989), Schultz (1992) and Van de Ven (1993). The historical
overview described in this section is based on these books.

The present-day Netherlands can be roughly divided into a flat and low-lying region, the
majority of which is below mean sea level (MSL) and a more hilly region, the highest parts
of which reach up to 300 m above MSL. (Fig. 1.4). The low-lying regicn consists mostly of
polders, drained by pumping stations. For that reason the areas in this region are here called
polder areas. Areas in the hilly region, which in most cases arc drained by gravity, will here
be referred to as Ailly areas. It should be mentioned that these hilly areas, in comparison to
the hilly arcas in some other countries are still rather flat.
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1.2.2 Polder Arcas

The majority of the polder ureas 13 lecated in the north-western part of the Nethertands and
along the main rivers Rhine and Meuse. Reclumation of these areas started around the vear
800 AD. Many of these areas were frequently flooded by sea or river water and therefore
consisted of swamps. peat bogs and fukes. The average altitude of the arcas along the coasts
wits cqual to mean sca level during that time. Reclamation. mainly for agricultural purposcs,
such as arable farming and cattle farming. ook place by means of simple drainage works and
small local dike construction. Openings in the dikes were used to discharge excess water that
logped the lands.

Most of the present-day pelder arcas were originally covered by peat and clay on peat.
Reclamation of these arcas lowered the groundwater table, resulting in subsidence of the soil

oxidation of peat. Moreover. the peat itself was excavated by the inhabitants of these arcas
for salt and fuel production. Both etfects. land reclamation and peat excavation resulted in
a lowering of the surface by one to two meters. The lowering allowed tidal water 1o enter
more casily via crecks and rivers. which was one of the reasons of the severe floods that
occurred between 800 and 12350 AL, Towards the end of his period, dike construction
improved., crecks were dammed and simple spifl sluices were built. These sluices were used
to discharge excess water during low tide and prevent inflow during high tide. The height of
dikes had to he adjusted frequently, as cach new extreme water level determined the new
required height. Nevertheless, many {loods oceurred,

HBetween 1230 and 1600 Al many of the present-day regional water boards in polder arcas
were established as water-muanagement agencies, Their main task was 1o manage the main
dikes around polders. In some arcas. polder water boards were formed to take care of inner
dike rings, drainage works and discharge structures. Fhe centinuing seil subsidence in the
coastal regions. the sca-level rise and the rise of the river beds of the major rivers reached
such an extent that simple gravity discharge to sea and river water was no fenger possible in
many regions. Therefore, arcund the year 1400 AD, the fisst windonlls. which were
previously used for milling corn, were converted to discharge polder water. Paddle wheels
could lift excess water by a maximum of 1.5 m. Discharging water outside the polder dikes
created storage basing (Choczems’ ) between the polders. Storage basing were, and sull are.
used to temporarily store polder water and discharge it gradually to the sea or rivers. These
storage basins were originally discharged by gravity. However. especiually during high water
levels of the rivers or the sea in winter. the discharge capacity of the storage basins was not
sufficient. For that reason. w milling stop Cmaalstop” } could be imposed by the regional water
board. which meant that some or all windmills had to stop discharging inte the storage basin
to prevent polder dikes overtflowing. Therefore, during long periods and sometimes during
an entire winter. the polders could not be dramned and were sometimes entirels flooded as a
result of a milling step.

Advances inowindmill and dike construction led (o imiprovements in waler
management around 1600 AL Targe elevation heights became possible by placing windmilis
i serics. This development allowed the lower-lving lakes to he drained and reclammed. These
arcis are known as reclaimed lakes Udroogmakerijen’).
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In the nineteenth century mechanized pumping by steam engines was introduced, so drainage
no longer depended on the wind. The Haarlemmermeer polder was the first polder to be
drained by steam-driven pumps. New types of machinery such as the centrifugal pump were
intreduced, providing an enormous increase in pumping capacity and elevation height in
comiparison to windmills.

In the lower regions of the Netherlands, where water levels are far below that of the
surrounding land and water levels, reclamation introduced the problem of brackish to saline
seepage from deep groundwater.

In addition to the polders, the storage basins were also drained by means of steam-
driven pumping stations. This meant a real improvement in water management because now
water levels could be maintained during the entire year.

Around 1900, diesel engines were developed and were soon applied for polder and storage-
basin drainage. Soon after, pumping by means of electrical engines was introduced. The use
of diesel and electrical engines enabled construction of large pumping stations with high
capacities. Using pumping stations like these, parts of the largest lake of the Netherlands, the
IJssclmeer, a former inland sea, were reclaimed: the Wieringermeer (1930), the
Noordoostpolder (1942}, and the Flevopolders (1957/1968).

Since the beginning of the twentieth century both diesel and electrical pumping stations were
built. In practice, the construction of diesel pumping stations is more expensive, whereas
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operation is less expensive than that of electrical pumping stations. The former *Act for the
protection of water structures in times of war’” stipulated that for safety reasons a certain
amount of drainage capacity in the polders should be provided by diescl-driven engines. For
that reason, approximately half’ the number of large pumping stations is still of the diesel-
driven type.

Figure 1.5 gives a general impression of historical events in polder development in the
western part of the Netherlands and the consequences of subsidence of the soil surface and
sea-level rise. The picture is representative for the majority of previousiy peat-covered
polders in the Netherlands. The figure clearly shows the period of subsidence, caused by
drainage and peat reclamation. Moreover, mean sea level slowly rose during the course of
time. The graph shows that from the beginning of this millennium, land reclamation and sea-
level rise increased the need for artificial control of water systems.

The majority of polders are not situated along the coasts. but more inland. These
polders drain to river water. Since the river bed has been rising during the same period as

indicated in Fig. 1.5, drainage of the more inland polders experienced the same type of
problems.

The capability to control the water level in a polder system depends mainly on the design
variables ‘pumping capacity’ and “storage capacity’. In the times of windmuill drainage,
water-level control relied on large bodies of open water for temporary storage of excess
water. Once the wind picked up, the mills could discharge the excess water.

After the introduction of steam-driven pumps, the discharge of water from polders
became more refiable and therefore the area of surface water for temporary sterage could be
reduced. However, the reduction of this area required an increase in pumping capacity,
especially during excessive precipitation. The historical increase in pumping capacity and the
reduction in surface-water storage are shown in Fig. 1.6. The most recently rectaimed
polders. which are the Flevopolders, have a pumping capacity of 13.4 mm/day, whereas the
surface-water area is only 1% of the entire polder area.
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Fig. 1.6 Historical trends in required pumping and storage capacity
(free after Schultz, 1992
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1.2.3 Hilly Areas

The topic of this section is the development of water management during the past few
centuries in the hilly areas of the Netherlands. These arcas are situated in the east and south
of the country (Fig. 1.4). The hilly areas are generally gently sloping and the crests reach up
to 50 m above MSL. An exception is the very southern part of Limburg (Fig. 1.1) where hills
exist of up to 300 m above MSIL.. The discussion in this section is restricted to gently sloping
hills.

In general, the soils in hilly areas are sandy, but peat soils exist as well. These areas used to
be drained naturally by gravity through small rivers and crecks. Rivers and creeks used to
flood the adjacent lands frequently, especially in winter.

Originally, most areas with sandy soils were covered by forests, only the highest areas
have always been almost bare. Large parts of these forests have been cut down for extensive
agricultural and other purposes. Therefore, large arcas covered with heaths developed.
Reclamation of these areas started by the end of the nineteenth century. During that time
deciduous and evergreen trees were planted in the higher sandy regions for several reasons:
to increase evaporation and thus lower the groundwater table; for timber production and to
bind drifting sand dunes. Canalization of creeks cnabled a faster discharge of water. The
increased discharge, in some locations in combination with the construction of dams for
milling purposes, resulted in floods along the lower reaches of the local rivers and creeks.
Subsequently, these had to be trained and embanked to prevent these undesirable situations.

Peat excavation for fuel production started during the nineteemh century. Canal
systems were constructed to drain the areas and transport men and peat by ships. The canals
discharged excess water into the main rivers or directly into the sea in the north of the
Netherlands. As a result of peat excavation, the water-storage capacity of the soil decreased,
which caused increased drainage and peak river discharges. At the end of the nineteenth
century, water boards were established in the hilly areas to supervise water management.

Improving drainage and preventing floods have traditionally been the major concerns
of water boards in hilly areas. Rapid discharge of water has been accomplished by continuous
canal-profile enlargement, river lining and shortening the courses of rivers and creeks, by
cutting off bends. All these activities resulted in lowering of the groundwater table, but also
in creeks and rivers having a reduced base flow, high peak flows with high velocities in
winter and often dry beds in summer.

To remedy this undesirable situation, water boards constructed weirs in all types of
canals, rivers and creeks during the past few decades. Especially in areas where soils consist
of coarse sand, the results of these measures were poor. As a result of surface-water runoff
and shallow seepage below the structures, discharge was still too fast (Fig. 1.7). At present,
a rate of one weir per 200 hectares is not uncommon, which means that water boards in hiily
arcas have to supervise and maintain a large number of weirs.

The improved conditions for agricultural activities in hilly arcas, the use of intensive
drainage and the resulting lowering of the groundwater table, have had a serious impact on
scenery, nature, flora and fauna. Previously swampy areas flooded frequently, became dry
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land. where first forests hud been replaced by heaths and at some locations heaths had again
neen replaced by arable land and pastures,

Traditionally. water is abstracted from the soils in sandy hilly arcas for drinking-water
production. Obviously. these locations were originally selected because of the good quality
of the groundwater. which. in principle, did not need treaument and furthermore. the good
storuge capacity of the soil. However. groundwater abstraction for these purposes further
accelerated the lowering of the groundwater table.

The past few decades, a shortage of water has developed in hilly arcas hecause the
groundwalter table has been lowered too much, In some areas the eftects of lowering the
groundwater table have had disastrous cffects on the natural vegetation and agricultural
production.

Cut-off bend —

Shaltuow seepage

Frg 17 Surface-water runoff and shallow seepage in hilly areas where
the soil iy very permeable (plan view and longitudinal
cross-section of a canal).

1.2.4 Current Situation

Land Uise

The surface arca ol the Netherlands at present covers approximately 30000 square
kilometers, about half of which ure polder areas and half hilly areas. The current population
is around 16 million. The most densely populated region. in the western and central part of
the country, commonly called the “Randstad conurbation”, consists mainly of polder areas.
Most of the rural arcas are used for agricultural purposes. where people Live in o large
number of relatively small villages.

The present-day landscape of the Netherlands is determined by the historical battle
against sea and river floods. Villages were to a large extent built on high grounds such as
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river levees and dikes. Long stretches of ribbon building are very common in these areas.
Access 1o these areas is ofien by roads constructed on top of dikes.

New urban developments mainly take place in polder areas and in the lower lying
lands along rivers. Lxtensive forms of agriculture such as arable farming are slowly
decreasing and agricultural land is being converted into urban areas and nature reserves.
Conversely, intensive forms of agriculture are increasing, especially horticulture in
glasshouses and bulb farming.

With the increase in urban arcas, the total impervious surface area consisting of roofs,
roads and parking arcas also increases. These developments affect runoff characteristics of
the water systems and the way in which they have 1o be controlled.

[n the polder arcas, arable farming and cattle farming are the main activities, Pastures are
found predominantly in polders, especially in arcas where the groundwater table is shallow.

In the hilly areas, mixed forms of agriculture are found, mostly arable tarming and
cattle farming. Nature reserves are mainly found in the eastern and southern parts of the
country. Here, dunes, heaths and forest are present. Cultivation of the hilly areas and
development of residential areas has strongly affected the unspoiled natural landscape at
many locations.

It is government policy to reconstruct the natural landscape in specific zones throughout the
country. This includes formation of nature zones that are linked with cach other, thus forming
a naturai belt that allows flora and fauna to develop and spread over a considerable surface,
The idea s that eertain species should again be able 1o migrate through an ecological route,
unhampered by intensive agricultural arcas, roads and urban arcas.

Regional water control is the responsibility of approximately 65 water boards at the moment.
This number has decreased considerably over the past few years because small water boards,
cspecially those in hilly areas, have merged into new and larger organizations,

‘The main responsibility of water boards was traditionally surface-water-level control,
These days, this task is broadened to include rural groundwater control, water-quality control
and management of nature reserves. The complexity of the operational control task of water
hoards thus increased.

Water Quality

Water-quality control is considered an important issue in both polder and hilly areas. The
general objective is to maintain the water-quality standards specitied for the interests present
in a water system. Water-quality control can best be accomplished by means of controlling
the seurce. This is, unfortunately, not always possible. For example, in low-lying polders,
upward scepage of saline water is not prevented casily.

Several types of pollutants can be distinguished, some of which are related to the use
of the water system, e.g.: excess fertilizers from agricultural areas, toxic substances from
timber canal linings, effluents from scwage treatment plants (STPs), combined sewer
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overflows (CSOs) from sewer systems, Reducing the guantity of these sources of pollution
is one of the main concerns of the water boards,

In a dry summer, surface water may consist for the larger part of the effluent of STPs.
which can lead o very high nutrient loads. CSOs may oceur several times a vear. which
causes a sudden and high pollutant toad. [ necessary, such pollutants are flushed from the
surface water by importing relatively good-quality water from outside the polluted area.

Water from outside the water system carries other organic and anorganic substances than
those specific for that system. Letting in such afien water is considered an important reason
for the disappeuarance of lTocation-specific species and the introduction of general forms of
flora and fauna. Therelore. the current water-management practice 1s to avoid this inflow by
preserving arca-specific water during winter and spring as much as possible.

Drought Problems

In summer, water shortages oceur at many focations in the country. Preservation methods are
being developed to keep as much waler as possible within polder and hilly areas and prevent
unnceessary outflow or inlet of alien water. In general. the water authority of a polder area
can control water guantitics discharged and let in relatively well, which allows accurate
preservation. In hilly arcas, however, special measures are required 1o cnable water
preservation. In pgencral. two methods are distinguished: outflow reduction and water
retention.

The principle of outtow reduction is that, in spring and in summer. surface and
groundwater levels are kept the highest possible, 1o reduce outflow from groundwater and
surface-water subsystems. This is currently done by reconstructing river bends and reduction
of tlow profiles, hut also by control systems. such as weirs that can be lowered automatically
in case of increased runoff and be raised 1n cuse of small or no runoff. Another form of
outflow reduction, which is widely practiced in new urban areas these dayvs. is connecting
impervious surfaces to infiltration sites instead of to sewer systems.

The second method involves water preservation, using artificial retention reservoirs.
It is applied in 2 growing number of cases. Especially in the hilly area of Limburg (see Fig,
1.1) such measures are taken in combination with downstream food protection along rivers
and crecks. Water-retention reservoirs can also be used to infiltrate river runeff and recharge
the groundwater systerm. However. the effectiveness of such recharge very much depends on
the permeability of the subsurface. In some polder arcas this method 15 practiced as well, for
instance, 1o temporarily store water which cannot be discharged to a storage basin.

Water shortage as a result of fowered groundwater tables is @ major problem in the water
management of hilly arcas. Despite various efforts to prevent the inlet of alicn water. the
current practice is o compensate for water shortages by importing water from outside the
region and artificial irrigation of agricultural land with sprinkler svstems. Water supply
works are carried out in many parts of the hilly arcas, Water 18 brought in by canals and small
pumping stations. Sometimes existing drainage canals are used for this purpese, reverting the
direction of flow.
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The [Jsselmeer and the rivers [Issel, Rhine and Meuse are the main sources for
irrigation water in the Netherlands (Fig. 1.4). To prevent flooding along supply canals, water
is generally pumped up in small steps. For sprinkler irrigation, surface water and
groundwater arc used, if available. The use of groundwater by farmers for these purposes is
restricted in dry periods by the responsible water authorities, to prevent excessive lowering
of the groundwatcer table.

1.3 Developments in Water-System Control
1.3.1 Lack of Capacity

Designing and operating water systems is a matter of capacity atlocation. The factual reason
that water levels rise and for the subsequent flooding or overflow, is a lack of storage or
discharge capacity in subsystems, such as surface-water, groundwater and scwers systems.
Undesirable situations in these cases can be prevented by larger storage or discharge
capacities. Despite this fact, undesirable situations continue to occeur, since the capacity for
storing water in and abstracting from a subsystem is limited in practice. The fact that a
specific situation is undesirable, follows from the requirements of interests defined for
subsystems. An undesirable situation occurs il one or more of these requirements are
violated. That situation will here be called system failure. The frequency of system failure
used in designs of water systems depends on the social and economic acceptance the effects.
In general, the frequency of system failure can be reduced by an increase in system
capacitics. However, other possibilities can also contribute to such reductions. Research
shows that usually not all the capacity available is used at the moment of failure and that
unused capacities remain in the system (Schilling, 1991} Sewer-system engineering has
shown that system failures can be limited considerably by installing control systems, which
reallocate available storage and discharge capacitics before the moment of failure. To
accomplish such subsysiem control, the available capacities have to be used effectively in
time. Several control systems that apply this have been implemented for sewer systems.

Considering the results achieved for sewer-system control, it is of interest to know whether
similar results can be obtained in the control of entire regional water systems. Subsystemns
of o water system rarely fail at the sume moment. Therefore, the temporarily unused capacity
of one subsystem can be used in favor of another subsystemn.

Because of the growing number of interests, the number of requirements that have to
be met in water systems increases considerably. Therefore, the freedom of control is
becoming smaller. Part of this problem can be solved by additionally making use of the
variability of interest requirements throughout the year, For example, if an agricuitural
interest requires constant high groundwater levels only during the sowing and growing
periods, groundwater levels could be kept low outside these periods, using the groundwater-
storage capacity to reduce the chance of flooding in an other location.
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The traditional way of controiling water syvstems is 1o determine fixed target levels and
control ranges as standards. Uinder average conditions. which oceur in theon only, the
reguirements of all interests arc satisticd hest using these standards,.

In practice. however, various interests with contlicting requirciments can be present
I & water system. T he operational control problems that oceur as a result of the increase in
importance of interests. which were not considered previously, necessitate using all the
availuble svstem capacitics.

1.3.2 The Operator’s Role

The traditional manner of controlling subsyatems of @ water system is shown in diagram (a;
of Tig. L& The operator has o central position, He receives stundards set by polics makers.
The operator gathers mforniation about the functioning of the subsystent from observation.
On the basis of this information and the standards. the operator controls e processes which
tuke place in the subsystem he has o control. FThe operator montlors the results of his control
actions and the behavior of the water svstem. This information and his experience enable him
o determing how the svstem should be operated to continuousiy meet the standards. Because
changes take place 1 the water system and standurds are updated regularls . the operator has
a limited time s indosw for Bis experience o grow,

One of the drawhacks of this traditional form of control 15 that cuch operator is
responsible for one subssystent only . Therelore, he tends to focus on the performaunce of his
own subsysten. Inopractice. for o long period this has resulied inaccurate control ot surface-
water fevels inoregional water systems, whereas groundsater levels and water guality
received only hmited attention.,
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I modern contral several subsystems and preterably the entire water <ysten s imvolved
(diggrmm {bY in Fiz. 1¥) informatien on both water-quanuty and water-ytadity sariables are
monitored continnously or at regular intersals. These data are gathered from various
locations Hial are peographicalls apart and processed into swtidhle isformation. In this
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concept, the operator receives more information about the behavior of the water system and
the processes involved. He has to deal with more standards than when controlling one
subsystem only. The requirements of various interests that have to be satisfied in a water
system are presented to the operator in the form of control ranges. These allow him more
flexibility of control. To support his decisions, the operator has access to tools that enable
him to evaluate vartous control options in advance. Such tools are, for example, models of
the water system that incorporate an accurate representation of the water system and the
control structures present.

In this modern control system the operator gains experience about the functioning of
the water system. On the one hand, he has more data to base his decisions on, but on the other
hand, his support tools enable him to gain knowledge much faster than before. This is
because he can ‘play back® earlier system loads that resulted in extreme conditions and
necessitated difficult decisions.

Another variable which can be of help to the operator is a weather forecast, which can
be translated into a prediction of the water-system load. This enables him to anticipate runoft
in case of rainfall or drought. Monitoring and system-load prediction even enable him to take
control actions before an event actually takes place.

1.3.3 Automation of Control Systems

Water authoritics are currently changing over from traditional forms of manual control to
various kinds ol automatic control. Automation often means an increase in efficiency, but
not necessarily improved control. To really enhance the performance of water systems,
automation should be introduced to execute operations that were not done before. In general,
water authorities start with on-line monitoring which includes automatic data gathering of,
for instance, water levels and flows.

A survey among regional water authorities showed that almost all newly installed water-
quantity monitoring devices function on line (Lobbrecht et al., 1995). An important rcason
tor this development is the need for a more accurate picture of the water-system state, which
can be used for operational water-management and planning purposcs.

Figure 1.9 shows the results of a survey of approximalcly 8000 regulating structures, of
which 900 were polder and storage-basin pumping stations. The figure shows that pumping
stations are automated to a large extent.

Pumping stations of polder arcas that were previously attended and operated manually
during the day only, are now being automated. The continuous availability of pumping
capacity enables a more accurate surfacc-waler-level control. At any moment, even during
the night, pumps can be switched on if necessary, while operators do not need to be present.
This is clearly demonstrated in Fig. 1.10, which shows that the surface-water level in the
Flevopolders, is fluctuating within a much narrower range after automation of two if its
pumping stations. The data are from two hydrologically comparable years, 1987 (before
automation) and 1991 (afier automation).
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In hilly areas, weirs are being autemated to maintain the highest surface water levels possible
and preserve as much groundwater as possible in summer. Throughout the yvear. the
automation systems control up- or down-stream water levels. During excessive rainfall. weirs
are lowered automatically. whereas during periods of drought they are lified.

100 :
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T M W A uomatic

Fig 1.9 Current extenl of automaicd regulating structires
ffrom: Lobbrecht et al., 1993).
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1.3.4 The Evolution of Water-System Control

Automation of routine tasks 1s one of the {irst steps towards improved water-system control,
However, automation of routine tasks alone is not sufficient to meet many of the present
requirements. The awareness is growing that a weighed form of water-system control is
necessary, in which automation plays a role.

Three evolutionary steps can be distinguished that will eventually lead to weighed
control of a water-system (Fig. 1.11):

I3 local control,
2. central control,
3. dynamic control.

Local control involves a single regulating structure in a water system and is executed on the
basis of monitoring data gathered in the vicinity of that structure. Local control takes place
on the basis of standards that have been set for each subsystem. This form of control is
practiced in many water systems by pumping stations that control surface-water levels and
weirs that control upstream water levels,

Central control involves onc or more regulating structures and is executed on the hasis
of data from more than one location in the water system. Several subsystems can be involved
in central control. Similar to local control, central contro] takes place on the basis of pre-set
standards. The advantage over local control is that, because a better picture is available of
the water-system, the required water-system state can be determined, avoiding unnecessary
or contradictory local control actions. Central control is currently implemented by several
water-management agencies by using data from monitoring networks. A central control
mechanism generally implies logic control rules. An example of this type of control is the
combination of surface-water-level and water-quality control.

Standards Standards Interests
O
1
!\/
1. Local control 2. Central control 3. Dynamic control

B Regulating structure m Loca! control leep
-— Data exchange

Fig 1.11. Three steps in the evolution to dynamic control of a water system.
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Dyynamic control 1s u specific mode of central control. in which control actions are
bascd on the time-varving requirements of interests in a water svslem. the water-system load
and the dynamic processes in the water system. Dynamic control imcorporates a mechanism
that ensbles continuous weighing of interests present in the various subsystems. Using
dvnamic control. the available system capacities can be used optimally both under normal
and cxeeptional conditions. During extrenmie hydrological circumstances. subsystems of the
water system may Tail Dsing dyvnamic control. tailure in each subsystem is avoided as much
as possible, given the avatlable water-system capacities. The weighing mechanism used,
ensures that if failure cannot be prevented. the feast important interests fail first and the most
important enes last.

It should be mentioned that the steps presented in Fig, 111 rarely exist in pure form.
A mix of local and central control 1s already found in various water svstems. [Dynamic control
15 not vet applied in the Netherlands, 1tis expected that dynamic control will be intreduced
gradually. Fspecially in the beginning. it will be implemented mixed with central 2nd local
firrms of contrel.

It should be stressed that central and dynamic control do not necessarily replace the
control actions ol operators. Both formis of control can be useful in the practical operational
situation using manual operations. For instance, lurge pumping stations can be operated
manually. while decisions are made on the basis of the outcomes of central togic,

1.3.5 Interest Weighing

In the Netherfands, ~functions” are assigned 1o specific locations in the environment by the
government. A function in this respect is the formalized main interest. The definition of a
function includes water-guality standards. which determine the environmental conditions that
have to be satishied.

In this thesiso only those interests will be considered that are important for the
determination of control strategics and designs. The interest definition includes both water
qualitv- and waicer-guantity requirements,

According to a three-tier hicrarchy water-system demands are classitied: interests. objectives
and requirements. hree types ol interests are distinguished: commaon-good interesis, sectoral
interests und operational interests.

Common-good interests include aspects such as whether the tand is it for habitation
and focus on improvement and preservation of the environment. Common-good interests
entail requirements related Lo primary water-management dutics. These types of interests arce
of importance to entire water systenms,

Sectoral interests are characterized by the henefits that a particular group derives when
its requirements are met. Sectoral interests mvolve the allocation of water to different
activities. In sectoral interests. socio-ceonomic halancing and or social acceptance can be
involved. These interests are penerally of lovsl importance.

Operational interests include issues that determine an efficient water-system centroel.
I'hes are generally only important for the responsible water manager and require the best
operational control at the lowest cost.
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Table 1.1. Examples of interests and possible associated objectives and requirements.

Interest Objective Requirement

Flood prevention | Prevent flooding in Keep water levels in rural and urban systems
{common-good) | rural and urban areas below the set limits
Prevent scouring of canal beds and

embankments
Leology Prevent drought Maintain surface- and groundwater levels
(common-good) | prevent pollutant Prevent undesirable water-system inflows
nflux into surface and | pregerye location-specific water

sround water , .
k [se sewer storage optimally before overflow

Maintain biodiversity

Agriculture Maintain optimal Keep groundwater levels within the set range
(sectoral} growing conditions for Keep soil moisture contents within the set
crops range
Keep _t,hc land Muaintain water in the surface-water subsystem
accessible for irrigation

Keep surface-water- and groundwater-quality
variables within the set limits

Navigation Facilitate transport on | Keep surface-water levels within the set range

{sectoral) water Keep flow velocities within the set range

Water recreation | Maintain good Keep surface-water levels within the set range

(sectoral) WT{““C'WMCF quantity 1 geen surfacc-water-quality variables within
and quality the set [imits

Nature Muaintain sustainable Keep groundwater levels within the set range

(sectoral ) conditions for flora Keep surface-water levels within the set range
and fauna

Keep surface- and groundwater-quality
variables within the set limits

Water Minimize operational | Minimize the number and duration of
management costs operations
(operational Keep flow velocities within the set range

Obijectives set for interests, express the preferred situations in the water-system. The
requirerments of interests represent the intrinsic water-system conditions to be met.

Tt should be kept in mind that in this thesis the main focus is operational control and not
determining the layout of water systems. Thercfore, interests are presented and dealt with
mainly from an operational point of view. The objectives of various interests may be the
same, but are generally different. Table 1.1 presents some examples of interests distinguished
in present-day water-system control, with possible associated objectives and requirements.
The order in which the examples are given docs not represent a ranking, the table is only for
demonstration purposes.
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The weighing mechanism used in dynamic control enables interests of different kinds 1o be
compared. Dynamic control determines which interests are preferred above others by means
of the assigning of weights, During normal eperating conditions, the resulting control may
be very simlar to central forms of control or even to local contrel. Under exceptional
conditions. for mstance, during excessive precipitation or drought. the actions of dynamic
control shift in favor of interests that have been assigned the largest weights, However,
average conditions may also require dynamic control 1o optimally meet the requirements of
the interests considered.

1.4 Decision Making

‘This section brieily introduces the decision-making process as currently practiced by water
authorities such as water hoards. The terminology used for the various erganizational Ievels
in the next chapters of this thesis s introduced. The only purpose is to present the
organizational framework and how decistons are made and not to discuss the procedures of
the decision-making process itsclf,

‘Fwo terms are used to indicate the organization responsible for water management: warer
authority and water manager. The term waler authority denotes the organization which is
formally ‘responsible’. while the term water manager implies the person or group of persons
within the organization who “implement” control actions.

Strategic
level
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podicies < laws Mxnagem‘f'n_t‘»

Laws,
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Laws.
stanickards
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Fig. 112, Decision-making levels and information flows within o water authority.

Svstem performance
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Within the organization of the water authority, three organizational levels can be
distinguished with respect to decision making: strategic, tactical and control (Fig. 1.12).

At the strategic level, interests are considered and objectives to be met in the water system
arc defined, on the basis of government policies and laws. The objectives, including their
weighing, are usually fixed for the long term, e.g. in five-year plans. The management
present at this level, is responsible for the overall performance of the water system.

The management verifies whether the objectives are met, on the basis of information
supplied by the tactical and control levels. The strategic level is, moreover, responsible for
investments in the water system and setting of priorities for structural measures.

Employees at the tactical level are responsible for planning, design and development of
operational objectives. Within the limits set at the strategic level, the technical boundary
conditions for operational control of the water system are set.

Infrastructural measures required are determined, incorporating the way in which
control will be executed. In the designs, excess capacities are included, thus creating options
for future extenstons in the water system.

Operational objectives are developed on the basis of the objectives set at the strategic
level that are valid for mid- to long terms. From the system-performance results, management
information is assembled. Additionally, it is evaluated how well the objectives are met, on
the basis of results obtained during the course of time.

The control level concerns the day-to-day operation of the water system. The employees at
the control level are responsible for controlling the water system. They execute control
actions, monitor water-system hehavior and take corrective measures if undesirable situations
occur. They are furthermore responsible for maintenance of the various centrol-system
elements. Employees at the control level should be able to unambiguously execute the
operational rules that are developed at the tactical level.

General knowledge of water-system behavior is essential in decision making at the tactical
and control levels and it is important that the employees can predict and analyze the behavior
of the system before operational actions are taken. The methods described in this thesis are
specifically meant to support the work at these two levels.

1.5 Comparison with Similar Problems

Interest weighing in an operational situation, in which dynamic control is applied, requires
optimization in selecting one or more of the possible control actions. Optimization methods
have been applied in the process industry for a long time. In water management, large-scale
applications arc found all over the world. In the USA for instance, entire rivers and storage
reservoirs have been controlled on the basis of the outcomes of optimization models for
decades. In these projects, generally, various interests have to be satisfied, such as hydro-
electric power, agriculture that is dependent on irrigation, fishery, cte. Usually, the objective
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is to maximize energy production by optimum water releases, while at the same time meeting
the requirements of the other interests. This weighing problem has to be solved especially in
periods of extreme hydrological conditions such as exceessive precipitation or drought,

The operativnal problems involved in these large-scale systems resemble the problems
encountered in the present study. A mix of interests has to be satistied and 100 many or wo
few resources have to be distributed in a balanced way.

In addition to similaritics, there are clear differences between the present subject and those
studied in other countrics. The most striking difterence is the scale ot application. [n the [SA
in particular, large rivers and sterage reservoirs are controlied. whereas this thesis deals with
much smaller hvdrological units such as storage basing. small rivers or creeks.

irurthermore. the time scale of the problems differs. Most applications of optimization
for storage-reservoir control define the optunal releases for an entire vear, The successive
stages of the prablems defined usually cover one month. reservoir water releases for cach
month being the outcome. Here, the period for which optimal control has 1o be determined.,
covers only a few hours to several days.

In general, hvdrepower generation is an interest of greal Importance in reservoir
control and therelore great etforts are made to mode! that interestt Fven the choice of
optimization method seems o be influenced by this interest. In the Netherlunds, hydroposer
generation 18 not an issue in regional water systems. However. the number of interests that
has 10 be incorporated in control decisions in the Netherlands is large, while the exact
definition of interests and associzted requirements is often Jess ¢lear and sometimes even
vague

1.6 Concluding Remarks

Al present. a prowing number of semetimes contheting interests has te be tuken into
consideration in water management, Water systems developed during the history of and
reclamation are basically not designed to incorporate the wide range of requirements and
restrictions associated with the newly defined interests.

The excess capacities normally built inte the current water systems has allowed
pustponement of extensions for some time, However, the capacity limits of many of these
water systeins are now reached and additional measures will be necessary to enable a water
management. which meets the requircinents of various interests.

Iwo fundamentally different measures can be considered: extending system
capacitics. possibly combined with separation of interests, or improving the performance of
the existing water svstent by improved control,

Lxtending the present systent capacity s expensive and so is separation of interests into
hvdralogically independent units, Separation Is spmetimes not even preferable because of
historical reasons, or the tuct that the value of one interest can enhance that of another.

An alternative for capacity increase and separation is improving the use of currently
availahle resaurees in waler systems by enhanced control. Such control meorporates the time-
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dependent interests defined and the water-system dynamics. This is called dynamic control.
Various forms of dynamic control have shown good results in water management in several
countries. In the Netherlands there is no experience in this field as yet.

‘The main objective of the present study is to determine universally applicable methods for
of regional water-system control, including both rural and urban arcas. The subject of
improving the control of urban sewer subsystems has been studied extensively by others
(e.g.: Einfalt et al., 1990; Hartong & 1.obbrecht, 1992,

‘This thesis presents a new approach, in which all subsystems of a water system are
controlied in an integrated way. This is based on explicit weighing of interests, possibly
crossing the borders of the responsibilities of different water authorities.
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2 Decision Support and Control

2.1 Introduction

This chapter describes the elements of control systems that are relevant to the present study,
in particular, systemns that are designed to support the water manager in controlling his water
system. These systems are called Decision Support Systems (DSS).

In general, the term DSS is used for a wide range of systems. It is used for simple
decision trees and for computer programs to solve complex problems. In this thesis, a slight
variation of the definition of Sprague and Carlson (1982} is applied:

‘A Decision Support System is an interactive computer-based system that helps decision-
makers to utilize data and models to solve complex problems.’

Several comments in regard to this definition should be made. Firstly, a DSS is interactive,
i.e. there is a dialog between user and computer. The computer produces ‘answers’ to
‘questions’ asked by the user. Such questions can be in the form of: ‘What if I take this
action’ or: “What if this happens’, with the computer presenting resulls on which decisions
can be based,

Secondly, a DSS is used by decision-makers who, in this specific case, are those
persons of a water authority responsible for water-system planning and operation.

Thirdly, the DSS itself is not a mode] but a computer-based system, which uses data
and models, that are specifically intended to assist in the decision-making process.

Finally, a DSS is needed to solve complex problems. The complexity can follow from
the water system that has to be controlled which, tor instance, comprises many subsystem
interactions, or the difficulty in satisfying the requirements of all interests.

In general, a DSS is needed if the water manager wants to obtain the best solution to his
problem and a logical and an unambiguous cheice from various solutions to that problem
cannot be easily determined without a computer-based system.

A DSS can be used at different organizational levels (see Sec 1.4). In this thesis, only the
control and tactical levels will be considered. At the control level a DSS can be used for
real-time control, whereas at the tactical level it can be used for analysis purposes. In the
latter case, a [DSS can be used to support the work of planners, for instance, in the water-
systemn designing process.
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Controf systems can be defined as svstems that steer processes and correct discrepancies
-between actual and desired system states. The following general overview describes the
main actional elements of o control system and its data and information fows,

For the general understanding, it is important to realize that the water manager has various
sources of information, ¢.g.; observed data. awtomatically gathered monitoring data and
syslem-load predictions,

The guantity of information required te obtain a batanced form of water-system
control depends on the wpe ol water systen. its runoft characteristics and the required level
of control. These sources of information can be used in models to obtain a complete
overview of the water-system state and an estimate of the state for some time abead,

2.2 Developments and Use

The first DSSs for water system-control were developed in the mid-seventies (Loucks.
1991). In the carly stages, the approach focused on medehng and specific problem solving.
These systems lacked the faney interfaces which are common today . Data swere entered into
the systems by typing values. The output of such systems consisted of a ot of printouts.
which could only be interpreted by the persons who had built the model,

AL present, user-oriented. Interactive systems are evolving. which enable a direct
dialog between user and computer. User actions trigger computer actions and a process of
guestions and answers guides the user through these systems. Graphical output is commonly
applicd. Standardization of interfaces enables users who do not have any experience with
a specifie system to learn it rapidiy.

As mentioned above. a PSS has to be used at various levels that exist in a water authority,
Of all three organizational fevels mentioned in See. 1.4, the DSS intended in this thesis is
used at the tactical and control Tevels.

At the tactical level. a DSS should provide information which enables plans to be
made and evaluated. The system might not be used frequently. but when it is used. the
objective is 1o determine the long-term eifects of certain measures, Furthermore. the DSS
is used 10 assess the performance of control. to eventually develop new guidelines for the
design and operation of water systems.

At the control levell the frequency of using a DSS depends on whether it is used for
real-time control or not. [f the PSS iy used for real-time control, its operation is needed
continuously whercas, if it is used eff-line. its frequency ot use is Jow and dependent on the
analyses required, In pencral. the level ol detail required in the operational situation will be
high and the time span involved short c.g. hours 1o several davs. In addition. details of
short-lerm and long-ten historical events are of interest at this level. especially to determine
future operational actions.



2 DECISION SUPPORT AND CONTROI, 27

2.3 Levels of Control

A gencral overview of a water-control system is given in Fig. 2.1, The figure is a further
specification of the modern control system as described in Sce. 1.3.2. Three levels can be
distinguished in a control system:

* decision-support level.
. central-control level,
. local-control level.

Control actions can be carried out from cach of these levels. The person or device eventually
taking the operational decision, depends on the current status of the water system and the
risks which are involved in the operation. Note that the decision-support level and the
central-control Jevel are located centrally, in general at the same location. The local-control
level is in the water system.

CIhjectives
4 5 Central iocation

Decision-support level _ 1 __ ‘ ]
_— C Strafegy. | | Dynamic Automatic_

T determination Control
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o L P v -] Central Automati
.+ Logic fules " Control
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Data monituring — - - commands | 17
————~—{ Operational conf._rql!*———— PR
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|Local-c|::mrol level Setpoints /| 75
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Fig 2.1 Principal levels in water-system control.

2.3.1 Decision-Support Level

At the deciston-support level, decisions are prepared, analyzed and evaluated. The objectives
for water-management {orm the basis in decision making. These objectives should be
formulated in such a way that employees at the tactical and control levels can base their
decisions on it. An example for an area that incorporates nature, agricultural and recreational
interests couid be: matntain conditions in which natural values can develop best as well as
agricultural production; prevent flooding of agricultural land as well as poor water quality
in recreational waters,
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The process of formulating objectives, implics a form of interest weighing. Sinee 1t
cannot be known in advance whether the objectives stipulated will result in the water
management intended. evaluation s necessary before the objectives can be applied in
practice.

The decision-support level can be used in various ways: planning. analysis and real-time
control. An example of the use for planning purposes is the design of a water system. An
example of the use inanalysis, is determining the performance of a controlled syvstem on the
basis of the hjectives set. In case of real-titne control, the desired svstem state is determined
at the decision-support level on the basis of actual data.

The desired system state 1s generally obtained by a combination of operations of regulating
structures. The desirable water-system states and regulating-structure operations are here
formulated as setpoints. Ixamples of desirable system states formulated as setpoints are: a
particular surface-water level; a particular groundwater level; a chloride concentration limit,
Examples of desirable operations of structures resulting from setpoints are: the flow over a
weir; the flow through a sluice, ete.

A sequence of control actions some time ahead, which result in the required system
behavior, is here called a control strategy. In the control strategy. a distinetion can be made
between “hasic setpoints” and “time setpoints’. Basic setpoints are valid {for the current
moment, whereas time setpoints reflect the subsequent required svstem states and structure
operatioas in time (Fig 2.2).

Comrol strategy

—
i f

[Setpoints i=1| Setpoints 1~ 2 | | Setpoints =T}
¥ v %

Hasic setpoints Time setpoints

NOw

Fig 2.2, The control strategy as a series of basic seipomts and
time sefpoints.

Onee a controd strategy is determined, it can be applied directly from the central location.
Such a control strategy can be in the form of an advice to operators. When their operational
actions arc based on that control strategy. the control mode 15 called dynamic manual”
control.

The control actions required, can also be seat to the local-control level directly. by
transmitting basic setpoints. which are implemented automatically. This s called dyramic
automatic cuntrol.



2 DECISION SUPPORT AND CONTROL 29

2.3.2 Central-Control Level

At the central-control level, operators of a water system take action to maintain desired
water-system states. Various forms of central control exist, ranging from remote manual
control to automatic control by means of computers.

Two forms of central control can be distinguished (Fig. 2.1): manual control by operators,
here called central manual control and automatic control based on logic rules, called central
automatic control. In manual control, the required setpoints or control actions are
determined by the operators in person. Central automatic control is based on logic contral
rules. By means of these rules the required control strategies are determined automatically
for the various circumstances accounted for,

Both manual and automatic central control are forms of remote conirol. This means that the
operating commands are issued at another location than the regulating structures which have
to be controlled. In general, the central functions do not necessarily have to be located at a
single place, but they can be distributed over several locations. For simplicity, the central
location will be considered here to also represent these other possible situations,

2.3.3 Local-Control Level

At the local-control level, the required control actions are implemented and monitored. If
the value of a water-system variable differs from the current setpoint, local controllers take
action to maintain the setpoint. These controllers will be considered automatic in this thesis,
while the setpoints are transferred to them electronically.

Monitoring both controlled and uncontrolled variables in the water system is
necessary 1o evaluate whether the implemented control strategy complies with the abjectives
set. In general, it will not be possible to monitor all the variables required to achieve a
complete picture of the water-system state. As will be explained later, some missing
variables can be estimated artificially.

In controlling large water systems a further hierarchy can sometimes be observed which
distinguishes more levels than the ones discussed above. In those cases the functionality of
the central level can be replicated at the local level (the dotted operator in Fig. 2.1)

2.4 Control-System Functionality

In this section, the main functional elements of the three-level control system are discussed
in more detail. Figure 2.3 presents the major elements and data flows in a control system.
In addition to internal data flows, data from outside the control system are gencrally
necessary.
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Table 2.1 shows the aaming conveniions Tor control, used throughout this thesis. A major
distinction 15 made between carrving out operations autematicalls and manualiv, Automatic
operations are exeeuted by computers und clectronic devices, whercas manual operations are
implemented by operators of wwater system.

[he way in which the eperations are implemented. 1s also retlected i the control
names, ¢.g. dvranic auiomatic controf s implemented automatically.

In dvnamic controf the dyiamics of the water system and the mutual weighing of
interests i the water system are incorporated In the control strategy . Sinee dvnanic conirol
uses information frony several subsystems, commands are generally issued from a central
location. In dyvnamic control. the control strategy i determined by« DSS and available wo
the operators as an advice ors optionally. apphed directhy by contral units, Dynamic control
can also be apphed manually, Inthat case it is called e namic mensual control. 1n principle.
dynamic manual conuol commands can albso be applicd lTocally. Depending on the number
of regulating structures included indynamic control. this can be avery lahorious task,

In automatic operation. both the central and ocal levels implement control actions
on the basis of Togic rules. the reievant control modes are conwral auromaric conirod and
local automaric control,

In manua! operation. heuristics can be involved in deternuning the best control
strategy. To apply this successtully. the operators should have the required knowledge about
1he water-system behavior that will result fromy the contrel actions thes take, Munual control
comimands can be given both at the central and local levels: eentral manuad conref and
local manual conrol,
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Tuble 2.1, Naming conventions in water-system control.

Operation Control Strategy Control mode
level determination
1SS Dynamic Automatic Control
Central
Automatic Logic Central Automatic Control
lLocal Logic Local Automatic Controf
D&S / Heuristic Dynami¢ Manual Control
Central
Manual Heuristic Central Manua! Control
Local Heuristic [Local Manual Control

2.4.1 Operational Conditions

Several operational conditions can be distinguished, irrespective of the control mode used
to manage the water system:

. standard operation,

. anticipated system failure,
. system maintenance,

. emergency operation.

During standard operation, the control system 1s fully operational. Predefined operating
conditions arc available, each guarantecing safe conditions of the water system and the
control system. The rules that have to be followed, have to be deseribed in an operations
manual {Schilling, 1991).

In the situation of anticipated system failure, the control system is not fully
operational due to accidental or unexpected events, which, however, can be explained, e.g.
breakdown of a motor unit of a pump, communication failure, ctc. Anticipated failure
conditions and the actions to be taken by operators should be described in the same
operations manual as standard operation.

Parts of the system that are closed for maintenance cannot be controlled. Maintenance
should preferably be carried out during periods when low system loads are expected.

I'mergency operation occurs when the system is not fully operational but the
corresponding situation is not covered by regulations. Such failure situations are not
included in the procedures for anticipated failure. These situations gencrally require manual
control of the water system.

The first three operational situations are included and further discussed in this thesis in the
descriptions of design and operation of water systems. In principle, for these operational



2]
[g%]

DYSNAMIC WATER-SYSTEM CONTROL

situations, the [DSS can be used to support operators in determining the best control
strategies for the water system.

2.4.2 Strategy Determination

The main focus of the present study 1s on strategy determination on the basis of a 13SS and
on the hasis of heuristics. Strategy determination on the basis of logic rules is not discussed
in detail.

At the decision-support level, suitable control strategies are determined within the
limits and obicctives of the current policy and the given water-system state. The best strategy
pussible, 15 cailed the “optinal strategy ™. The control strategy can be obtained in two ways:
. by trial and crror:

. in a single run.

Figure 2.4 shows the principle of both methods of strategy determination that can be applied
at the control and tactical levels in a water authority (See. 1.4)0 At the control level, its use
is primurily for real-time control. In addition, 1t can be used for training and analysis
purposes. At the tactical level. its use s primarily for analysis purposes. to determine the
water-system performance for longer periods and for planning purposes.

Determining a control strategy by trial and error. requires a calibrated simulation
model. called a Simudetor, which reflects the hehavior of the real-world water svstem, When
the single-run method is used. a system called the Strategy Resolver needs 1o be run once
{see also Fig. 2.3) This svstem determines the optimal control strategy on the basis of
objectives formulated.

(Jhjectives
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griStrazegy 50
(ﬁ/{ _ Resolver .
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- A %é‘j"//?‘f/,
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Control - ,\{\'3\ Tactical
level ’ . level
Simulator

Fig 24 Strateey determination af the control level and the tactical level.

[he control strutegy describes a set of control actions some time ahead. The contral strategy
depends on the response time o water svstem and the control actions. In water svstems with
rapid runof? characteristics a prediction of the hvdrological load 1s generally necessary. In
water systems with slow runoff characteristics a prediction 1s not alway s necessary,
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The period for which the control strategy has to be determined is called the control
horizon. The control horizon can be seen as a time window that has a fixed length, which
shifts in time. The required length of the control horizon 1s to a large extent determined by
the runoft characteristies of the water system. This will be discussed further in Sec. 5.3. For
the moment, 1t is assumed that the length of the control horizon is known and that, if
necessary, 4 prediction of the system load s available,

The steps of strategy determination processes according to the trial-and-error method and
the single-run method are shown in Fig. 2.5,
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Fig. 2.5 Methods to determine a control strategy: by trial and ervor
and in a single run.

By Trial and Error

Using the trial-and-error method, first a set of initial setpoints to control the water system
has to be selected for a particular time span, e.g. one hour. Using the selected setpoints and
the predicted water-system load, the water-system behavior 1s simulated for one time step.
After this step, the performance of the water system is evaluated against the objectives. If
there is a risk that the simulated water-system state deviates from the desired one, some, or
maybe all the setpoints are adjusted before simulating the next time step. The adjustments
are determined on the basis of knowledge and experience. Agatn, the water-system behavior
is evaluated. This process continues until the entire control horizon has been simulated.
The setpoints chosen for the various regulating structures during the control horizon,
reflect the attempted control strategy. This strategy is subsequently matched with the
objectives, considering the entire control horizon. It should be mentioned that this overall
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evaluation s shimlar to the evaluation that is done after cach simulation step. but it
incorporates all water-system states during the control horizon. The evaluation result of
separale moments intime on the one hand. and the evaluation result ot all moments in time
tegether on the other. may differ with respect to the overall water-system performance. For
instance. i a particular tine step, a poor performance may have been chosen. in tsvor of a
nextstep with a very good performance.

In general. the procedure will be follewed using several simulation steps at o time.
After the overall evaluation. extra trials may be necessary to assess alternative control
stratepics and determine which one is best,

the cffectiveness of the tnal-and-crror mcthod very much depends on the complexity ot the
water systemn. the objectives tormulated and the experience of the operator using the method.
The trial-und-error method can be effective. especially for the more simple water svstems
where setpoints rarely have to be adjusted. [ the water system or the objectives are more
complex. the trial-and-crror method can be rather time-consuming.

In a Single Run

Another option 1o determine a control strategy is by means of the Strategy Resolver. This
resolver incorporates an optimization method to determine the optimal strategy, considering
the operational objectives, the water-system state. the water-system fead and constraints.
Such constraints can he physical and practical imitations to control actions.

This method requires carelul tormulation of the ebjectives, sinee these guide the
optimization process and determine the optimal setpeints in the course of time,

The use of optimization methods to determine control strategies. implies weighing
the objectives chosen, This appheation gencrally requires time-series caleulations and
analvses to check the effectiveness of the optimization process in the long run,

Optimization 15 part of the Strategy Resolver that incorporates a model of the water system.
[ts aperation can be compzred with an evaluation of all possihle seipoints tor regulating
structures during a particular control horizon. However. the resolver computes a lmited
number of alternatives. omitting alternatives that result in @ poor overall performance.
The single-run method is fast in comparison with the triagl-and-error method. This s
advantageous in real-time control. The single-run method should. hossever. be evaluated
periodically. to deternime whether the methed stll reflects the current policy .

Comparison

The triad-and-crror niethod onlv permits ianual control of awater system. Because of the
time invobved in determining a good control strategy, the trial-and-ceror method moa real-
time situation may nat alwavs he appropriate.

The computer-hased single-run methiod enables both manuel and antomatic (see
Fig., 2 1) implementation of the control strategy. [n case of manual control. the operators
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themselves determine whether and how to implement the control strategy. This makes it
possible 1o incorporate specific situations or temporary changes in the required system states.
However, the single-run method also has some drawbacks. These will be discussed in
Sec. 3.2.1.

2.4.3 Central Control Tools

At the central-control level, operators can have various tools available to facilitate their
operations (see also Fig, 2.3):

. an information system;

* a logic controller;

* an alarm system.

Data are processed into information by an ‘information system’, Processed actual and

histerical data can be made visible via the information system. By means of interactive
dialogs, the operator can retrieve detailed information about the ongoing processes in the
water systeim.

In general, not all required data will be available from on-line monitoring. Some data
can be measured manually at relatively long intervals, e.g. water quality data can be obtained
from periodical measurements and laboratory analyses. Such data have to be supplied from
outside.

A method to overcome a lack of continuous monitoring data is to use models, which
simulate the water-system behavior and attribute values to missing variables. Such models
should be calibrated regularly, or even on line, to keep producing accurate results, An option
for automatic calibration is the use of a numerical filter that makes sure the model keeps
resembling actual monitoring data. This type of data processing, using both measurements
and models is known as “data assimilation’.

[f balanced water-system control can be obtained by logic control rules, they can be applied
in a fogic controller. The control rules can result in flexible strategies, fully determined by
the actual water-system state, or in a fixed set of ‘control recipes’, which cover all the
control actions necessary to obtain the required water-system behavior. [fthe logic controller
is used, the functionality of the control system generally allows automatic and manual
selection of control strategies.

Use of the logic controller always requires matching the situations distinguished in
the controller with the actual svstem state. This form of determining a control strategy is also
know as the “verification method” (Sec. 3.2.1).

An operator 1s warned if undesirable situations occur in the water system, ¢.g. too low or
high water levels, or too high pollutant concentrations. The alarm in that case is issued via
the information system, where such data are available.

One of the tasks of the central command unit ts to monitor regulating structures,
operated by local control units. When one or more of the control units or regulating



36 DY~ AMIC WATER-SYSTEM CONTROL

structures is malfunctioning, a local alarm is issued and sent to the command unit.
Subsequently, the responsible eperatar is warned.

2.4.4 Command and Control Units

Operations of regulating structures are activated through instructions. These instructions are
given by command and control units. The control system of Fig. 2.3 shows a central
command unit and & local control unit. In general, there can be several Jocal control units,
which regulate structures or entire provesses. A Jocal control unit can function as a central
command unit for other local controb units. Entire hierarchical networks ot control units are
built in this wav. Only twao levels are discussed herer one central level and one local level

The central command unit should be seen as an agent which controls processes via local
control units and checks their operation, The centrally determined control sirategy is
transmitted in the form of setpeints to the Jocal contro] units. Upon receiving these data

continuously. [f an undesirable situation oceurs or one of the local systems fails to operate
properly, an alarm message is issucd and sent to the operator.

The Tocal control unit gives instructions te regulating structures. ¢.g.: to the motor-driven
device that controls the crest of a weir: Lo an engine of a pumping station 1o switch on or off

Contrary 10 the decision-support and central-contro} levels that are often located al
the same place. local syvstems are generally located at various places all over the water
system. Data communication between central and local systems and between local systems,
lukes place via a communication nehvork. There are vartous options for this type of
communication. O importance in the current discussion is that such a network mav break
down, preventing setpoints trom being sent to the local level.

To deal with such breakdowns, special strategies should be developed and
implemented by default setpoints for all Tocat contrel systems. The default setpoints should
guarantee a permanent safe control and should be implemented automaticalls. This s also
known as fail-sufc operation”.

A modern control syvstem generally includes an on-line monitoring  network  that
automaticatly pathers data from the water system. [n general. local control units are cquipped
with monitoring devices, ¢.p. water-level measurement equipsnent. However. additional
monitoring locations may be necessary to obtain the required micture at the central level,

The continuous monitoring of variables in a water system enobles determination of
the actual water-svstem state. These vartables also give an indication for the expected runoft
or other processes.

[n additien to monitoring variubles within the water svstem. it may be an option to
monitor the hydrological load on the water system. Sometimes anticipation of runeff or a
lack of runott. enhances the water-system performance. [n that case. monitoring of the
hydrological load and simulation of the water-system behavior, vields a prediction of water-
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system variables. This enables anticipative control actions, which is of special interest to
those water systems that have rapid runoff characteristics.

2.5 Concluding Remarks

A Decision Support System {88} can be used in water management as 4 tool to enhance
the work of the water manager at several organizational levels. The present study focuses
on the tactical and control levels. At the tactical level, plans are made for the mid to long
term. For those purposes the analysis options of the DSS can be used. At the control level,
the DSS can be used as part of a real-time control system, to improve day-to-day water-
system operation.

The strategy for controlling the water system can be obtained by trial and error using
a Simulator, or in one run, using the Strategy Resolver. The Strategy Resclver is especially
worthwhile in water systems which are complex to control and in general for the application
of real-time control.

If used for real-time control, the Strategy Resolver advises operators who implement
control actions themselves or controls the water system directly. If the required control of
the water system allows so, the control actions of the Strategy Resolver can be abstracted
into logic rules which can be umplemented in a logic controller and implemented
automatically.

In practice, operators may have several other tools to support them in their work. If such
tools do not function on-line, operators will probably not use them when extreme system
loads require fast action. In such cases, the water system will be operated on the basis of
operators’ experience and knowledge.

Uninterrupted functioning of the entire control system can never be guaranteed. A
situation can always occur in which manual control is necessary, even for entirely automated
control systems, In such cases, the experience and system knowledge of operators is of
decisive importance to achieve the correct control.

To enhance the water-systemn knowledge of operators, the Strategy Resolver can be
used as an off-line training tool. Such a tool can also enhance their work in assessing
autornatically implemented control actions.

The operation of & water system is generally determined by the risk involved in control.
Under normal conditions, the Strategy Resolver or a logic controller can determine all
control actions, without operator interference. Under extreme conditions, however, the
situation in the water system may become so critical that the control actions at least have to
be supervised by operators. In such critical cases, an operator can decide to use the strategy
advised by the Strategy Resolver, the strategy of the logic controller, or if necessary,
determine a control strategy himself,
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3 Problem Formulation and Solving Methods

3.1 Introduction

Duteh water systems have traditionally been controlled by structures that have fixed setpoints
or control ranges for the summer and winter scason. Formerly, these fixed setpoints were
obtained by weighing the interests present in a waler system on the basis of the output of
gach interest over an entire season or even several years. In the past, when most interests in
water systems had an agricultural character, this weighing was a question of balancing the
economic cutput of an arca.

As described in Sec. 1.3, this form of water-system control does not meet the present-
day objectives nor the future ones probably. In the present study, various options to improve
operational control are presented as an alternative to building extra infrastructural capacity
in the current water systems.

‘The new operational control options should include the operational flexibility that
exists in the current water systems, specifically the permissible fluctuations in groundwater
levels, surface-water levels and water quality.

The objective of this study is to achicve a flexible water management that incorporates
the time-varying requirements of the different interests that are present in a water system, the
predicted system load and the dynamic behavior of the water system.

Meeting interest requirements can often be expressed in terms of physical water-system
variables. [n the following, specific examples of such expressions are given for polder as
well as for hilly types of areas.

Agricultural requirements can for instance be expressed in groundwater level, a soil-
moisture-content range, a minimum surface-water level and/or @ maximum salt concentration
of irrigation water. The groundwater level and the soil moisture content determine the
accessibility of the land for machinery, the crop-growing conditions and in drought-sensitive
arcas, the need for sprinkler irrigation, Irrigation water can be abstracted from the
groundwater and from the surface-water subsystems. ‘The latter requires a minimum surface-
water level. I'urthermore, the salt concentration of this water should not exceed certain limits,
to prevent reductions in crop yields.

Recreational requirements may be expressed in required surface-water levels, surface-
water quality and limits to surface-water velocity. Maintaining surface-water levels within
certain limits can be of importance to recreational navigation (e.g. heights of yacht jetties and
bridges). Surface water which is used for swimming, should meet specific water-quality
standards. Surfacc-water velocities have to be low enough to allow swimming and
navigation.
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Aquatic ceological requirements may be an undisturbed and stable surface water
guality and maintaining a minimum surface water level. Especially during spring, water
quality is of extreme importance. sinee {lora and fauna start to spring up. Flushing surface
water should be prevented as much as possible. in principle during the entire vear. A problem
is that, especially in drought-sensitive arcas, canals may run dry without external water
supply. This may necessitate walter inlel into such canals. Because of these problems,
weighing may be required within the aquatic ccological interest,

Nature requirements may not be very well-defined. Some people define nature as the
situation that exists or develops when areas arce left untouched by humans. In the highly
developed Nethertunds there is hardly a square meter left that satisfies this requirement and
the question can be asked whether the nature that would develop. it certain places in our
current environment were lelt alone, 1s really appreciated so much. [n general. the opinion
is that some kind of human interference will continue to be necessary in nature reserves,
Nature requirements expressed in water-control variables, are limited 1o permissible ranges
for groundwater and surface water levels and restrictions with respect to water quality.
Depending on the location and the tvpe of nature that should develop or sustain. the
requirements vary from very strict to not really limited.

In municipal arcas the main concerns are to maintain the water-quality standard of the
surface water and to prevent flooding. Maintaining a good water quality in the surface water
subsystem of @ municipal area may require regular flushing and continuous water movement
to keep oxygen levels above the minimum limits to prevent stench, Moreover. during and
after sewer overflows the water quality may become rather poor. This requires additional
flushing. Furthermore minimum and maximum groundwater levels may be required. Maxima
are generally determined by the depth of cellars that should rot tlood. Minima may be
determined by timber piles in old cities that may decay under acrobic conditions,

Navigation for transportation purposes, requires minimum and maximum surface
water levels, Too Tow a water level may cause a ship o run aground, Too high a water level
may cause a ship to hit a bridge.

The assumption in this study is that the requirements of cach imterest can be expressed in
physical water variables of rural and urban subsystems which can be directly or indirectly
controlled, c.g.

. surface-water levels,
. groundwater levels,
. sewer filling,

. water quality level.

A method is presented to solve the operational controd problem of the water manager.
meeting the requirements of all interests present in a water system as well as possible. The
operational contro! problem in this contextis solved by determining the best control actions
for the moment and for some time ahead. on the basis of given historical. present and
predicted system loads. A set of contrel actions somg time ahead has been introduced as the
control strategy (Sec. 2.3.1) and the period shead as the control horizon (See. 2.4.2).
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The optimization method was chosen to determine the best control strategy at any
moment. Other methods, such as the trial-and-error method (Sec. 2.4.2), which include
iterative calculations to determine the desired control strategy, are not examined.

The main reason for choosing optimization was that it makes it possibie to determine control
strategies in a single run. Fast determination of control strategies is of decisive importance
int real-time control of water systems, where rapid operational decisions are essential.

The method developed here uses the flexibility available in the current water systems.
Elements of fixed targets or control scenarios can be included. Such elements force the
optimization process to search in a narrow solution space, however.

A weighing mechanism is introduced to determine the relative importance of interests.
This mechanism includes the time variability of interest requirements during the year.

Several methods for finding the best control strategy are discussed in this chapter. The
methodology developed for solving the control problem consists of: an overall objective for
the water system; relationships between water-system variables and limits to variables
defined. Methods for solving such problems are called ‘methods for multi-variable search’
in literature. This term stresses that the optimal values of variables have to be found,
generally within a limited space.

Here, the method for multi-variable search will be called the optimization method. The
formulation of the objective of control, the water-system relationships and the limits to
water-system variables together form the optimization problem.

Optimization problems generally have many possible solutions, of which one or more
can be optimal. An ideal solution, which cannot be improved upon, is called a global
optimum in literature. It is not always guaranteed that the global optimum will be found
during the search. An optimization method may be trapped during its search process in a
local optimum (Fig. 3.1). In such a case the method may indicate that an optimum is found,
which is, however, not the global optimum. In optimization it is very important to be certain
that the global optimum is determined and not a local optimurn, since the latter may be far
from optimai.
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Fig. 3.1 Local and global optima in a process of minimization.
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3.2 Solving the Control Problem
3.2.1 Optimization Methods Applied
Several methods are applied to solve operational control problems, Basically, all are

optimization methods. In general. the aim of applying these mcthods is to find the best
conirol strategy. The main methods discussed here are:

. heuristic rules,

. verification.

. neural networks,

. genelic algorithms.

. mathematical optimization.

Heuristic rules are based on experience. Heuristic rules describe how the water system should
be controlled to achieve a high water-system performance. This method has a wide range of
applications. It varies from simple operational rules on paper. to rules implemented by
computerized knowledge-based systems,

Simple heuristic rules are successiully applied in real life, They limit the variety of
possible operational decisions. which is generally considered an advantage. Knowledge-
based systems have been proven to be capable of reproducing satisfactory results (Babovie,
1991). Heuristic-rule-based systems have to be updated as soon as one or more elements of
the water system change. They have the advantage, however, that the reasoning mechanism
used, can be made clear to the end user.

Verification is based on comparing system loads and water-system states in known situations
with new situations. Several veritication methods exist. Most popular is the use of a “decision
tree’, using if-then-else structures. which can be set up to deal with a variety of
circumstlances.

Another form of verification is the matching method in which possible and known
water-system states are listed and the state which best matches the current state is identified.
The control strategy corresponding to the best-matching state is chosen. A practical
disudvantage of this method 1s that it is difficult to mateh actual events with known cvents.

The advantage of verification methods is that the possible control strategies can be
determined in advance, using deterministic models. Verification methods are generally fast.
which makes them very suitable for real-time control.

Neural netwarks replicate the behavior of the brain by cmulating the operations and
connectivity of biological neurons. Such networks are often regarded as black box methods.
In a neural network, a series of connecting weights are adjusted in order to it a series of
mputs 1o another serics of known outputs. When the training set of a neural network is large
enough. the svstam is capable of reproducing an output for a given input. if this input is
included in the original range of validity.

The training period of a neural network is long, while 1ts response time is generally
very short. The range of validity of the training set is of major importance to the application
of neural networks. Situatiens for which the network has not been trained. e.g. certain water-
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system loads and states, should be prevented. In case the water-system arrangement changes,
a new training set is required and the network has 1o be trained again.

Genetic algorithms are random-search methods that simulate the mechanics of natural
selection and genetics. A genctic algorithm selects a number of promising control actions,
which together form a control strategy, applics them via a simulation model and evaluates
the results in order to generate a new control strategy. Each control strategy is called an
‘individual structure’. Lach new individual structure is determined by combining parts of the
maost successiul ones, called ‘cross-over’.

The algorithm maintains a population of individuals that evolves according to certain
rules of selection. Bach individual is assigned a performance rating, called *fitness’. The
fittest of cach population are kept, the others discarded. After a gencerally large number of
iterations the method produces convergence to an optimum. There is no guarantee that this
is the global eptimum though.

Genetic algorithms are studied widely these days, also for solving water-control
problems {e.g. [sat & Hall, 1994). No real-time cantrol implementations have been reported
yet.

Mathematical optimization is used if the minimum or maximum of a function has to be
determined. This function i3 a mathematical description of the opcerational objectives.
Application of this method requires the objectives to be aggregated into mathematical
deseriptions in terms of cost of either achieving or violating the given requirements. One of
the shortcomings of this method is that it may require a high computational load. Depending
on the specific form of the method, it can be guaranteed that the global optimum is found.

All methods have their own capabilities and limitations. A detailed comparison and
evaluation has been made by Martin Garcia (1996).

Heuristic rules are easy to implement, but they are only valid for one specific water
system and do not ensure optimal control actions. An advantage, this method shares with the
verification method, 15 that the way in which a decision is made can be traced.

The principle of the verification method is simple, but the number of possibilities that
can be expected, can become very large. One of its applications can be controlling a water
system by means of logic rules, as introduced in Sec. 2.4.3,

Neural networks are becoming popular. Advantages of neural networks are that it is
not necessary to know the problem structure and that the method is very fast, once the
network has been trained. The method requires a model of the water system or detailed
monitoring data and associated control actions. The fact that a new training procedure is
required cach time an clement of the water system changes, is a major disadvantape. Another
disadvantage, this method shares with genetic algorithms and to a lesser extent with
mathematical optimization, is that the reasoning behind decisions cannol be traced easily.

‘The application of genetic algorithms seems to be very promising, although the
process of convergence is generally very slow,

Mathematical optimization finally, cnables determination of optimal contro! strategies
in a more deterministic way, but can he computationally demanding and requires building
a mathematical model that closely resembles the real water system,
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3.2.2 Mathematical Optimization

Without further examining and evaluating the other methods. in this thesis, mathematical
optimization was opted for. This method has advantages, some of which are missing in the
other methods, which are of decisive importance for water-system control. The major
advantages of mathematical optimization are:

. it is universally applicable:

. it includes deterministic modeling:

. it 15 robust;

. it cnables relatively casy model building:
. it s already widely applied.

With respect 1o universality it can be mentioned that mathematical optimization can be used
to solve a wide range of problems. Once the structure of a water system is known, a
mathematical model can be built. using standard modeling rules for polder and hilly areas.

Mathematical optimization is deterministic, which makes the underlying processes of
finding the optimum understandable. A mathematical optimization problem can be analvzed
and the model behavior can be explained without having to solve the entire mathematical
problem. Unexpected model behavior can be traced by analyzing the way in which processes
arc modeled. This option can enhance the credibility for end users.

Fxact reproduction of results which were obtained previcusly is of great importance
in water-system modeling for real-time control. The robustness of mathematical methods is
the result of the exact formulation of the problem by means of mathematical relationships.

Mathematical optimization problems can be easily built and changed by means of
special software. Such software tools enable efficient modeling, using predetined structures
for the various ¢lements of a water system. This feature makes mathematical models eastly
extendable as well,

As will become ¢lear in the next sections, mathematical optimization is applied
successiully for various problems similar to the one defined in the present study. This was
considered an important criterion, since it comprises combining and enhancing state-of-the-
art methods, which enables improvement of performance and robustness,

However, a drawback of the method is thay operators at the control level of the water
authority, have 1o have confidence in the outcome of optimization. because the reasoning of
the method is not always entirely clear in the operational setting. This problem can be
reduced by intensive off-line use of the method by operators (e.g. in training). to gain
confidence in the outcomes, especially under extreme conditions in the water svstem.

3.3 The Optimization Problem

[n describing a physical water system. a distinetion can be made between siare variahles and
controfl variables. State variables describe the state of the water system. c.g. water levels and
pollutant concentrations. Control variables are the variahles that are used 1o control the water
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system c.g., transport of water and pollutants through pumping stations. The general
mathematical form of the optimization problem to be solved is given by:

Minimize:  Z(x, u),

subject to: g, u) = 0, ie 1,4
) (3.1)

X, 0% X, VL

M U T U kcl,.,n;
in which:
Z{x,u) . objective function;
g,(x, 1) : constraints,
X . vector of state variables:
u : vector of control variables;

X ,,%,, ¢ lower and upper limits of state variables x,;
., 4, , o lower and upper limits of control variables u,

The objective function of Z in Eqg. 3.1 represents the damage to the interests in the water-
system, ‘Two types of variables are distinguished: the water-system state and control
variables, given by vectors x and «. The number of constraints to the problem is /, the number
of state variables m and the number of control variables ».

The optimization process consists of minimizing the objective function subject to the
constraints. These constraints g.(x,u) describe the physical relationships in the system, e.g.:
continuity for the surface-water subsystem (mass balance). The limits formulated, represent
most upper and lower values of variables, ¢.g.: the minimum water level in a surface water
subsystem; the maximum capacity of a pump,

In the problem defined, all water-system variables that play a role in runoff and
control processes are included in Eq. 3.1 for an entire control horizon. By solving the
optimization problem, the state and control variables are determined for each time step. The
value of each control variable represents the optimum control situation for the corresponding
regulating structure during a time step. The vector of all control variables represents the
control strategy. Each state variable represents the optimal state of a water-system variable
at the end of a time step. The vector of all state variables represents the entire water-system
state during the control horizon.

3.4 Mathematical Optimization Methods
3.4.1 Types of Methods
In this section various mathematical optimization methods that are applied in practice are

discussed. ‘The objective is Lo give an overview of the most important aspects that have
influenced the choice 1o use a specific method in the present research.
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A mathernatical model should be formulated insuch a way that it can be solved by means of
a mathematical programming algorithm. Such a mathematical model will be referred as
optimization problem and s variahles will be culled opiimization variables. The
implementation of such an afgorithm i computer code is calfed o solver,

The purpose of a solver s o lind the optimal solution of the problem amongst all
possible solutions. In general. the scarch space is himited by the constraints included in the
problem. The more efficient the solver. the fewer evaluations of the scarch space have 1o be
mude to determine the optimal solution. H the optimum value of all problem variables 1s
found. the scarch process 1s finished.

The search space contains valid solutions to the problem. one or more of which are
optimal, Flowever, in some circumstances it may be impossible to find the optimal solution,
‘This sitwation can oceur 1f the constraints set for the problem are so strict that no solution can
he Tound. the problem ortginally formulated is then culled infeasible.

During the past few decades. several optimization methods have been used to determine
control strategics for water-resources svstems. Yeh (1985) presents a state-of-the-art review
ol some ol these methods, including simulation (trial and crrory and mathematical-
optimization {in g single run) approaches. Wurbs (1993 ) presents a more recent review. This
section presents the results of a survey ot widely applicd mathematical optimization methods:
simulation approaches are excluded frony the discussions.

The main four mathematical optimization mcethods that are applied widely, are:

. Network Progriminng (NP). using a lincar network-flow model;
. Linear Programming (1.P). using a lincar model:

. [3ynamic Programming (D). using a recursive model:

. Nonlinear Programming (NP using a nonlinear model.

An introduction o these methods can be found m Hillier & Licberman (1990) and some
applications in the ficld of water resources analysis in 1oucks etal. (1981 ) Studics of water-
resources literature ncorporating mathematical optimization show that most apphcations are
found in the USA (Vredenberg. 1996 Smakman. 1993

In addition o the above methods, Suceessive Dincar Programming (S1LP) 18
distinguished as a separate method here This method s generally classified as NLIP in
literature.

[he choice of optimization mcthod depends on two factors {Yeh, 1983
l. the characteristics of the system under consideration:
2. the required modeling acouracy of the objectives.

Frestive it shiould be possible tonadel the characieristios of the system under consideration
with sullicient aceuracy. Sinee a madel is a simphified deseription of reality. important
information ahout realitn may be lost during modeling. When too much mtormation is
missing. the solution te the optimization problem is not accurate cnough or even invalid.

Secondly. it should he possible to model the objectives with sufficient accuracy
Inaccuracy in modeling the objectives also results inan inaccurate solution.
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Future requirements for model devejopment and additional system fcatures, are incorporated
with relative case (Wurbs, 1993). In the future, a water system may be extended with, e.g.
pumping slations, weirs and inlets. Furthermore, objectives may change and the number of
objectives may expand. These changes then have to be incorporated with sufficient accuracy
in the optimization-problem description.

Limitations such as computer-memory size and calculation time, can make it difficult or even
impossible to use methods that require extensive and very accurate models, [f a water system
consists of a large number of reservoirs, the computer-memory requirement and calculation
times can become too large to be handled by a Personal Computer. This problem will soon
be a thing of the past, because of the rapid developments in computer power and memory
availability. However, the requirements of modelers also increase.

[n real-ime control of water systems it 15 necessary to caleulate a new solution to the control
problem regularly, incorporating the latest field measurements and hydrological-load
predictions. This practice requires calculation times which are much shorter than the real
time. [f the control problem is not solved much faster than real time, the solutions may be
outdated by the time they are available.

There are three options to incorporate, possibly conflicting, objectives in the optimization
problem. In the first option, all objectives are incorporated in the objective function Z with
related weights to include their relative importance. This can be done, by using the principle
of Nonpreemptive Goal Programming. For cach objective, a specific numerical goal is set
and an objective function i1s defined. The optimal solution is found by minimizing the
weighted sum of deviations of objective funciion values from their respective goals.

In the second option the objectives are divided into different-priority objectives
depending on their relative importance e.g., first-priority objectives, second-priority
objectives, cte. For each objective, a numerical goal is set and an objective function is
defined. The initial focus during optimization is to approach the goals corresponding to the
first-priority objectives as closely as possible. If the optimal solution associated with the first-
priority objectives is not unigue, the second-priority objectives can be taken into account,
while maintaining optimality for the first-priority objectives, ete., until a unique solution is
found. This approach is called *Preemptive Goal Programming’.

The third option can be used if one objective is essential, this is then used to define
the objective function, while the other, less important objectives are included via constraints.
Such methods are called “constraint methods’. The constraint method gives a lower [imit for
4 maximization objective and an upper limit for a minimization objective, so that a certain
level of optimality is guaranteed for cach less important objective. Care has to be taken when
setting these limits since the problem might become infeasible i the limits are too strict.

In the following subscctions the optimization methods Network Programming, Linear
Programming. Successive Lincar Programming, Dynamic Programming and Nonlinear
Programming will be discussed. The following order has been chosen: from high modeling
restrictions and easy to understand to high modeling freedom and complex.
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For each method. the modeling characteristics are discussed first. Subsequently a few
applications of the method in operational water control found in literature are described.
giving the most important reasons for choosing the method in practice. Finally, some
advantages and disadvantages of each method are discussed. This section ends with a
summary ol some key features of the various methods.

In the discussion. the term dimensionaliny is frequently used. It is used to desceribe the
requirement of computer resources. ¢.g. memory and processing time for model evaluations
of a solver. Dimensionality depends on the number of variables (st 2) and constraints (/)
{Eq. 3.1) and on the level of nonlincarity, nenconvexity and discontinuity in the optimization
problem. Luch solver uses different data structures to represent the optimization problem.
which results in different computer memory requirements, dimensionality therefore alse
depends on the solver and the algorithm applied.

In general, dimensionality can be defined as a measure that relates computer resources
of a solver to the size of an optimization problem and its level of nonlinearity. nonconvexity
and discontinuity, in which the size of the problem is measurcd by the nwmber of
optimization variables and the number of constraints.

In the current problem formulation the number of variables and constraints is determined by
the type and number of subsystems modeled and the number of tune steps incorporated in the
control horizon.

The summary of methods given in the remainder of this section is very general. Various
combinations of methods are used in practice. It should therefore be kept in mind that the
approach and results of specitic subelasses of methods and solvers may deviate from the ones
discussed.

Within the framework of the current study, parts of the following scctions have been
published by [Lobbrecht & Vredenberg (1993), The discussion of the methods applied 13 kept
brief. Practical examples of the problem tformulated have been worked out for the present
research by Vredenberg (1996).

3.4.2 Network Programming

In general, networks are structures that can be described by arcs and nodes. Network
Programming makes use of this special structure and therefore it can only be used when an
optimization problem can be written in network form. However, not each network problem
can be solved by NP

It is important to note the ditterence between the term network” as used in literature
on water-svstem simulation and in NI In simulation it is common practice 1o divide a flow
problent into ares and nodes, in which the ares represent flow elements and the nodes
represent storage clements. [o NP, flow clements and storage elements are both represented
by arcs in the optimization problem. This phenomenon will be further described the
remainder of this section and in Sce. 6.2.7.
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Modeling Characteristics

Network Programming poses the strongest limits on modeling of all methods discussed here.
The limits on an NP problem make it casy to understand though, since there is a strong
resemblance between the network representation of a water system and the graphical
representation of the corresponding NP model (Fig, 3.2).
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Fig. 3.2. Network mode! (a) and graphical representation of Network Programming (b).

As shown in Fig. 3.2, flows through structures are modeted by transportation arcs. Water
stored in reservoirs is represented by storage ares, since the NP model only allows flows. For
that reason an NP-based model is also called & nefwork-flow model in literature,

In applications of NP, network supply nodes and demand nodes are distinguished
through which all inflows into and outflows from the system are modeled (s’ and *d’ in
Iig. 3.2).

Network Programming requires a special structure of constraints. The constraints are defined
as:

x| _ _
gxu) = Al | -b = 0, (3.2)
u

in which the constraint vector g(x, ) contains the constraint functions g(x, u), x is the vector
containing m siate variables, u is the vector containing n control variables, b is the vector
containing  supplies and demands and A4 is an [ x (m+n)-matrix. Matrix A4 only consists of
elements with values of -1, 0 and 1, where each column of 4 has precisely one value of -1
and precisely one value of 1. A4 13 called the node-arc incidence matrix.
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Every rosws in A represents a node in the representation of the NP model, while every
columa represents anarc. The value -1 ina ros indicates that an are leaves the corresponding
node. while the value 1indicates that an arc arrives in the corresponding node, Bvery state
and control variable in the model represents the flow through the corresponding arc,

In addition to the special structure required 1ot the constraints. NI also requires the objective
function to he convex and picee-wise Tear. In NP the objective function s a total cost
function. A cost-coefticient is required for the flow through cach arc and the optimal solution
15 determined by minimizing the total cost

A variation on the stundard NP problem as desceribed above 1s the generalized NP problem,
In a generalized NP problem. the nonzera entries in the node-are maidence matrix A are no
longer restricted to the values Tand -1 This means that cach are has o muliiplicr at the node
it leaves as well as at the node at arrives. Such multiplicrs make it possible te switch over
irom one source of flow (o another source in the same problem ¢og. 1o switch from water
guantity {low to water qualiny 110w or to switch from water quantity flow o generated
clectricity (Roos, 1U87),

Another variation on the standard NP problem is an NP problem with side constrarnts,
The standard NP oproblem aniyv contains continuily equations. Modehng the physical
relationships in o water system in peneral requires equations that do net it in ths network
flow format. Additiona] side-constraint equations. can therefore be added to the network. As
long as the number of side constraints is Jow in comparison te the continuity constraints.
special solvers can be used that make use of the predominant network structure of matrix A
{c.p. Sun ctal 1995)

NP has been thoroughly described by Jensen & Barnes (19801 and Roos (1987),
Considerations for solving the control problem as defined in the present study are discussed
in See. 6.2.7.

Applications in Water-System Control

Male & Soliman (1981 deseribe a mathematical programming procedure that can aid in the
management of the Chicago River and Canal svstem. [t imvolves tormulating their water-
control problem as an NP oproblan that can be selved using an cfficient NP solver. It
determines the minimum amount of wiger, diverted from Lake Michigan, necessary to
maintain disselved oxyveen standards i the Chicago River and Canal System.

Kuczera (1984) shosws that there are several multi-reservoir, multi-period Lincar
Programming (ormulations that can be transformed  into NP oproblems. Network
Programming is advantageous. mainly because general NP codes are readily available thal
are about 100 times fuster than general T codes, Network Programming therefore allows
significantly larger multi-reservoir. muolti-period problems to be solved than would be
possible with L. An NP formulatien is prescoted for detenmining weler assignments in a
multi-reserverr system over a control horizon. The optimization approach provides the
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capability to handle shortfalls in supplics due to droughts, inflow requirements that may he
violated during droughts and sceasonal reservoir larget volumes.

Chung ¢t al. {1989) incorporate an NP problem into a simulation mode! for the
California Aqueduct. They use the NP optimization problem to enhance the mass balance
routing procedure of the simulation model.

[obbrecht (1994b) uses an NP problem in combination with a simulation model, 1o
determine the optimal contro! strategy for an regional water-resources system, describing
water guantity only. The simulation model caleulates storage levels while the optimum
system flows are determined by solving an NP problem. The simulation model is basically
used 1o calibrate the NP problem and to prevent the accumulation of errors caused by the
lincarizations used in the NP problem.

Nelen (1992) uses an NP problem to minimize combined sewer overflows in an urban
drainage system during periods of high hydrological leads. The How process through the
sewer system is solely modeled by continuity constraints during a control horizon. The cost
cocllicients of the objective function are updated during successive calculations o
incorporate nonlinear damage functions.

Advantages

As can he seenin Fig, 3.2, the NP problem, in graphical terms, closely resembles the actual
system. Furthermore, the constraints in the problem are simple continuity constraints. An NP
problem is theretore more casily understood than problems based on other methods such as
DP and NLP. During modeling this is a great advantage, since it is casy for the modeler to
ensure that the problem has a feasible solution.

Computer codes to solve NP problems are readily available and most of these codes
are very fast because they cfficiently use the structure of the problem to determine the
optimal solution. NP salvers are about 100 times faster than 1P codes (Bertsekas & Tseng,
[988a, 1988h).

The order of dimensionality in NP is lowcer than £« (m-n) and will usually be more
or less linear io the number of reservoirs, because the node-are incidence matrix is extremely
sparse.

Disadvantages

The main disadvantages are associated with the accuracy of the NP problem. Constraints are
nol only required to be lincar, but also should have a special continuity structure,
Furthermore, the objective function has to be convex and piece-wise linear.

Many problems cannat be formulated as an NP problem without an unacceptable level
of inaccuracy. Therefore, greal care is required during modeling to ensure that the solution
has a practical value.
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3.4.3 Linear Programming

There is no doubt that Lincar Programming is one of the most successful mathematical
optimization mcthods. Hillier & Licberman {1990) even rank Linear Programming among
the most important scientific advances of the mid-twenticth century. In their book they
describe the simplex method for solving LP problems. In recent vears. the interior-point
method has proven to be a competitive alternative to the simplex method {or large problems,
especially when matrix A is sparse.

Modeling Characteristics

In Linear Programming. the objective function has the same restrictions as in NP It has to
be convex picce-wise linear in the state and controd variables. In contrast to NP however, the
constraints in LP arc only Iimited by being linear, this enables much more flexibility in
modeling. The constraints ol an LP problem are sull given by g 3.2 the elements of matrix
A, however, are no longer restricted. It should be noted that NP is in tuct a speetal case of P,

Nonlincar relationships can be included in LP modehng through linearized
approximations. Whether such lincarizations are allowed. depends on the Jevel of
nonlinearity of the original physical processes in the system modeled.

Linear Programming is used both in deterministic and stochastic torm { Yeh, 1985), The latter
form can be used to model uncerigintics in the system load ¢.g.. in water-demand and
precipitation predictions. The deterministic modeling approach docs not incorporate
uncertainties and assumes the hydrological-ioud predictions, 1 used. 1o be true. The
stochastic approach incorporales uncertainties by tuking into account that constraints have
a cerlain probability of being true. In the stochastic approach u problem of dimensionality
may arise. Stochastic LP 1s not further discussed here, 1P problems referred to are of the
deterministic type.

Lincar Programming has been thoroughly described by Hillier & Licherman (1990} who pay
special attention to the simplex algorithm. In-depth discussions of interior point algorithms
arc piven by Terlaky (1996

Applications in Water-System Control

Crawley & Dandy (1993) use Eincar Nonpreemptive Goal Programming for the Adelaide
headworks drinking-water distribution system 1n South Australia. The planning and
operational policies obtained aim at minimizing pumping costs. while ensuring system
reliability by maintaining minimum target storage levels in the Adelaide reservorrs. Their
reason for choosing [I* is that fast commereial L1 codes exist that can handle large problems.
Network Programming could not be used since the structure of the problem did not permit
solely continuity constraints. They see 1P as an advantage since 1t cnables future
development of the model, including water-quality modeling.
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Diba et al. (1995) use LP in the planned operation of large-scale water distribution
systems. The LP problem will be used by operators to determine whether the existing mode
of operation can be improved. Their model is also used as a training tool for operators to
learn how to handle competing objectives.

Advantages

As for NP, there are several readily available solvers for LP. Although LP solvers are
significantly slower than NP solvers, they are still fast when compared to solvers that
implement other aptimization methods. Most LP solvers support the use of the Mathematical
Programming Standard (MPS) format of the input. By writing an LP problem in MPS format,
it is possible to compare the performance of different solvers. This makes choosing the best
solver for each type of problem straightforward. Moreover, when new solvers become
available, they can be tested with relative ease and subsequently be incorporated if required.

The LP problem may not he as simple as the NP problem, but a larger variety of
water-contro] problems can be solved using LP. Because LP requires no special structure for
the constraints, modeling freedom is greater than in NP. Therefore, future extensions to a
problem can be incorporated more easily than in NP.

Deterministic LP has a relatively low dimensionality when compared with nonlinear
methods. Therefore, the problems which can be efficiently solved by using LP are much
larger in size (number of subsystems and length of the control horizon) than by using
nonlingar methods as DP and NLP.

Disadvantages

In LP, as in NP, the objective function is limited to being a convex piece-wise linear function
of the state and control variables. Despite the greater modeling freedom in the constraints
when compared to NP, the constraint functions still have to be linear, which can lead to
problems when modeling highly nonlinear systemns.

[n comparison with NP, LP has the disadvantage that matrix 4 is no longer guaranteed
to be sparse. Maintaining the highest level of sparcity is the responsibility of the modeler. In
general, in LP the order of dimensionality is significantly higher than in NP. Thereforc LP
can handle smaller problems than NP.

3.4.4 Successive Linear Programming
Successive Linear Programming can be considered an extension to LP. In LP, the

linearizations used can lead to inaccurate or even invalid solutions. To avoid this problem,
SLP uses an iterative solution approach, in which an [P problem is solved at each iteration.



54 Dy sastie WaATER-SYSTEM CONTROI

Modeling Characteristics

Successive fincar Programming is powerful for solving large nonlineur problems. Similar
1o the 1.8 problem. an SLP problem uses linearized approximations of the nonlinear
relationships. These approximutions may oceur in the objective function as well as in the
constraits. After finding the optimal solution to the hnearized problem, a new
approximation Lo the nonlinear relationships is determined at the optimal values of system
varizbles found. Then the updated L problem s solved. ete. During the iterative process,
the hinearizations become more accurate. If applied well, the process converges and the final
lincarization point closely matches the final optimal solution,

Despite the great resemblance o LR SLP is usually classified as NLP in literature,
However, the problem solved at cach iteration in the SLP procedure is o pure [P problem.
It is the iterative approach that distinguishes SLLP as an NLP method.

Applications in Water-System Control

Martin {1987) describes a real-time application of a nonlincar problem for the operation of
surface-water systems of the Lower Rio Grande System in Texas. USA. The problem is
solved by flow routing and SLP. SLP i< used to iteratively adjust daily reservorr releases to
improve the water-system performance. [n the method applied. the optimal solution ot an LP
problem is efficientls found by starting the search procedure from the feasible solution of a
previous deration Joop,

Advantages

[n principle all advantages of [P are valid for SLP. However. the inherent inaccuracies
resulting from hincarizations in LI are reduced to a large extent. The method becomes very
powerf{ut if, in successive ilerations. the solution tound in cach previous iteration can be used
as i starting point for the nextiteration. this is called a warm start. The use of a warm start
by @ solver gencrally reduces the solving time dramaticaliy.

This approach. combined with the high speed of P solvers. makes SLP ven
competitive to pure NILP.

Disadvantages

As in 1P for cach problem in the iterative process. the objective function is hmited to being
a convex picce-wise linear function of the state and control variables in SLP. The objective
function and the constraints have to be linear for cach of the problems o solve, The order of
dimensionality 1s shehtly higher than in 1P,

[he intrinsic problem with ST s that possibly iighly nonlinear processes have to be
lincarized. bach fteration reyuires Imearization and the optimization prohlem has again to be
solved. This can take a lot ol time if the processes modeled are highly nonlinear and the steps
of the corrtrol hortzon lurge in comparison to the time scale 6 the processes modeled.




3 PROBLEM FORMULATION AND SOLVING METHODS 55

To make the iteration converge to an optimal solution of the nonlinear problem, near-
optimal values to linearize at, should be known with ¢nough accuracy. This may require
many catculations of the saume time step.

A special form of SLP, without the majority of the disadvantages mentioned above
is used in the present study and will be discussed in detail in Chapter 6.

3.4.5 Dynamic Programming

Many allocation and routing problems can be divided into a sequence of subproblems. In
operational waler control the control strategy can be considered a sequence of related
decisions in time. Dynamic Programming provides a systematic procedure for determining
the optimal combination of these decisions.

Modeling Characteristics

[n Dynamic Programming, each time step of a control horizon is described as a separate
subproblem. The subproblemns are connected through a recursive relationship that is
incorporated in the model. The recursive relationship describes the objective function for the
time step under consideration (1) as a function of the objective function for the fotlowing lime
steps (#+1, .., 7% in which the control horizon T is measured in discrete time steps).

The time steps indicated above, are called ‘stages’ in DP. Solving a DP problem,
means first finding the optimal solution for the Jast stage. This depends on the system statc
at the end of time step 7-1. The problem to be solved is then gradually enlarged by finding
the current optimal solution for the preceding time step. This process continues until the
original problem is entirely solved, using the known initial system state as a starting point
{11illicr & Licberman, 1990).

Two types of Dynamic Programming are distinguished. The first version requires all
the state variables to be discrete and is called discrete DP. "The second type uses continuous
state variables and is called continuous DP. The fatter is not discussed further here.

Like in LP, stochastic processes can be included in DP modeling. These are not
discussed any further here.

Dynamic Programming should be seen as a general approach to problem solving, there
are no standard solvers that can be applied. Any solvers that bave been developed are very
problem-specific.

Applications in Water-System Control

Yeh (1983) attributes the popularity and success of DP to the fact that the nonlinear and
stochastic features which characterize a large number of water resources problems, can be
incorporated in & DP formulation. Morcover, DP has the advantage of effectively
decomposing highly complex problems involving a farge number of variables, into a series
of subproblems which are solved recursively.
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Constraints that restrict the solution space, are advantageous in discrete DP. because
they reduce the amount of computations necessary to solve the problan. this in contrast to
other optimization methods such as NP, LP and NLP. The reason for this advantage is that
for cuch possible system state x(z), an optimal control @{f) has to be caleulated. By restricting
the state space, the number of possible system states that have to be taken into account, 1s
reduced. Similarly, restricting the solution space reduces computation lime. since fewer
possible solutions have to be taken into account. This feature of DI allows the optimization
process 1o start by solving the problem using a coarse discretization and then, when the
optimal solution is nearly known, solving the problem again using a fine discretization close
ter the near optimal solution.

When applied to multiple-reservoir systems, the usefulness of DP s limited by the “curse of
dimensionality”. In DP the order of dimensionality is exponential to the number of state
variables, e.g. reservoirs. In discrete DP all possible combmations of values of the state
variables have to be taken into account at each stage. Adding a state variahle, muitiplics the
number of possible combinations by the number of possible values for the new state variable.

Crawley & Dandy (1993) rejected DP for the Adelaide headworks system in South Australia
because using DP would involve combining reservoirs to reduce the problem of
dimensionality. This would result in toss of data that are necessary to determine the desirable
sel of reservoir storage Jevels at various times throughout the system.

Marific & Mohammadi (1983} use a combination of [P and DP to maximize the
annual hydro-clectric energy and annual municipal and industrial water releases from a
system of reservoirs, P probiems arce solved for cach stage of one month in the DP
optimization. The objective of these [P problems 1s to minimize the releases from the
reservoirs, given a set of constraints. These constraints are contracted water and energy
supplies, continuity equations and hydrological process descriptions.

Advantagey

Dynamic Programming has some advantages over NP and [P, In particular. DP enables
nonlinear and nonconvex objective and constraint functions to be used. This means that the
complex nature of regional water systems can be incorporated better than in NP and LP.

A useful feature of diserete DP is that strict limits on the solution space reduge the
number of system-state evaluations. Therefore, Himits incorporated into a problem. improve
the performance of DP. In contrast, in NP LP and NLP problems. extra limits on the solution
space are essentially extra constraints that result in extra search directions which reduces
their performance.

Disadvantages

The most significant disadvantage of DP 1s the curse of dimensionality. At cach stage of'the
discrete DP solution process, several alternative solutions have to be gencerated and cach of
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these solutions has to be stored in order to recursively determine the best combination of
these solutions. The number of alternative solutions is exponential in the number of state
variables.

For methods such as NP and LP the order of dimensionality has a linear relationship
to the number of reservoirs and therefore larger problems can be solved by using NP and LP
than by using DP.

The solution process in DP is computationally slow. This is due to the fact that each stage
of the optimal control strategy has to be determined explicitly for all possible system states.
Therefore, only relatively small problems are solvable.

A DP problem is difficult to understand. This can be a major problem during modeling
and implementation. Moreover, the lack of a standard mathematical formulation of ‘the’ DP
prablem, has prevented the development of a general DP solver.

Dynamic Programming has no restrictions on problem formulation. However, it is not
guaranteed to find a global optimum if the objective and/or constraint functions are
nonconvex.

3.4.6 Nonlinear Programming

The Nonlincar Programming method involves a large variety of problems. In fact every
problem that is not an LP problem, is an NLP problem. Strictly speaking DP could be seen
as a subclass of NLP. NLP and DDP are described separately, however, because the way in
which a solution to the control problem is found differs essentially. The application of NLP
to the optimization problem defined, has been studied by Vredenberg (1996).

Modeling Characteristics

Throughout the years several solution methods have been developed to solve some important
types of NLP problems. Each of these methods, solves the problem by iteratively improving
the value of the objective function, starting from a feasible starting point.

At each iteration point a search direction is determined which improves the value of
the objective-function. A line search along the search direction is then performed to find a
better solution than the current one. The state and control vectors corresponding to the
improved function value, are subsequently taken to be the new iteration point.

Theoretically, there are no restrictions on NLP problems, in practice, however, this is not the
case. Solvers are generally solely applicable for certain subclasses of problems, requiring
special properties of the functions in the NLP problem.

Three major classes of NLP solution methods can be distinguished, each of which
makes certain assumptions about the objective and constraint functions. The first class uses
constraint and ohjective functions to determine the search direction. The second class also
uses first-order partial derivatives of the constraint and objective functions. The third class,
in addition, uses second-order partial derivatives.
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Fach of these classes requires the objective function and the constraint functions to
be continucus. The second and third class. in addition, require the first- and seeond-order
partial derivatives 1o be continuous respectively.

While the restnictions posed on the problem inerease from the first to the third class,
solution times deercase. This is because more information on the right search direction is
available which can be used during the search process. However, the memorny requirements
increase. since the partial derivatives have to be stored,

Applications in Water-System Control

Wide use of NLP has been hampered for o long time, because the process ol oplimization is
slow and the order of dimensionality is large in comparison to NP oand LP (Ych, 1985).
Moreover. the mathematics required are considerably more difficult than those required for
NPor [P

In the USAL the NLP modeling in operationzl water control is rapidly becoming
common practice. This is a result ol the great modeling freedom that NLP allows. in contrast
to NP and [,

Authors who report on using NLP often state that optimization problems would have
16 be simplificd too much if fincar methods are to be used. NILJ* has the advantage that the
exact relationships as used in simulation models can be incorporated without further
simplification. On the other hand. NP modeling can generate very complex optimization
problems.

Mays (1989) discusses an alternative to solely using simulation or solely using NLP
in his paper “Simulation versus Optimization: Why not both?". He describes three examples
of coupled simulation models and NLP problems. where a reduced NEP problem is solved
n conjunction with & simulation model. This method enables NLP to be used and prevents
the accumulation of inuceuracies in the NP problem.

Pezeshk et all (1994) nete that in many cases reality 1s simplified in order 10 avoid
nonlincaritics and nenconvexities. They show that LEP is sometimes used bevond 1ts limits
of upplicability. to solve hasteally nenlinear optimizatien problems. They describe an NLP
problem to minimize pumping costs for the operation of a well ficld and a main drinking-
waler distribution system.

Advantages

Nonlinearitics that characterize regional water systems can be modeled in more detail using
NLP than by NP, LI and P, The NLP method gives @ more accurite optimal solution than
the NELP and 131 methods. In contrast o DPL readily available solvers tor specitic classes
of NI.P problems exist.
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Disadvantages

A major disadvantage of NLP is the complexity of the optimization problem to define and
solution method. This makes application difficult. In LB, the linearization of basically
nonlinear processes may be difficult when accuracy is required, in NLP it is the modeling
itself. One of the major problems is to determine continuous physical relationships and,
depending on the method used, also continuous derivatives of these relationships. The
determination of the model relationships, generally requires approximations of the physical
relationships.

‘The Jarge order of dimensionality of the NLP problem and the often long solution
times, limits the size of the problems that can be solved. This means that several assumptions
may have to be made during modeling, which introduces the risk of oversimplifying.
Furthermore, the solution process can slow down dramatically, close to the optimum.

Muost algorithms implemented in NLP solvers have the inherent disadvantage that first
4 feasible point in the solution space has to he found before real problem solving can start.
This is especially a problem for complex problems with strongly limited variables. In
addition, the feasibility of the solution can get lost during optimization. Special measures are
built into solvers to return to a feasible point in the solution space again, but this generally
requires many extra iterations.

As is the case with DP, the optimum found is not always guaranteed to be the global
optimum. A global uptimum is only guarantced if convex objective and constraint functions
are used.

3.4.7 Summary

All mathematical optimization methods discussed in the preceding subsections have
advantages and disadvantages. Advantages of the NP and LP methods are the possible large
sizes of the water systems which can be modeled and the solution speed in comparisen with
DP and NLP. However, NP and [P are less accurate than DP and NLP.

In the USA most work has focused on BP-related methods traditionally, but more
recently on NLP-related methods. The choice for these nonlinear methods is to a large extent
a result of the important role of hydropower generation that is described by strongly
nonlinear functions, Maximization of hydropower is ofien one of the most important
objectives in the control of the water systems in the USA. According to the literature found,
the functions cannot be lincarized with enough accuracy to apply linear methods. It should
be noted though, that the general control horizons (months) used for these water-release-
planning problems are much longer than the control horizens used in the present study (days).

In the Netherlands, the emphasis has tradiionally been more on NP- and LP-related
methods, mainly because the descriptions of the important processes in the water systems of
the Netherbands are not predominantly described by nonlinear relationships as is the case in
the USA (hydropower). In addition, the operational control problems in the Netherlands
require models with a large number of subsystemns and relatively small time steps to
incorporate the system-load prediction accurately. Furthermore, the control horizons involved
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in operational control are relatively short. which enables continuous correction of
inaccuracies in the control strategies determined.

Some of the disadvantages of the nonlinear methods of DP and NLP can be reduced
considerably by applying SLP. Although the underlving processes of NLP and SLP are
different, SLP in fact can be considered o special form of NLP. since nonlinearities can be
modeled in stages.

Table 3.1 summarizes some key properties of the optimization methods described. The global

optimurm property shown in last column of the table should be considered with respect to the
optimization problem as defined.

Table 3.1. General characteristics of the mathematical optimization methods described,

3.5 Reasons for Choosing Successive Linear Programming

Several criteria are relevant and aftect the chotee of mathematical optimization method to

Solvable Solution Model Model Solvers Global
problem size speed accuracy  complexity  available oplimum
NP Very lurge Very fast Low Very low Yes Yes
Lp Large Fast [ow to Muoderate Yes Yes
moderate
SLP Large Moderate  Moderate  Moderate Yes Yes. for each
to fast 1 high iteration
DP Vervsmall  Very slow High High to No I functions
very high are convex
NLP Moderate Slow High High to Yes If functions
very high are convex

be used in the current study:
objectives have to be accurately incorporated in the optimization problem:

system characteristics have to be modeled with sufficient accuracy;
alternative water-system arrangements should be modeled casily:

the optimal solution has to he determined much faster than real-time:
finding the glohal optimum of the problem built should be guaranteed:
1o enable detailed modeling. large problems should be solvable.




»

3 PROBLEM FORMULATION AND SOLVING METHODS 61

On the basis of these criteria and the results of the survey given in Sec. 3.4, deterministic
Successive Linear Programming was chosen as being the most promising method to solve
the mathematical problem formulated.

Successive Linear Programming enables modeling of nonlinearities and theretore, in
principle, nonlincar objectives and nonlinear water-system behavior can be described with
sufficient accuracy. To avoid instable solutions and to speed up the search process of the SLP
method in general, in the application described in Chapter 6, the objectives will be linearized
explicitly and used during successive iterations without modification,

The accuracy gained with SLP may not be as high as with pure NLP, hut it is
questionable whether accuracy improvement in the control strategy found is very meaningful.
As will become clear in Sec. 3.3, the hydrological load which is included in the optimization
problem is basically not very accurate.

Similar to NP, LP and NLP, an SLP-based model can be changed or extended
relatively easily.

Especially in real-time control, the speed of finding the solution to the optimization
problem is of great importance when choosing a method. In fast-reacting water systems
where eritical discharge times are of the order of minutes (scwer systems) to hours (rural
drainage systems), the automnatic controf system or the responsible operator has to act fast.
Therefore, the time 10 solve the problem should at least be in the same order of magnitude
and preferably shorter,

To enhance the SLP method, a special technique, here called forward estimating is
developed in the present study (Sec. 6.2.2 and 7.1.6), which makes it almost as fast as LP and
almast as accurate as NLP. SLP guarantees finding the global optimum of the LP problem
solved for cach stape.

The size of problems that can be solved by SLP equals that of LP, which is large,
generally one order of magnitude Jarger than NLP, when the same computer resources are
available.

Not an explicit advantage of (S)1LP, but still of importance to solving the problem, is the fact
that several readily available solvers can be used. These solvers have different characteristics
and some of them make effective use of the structure of the optimization problem. Moreover,
when modeling, the problem structure can be easily adapted to the special features of the
solver, increasing the overall solving speed.

As in all mathematical programming methods described in this chapter, discontinuities in
water-system descriptions are very difficult 1o incorporate in 8LL.P. Furthermore, some highly
nonlinear processes are sometimes hard to capture by means of linearization, producing
unstable results in stage-wise linearization.

These problems can be reduced by combining mathematical optimization with
simulation. In that case, the optimization problem can include simplifications, while the
simulation model accurately describes the processes in the waler system. This approach,
which resembles the one of Mays (1989}, is used in the present study. A general introduction
to the method is presented below.



62 Py soantic Wa b -5SySTERTCONTRO)

3.6 Simultaneous Simulation and Optimization

A method combining mathematical optinuzation with simulation has been developed o solve
the operattonal control problem, Opumization 1s appliced 10 determine control actions some
time ahead. while simulation keeps the optimization process securate, Simufation and
optimization are implemented by two separate modules in the Strategy Resolver (See, 2.4.2):
an optimization module and a simulation module. In this context the term maodide s used o
indicate part ol @ computer program. The optimization module solves the -optimization
problem’. while the simulation module runs the “simulation model”

Figure 3.3 shows the interactions of simulation and optimization. it should be realized that
application of the Decision Support Svstem deyeloped in this thesis, s only demonstrated in
analysis mode, which can be considercd oft-line use by the control and wactical organizational
fevels ina water authority,
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; C - module
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2 | Prediction . Hydrological =
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i .
} - Simulation — . |
e module o
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Fig 2000 Simudtancons sinadation and optinnzation as implemented
i the Straregy Resolver,

A simulation mode! meorporates a description of the nonlincar relationships ol processes in
the water svstem. The optimization problem contains a simphified and Hnearized description
ol these processes. [n simulation. the response ol e water system Is caleuluted on the basis
ol hydrological data. Time-series caleulations are made tor both long periods und for specitic
periods of extrome hivdrological conditions. to determine the hehavior ob the water system
under average and high hyvdrological foads. respectivels,

The optimization module determines the optimal control strategy for the water system, taking
into aecount the chjcetives set Tor mterests during the control horizen. The control horizon
contains a discrete nuniher of 7 iime steps of size A The length of the control harizon mas
range from a lew hours 1o several days or weeks
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The input to the optimization module consists of data on the system state at simulation
time © and a prediction of the system load during the control horizon. This prediction is
determined by the prediction module.

The prediction module basically determines the hydrological load and the loads 1o the
water system which are included in the simulation model, but not in the formulation of the
opltimization problem. For the latter purpose, the prediction module makes use of the
simulation module.

The prediction module can also be used if only simulation is applicd, to determinge a
control strategy by trial and error {Sec. 2.4.2). ‘Fhis 1s represented by the dotted line in
Fig. 3.3 but will not be discussed further,

At cach simulation time step 7, the simulation module receives the optimal control strategy
from the optimization medule and dynamically calculates the system state corresponding to
the basic setpoints of' time 7 = | (Sec. 2.3.1). Examples of variables that determine the system
state are: surface-waler levels, groundwater levels and concentrations of water quality
variahles.

Simulation is only required for the set of control actions associated with optimization
step ¢ = 1, all subsequent actions when £ 1 are ignored. For every step, the hydrological
varizbles are predicted again. By doing so, the control actions associated with 1 - 1 become
more accurale in the next loop, where they are determined again on the basis of updated
predictions (Iig. 3.4).

The system state used by the optimization module, is updated at every optimization
time step, to correct for the inaceuracies that are the result of its simplified form. To enable
strategy determination for long control horizons, in principle, many optimization steps would
he required. To keep an optimization problem within workable size, the time-step size used
in optimization (Af) can be chosen larger than the one used in simulation (At). However, for
cach model buill, a sensitivity analysis should be performed to check whether such a
difference hetween Arand At is allowed.

Current * Predicted i
load . foad Y
- &

Simulation T

Fig. 3.4. Current and predicted hydrological load.
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3.7 Concluding Remarks

‘This chapter presented the general formulation of the mathematical optimization prohlem for
finding the optimal control strategy for the general water system and showed the methods
which can be used o solve that problem. The mathematical programming method of
Suceessive Linear Programming has been identified as the most promising method. since it
can ncerporate nonlinearities with @ rather high accuracy. as long as the water-system
processes incorporated in the optimization problem are not highly nonfincar. The method is
fast in comparison to nonlincar methods such @8 Dynamic Programming end Nonlinear
Programming. The speed in finding solution to optimization problems. is demonstrated in the
case studies and performance analyses of Chapter 7.

To model large water systems in detal. o method of simultancous simulation and
optimization has been especially developed. The nonlinear relationships of the processes in
the water system deseribed by the simulation modute are presented in Chapter 4. Linearized
descriptions of processes. which can be handled by the optimization module. are presented
Chapter 6.

To be uble to dynamically reallocate capacities in the water system and to anticipate
hydrological loads on the water system. predictions of hydrological variables are sometimes
needed. Chapter 5 deseribes how 1o determine the hydrological Joad on a water svstem,
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4 Simulation of Regional Water Systems

4.1 Introduction

Regional water systems consist of hydrological units, which interact via natural and artificial
water flow paths. The current chapter describes regional water systems in which control has
a major impact. Several elements of water systems are described in detail, to show state-of-
the-art modeling, that is required to solve the general control problem of the water system.

The intreduction of control clements in a water system changes the original hydrological
systemn and splits it up into separate areas, cach consisting of one or more subsystems. The
classification shown in Fig. 1.3 (Page 2) is used to define the various subsystems, i.e.:

. urban drainage,

. urban surface water,
* urban groundwater,
. rural surface water,

. rural groundwater.

Subsystems interact via discharge structures, called flow efements. Flow clements can be
divided into conirollable flow elements, here called regulating structures, fixed tlow
clements, here called fixed structures and free flow elements. A regulating structure is
defined as a structure that is operated regularly, either manually or automatically, adjusting
the flow capacity. Examples of regulating structures are pumping stattons and controllable
inlets. An example of a fixed structure is a fixed weir. Examples of free flow elements are:
canals and regional groundwater flow.

A water system can be described by subsystems and flow elements. The number of
subsystems and flow elements that have to be considered, depends on the amount of detail

The hvdrology of a particular water system generally cannot be separated completely
from surrounding water systems. In the description of a water system this forms a special
peint of interest. In this thests, interactions with neighboring systems are included in the
water-system description itself, by formulating the boundary conditions that influence or are
influenced by the water system at the water-system boundary.

Figure 4.1 shows a typical regional water system, including various elements
menticned above.
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Fig. 41 Tvplcal regional water system: urbav and rural areas with
sihsvatems and flow elements,

4.2 Hydrology of Subsystems
4.2.1 Surface Types

This section discusses various types ot surfuces that can be disunguished in regional water
systems and the associated runett processes that are of importance 1o regronal water-system
control. The subsystems of an urban area can incorporate rupid and slow runoff processes.
such as rapid runof! via sewer systems and slow runof via the permeahic subsurface of green
belts. Here such runoff processes are classificd on the basis of their specific characteristics
and not on the basis of their geographical location in the water syvstem.

The following surface types affect runoff (Fig. 4.2

. pervious.
. SCIL=HNPCrvious.
. umpervious,

Pervious Surfuce

Pervious surfaces are predominantly found in rural areas and green belts in urban areas.
Precipitation /2 falls o the soib and vegetation. Part of the precipitation s intereepted by local
depressions and plant leals. Most of it. however. infiltrales into the soif
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From the soil or other wet surfaces, water may evaporate directly. The combined
evaporation from depressions, soil and plant leafs is called evapotranspiration, indicated by
E,. 1t water can flow unobstructed over the Tand surface, water from depressions may be
discharged directly to the surface-water subsystem.

A special type of pervious surface is found in infiltration systems in urban areas. These
surfaces are crealed specifically very pervious to enable the runotf from roofs, roads and
parking places to mnfiltrate into the subsurface. In general, such areas are created to keep
precipitation as much as possible in the urban environment, thus preventing a loss from the
urban subsystem by allowing recharge of the groundwater.

Semi-Impervious Surfuce

In general, semi-impervious surfaces are found in urban areas. This surface type comprises
brick-paved roads, parking arcas and other pavements that allow infiltration of precipitation
into the soil. Paved arcas that allow infiltration are called “open pavements’. Such pavements
can be especially constructed to recharge the groundwater.

Precipitation that falls on semi-impervious surfaces first accumulates in depressions.
FFrom there, it may cither evaporate (&), flow to surface waters or infiltrate into the soil. In
general, the infiltration rate is so high, that precipitation of a low intensity only infiltrates.
Only when large amounts of precipitation fall on semi-impervious surfaces, part of it flows
into sewers or runs off to surface waters (Van de Ven, 1989),

Atmasphere ol
! | Drinking water
i o8 TEr, ‘ Ei; ’
1 I | B
Pervious Semi-impervious mpervious
} N T : — 1 b —
E1 I S I 3
= ozl s 20 E SR 5
; E ; ! ::; i | Sewersystem | 9]:: T :E:.
=l T L Infiltration /4 S &
= *‘ Y 7 . - drainage § 4 |
‘ l 7 T Subsurface l J i
v * In-/ou{ﬁ.fm" ] Y Y ¥ ;
! Surface water -l \./

Fig. 4.2 Runoff from various surface types.
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Impervious Surfuce

Roofs, bitumen-covered streets and parking lots are impervious surfaces. Precipitation on
such surfaces accumuiates temporarily in depressions and forms puddles. This water may
evaporate (£)) direetly. Depending on the quantity of precipitation and its intensity, excess
waler flows cither to neighboring surface waters or into sewer systems,

Wastewater from homes and industry is discharged as scwage water into sewer
systems. A small, and fortunately continuously decreasing amount of waste water i
discharged directly onto surface waters. With respect to water quantity, this armount can be
neglected. With respect to water gquality. this direet discharge can be significant because of
its polluting character.

A special type of impervious surface is the surface oceupied by glasshouses. The total area
covered by glasshouses is generally limited. but concentrated at specific locations in water
systems. Especially in polders, such glasshouse areas can play an important role in water-
system corntrol,

4.2.2 Subsystem Interactions

This section describes the interactions between the several subsystems distinguished in
Sce. 4.1 The flow processes in the unsaturated zone are deseribed separately in Sec. 4.2.3.

Subsurface

[epending on surface tvpe and precipitation intensity. water infiltrates into the soil. where
it enters the wnsatirated zone (Fig. 4 3). The unsaturated zone 15 defined the zone between
the sotl surface and the groundwater table. In the unsaturated zone, water is stored in the
pores between soil grains. Water in the unsaturated zone 1s called soil moisture; ts ratio to
the total soil votume is called the “soil moisture content™. The soil moisture content can
increase until the field capacity is reached. Once the field capacity is reached. water from the
unsaturated zone percolates (P ) downwards, to reach the groundwater. [n gencral, this
process raises the groundwater table.

When the soll meisture content is below field capacity. capillary forees in the soil
prevent percolation and can contribute 1o 1low in an upward dircction. This process is called
capillary nise (). Evaporation frem the soil and plant-root uptake reduce the soil moisture
content and increase the capillary rise. Capillary rise abstracts water from the groundwater
into the unsaturated zone, in general lowering the groundwater table.

Heavy soils such as clays frequently have cracks. Praring precipitation. cracks in the
sofl allow faster flow into the subsurtace and. consequently, a faster raise of the groundwater
tahle. Cracks may restrict build-up of negative pressure in the soill resulting in a reduction
ol capillary rise.
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Fig. 4.3 Subsurface flows.

Two other processes contribute to inflow into the subsurface: infiltration from semi-
impervious surfaces and infiltration from leaking sewer systems.

The zone below the groundwater table is called the saturated zone. In this zone, the pores
between the soil grains are filled entirely with water. All flows to and from this zone are
called groundwater flows. Two types of groundwater flow are distinguished: shallow
groundwater flow and deep groundwater flow.

In general, shallow flow processes take place in the phreatic groundwater aquifer,
which are the result of the hydraulic gradient of the groundwater table. Shallow groundwater
outflow can be accelerated by subsurface drains.

The groundwater table may fall as a result of capillary rise and infiltration into deeper
layers, especially in summer. As soon as the groundwater table falls below the level of
surrounding surface water, inflow from surface water into the soil starts. In general, this
inflow is restricted by the imperviousness of the canal beds and banks.

A special form of shallow groundwater outflow is the draining effect of leaking
sewers, when the sewer system is located below the groundwater table.

The generalized flow equation describing the outflow from the soil to the surface water, the
inflow from the surface water into the soil, or the outflow from drains is:

, -
Sr ' (4.1)
in which:
g . flow into or out of the soil {m/s);
Ah . difference between representative groundwater level and surface-water level (m);

Y : soil resistance to soil inflow, soil outflow, flow via drains (s).

r
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Because this equation is lincar, it permits superposition. When superposition is applied for
cach successive time step in @ dynamic simulation. the current situation and the simulation
time-step size determine the soil outflow, The equation thus derived is known as the equation
of De Zecuw-Hellinga (1958 and reads:

glt) gt 1y e Yo Pin(l - e ,x,)‘ (4.2)

in which:

7 o osoil in- or outflow (m/s):
! Dotime step (-);

{, ;otime-step size (5);

r : precipitation {(im/s).

FThe cyuation assumes horizontal laminar flow, In additien to determining horizontal flow,
the equation is used successtully to determine the outflow from soils in hilly arcas, which
have strong vertical components (Grotentraast. 1992).

Groundwater-pressure differences on a regional scale result in deep groundwater flow
between deep aguifers and phreatic water, e g infiltration towards lower aqguifers and
seepage from lower aguifers. This phenomenon is very common in polder arcas,

In practice, shallow and deep groundwater flow can exist together in regional water
systems. depending on local soil characteristics, drainage possibilitics and soil structure.

Sewer Systems

Three major types of sewer systems are distinguished (Fig. 4.4

L. combined sewer systems (CS):
2. separale sewer systems (85);
3 improved separate sewer systems {15).

The combined sewer system (1) discharges sewage water together with excess precipitation.
The sewage water produced by homes and industry is called dry-weather flow (DWE). The
combined sewer system collects both DWF and excess precipitution. A combined sewer
system has both a discharge and o storage function. DWEF und excess precipitation is
discharged to sewage treatment plants (STPs). where the water is treated and most pollutants
are remeved. The hvdraulic capacity of an STP 1s Himited. ¢.g. to 0.7 mm-hour. which 1s
related to the arca discharging to the sewer system. The effluent of STPs 1s discharged to the
surface water.

The storage capacity of a combined sever system s limited. ¢z to 7 or 9 mm.
Ohutfalls are constructed at specific locations o prevent streets and adjacent areas from being
flocded by polluted water when the storage capaeity is reached in part of or in the entire
sewer system. This overflow is called combined sewer overflow (C50). Some outfalls can
be controlled. but most of them are fixed. In exceptional situations. the discharge capacity



4 SIMULATION OF REGIONAL WATER SYSTEMS 71

of the sewer system to the outfalls may become too low. Sewers flooding strects may be the
undesirable result of such undercapacities,

The separate sewer system (2} involves separate sewers for DWY and rainwater. Wastewater
from homes and industry is discharged by special dry-weather sewers. The discharge capacity
of these dry-weather sewers can be much lower than that of the combined sewer system. All
sewage waler of these dry-weather sewers is discharged to §TPs.

Lxcess precipitation water from impervious or semi-impervious surfaces such as
roofs, streets and parking lots is discharged to rainwater sewers. Rainwater sewers discharge
their water onto the surface water, called separate sewer discharge here (SSD),

The separate scwer system prevents discharge of waste watcr to the surface water, but
the quality of discharges to the surface water is generally still poor. This is due to the fact that
the catchment arcas from where precipitation is collected to flow into the sewers, can be
rather polluted. Furthermore, mistakes in connecting homes 10 rainwater sewers are a
continuous source of surface-water pollution.

The improved separate sewer system {3) combines the advantages of combined sewer
systems and separate sewer systems. It consists of two connected sewers systems for DWF
and rainwater. The dry-weather sewer discharges 1o an STP where the water is treated.

Structures connecting the two sewer systems enable internal overflow of excess
precipitation from the rainwater sewers to the dry-weather sewers. Once the dry-weather
sewers have reached their maximum storage capacity, the connecting structures prevent
further internal overtlow. Then, the rainwater sewers have to store all further precipitation
until their storage capacity is reached as well.

Once the storage capacity of the rainwater sewers is reached they overflow to the
surface water, as happens in the combined sewer system. This overflow is called improved-
sewer-system overflow here (1SO).

In comparison to the combined sewer system, the improved separate sewer systemn has
the advantage that its overflows are far less polluted. The advantage over the separate sewer
system is that rainwater initially polluted by roofs, streets and parking lots is flushed to the

(semi-) impervious Homes /
surface industries
rain-water

| sewer inflows
sewer ' low

Subsurface
A Drainage /
infiltration Fi

dry weather
sewer

Surface water
| S8 (2)
\-,‘_&\ IS0 (3)
‘ CSO(1)

\
N | ,

eraal
¥ overflow (3)

Fig. 4.4. Sewer-system flows.
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dry-weather sewers, from where itis discharged to an STP. If applied welll surface waters
are thus less polluted.

All types of sewer systems may have flow interactions with the surrounding soil as a result
of sewers leaking. Depending on the sewer height in comparison to the groundwater table,
infiltration into the soit or drainage from the sott may oceur.

Surfuce Water

The surface-water subsystem collects runoft as well as several forms of discharge as
described above (Fig. 4.5). Surface water temporarily stores discharged water, which may
also originate from other surface waters.

To discharge water or tetting 1t in, vartous tlow structures are used in practice, such
as pumping stations, weirs, sluices, cte. These structures and the way in which they are
controlled, are described in Scc. 4.3,

Surface water may also interact with the environment as a result of deep groundwater
flows. The interaction depends on pressure differences between the surface-water level and
the water level in the phreatic aquifer or the pressure height in the deep groundwater. Both
infiltration from or secpage to surface water oceur and the direction of flow may change
during a year.

Precipitation to and evaporation from surface water in general has a limited impact
on water-system control. These quantities are generally small in comparisen to surface runoff
or discharge from the subsurface and sewer systems.

In horticulture, good-quality water is extremely important because pollutants in irrigation
water affect the root uptzke by plants. In Jow polder areas saline seepage may occur, which
results in surface water having a rather high salt concentration. especially in summer.

r, 4 £,
. . i
Discharge / inlet X Surtiace runoff
structures Y ‘ -
Sewer discharges
™~ - Dy o !
Subsurface LY / overflows

In=fantfleny —_—
foallf ———————

Shallow @ @

groundwater flows

Infiltration ) ! Seepage Sewer svstem

Deep groundwater flows

Fig 4.5 Surface-water flows.
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For that reason, glasshouse horticulture strongly depends on alternative water sources.
Alternatives are drinking water or rainwater collected in rainwater basins. During excessive
rainfall these rainwater basing sometimes overflow. The total amount of water withdrawn
from a water system in which glasshouses are present, also called plant uptake (P, ), can
affect the overall water balance. For example in tomato production, the total plant uptake
may be as high as 50 mm per year, which is abstracted from the water system on harvesting,
Evaporation in glasshouses (£, ) can be extremely high; 5 mm per day is no exception in
summer.

Surface-water quality can generally only be influenced indirectly by regulating structures.
With respect to water-quality development, the following differential equation and
subsequent relationships can be derived for continuity in a surface-water subsystem for a
specific pollutant:

dVe de dv
Tt a ta T o v -
dt d dt te dt Z (Cr’-‘ Qm CE Qow) * Z: R

I 3,0, X 0 (L 0 X 0 - VIR = 43

dt
ﬁ ~ ZcinQin_cz Qin +ZR
dt 14 '
in which:
¢ . pollutant concentration in surface-water subsystem (g/m’);
vV : volume of surface-water subsystem (m’);
t 1 time {s);
Ci : pollutant concentration in inflow into surface-water subsystem (g/m’);
0, - inflow into subsystem (m?/s);
.. : outflow from subsystem (m’/s);
R . reactions (gm” s").

The water-quality relationships described by Eq. 4.3 have also been used with success by
Benoist et al. (1997). In this thesis, water quality focuses mainly on pollutants which restrict
satisfying the requirements of interests. Of all the possible processes which can be deseribed
by Eq. 4.3, only the conservative and decay-related ones are taken into consideration.
Conservative processes impose term R to equal zero. For decay, the following equation
applies:

R = -D.c, (4.4)

in which:
D . decay rate ().

r
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Using this relationship, the following numerical equation for water-quality development can
be determined on the basis of in by, 4.3:

C - )
cit} (1D Aelt 1) + ;i&iy__z:g?j Al 4.5)

This equation requires £, to be zero for conservative substances.

4.2.3 Unsaturated Flows

Flows in the unsaturated zone of the so1l have been studied and reported on by several
authors {(¢.g. Feddes et al.. 1988 and de Laai, 1980). These studics generally have an
agricultural focus. How much water is available in the soil throughout the growing season
is a prime concern to determine the growing potential for crops. In general. the time scale
used in the studies is considerably longer than the one used in this thesis (¢.g. months versus
several hours/days).

Here, the fucus is on the flow processes from and to the soil from a hydrological point of
view. The purposes are:

. to predict the actual moisture content in the root zone,
. 1o predict the water quantity Hlowing out of the soil into the surface water or vice
versa.

Infiltration v ‘]:'Lupm'run,\pirulmn -

Unsaturated zone

14
rercflation ¥ 1 Capillary rise -
Saturated zone

Sail inflow S outflon ) ] 1
-

Fig 4.6, Unsatyrated zone! terminology

Figure 4.6 shows the terms used in relation to unsaturated flow. In the root zone. plant roots
take up water from the soil. The height of this zone is determined by the type of crop. its
growing stage. soil texture and the groundwater level in spring. Flow processes to and from
the saurated zone have been deseribed in Sec. 4.2.2.



4 SIMULATION OF REGIONAL WATER SYSTEMS 75

Soif Maisture Content

The soil moisture content and the water pressure in the soil determine whether plant roots are
able to take up water from the soil. The soil moisture content varies with the location in the
unsaturated zone. Just above the groundwater table, the soil is almost saturated and therefore,
the moisture content at that fevel is called *saturation moisture content’ 9, . in an upward
direction, the moisture content reduces, as is shown by the curve in Fig, 4,6. It should be
mentioned that the exact shape of 0(z) depends on whether the groundwater table is falling
or rising,

At the groundwater table the water pressure equals the atmospheric pressure. Above
the groundwater table, the pressure is negative. This pressure, expressed in water column
units, is called ‘matric pressure’ A,,. The development of the matric pressure in time depends
on:

s the abstraction of moisture from the soil by plant roots, expressed in the sink term S;
’ evaporation from soil with no vegetation;

. the location in the soil;

. depth of the groundwater table below the soil surface,

The relationship between the variables mentioned is given by Darcy’s law {(Eq. 4.6) and the
continuity equation (Eq. 4.7) for unsaturated flow. The equations assume vertical flow and
a homogencous soif.

ch

= — m +
g K(h,) ( % 1) (4.6)
a0 d¢ o
Ey o Sth,,) (4.7)
in which:
¢ » volumetric flux {em/d);
K . unsaturated hydraulic conductivity (cm/d);
A, : matric pressure {cm);
z : soil depth, measured from the surface, with upward positive direction {(cm);
0 . sotl moisture content (-);
t : time (d);
S © sink term (d™).

Combination of the two equations, yields the Richards equation (Feddes et al., 1988):

G A A S (4.8
o Cthy) oz M az ) Cth,)’ o
in which:
a8
Cth) = 22,
(h,,) = (4.9)
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In Eq. 4.9 C(4,) represents the soil moisture capacity in em''. or the slope of the soil-motsture
retention curve. ‘Fhe formulation of Fq. 4.8 15 valid for the entire flow region of the soil-
moisture retention curve, including the saturated zone. A reason for expressing the
relationship in terms of matric pressure /4, 1s that this is a continuous variable over the entire
height of the soil profile, even when lavered soils are considered.

Several numerical methods have been developed to solve g 4.8, Examples of
computer applications are SWATRE (Belmans et al., 1983) and MUST (De Laat, 1980).

Van Genuchten (1980) developed a mathematical relationship between soil moisture content
and matric pressure which is now commonly used (I:g. 4.10), and an equation deseribing the
hydraulic conductivity in unsaturated sl (hg. 4.11):

0 -0

0 - 0 o (410
(0« wh ™" Y

(1 ah W™ ok )

Kih ) = K, _“(71 ) :;:th.”)'"”'z) — . 4.11)
in which:
0 © muoisture content (-);
0, residual moisture content (-);
8, saturation moisture content (-);
o parameter (cm'');
m help parameter: m = 1 - 'fn (-):
I parameter (-}
! parameter (-};
h, matric pressure {cmj;
K unsaturated hydraulic conductivity (em/d);
K, saturated hydraulic conductivity (em/d).

In-depth studies have been carried out to determine Van Genuchten's parameters accurately
(e.g. Wirsten et al., 1994),

Percolation and Capillary Rise

Field capacity 1s the equilibrium situation in which the maximum quantity of water is
contained in the unsaturaied zone by capillary forces, notwithstanding the foree of gravity.
The field-capacity situation is rather unstable since it reflects a stationary situation, without
downward or upward low, which in practice hardly ever occurs. The amount of water stored
in the soil at ficld capacity also depends on the actual groundwater depth. For these reasons
the term should only be used to indicate a temporary situation as a starting point to deseribe
subsequent processes.
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If infiltration into the subsurface oceurs and the unsaturated zone is not yet at field
capacity, the soil will absorb all infiltrated water. Then, a new equilibrium state develops in
which the water in the unsaturated zone is distributed over the entire height of the zone in
accordance with the 8-%_ relationship that is described by the retention curve. Once the
unsaturated zone has absorbed as much water as possible, the situation of field capacity is
reached. If more water infiltrates into the soil, it will flow down to the groundwater,
consequently raising the groundwater table,

If water is abstracted from a soil that is in the situation of field capacity, the total
moisture content decreases, the soil moisture following the retention curve. The positive
potential difference in an upward direction is the driving force of capillary rise. As a result
of this capillury rise, the groundwater table generally falls.

According to Darcy’s law (Eq. 4.6), capillary rise depends both on hydraulic
conductivity and matric pressure differences. In the dynamic situation, the capillary rise in
the unsaturated zone is generally not the same over the entire zone height. During droughts,
for instance, more water is abstracted from the root zone than can be replenished by
groundwaicr.

Evapotranspiration

Evapotranspiration is defined as the transpiration from plant leafs together with the
evaporation from interceptions and bare soil surfaces. To determine the actual
evapotranspiration, various variables have to be taken into account, such as:

. crop type;

. Crop growing stage;

’ plant cover of the soil;

. moisture content of the soil.

The cvapotranspiration is given by:

£, - E +E s E, {(4.12)
in which:
E : evapotranspiration (mm/d);
E, : evaporation from the soil (mm/d);
E, . evaporation from interceptions (mm/d};
£, : transpiration from plants (mm/d).

In practice, evapotranspiration of plants and soil are derived from crop coefficients (Feddes,
1987). Crop coefficients can be determined by lysimeter tests, in which ideal growing
circumstances are maintained such as optimal soil moisture content and groundwater depth.

Figure 4.7 shows the basal ‘crop curve’ during the various growing stages in one season,
assuming dry soil conditions and an ideal amount of moisture available in the soil. In general,
wet soil conditions result from precipitation or irrigation, which affect the total
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cvapotranspiration. especiatly when vegetution coverage 55 sparse. Lo incorporate the
moisture content of the soil in the crop coeflicients. a mean crop curve is being used to
determine the evapotranspiration during the crop growing stages: the dashed line in Fig, 4.7,

Crop coellicients are available for various crop types. including the growing stages
at fixed moments in the growing scason. They reflect the mean curves, at wet soil conditions
and average growing conditions. The use of crop fuctors enables determination of the
putential evapotranspiration:

£ of ko (1.13)

in which:

£, potentisl evapotranspiration (mm-d):
£, o reference evaporation (mm dy
r, © mean crop coctticient (-)

Corrections for less ideal situations than the ones in Ivsimeters are included separately in the
evapolranspiration caleulation. Very important are the availability of wuter in the root zone
and the capability of roots to abstract water from the root zone.

According (o Feddes cral (TO88) less ides] situations with respect (o the pressure in the reot
zone can be included empirically in the plant-transpiration caleulanion by the sink term
variable o (Fig 4.¥).

Asshown in Figo 4 ¥ as aresull of oxa gen deficieney in the root zone. water uptake bulow
h,,. — 1 s zeros Above Aoowhich represents “willing point’, water uptake is also zcro. The
locatiom of pressure 401 called reduction point’, Between Aoound /il water uptake i3
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maximal. The curve between 4 and £, is considered to be lincar and depends on potential
plant transpiration.

Assuming that the uptake of water by the roots is equal to the transpiration and the
root uptake 1s distributed equally over the root zone height, the following equations can be
derived:

Ep - a(hmr) Epp : a'(hmr) (be Er’ (414)
S(h 5
s(h,) = L (4.15)
in which:
£, : transpiration from plants (mm/d},
- © potential transpiration from plants (mm/d);
F, : reference evaporation (mm/d);
o : sink-term variable (-);
z, . depth of the root zone {mmy;
S © sink term (d7);
73 average malric pressure in the root zone (em});
Ct, : basal crop coefficient (-,

Fauation 4.14 uses the basal crop coefficient, which is the coetficient described by the basal
crop curve of Fig. 4.7. Beware of the difference between the basal crop coefficient and the
mean crop cocfficient. As shown in Fig. 4.7, the difference between the two coefficients can
be constderable, especially when the soil is only sparsely covered.

LU — -
08
0.6
0.4
0.2

Sk term variable o ()

0.0
A A h, 3 hy

Matric pressure in the rootzone A, {cm)

Fig. 4.8 Sink-term variable .
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4.3 Flow Elements of a Water System
4.3.1 Types of Elements

As mentioned in the introduction to this chapter the following types of flow elements are
distinguished in a water system:

. regulating structures.,
. [ixed structures.,
. free flow elements.

The flow clements distinguished in this thesis are listed 1in Table 4.1, Of special interest in
the table are the clements which can be regulated: pumping stations, weirs, inlets and sluices,
Weir and inlet flow elements can be either be regulated or fixed. The majority of weirs and
inlets in the Netherlands are of the fixed type. This means that thev are manually adjustable,
but that adjustment oceurs very rarely . cogl only twice a vear at the transiton from the
summer to the winter scason and vice versa.

Tuble 4.1, Ilow elements distinguished.

Regulating Fixed Free flow
structure structure clement
Pumping Station Yoo
Weir Yeu Yes
Sluice Yes
Inict: Outlet Yes Yes
Canal Ve
Groundwater Yoy

All regulating structures can. in principle. control upstream as well as downstream surface-
water levels. [ngeneral. pumping stations in pelder areas are downstream-controlled since
they control the lower water levels and discharge to higher-Iving waters, In hilly arcas,
pumping stations are often upstream-controlled. to regulate water levels in higher-lyving arcas,
I weirs are controlled. they are gencrally of the upstream-control type. Spilling sluices.
which arc mosthy located along the coast and along the lower reaches of tdal rivers. are all
of the upstream control type. Inlets are generally downstream controlled. whercas outlets are
upstream controlled.

The capacity of regulating structures is always limited. During specific conditions. the
capacity of structures is fully used in trving to maintain the required conditions in a
controlled subsystem. The subsysiem load is considered Aigh i that situation.
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4.3.2 Pumping Stations

Pumping stations are the main regulating structures in polder areas. The capacity of these
structures ranges from below 1 m’/s for small pumping stations up to 50 m*/s for the large
ones.

In general, large pumping stations have several pumping units, e.g. four. A pump may
get out of order, for instance, if a mechanical or electrical part breaks down. To maintain the
required discharge capacity, smaller pumping stations sometimes also have more than one
pumping unit, Pumping stations can be either manually or automatically controlled.

In case of manual control, the status of the pumping station is entirely determined by
the operators, who switch the electrical or diesel engines on or off. Under normal conditions,
without high system loads, these pumping stations are operated only during the day-time on
working days. The general operational strategy followed before weekends, is to pump out
water in advance to give operators some days off. The limited hours available for manual
contral, gencrally result in a simple way of operation in which the maximum capacity of an
enlire pumping station is used frequently.

Pumping stations which are controlled automatically can be of the electrical or diesel-
engine-driven type. They are in majority controlled locally and operated on the basis of
water-level measurements in the direct vicinity of the structure. Automation is often
associated with unattended operation, which means that in addition to the control equipment,
warning systems with pagers are installed. The advantage of such systems is that operators
can be somewhere else and still be warned when an alarming situation occurs at a pumnping
station.

Automatic control generally means continuously available pumping capacity and
therefore, a more stable surface-water level (e.g. Fig. 1.10, Page 16).

Below, several important subjects of controlled pumping stations are discussed.
Automatically controlled pumping stations are assumed.

Fig 4.9 Upstream-controlled (a) and downstream-controlled ()
pumping station.

In general, a locally controlled pumping station operates on the basis of only the upstream
or the downstreamn water level. Figure 4.9 shows these two types of control. In hoth types,
the operation of pumnps is based on the actual water level measured. Figure 4.10 shows how



K2 Dy~NaMIc WATER-SYSTEM CONTROH,

switching takes place in a pumping station with three pumping units. in case of downstream
control. Fach of the pumps operates on the busts of its own on- and off-levels. As soon as the
water level has reached its on-level for unit 1, the umt is switched on. If" the pumping
capacity 1s sufticient, the water fevel falls, Once the off=level s reached. the unit is switched
off. I the capacity of a unit is not sufficient. @ next unit is switched on when its on-level is
reached. This process continues as long as more units are available.

In practice. restrictions are incorporated in the control of pumping stations. Pumnping stations
that drain polders and discharge 1o storage basins generally have extra conditions governing
their operation. Onc restriction is the upstream water level in the storage basin, 1 this water
level has reached an upper limit and is still rising, a milling stop can be imposed by the water
manager of the storage basin, As a conseguence, pumping stations should be switched off.

In case the pumps of o pumping station are driven by electrical ¢nergy. special
measures may be taken to minimize energy costs. In general. the night tariff for electricity
is lower than the day tarift. [n that case. automated pumps should preferably operate during
the night. 'To accomplish this, lower switching-en and -off levels can be set for the night.

Some clectricity companies apply additional high tarifts for energy use during peak
hours. In general, pumps are switched off during these hours. Under extreme conditions, the
water manager may still decide to use these hours for pumping.

Frequent switching on and off of pumps is generally not allowed because of the
chance of ¢lectrical overload and mechanical wear and tear. Bspecially for automated
pumping stations, this is a matter of concern and special measures are taken to prevent
continuous switching,

Init3 &
O levels Uit b
Uit &
Actual water level -
-y L
O levels Y

Fig 10 Cantrol ranges and switching fevels for upstream
control using three pumps,

4.3.3 Weirs

Weirs arc used in water management in both pelder and hilly areas. but they are mainly found
in hilly arcas. A weir can ¢ither have a fixed crest level or an automatically controlled crest
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level (FFig. 4.11). In the latter case, the water level upstream or downstream is controlled by
means of a mechanical or electrical uni,

In general, electrical controllers are used these days for weir regulation. This requires
on-line water-level measuring. The measured signal is fed to the controller, which determines
the control action of the weir. The control action is electronically seat to the driving device
of the weir. This device can adjust the weir in an upward or downward direction.

Fig 411 Fixed (a), upstream-controlled (h) and downstream-
conlrolled (c) weirs.

[Du Buat (1816) determined a general weir equation for bath submerged and unsubmerged
weirs, which was adapted and evaluated by Franke (1970):

O, = C, w, (AH + 2 H) AH". (4.16)
in which;
0, : discharge over the weir (m'/s);
C, ; discharge coefficient, ranging from 0.60 to 0.65 for sharp crested weirs (m™/s);
w, : width of the weir {m);
AH o water-level difference {m);
H, o energy kevel to the crest downstream of the weir (m);
H, o energy level to the crest upstream of the weir (m).

The following two situations can be distinguished:
. if the downstream water level is below the weir crest, then Aff = H, and H, = 0;
. if the downstream water level is above the weir crest, then Aff =H, - H,.

Devices used for automatically controlled weirs generally include controllers of the
Proportional-Integral-Differential type (P13, Only the "PI” actions of this controller are
discussed here, since the “ID' action in water-system control may produce undesirable results,
as will he discussed later.
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The controller trics to establish a constant up- or downstream water level /1 which
meets a predefined setpomt s, . The PIcontroller accomplishes this by a proportional offset,
which represents the change in crest level on the basis of the difference {(errory between the
actual water level and water-level setpoint. Furthermore, it integrates that difference over
time.

According to Astrim & Wittenmark (1984 the output (here crest-level change) of a
digital Pl controller can be represented by the following equations:

T
Ault) K, j et e(.’--l}*?‘e(f 1y]. (4.17)
wlt)y = wuir-1) - Aulry, (4.18)
e(t) s, (1) Al (4.19;
in which:
u oocrest level (meret):
¢ o otime step (-);
K, : proportional gain (-);
¢ : error {m);
T » sample period (s);
T, © integral action time (s);
5, o waler-level setpoint (m+ref):
h o actual water level {m-ref).

Fquation 4.17 is known as the “velocity form” of the digital Pl controller. 1t determines the
change in crest level rather than the crest level itself. The control range of a weir is generally
limited by an upper and a fower crest level. In the velocity form of the controller, the
restrictions to the crest-level movement can be incorporated by setting Awd'ry = 0. at the upper
and lower limits.

The two paurameters that determine operation of the controlfer are: the proportional
gain K and the integral action time T, These parameters should be determined carefully.
since they determine the performance of the controller, ¢.g.: reaction speed and stability. The
controller parameters depend on several properties of the controlled water system, e.g. the
dimensions of the water course in which the weir is located. This subject has been studied
by Schuurmans (1997). Translation waves resulting from weir adjustments may reflect at
specific locations in a controlled canal and return to the weir, where they are detected by the
water-level measuring equipment. Translation waves in a canal can thus result in syvstem
oscillations. The use of the differential *137 action of the controller scems to enlarge the risk
of oscillation, which is a reason why it 1s generally not used.
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4.3.4 Sluices

Most spill sluices along the coast and tidal rivers are of the sliding-gate type in the
Netherlands. The sluice structure consists of one or more culverts, each of which can be
closed off by a sliding gate. The discharge of a sluice can be described by various water-level
situations on both the upstream and downstream sides. The entire discharge process is rather
complex and not easily described in one equation. In general, the main situations that can be
distinguished to describe the flow via a sluice structure are (Fig. 4.12):

a. unsubmerged underflow and submerged gate cutflow;

b. submerged underflow and submerged gate outflow;

c. free gate underflow and unsubmerged weir overflow;

d. free gate underflow and submerged weir overflow,

Fig 4.12. Main flow situations distinguished in a spill sluice.

In situations (a) and (c) the discharge is only determined by the upstream water level,
whereas in situations {b) and (d) it is determined by both the upstream and downstream water
levels.

It is not the purpose of this thesis to describe the discharge through a sluice in detail.
This has been done by various other authors (e.g. Spaan, 1994). For the present study, it is
assumed that the sluice has an entirely submerged outflow, corresponding to situation (b) in
Fig. 4.12, In that situation, the discharge can be determined by the orifice equation.
Neglecling the effects of the number of gate openings, which contribute to the flow and the
change in contraction in different operational situations, the general equation for flow
through the sluice yields:

O, = w,A4,V2g AH", (4.20)
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in which:

o, : discharge via the stuice (mbs):

I, 1 contraction coclticient {-):

A, ¢ total eross-sectional area of sluice gates (m’);

1% : gravitationat constant (mis);

AH : positive water fevel difference over the sluice (m).

A controlled sluice can be openced as seon as the upstream surface-water level is higher than

the downstream water level, Two control situations can be distinguished:

. the sluice 1s always opencd in case of 4 positive water-level difterence:

. the stuice is opened when a positive water-levet difference oceurs and. moreover, the
water level inside the upstream polder is or will become too high.

An automatically operated sluice requires water-level measuring on both sides of the
structure. In general. spill sluices have several gates which can be operated separately and
be fixed at various heights. This indirectly allows an operator or computer to determine the
discharge. Gradual outflow i generally necessary o prevent scouring downstream of, the
structure. [t furthermore prevents a sudden fall in water level immediately upstream of the
structure, resulting from inertia of water in the suppiving water course.

In addition to the simulation of o submerped sluice, the application of the orifice equation
as described abuve. allows the sluice 1low element to be used in the description of restricted
flow through culverts,

4.3.5 Inlets and Qutlets

Inlct and outlet structures function very similar to sluices. Inlets and outlets are used for
water-guantity and water-yuality control. The function of inlets and outlets is very similar
and they are therefore desceribed together in this thesis, using the term Cinlets” only.

Inlets are generally culvert-type structures that can control the downstream or
upstream surface-water level (Fig. 4.13). [nlets discharge by gravity. In this thesis the inlet
flow element is used 1o describe fixed in- or outtlow. If the flow via the inlet depends on the
walter levels upstream and possibly also downstream. the sluice 1low ¢lement should be used.

Fig 403 Dewnistream-conirotied (ay und upstreanm-controlfed ihy inlets.
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4.3.6 Canals

The surface-water flow in regional water systems can be represented by the one-dimensional
flow equations of Saint Venant. These cquations comprise conservation of mass and mass-
momentum descriptions, which can be solved numerically. Vartous forms of the equations
can be found in literature, using several simplifying assumptions (e.g. Verspuy & De Vries,
1981). The equations are also known as the dynamic wave equations and for one-dimensional
flow through an open prismatic canal can be written as:

99, o4
3 G, (4.21)
= Z
Qg+iﬁg *gA@’gAlh L 8QI90 0, (4.22)
dt cx A ox CIAR
in which:
o] : flow (m'/s);
{ : time (s);
by : axis in the direction of flow {(m);
B : Boussinesq coefficient (-);
A : cross-sectional area (m?);
Z : gravitational constant (m/s’);
h : water depth (m);
A : bed slope (-);
R . hydraulic radius (m);
C . Chézy coefficient (m™/s), C= 18 “log (12 R/ k,);
ky, : Nikuradse roughness coefficient (m).

In Fq. 4.22, the first two terms are called inertia terms and represent the influence of
acceleration and velocity head; the third and fourth term are called pressure terms, which
incorporate the influence of the surface-water gradient and gravity forces; the fifth term,
called the friction term, represents the change in flow as a result of friction losses.

Several numerical models have been buill to solve Eg. 4.22 entirely or partly. In the
latter case, inertia terms and/or pressure terms are neglected. [t is not the aim of the present
study to replicate that work, but to demonstrate that operational strategies can be formulated,
including free flow elements. A first-order approach is chosen and thercfore, in the
mathematical model built in this thesis, only the last twao terms are used, representing the
equation of Chézy.

4.3.7 Groundwater

This section focuses on regional groundwater flow which occurs over long distances, such
as between polders or between water systems. Two basic types of groundwater flow are
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distinguished here: unicontined flow through phreatic aquifers and confined flow within
aqguifers between impermeable layers in the subsurface. Seepage from and infiltration into
semi-confined ayuiters are considered constant during the control periods of interest (hours
to weeks). Local groundwater flow has been described in Sec. 4.3.2.

Groundwater flow is determined by differences tn water potential between parts of the soil
or adjacent surfuce water. According to Darey’s law, the saturated flow through a soil can
be described by:

g, - K, oh .
ox
:h
g, K, —, (4.23)
ay
3}
g. - -K.ﬁﬁa
- T dz
in which:
7 fTow (m/s);
x o x-direction (m);
¥ ;. y-direction (m);
z o z-direction {m);
K hydraulic conductivity (m/s);
h water patential (m+ref).

When no water is abstracted from, or recharged 1o the proundwater system. the conservation
of mass yields:

oq,  Cy,  0f,
e, T o0, (4.24)

dr ay oz

The Darcy and mass cquations can be combined into the Laplace equation:

&*h Gth &'k
o0y 2L

2 z 2

= 0. {425)
dx iy dz

In the present study, groundwater {low is described in one direction at a time and in that case
the solution to the [Laplace equation is linear in s (x, y, or z) and yields:

ho= by h”v%,
(4.26)
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in which:

A : water potential in location 1 {m+ref);
fy : water potential in location 2 (m+ref);

s : direction of flow (x, y or z) (m);

L . distance between locations 1 and 2 (m),

The situation described with groundwater flow in one direction can be compared with the
flow through a series of uniform tubes, together called an arc. By means of a network of arcs,
regional groundwater flow can be described in a general and very flexible way. Similarly
both horizontal flow through aquifers and vertical flow through aquitards can be incorporated
in the modeling. The method can be further generalized, using soil-resistance terms as
applied in the soil in- and outflow equation of Eq. 4.1. However, this approach has not been
attempted in the present study.

4.4 Concluding Remarks

The basic equations that describe flow processes in water systems and the equations used in
this thesis for modeling have been given in this chapter. It should be stressed that the
approach presented enables incorporation of more or fewer modeling clements, depending
on the required detail. For analysis purposes, however, it is most convenient to restrict the
size of models and generalize the water system layout into a limited number of subsystems
and flow e¢lements. This will be shown in Chapter 7,

The computer program AQUARIUS has been developed especially for water-system modeling
and analysis. The program dynamically calculates the behavior of all elements of a water
system, the water-system load and the required operations of the regulating structures.
AQUARIUS cnables determintstic water-system modeling and time-series simulation and is
based on the theory outlined in this chapter and furthermore on the mathematical equations
given in Chapters 6.
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5 Hydrological Load

5.1 Introduction

This chapter describes the hydrological load on water systems, which is important for both
simulation on the basis of actual hydrological conditions and prediction of the system
behavior on the basis of predicted hydrological conditions.

The first part of this chapter presents an analysis of the hydrological time-series data
which were available o the present study. The purpose is to derive the necessary statistical
information on hydrological loads. Furthermore, periods with excessive preeipitation and
evaporation are identified. These extremes are used to assess the performance of the control
systems described in the practical case studies in Chapter 7.

The second part of this chapter focuses on the possible methods for predicting the
hydrological load on a water system. The analysis and real-time si{uations are described
separately, since they require a different approach in using a prediction of the hydrological
load in the methodology developed.

5.2 Precipitation and Evaparation Analysis

The analysis of the hydrological load is based on 30)-year time series of hourly precipitation
and daily reference eveporation data measured at the De Bilt meteorological station. These
time serics were supplied by the Royal Netherlands Meteorological Institute (KNMI). In the
following, the 30-year time series of De Bilt will be indicated by De Bilt time series.

The average yearly precipitation in the Netherlands is between 750 to 800 mm. It should be
realized that precipitation characteristics show enormous differences from year to year,
Figure 5.1 shows precipitation totals in the period of 1965 to 1994, The annual precipitation
in this period ranges from 550 to 1150 mm. The years 1965 and 1966 were extremely wet,
whereas the years 1971, 1976 and 1982 were extremely dry.

In this thesis, the reference evaporation defined by Makkink is used, for reasons explained
below. The variation in reference evaporation is far less than that in precipitation. Figure 5.1
shows that the annual reference evaporation ranges from 500 to 625 mm. An interesting
phenomenon is that years with high precipitation show a relatively low reference
evaporation.
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The following hydrologicul seasons ure defined here and will be used in the remainder of this
thesis:

. Winter: I January - 31 March;

. Spring: 1 April - 30 hune;

. Summer: 1 July - 30 September:

. Autumn: I October - 31 December.

Spring and summer together are also indicated as the summer season. while autumn and
winter together are also indicated as the winter season,
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Fig S5 1. Yearly precipitation and reference evaporation (De Bilt
{ime series).

5.2.1 Precipitation

Precipitation mostly oceurs as rain and to a lesser extent as snow, dew. condensation on ice,
fog and frost. The clouds from which this precipitation falls, can be subdivided into
sstratiform” and ‘convective” forms (Klaassen, 1989), Stratiform clouds have an horizontal
shape and are generally layered. Precipitation from stratiform clouds can persist for long
periods, e.g. 24 hours or longer (Wartema, 1989) and be wide spread. the rain falling in areas
of several hundreds of kilometers.

Conveetive clouds have a vertical orientation and develop as a result of an unstable
atmosphere in which warm air rises. The rise s generally a result of the difterence in
temperature between the warmed up lower fayers of the atmosphere. close to the carth
surface, and the refatively cold higher layers. The stronger the vertical air movement. the
longer and more intense the convective precipitation can be. Convective precipitation
generally falls over a limited area up to several kilometers and can be very local but of an
extremely high intensity, The arca of influence 1s generally limited to a size of several
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kilometers. Individual showers from convective clouds generally exist for short periods of
an hour or even shorter (Van de Berg, 198%). However, new clouds may develop rapidly, and
therefore convective precipitation may last for several hours.

Stratiform and convective precipitation often occur together. In a stratiform
precipitation front, small convective areas with high-intensity precipitation may occur. [n
general, convective precipitation falls mainly in summer, whereas stratiform precipitation
falls mainly in winter.

Figure 5.2 shows the 10, 25, 50, 75 and 90% percentile curves of precipitation over a year.
To balance the effect of the number of days per month, in the overall picture, the unit used
for precipitation is mm/day. Extreme events are found to be more pronounced during the
months July to December.

Precipitation intensity on average slightly increases from winter to autumn. There is a distinct
difference in intensity, which can be observed when looking at separate events. To study this,
the 30-year time series of precipitation data is further analyzed. The following definitions
with respect to precipitation events are used:

’ a ‘precipitation event’ is a period of precipitation, which may include dry periods up
to a maximum length of 2 hours;
. precipitation events with a total volume smaller than 0.3 mm are neglected.

This analysis yields an average precipitation of 464 hours a year, distributed over an average
number of 197 events. On average, therefore it rains in the Netherlands 5.3% of the time.

Figure 5.3 shows that the precipitation intensity per event increases during spring,
showing the highest intensities in the summer, after which it decreases again in autumn.
Usually, precipitation in summer is of a short duration. The overall picture, therefore, shows
short and heavy summer showers, resulting from convective clouds.

Y

Intensity (mm:day)

0
J
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s ()% m——— 25, ———50% 75% 0%,

Fig. 5.2. Monthly percentiles for precipitation (De Bilt time series).
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To find the total precipitation quantity per ¢vent, the extremes of the De Bilt time series were
further analvzed. Figure 5.4 shows 43 extreme preeipitation events that resulted in guantities
over 30 mm over the 30 vears. The figure clearly shows that most extreme precipitation
events happen at the end ot spring and in summer.

To compare the results of various modes of control, several shorter periods from the entire
time series were studied in detail. Table 5.1 presents the most extreme esents.

Two interesting events should be mentioned: the first in 1965, when 56.5 mm fell in
winter over more than two davs: the secend in the summer of 1966, when 481 mm fell in
period ol only five hours.
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Fig 5.4 Precipuiation events with quantitics over 30 m flde Bilt
e serics).
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Table 5.1. Extreme precipitation events with quantities over
45 mm {De Bilt time series).

Start of event Precipitation (mm) Duration of event (hr)
16-06-65 18:00 528 16
29-11-65 08:00 483 43
17-12-65 10:00 565 54
19-07-606 18:00 481 5
10-03-8] 04:00 476 49
26-11-83 20:00 518 21
26-12-94 23:00 500 40

5.2.2 Evaporation

All over the world, various evaporation equations are used. The one most commonty used
is the Penman equation (Penman, 1948} or derivatives of this equation:

A (l-a)R - R
E, « b s T ¥ E (5.1)
A+ v A A b
in which:
E, . evaporation from an open water surface (kg.m™.s™"),

R . outgoing long-wave radiation (W/m?);

R : incoming solar radiation (W/m?);

o : Albedo reflection coefficient (-};

E © aerodynamic evaporation equivalent (kg.m?.s");
A . slope of the vapor pressure curve (kPa/"C),

¥ : psychometric constant (kPa/*C);

A . latent heat of vaportzation (J/kg).

In the present study the Makkink equation is used, which determines the reference
evaporation £, . The original equation of Makkink (1957) reads:

A K
E = C — =+ O, 2)
, Ay A 2 (5.2)
in which:
E, . reference evaporation (kg.m?2s™');

K- . global radiation density (W/m®);
C, © parameter (-);
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,  parameter {-);

slope of the vapor pressure curve (kPaCy;
psychometric constant (kPPa”'C).

latent heat of vaporization (Jikg).

S

The reason for using the Makkink cvaporation equation is that all weather bureaus in the
Netherlands and the end users of these data, g, farmers, use it too. In practice. these are the
only data available to base operational control strategies on.

‘The KNMI weather bureau gave the following reason for switching from the Penman
evaporation to the Makkink evaporation in 1987 {KNMI/CHO, 1988):

. the caleulations involved in the Penman cguation are complex: various parameters of
the equation are hard 1o determine:
. a single, standardized, evaporation equation should be used. instead of the various

versions of the Penman equation, in use all over the world.

The Makkink equation basically requires only two variables: global radiation and air
temperature. These variables can be measured with relative case. In 1987 the KNMI
introduced the following form of the Makkink equation. which contains only one
dimensionless parameter €

E Lt e (5.3)

The evaporation calculated by Eg. 5.3 15 in approximately 1.17 to 131 times as high in spring
and summer than the evaporation calculated by the Penman cquation. Tor open waler the
ratio Makkink cvaporation / Penman evaporation is approximately 1.25. This difference has
heen incorporated in the crop coetlicients used with the Makkink evaporation equation
during the growing scason {Feddes. 1987).

Figure 5.5 shows an example of a typical evaporation pattern over a vear. The influence of
temperature can be seen clearly: low evaporation rates in winter and high evaporation rates
in sumimer.

ymm h
i
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1-1-94 1-4-94 1.7-94 1-10-04 195

Fig 3.5 Daily reference evaporation in 1994 (De Bilt time series).
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High cvaporation especially affects hilly areas that suffer from a water shortage in summer.
Analysis of the De Bilt time series shows several periods of extremely high evaporation. For
55 days a reference evaporation exceeding 5 mm has been found. Table 5.2 shows the highest
extremes in evaporation.

A remarkable period of extreme evaporation oceurred during the summer of 1976
when, for a consceutive period of 11 days, the evaporation exceeded 5 mm/day. As can be
seen in Fig. 5.1, 1976 indeed was a very dry year; the only year when the reference
cvaporation exceeded the annual precipitation.

Table 5.2. Extremes in reference cvaporation
(De Bilt time series).

Start of Maximum reference Number of

event evaporation (mm/day) consecutive days
29-06-76 5.7 11
10-07-82 3.5 1
28-06-86 5.4 4
17-06-89 5.4 I
20-06-89 54 1

34674 5.4 2

5.3 Prediction of the Hydrological Load

In the control of water systems that have rapid runoft characteristics, a hydrological-load
prediction may be necessary for part of the control horizon. In that case, a forecast of
hydrological variables is required.

Since the prediction of the hydrological load is an estimate which involves several
uncertainties, it has to be updated each time additional information about the current
hydrological variables becomes available, ¢.g. precipitation per hour and evaporation per day.
In real-time control, these variables are forecasted by meteorologists of a weather bureau.
However, for analysis purposcs, historical data Irom a database are used for prediction here.

In this thesis, a distinction is made between the “prediction’ of hydrological variables and the
“forecast’ of these variables. Prediction is used as general term for all kinds of determinations
of hydrological variables for the control horizon. The word forecast is used exclusively for
the hydrological variables provided by a weather bureau.

A weather forecast is generally compiled by meteorologists on the basis of measured
numerical data, graphical data (c.g. satellite and radar images) and the outcome of numerical
atmosphere models. Monitoring data used by weather burcaus are obtained from world-wide
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monitoring networks, Such networks consist of monitoring stations all over the earth and in
the air and include rudar units and satellites. Important vartables monitored are: temperature,
air pressure. wind velocity, wind dircction. and air humidity,

in the following, the subjects of weather forecasts for analyvsis purposes and real-ume control
are discussed separately. sinee they require principally different approaches. Weather-
forecast data are deseribed only qualitatively, to give an impression of how forecasted data
can be incorporated in real-ime control. A theory s developed that allows basically
maccurate forecasts to still be incorporated into real-time control, with the lowest risk of
undesirable results in control,

Table 5.3 lists the combinations of processing methods which are appliced for the
analysis application of the method developed and the equivalent data sources of forecasts in
real-time control,

Table 5.3, Duta sources and processing methods for hydrelogical-load prediction,

Method Application
Analysis Real-time control
Perfeet prediction Dulabase Weather bureau
{one time step) funcertuinty multiplier} frisk multiphier)
Period-average prediction Database Weather burcau
fseveral time steps) tuncertainty multiplier) {risk multiplier)
Scenario prediction Iime-senes analysis Time-series analvsis

5.3.1 Prediction for Water-System Analysis
Methods

In the water-system analy sis presented i this thesis, hvdrological variables are predicied by
the prediction module of the Strategy Resolver on the basis of hydrological data from a
datahase (see Fig. 3.3, Page 62). The data from this database are used to simulate weather
forceasts by a weather bureau. For the tme-series caleulations. these data are retrieved from
the dalabase in advance. simulating forecasts. The simulated forecasts are processed to
hydrological-load predictions for the control horizon. using the methods listed in Table 5.3.

The “perfect prediction” simulates forceasts and assumes the reguired hydrological variables
10 be available for cvery time step of the control horizon. e.g. tor every hour.
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The “average prediction’ permits simulation of a forecast for a pericd which is longer
than the optimization time-step size, e.g. the prediction of precipitation for every 6 hours,
while the optimization step size is only one hour.

To simulate the uncertainty encountered in real weather forecasts, the uncertainty
multiplier is introduced for perfect and period-average prediction methods. The uncertainty
multiplier is used to manipulate and reduce the values obtained from the database to achieve
a rcalistic prediction of the hydrological load for the control horizon in determining a control
strategy. The uncertainty multiplier depends on the data obtained from the database and is
generally smaller than unity. The prediction of precipitation for the control horizon can thus
be determined by:

Py - u, Pty (5.4)
u, - f(P.T), (5.5)
in which:
P, . precipitation used in strategy determination (mm);
{ . time step of the controt horizon (-},
u', . uncertainty multiplier (-);
P, . precipitation obtained from database (mm);
T : simulation time step (-);
T : control horizon (-).

The *scenario prediction’ 1s especially suitable for periods for which generally no accurate
predictions can be given, e.g. a period of a week. The scenario prediction is based on the
statistical analysis of historical hydrological data. Hydrological conditions are ¢lassified into
the categories: ‘extremely wet’, ‘wel’, ‘normal’, ‘dry” and ‘extremely dry” with respect to the
thme of year.

The graphs in Fig. 5.6 show examples of the basic data determined in the statistical analysis
and uscd for scenario prediction. The curves have heen smoothened. The graphs clearly show

Table 5.4. Scenarios for predicting the hydrological load.

Scenario Percentile values
Precipitation Evaporation
Extremely wet 0% 10%
Wet B0% 20%
Normal 50% 50%
Dry 20% 80%
Extremely dry 10% 901%
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Fig. 5.6, Percentile curves for periods of ¢ day, a week and a month for precipitation:
P0% fay and 90 (b)), and evaporation: 90% fey and 10% (d) (De Bilt time series).

that the shorter the prediction period (e g, a day), the more extreme the predicted quantities
of both precipitation and evaporation are (thick lines in graphs (b) and (c}). On the basis of
similar percentile data, the scenarios of Table 5.4 were determined. In the application of
these scenarios, it s assumed that high evaporation is associated with low precipitation and
vice versd, @ phenomenon, which has heen explained in See. 5.2

Application

In the present study. o combination of the prediction methods presented in Table 5.3 15 used.
Figure 5.7 shows an example of how a prediction of precipitation could look. using the three
prediction methods: perfect, period-average and scenario. A provisional uncertainty range
is indicated in the figure. Precipitation used in strategy determination is chosen from that
range.

In the example, during the first day, a perfect prediction for six-hour intervals is available,
The perfect and period-average predictions can be used in combination with the uncertainty
multiplier. A time-series example of this tvpe of prediction is presented in See. 7.1.3. For the
second and third period, cach covering one day. a period-average precipitation prediction is
shown. The fourth period shows the result of a scenario prediction.
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Fig 5.7. Precipitation prediction using three different methods:
perfect, perivd-average and scenario.

5.3.2 Weather Forecasts for Real-Time Control
Accuracy Considerations

The accuracy of the precipitation and evaporation forecast determined by a weather bureau
for temperate zones depends on several factors, some of which are:

. the type of weather;

. the time of year,

. the size of the area for which a prediction should be made;
. the intensity and quantity predicted;

. the period for which a prediction should be made.

As discussed in Sec. 5.2, a distinction should be made between wide-spread stratiform
precipitation with low intensities and convective local precipitation in showers. Stratiform
precipitation from cloud fronts occurs mainly in winter. Convective precipitation from
compact and vertically oriented clouds occurs mainly in summer. Convective precipitation
can be very local, showing high intensities at some locations in the water system, while at
other locations no precipitation may occur at all. The two types of precipitation can cceur
simultaneously.

Precipitation can vary strongly during the day and the exact moment of precipitation
is difficult to predict for long periods ahead, especially in summer. The probability of
precipitation falling in a specific area, depends on the size of the area considered. During
summer, local differences in precipitation prevail. High-intensity events are more difficult
1o predict accurately than low-intensity events {De Rooy & Lngeldal, 1992). This
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phenomenon s associated with the total quantity predicted. e.g. a rainstorm during which 40
mm falls in four hours. can gencrally not be predicted at all accurately,

Similar to the precipitation forecast. the accuracy of the evaporation forecast depends on the
type of weather. The solar radiation reaching the carth surface and air humidity. are the main
factors that determine reference evaporation (Sec, 5.2.2). Furthermore. the time of yvear
strongly determines evaporation. {n winter, evaporation is generally very low to zero,
whereas a reference cvaporation of 2.5 mmiéday is not unusual in summer. The variation in
evaporation from day to day is generally much smaller than in precipitation. which makes it
less difficult to predict,

On the basis of the accuracy of forecasts. a division into four preferred forecast methods and
assoclated periods can be made (Fig. 5.8). Short-period forecasts {e.g. up 1o two hours) can
he compiled with a relatively high accuracy using radar observations. possibly in
combination with precipitation measurements ( Van den Assem, 1989 Van der Beken. 1979).

Forecasts for periods up to one day ahead are most accurately deduced from numerical
regional atmosphere models. Present-day models have a grid size of the order of magnityde
of 30 ~ 30 kin and use the results of world-wide atmospheric models as boundary conditions
(Jilderda et al, 1945).

Forecasts for periods of several dayvs shead (e.g. one to five duys) become the most
accurate when world-wide atmospheric models are used (Halkenscheid. 1988 Jilderda et al,
1995).

Forecasts for several davs 1o weeks ahead are most accurately compiled by
stochastical models {Buishand & Brandsma. 1996).
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Fig. 3.8 Forecast perinds and most suitable methods jor forecasting.

Several studies have been carried out w verify the accuracy of forecasts that result from
different torecast methods. In the literature found, onty generalized forecust data have been
used for the periods ot interest to the present study.

Verification studies {fe.g. Donker. 1989} generally find that meteorologists tend to
underestimate precipitation in therr forecasts. a phenomenon which inereases with the
quantity forecasted. This will be qualitatvely demonstrated below. Duan (1993 ) published
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verification results of the KNMI, which show that the reliability of a precipitation forecast
strongly depends on the time of year. He proves that the most inaccurate results are obtained
for the summer scason. This is probably due to the mainly convective character of
precipitation during summer.

Figure 5.9 tentatively presents the reliability of forecasts as a function of the forecast
period. Reliability is defined as the probability that the actual quantity of precipitation falls
within the predicted range, e.g. 0 - 0.3 mm, 0.3 - 1 mm, I - 3 mm, 3 -« 10 mm, ~» 10 mm. The
gencral trend presented by the curve in the figure is that the reliability of a forecast for a very
short period (hours) is relatively high, whercas the reliability decreases when the period
increases to days. For very long periods (e.g. months), the reliability of the forecast increases
again.

This phenomenon affects the determination of control strategies for various types of
areas distinguished in this thesis. As will be shown in Chapter 7, for polder areas, a
prediction period of zero up to several days is generally needed, whereas for hilly areas,
predictions of several days to weeks ahead may be necessary,

100

75

50

Reliabilinv (%)

25 Polder areas Hilly Areas

0 : : -
01 62 05 1 2 510026 50 100

Forecast period in days

Fig 3.9 Reliability of the forecast of hydrological variables (indicative).

Risk-Based Approach

This section presents a theory on how inaccurate predictions can be incorporated in dynamic
control, keeping the risk of undesirable situations the lowest possible.

Suppose a large quantity of precipitation is predicted to fall in a polder area and it is
decided to pump out water in advance. By using the risk-based approach, the risk of damage
1o interests as a result of pumping out water, while the exact quantity of precipitation that will
actually fall is not known, is minimized.
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Fig. 510 Precipitation furecasted and the probability of the forecast
coming true (12 howr-forecast data set from De Rooy & Engeldal, 1992)

The bar graph of Fig. 510 presents some of the results which were obtained in the
verification study of a regional numerical torecast model. This study was carried out for the
KNMI hy De Rooy & Engeldal (1992) for the period of mid Julv 1991 to mid January 1992,
The horizontal axis shows the quantity of precipitation forecasted for Hixed intervals. The
vertical axis shows the probability of the measured quantity within each of the forecast
intervals,

‘The bars show that forceasts for O - 0.3 mm (no precipitation) have a relatively high
probability of being correct. The right-hand bars (- 10} mm) show that none of the forecasts
for - 10 mm came true, This proves that extreme precipitation events cannot be forecasted
accurately. Moreover, when analyzing the total number of extreme events in the data set of
half a year. the number of forecasts for - 10 mm is 40% less than the actual number of
precipitation measurements of - 10 mim.

A weather forecast should basically be used 1n real-time control of water systems that have
refatively rapid runof! characteristics. The forecasted hvdrological variables for a period
within the control horizon are obtained from a weather bureau. At present. weather bureaus
can supply these data with a small resolution of fractions of one hour and npdate them
several times a day.

Since a forecast may incorporate o rather large uncertainty, the risk of control actions
based on incorrect forecusts should be assessed and minimized., before control actions are
taken. Using a specitic control mode. the risk of damage to the interests in a water system
during the control horizon can he represented by

/ ' n
R, Y teepgnir )} Do (5.6)
I T

t
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in which:

R, . risk of damage (-),

! ©time step (-);

T : control horizon (-);

P . prohability (-);

P, . precipitation to account for (mmj;

r . precipitation forecasted (mm);

J : interest counter;

n 1 number of interests in the water system;
D © damage to an interest ().

In this equation, the damage to interests is used in the form that will be explained later in Sec.
6.2.3 and 6.2.4. In real-time control, the inaccuracy of a forecast can be incorporated in a
control strategy via the ‘risk multiptier’, which is applied to the forecasted precipitation:

Py = r, Py, (5.7
P, ; precipitation used in strategy determination (mm);
¢ . time step (-);
v, . optimal risk multiplier (-);
P, : precipitation forecasted (mm).

The risk multiplier is a function of several variables, amongst which: the precipitation
quantity forecasted, the system state, the potential damage to interests and the control mode
used. The optimal risk multiplier depending on these factors can thus be expressed by:

¥

rm = f(P,v,D,CM,T), (5.8)
in which:
v . vector of water-system variables;
D : damage to water-system interests (-);
CM : control mode;
T : control horizon {-).

Figure 5.11 indicatively presents the risk of damage to interests as a function of the risk
multiplicr, Note that a large amount of verification data is needed to accurately determine the
shapes of the curves. The maximum risk has been sct at 100 for each time step, since the
maximum dimensionless damage to all interests together is also set at 100 for cach time step,
as will become clear in Sec. 6.2.4.

The dark curve in the graph shows that when a low quantity of precipitation has been
forecasted, the risk of damage to the interests is lowest when no precipitation is accounted
for in the determination of the control strategy {risk multiplier = 0). However, in forecasts
of extreme cvents, the risk involved when underestimating precipitation can be so high, that
a risk multiplier larger than unity should be used.
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The example given in the figure should be considered indicative. The subject requires
further study. It shows, however, that simply using the forecast of a weather bureau in
determining ot a control strategy, is generally not ideal and makes the risk of performing
incorrect control actions higher than necessary.

100 1

} l

1 Forecasted: P

o | 1-3mm 1
=z ST
= :

i Forecasted: / }

- 0.3 mm

Forecasted:
e 10 mm

7} i 2 3 4
Risk multiplier (-)

Fig 5. 11 Determining the risk multiplier associated with the lowest risk
of damage 1o interests findicative).

5.4 Concluding Remarks

Historical records show a great difference hetween hydrological conditions in the summer
and winter scasons. In water-system analyvsis, extremes that occur infreyuently are especially
important, since these typically induce water-system failure, Several extreme situations which
have occurred in the past, have been incorporated in the examples given throughout this
thesis.

Various clements of the prediction module of the Strategy Resolver have been discussed in
this chapter. For real-time control, weather forecasts have to be obtained from a weather
burcau, In this thesis, the basis for the prediction module is a hydrological database. Both
data obtained from a weather burcau and from a database have to be processed and
incorporated into the hydrological load on the water system in order to obtain a reliable
control strategy that minimizes damage to interests.

In general. the required prediction reliability should be determined for cach specific water
system and be based on a risk analysis. In such an analysis, the risk of incorrect predictions
is assessed. A similar risk analysis has been carried out within the framework of the current
study by Botterhuis (1997) for the Fleverwaard water system. 1t will not be discussed further
in this thesis, however.
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In optimization, stochastical distributions of precipitation and evaporation can be
incorporated, using chance-constrained optimization. However, for the analysis purposes
presented in this thesis, the expected values for precipitation and evaporation obtained are
used for the perfect and period-average predictions in combination with the uncertainty
multiplier. Furthermore, scenario predictions are used. The sensitivity to the accuracy of the
predictions of the control strategies thus obtained, is assessed in the practical case studies of

Chapter 7.
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6 Optimization Problem

6.1 Introduction

In Chapter 2, the various tasks of a control system were discussed. The Strategy Resolver
was mtroduced for solving an operational control problem for a certain period ahead. Chapter
3 gave a general description of the control problem and possible solutions. Successive Linear
Programming was preferred as method. This mathematical optimization method enables large
water-resources problems to be solved rapidly.

In this chapter, application of the SLLP method is described and some enhancing
features are discussed. Special points of interest in the discussion are the speed in solving the
optimization probiem and the ease of understanding how to build the optimization model.
Both points are of great importance for the practical use of the method and for further
research into this topic.

At the end of Chapter 3 the various modules of the Strategy Resolver, which are used to
formulate and solve the control problem, were described in a general way. These modules
and their interactions are shown in Fig. 6.1 in more detail. During operation, the models
successively use data from each other. This process is called simultaneous simulation and
oplimization.

The simulation module determines the water-system state accurately. In practice this
module could be replaced by a monitoring network, if all the required data would be
available. The optimization module has the specific task to determine control strategies. The
optimization problem involved consists of a generalized copy of the simulation model. In this
study, the simulation only uses the set of control actions that belong to optimization time step
¢t 1, in accordance with the optimal control strategy.

The optimization module consists of two submodules called the Constraint Manager
and the Solver. All preparations for solving the optimization problem are executed by the
Constraint Manager. During the simulation and optimization foop, constraints may vary, e.g.
the availability of regulating structures, updated linearized process descriptions. Furthermore,
the presence and weights of objectives may vary in the course of time, because conditions
change, ¢.g.: the growing season for agricultural interests; weekends and holidays for
recreational interests. These and other constraints are updated by the Constraint Manager
cach loop.

This chapter focuses on the preparatory task of the Constraint Manager in formulating the
optimization problem. The following ohjectives have been set for the Constraint Manager:
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. the problem shouid be formulated in such a way that it can be selved rapidly:
. the problem should be Kept a5 small as pussible:
. the water-system process descriptions involved should be as accurate as possible.

The speed in solving an optimization problem depends on prohlem formulation and the tvpe
of solver used. The mathematical aspects of the solving method itself are outside the scope
of the current study, and arc discussed onby briefly in Scections 6.2.8 and 7.5,

Keeping the optimization problem as small as possible means modeling only those
processes which can be conteolled directly ar indivectly by means of repulating structures.
When this is applied in the optimization model, a simplified description of the water system
is all that is left, using the uncontrolled tlows o and from controllable subsystems as
boundary conditions,

Keeping the process descriptions in optimization accurate implics that the S method
chosen requires much etfort to achicve accurate linearization. This subject is described in
Sections 6.3 and 6.4 in detall.

Optimization module -

Optimization and

Constraint stmulutinn loep

~  Munager

At | S |

: » . R DI IS I Forward
[ Y estimating cacle
S —_— e —

Prediction I Hydrological |

. .o e !
= Ar erm)rdulﬁ,” B At database

Solver

Current sy stem state

Uptimal control strategs

B ..J Simulation -

module fe—

,Ar ¢

Fiue 6.1 Inmeractions between the modudes of the Stratesy Resolver,

6.2 Formulating the Linearized Problem

6.2.1 The Linear Model

In See. 3.3 the tollowing general mathematical form of the optimization problem has been

introduced:
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Minimize:  Z(x, u),

subject to: g (x,u) < 0, ie 1,1
X, 00X 2 X, . jel,.,m; (6.1)
W 2 U 2 U kel, ..,n;
in which:
Z(x, uy : objective function;
g,(x, 1} o constraints;
X . vector of state variables,
u  vector of control variables;
X ,.%,, : lower and upper limits on state variables x, ;

U ., u, , lower and upper limits on control variables u, .

Linear Programming assumes a convex piece-wise linear objective function Z and the
constraints g, of Eq. 6.1 to be lincar. [n lincar form, Z and g are given by:

z2xm = pt |
71(
(6.2)
I _
HT.i) = 4 ~ b
u

The {m~n)-vector p contains the penalties corresponding to the state and decision variables
and p 7 denotes the transpose of this vector. 4 is a real-valued / ~ (m+n)-matrix and the i
veetor b contains the external inflows and outflows to and from the boundaries of the water
system over time at each subsystem.

The basis for the model are the continuity equations for {low and pollution. The structure of
this Network Programming problem yields a sparse matrix 4 in Eg. 6.2. The addition of
linear side constraints resulting from linearized process descriptions, transforms this problem
into an [.P problem. The matrix 4 however still remains sparse.

6.2.2 Forward Estimating

In lincar modeling, much effort is generally spent in determining an accurate representation
of nonlinear relationships. Nonlinear relationships have to be linearized, preferably in such
a way that the lincarization process does not violate the original nonlinear behavior,

In the control problem defined, it is most likely that the system state at the ¢nd of the
control horizon is quite different from the system state at the beginning. Therefore,
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lincarizing at the initial values of the state variables would introduce large inaccuracies with
respect to the description of the water-systent behavior.

The problem of inaccurate lincarization can be dealt with in SLP by making use of the
cxclic character of the optimization method, Ineach evele. the results of the previous one can
he used:

vl e, (6.3)
in which:
v » vector of optimization variables;
t ©ooptimization ttime step (=) ¢« (00 . Th
T ©osimulation time step (-3

A . control horizon (-).

This cnsures lincarization of relationships at values for variables that are most likely the
results of a next optimization. As will be shown in Sec. 7.1.6. this cyclic process can increase
the accuracy of the lincar model dramatically. The phenomenon is introduced in the present
study as forward estimating.

Forward
cstimating
cyvele

Fiu 6.2 The principle of forward estimating applied to
oplimization variable v.

Figure 6.2 shows the principle of forward estimating. In order to calculate the lincarization
of the nonlinear constraints. a first order Taylor approximation is determined a1 the value of
the optimization varizbles of the previous eyele. In equation form this means that the
nonlinear function f of the vector v '(1) is lincarized at the value of the corresponding

vector of the previous eyele, v - 1)

Fov Ny o STl lyy s S Ge e )t vty - v -1y (6.4)
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v 1 vector of optimization variables;
5 : function of v ;
7 : nabla vector, V1 = [0/3v,, d/dv,, .., 6/dv, ].

The principle of forward estimating can be used in the description of water-quantity and
water-quality processes. An example of the latter (s the transport of pollutants between
subsystems, while the direction of flow is not known in advance. If the actual water-system
load does not differ from the one predicted for the control horizon, the flow and its direction
are known exactly from a previous cycle. In practice, the system load may change as soon
as more information hecomes available at simulation time 1. For this reason, forward
estimating requires small and gradual changes in system load and thus a limited size of
optimization time step Al

Forward estimating requires initial estimates at the start of the simulation and optimization
loop (1 = 0). Initial estimates can be set fixed or can be estimated by use of the simulation
model during the time steps ¢ € {0, |, .., T}, using an estimate of the Controi Strategy.

Furthermore the forward results at the end of the control horizon ¢ = T are not
available during successive forward estimating cycles, therefore the data of T'- | can be used
4s an estimate for T

FOTN Dy = S (6.5)

6.2.3 Interests Modeled in the Objective Function

A water system can be divided into areas, structures and flow elements, as shown in Fig. 6.3,
Lach area can consist of a number of subsystems ¢.g., groundwater, surface water, urban
drainage. The objective of water-system control is to satisfy the requirements of all interests
present in that water system. The satisfaction of these interests, as described in Sec 3.1, can
be expressed in water-system variables such as groundwater levels and pollutant
concentrations.

The requirements of each interest can be incorporated in the objective function Z (Lg.
6.2) by damage functions D of system state variables x. Each damage function penalizes the
deviation of the state which is required by an interest in a subsystern. This approach is known
as Nonpreemptive Goal Programming {Sec. 3.4). The objective function for one time step
At of the control horizon, can be written as:

m

Z(‘{’MJ - Z WalZRfii,jDE,/(xJ ! Z eruk' (66)
i k1

[
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In Lyg. 6.6, 1D (x) represents damage function j for water subsystem o Coefficient W
4 s P £ )

al
represents the weight of an arca in the objective function. Coctlicient R, expresses the
relative importance of tnterest f in water subsystem 7 within a particular area.

Additional penalties for operations are described by the last part of [g. 6.6. Through
coefficients B, the use of regulating structures can be influenced. This option can be used
to create a threshold for the operation of structures and prevent unnecessary operations.
These coetticients could be used as well to determine operational sequences of regulating-
structure units,

Controlled
weir

Controlled

Prirarrrprt iy

Fig. 6.3 Example water system with areas, regulating structures
crred flow clements,

6.2.4 Use of Damage Functions

The value of some Interests is hard (o determine objectively, Comparison of the output of
agricultura] produce and the value of aquatic lite in a water system. presents a serious rating
problem. To enable weighing without having to determine the costs of damage explicitly, a
dimensionless objective function has been developed. Detenmining the damage and the
weighing of interests. is a provess. which is discussed in Chapter 7.

Damages can be assigned to kev variables. c.g.water levels: pollutant concentrations.
Graph {a) of Fig. 6.4 shows an example of a damage function of a water-system key variable

X, .

One or more damage functions can be used 1o represent an interest. The damage function
incorporates a penalty p or a negative gain to the overall obicetive of control. The penalty is
zero if a subsystem is inits desired state and it increases with deviations from the desired
slate.
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Fig. 6.4 Nonlirear damage function (a) and its linearized form (b},

Irach damage function incorporated in the objective function (kq. 6.6) has to be piece-
wise linear and convex to permit the use of LLP. Graph (b) of Fig. 6.4 shows schematically
how a damage function can be lincarized to meet the required form. Depending on the
required accuracy with which the nonlinear-damage function is given, more or less fine
segments in the linearized function are required.

In order 1o keep the objective function dimensionless, penalties in the objective
function have the inversed dimension of the key variables they are assigned to. From the
damage function the following relationship can be abstracted:

_dD
P d, (6.7)
in which:
P o penalty (e.g. m 'y
D . dimensionless damage (-);
X; © key variable (e.g. m), x, = [, n s Xoomec)-

The damage function reflects the harm to, or loss of a particular interest. To enable weighing
ol interests, represented by damage functions, the damage is considered to have reached its
maximum at one of the limits of a pre-defined range of a key variable (x, ,,, OF X, .0
Comparison of unequal interests is further enabled by fixing the maximum damage of cach
interest at maximum D, , which equals unity.

To cnable weighing of uncqual interests, a mechanism is used to determine the mutual
weights of interests in a water system. Comparison of water systems is possible by
introducing a maximum damage for an cntire water system during one step of the control
harizon, which equals 100. In modeling this can be accomplished by the following equations
{see also . 6.6):
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SWoOS R, - 100,
'y dey
[ FA

,
Z Wryu,, £,
ko

(6.8)

In L. 6.8, £ represents a value which can he neglected compared to the norm of 100, The
value of & is chosen so small that regulating structures will only be operated when necessary
{c.g. 0.01). IFso. the structures are operated before any damage can occur. The optimization
process thus ensures that the total damage to all interests present in the water system is
minimal.
Figure 6.5 presents imaginary examples of piece-wise linear damage tunctions for
several interests. The linearization of a strongly nonhnear damage function can be
accompiished by defining several lincar line segments, under the restriction that the function

IS convex.
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Fig 6.5 Example damage functions for sroundwater fevel far, surface-warer level (h)
and chinride concentration fo).
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6.2.5 Runoff Modeling

The optimization mode! is based on the simulation model and a further schematization of the
real-world water system. Chapter 4 discussed the modeling methods used to simulate the
water-system behavior.

Figure 6.6 shows the various flows to and from a groundwater and a surface-water
subsystem. The combination of these subsystems can be used to model the five types of real-
world subsystemns: urban drainage, urban surface water, urban groundwater, rural surface
water and groundwaler (Fig. 1.3, Page 2).

In the following text, modeling of sewer subsystems is not explicitly mentioned.
However, sewer systems can be modeled in the same manner as surface-water subsystems,

&

I Drain flow >

Gy —

Soil flow

Hee Qggcr

Groundwater subsystem Surface-water subsystem

Fig. 6.6. Groundwater and surface-water flows modeled in optimization,
The model incorporates the following directly controlled flows:
. flows via regulating structures: pumping stations, weirs, sluices and inlets ({,).

The model furthermore incorporates the following indirectly controlled flows, resulting from
differences in groundwater and surface-water level:

s groundwater flows between the groundwater and surface-water subsystems of
different arcas (Q,,, and @, ), e.g. regional groundwater flow and shallow seepage;
. surface-water flows between surface-water subsystems of different areas, i.e. flows

through canals ((,).

Finally, the model incorporates the following uncontrolled flows:
) percolation and capillary flows from and into the unsaturated zone (P, and C,);
. external groundwater flows to and from groundwater and surface water subsystems

(.. and g,.}, €.g. deep seepage or infiltration;
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. runott to surface water from various types of surfuces (R)). e.g.: ranotf from semi-
impermeable surfaces. runoft from uncontrolled sewer systems:
. precipitation into and evaporalion from surlace waters (£ and £,).

The Nows which are controlled directls or indirectly, are incorporated in the optimization
problem as variables, the uncontrolled internal and external {lows are incorporated as
boundary conditions. All boundary conditions are determined by the prediction modute.

6.2.6 Network Model

As described in Sce. 4.1, a4 water system can be represented schematically by a system of
areas and boundarics, connected by flow elements. This system can be depicted as a network,
in which arcas and boundaries are represented by nodes, and flow ¢lements are represented
by arcs. Figure 6.7 is a representation of the example water system in network form {compare
Fig, 6.3). For simplicity, the ares between surface and groundwater subsystems within an area

are notl shown in the figure.

Boundary
. . I
[Purmping Pumiping station >
station
Area ,* . Areas
‘e ‘ - CR)-/’ (-
Boundary ‘a o i
’ ' Weir |
f
. - !
ater | : o
. Groundwater! Weir
N flow :
. Co
Canal ™ | F‘-’
Area 3

Fig 6.7 Example water system in network form,

It this network. walter can be transported from one arca to another via the intersecting arcs.
Areas of the witer system are modeled in the network by nodes.

The network in Lig. 6.7 desceribes Hlows ina static situation. Introducing time-varying
lows o and from nodes. the netwaork expands in time. since for cach thine step (1= 1. 2. .,
7y the network of Fig, 6.7 s replicaed. Figure 6.8 shows such a network. Note that the

situation at £ 1 s known from simulation and is thus not included i the network.
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Transportation arc

- Flow from
. T bounda
Time node Y
- y . ‘! |
Flow to
- t=T
houndary %~ e ™ | [Ty e
. 1= 2
Basicnode N | | TUeeFy Z
_____ t=1 Time
T direction

Initial filling

Fig 6.8, Water-system network expanded in time.

In Fig. 6.8 the nodes at ¢ = | are called basic nodes since they represent the original areas of
the water system and form the basis of the node structure in successive time steps. The nodes
of successive time steps are called time nodes.

At the basic nodes, the initial states of the areas of the water system are modeled as
inflows, c.g. the initial filling of the surface-water subsystems. The nodes are connected by
transportation arcs within a 1ime step and by storage arcs between time steps. The
transporiation arcs represent flows through flow elements during a time step, the storage arcs
represent the storage in subsystems,

Figure 6.9 presents the basic structure of the mass balances for the time nodes. In the
optimization mode] these balances arce described by water quantity and water quality
continuity constraints, in general format;

v(t)y = vle-1)+ v (1) - v, (1), (6.9)
in which:
y . water-system variable;
Vi inflow into a node;
Vo outflow from a node:
t . aplimization time step.

It should be mentioned that the transportation arcs described above represent flows af a
certain lime (time-independeni transportation arcs in Fig. 6.10).

In principle, it is possible to model ares that include a time component in flow, where
the size of a time step determines the time required for a wave to flow from one subsystem
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1o another. Such arcs are called time transportation arcs here, Oplimization methods. using
time transportation arcs have been applicd by Neugebauer et al. (1991) and Nelen (1992) for
sewer networks.

| i
v (1) vv Sl -2y

m
i

vit-1) ' v{t) Y vit- 1} -(L Viee2)
Y o

s e 0
L] L]

Fig. 6.9 Representation of continuity consirdinis,

Time transportation arcs can present an inherent problem it the penalties assigned to flows
through thesce arcs are lower than the penalties assigned to flows through storage ares. The
problem emerges it a particular route through the network from ¢ - 1 to # - 7. can be chosen.
which consists of time transportation arcs only, During system loads, which result in
undesirable storage of excess water or pollutants in subsystems. 11 would be advantageous
in optimization to steer all excess storage flow vig time transportation arcs instead of via
storage arcs. Time transportation arcs thus keep the undesirable substances in transic, in fact
removing these substances from the modeled water system,

An cxample of such a phenomenon is a twe-area water system. with a connecting
pumping station that discharges in one direction and an inlet that discharges in the opposite
direction, shown schematically in diagram (b) in Fig. 6.10. The optimal flows through the
network will always choose the route with the lowest penalty. During periods of excessive
water or pollution inflow. the optimization result shows the target storages in the subsystems.
combined with a constant flow through the pumping station and the infet.

Decisive for the phenomenon mentioned, 1s whether the optimization model includes
penalties for transportation and whether these are lower than the penalties for storage. In
gencral, the penalties tor transportation via structures are much lower than the penalties for
storage. sinee the structures are specifically intended to be used if undesirable substances
enter the water system. In practice. the phenomenon mentioned wili show up when water
systems that contain both drainage and supply structures are modeled. This situation exists
in the majority of water systems in the Netherlands.

[n conclusion. time transportation arcs can only he used in optimization models of
water systems if the flow is uni-dircciional. Some sewer systems can be schematized in this
way or actually even have the required lavout. However. looped networks cannot be maodeled
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using time transportation arcs. The present study focuses on the general water system and
therefore time-independent transportation arcs have to be used.

[a] [v]

Storage arc Storage arc

Transportation
arcs

! 1+1

Fig. 6.10. Time-independent transportation arcs (a}
and time-dependent transportation arcs (b,

6.2.7 Two Modeling Approaches

In mathematical programming, the way in which a model is built up and the way in which
penaltics are assigned to state and control variables, are decisive for increasing the speed in
finding the optimal solution and for the flexibility available in modeling.

In the Constraint Manager, several mathematical modeling approaches for describing
the physical water system can be used. In-depth discussion and performance considerations
with respect to these approaches can be found in Hoogendoorn (1996).

Two approaches are discussed herc: a gencralized network approach with side
constraints, called ‘generalized network” and a general-LP approach, called ‘general LP’. The
following discussion focuses on building the network and how damage functions can be
included in the optimization model.

Generalized Network

This approach formulates the optimization problem as a generalized network problem, with
additional side constraints for modeling physical water-system processes (Sec. 3.4.2). To
maintain a pure network structure whenever possible, all variables within a network must
have the same dimensions.

The pure network-type equations follow from the water-quantity and water-quality
continuity equations for each node:
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A Vn -}- Q)u i Xv er ol (6 [OJ
AK,, LK., LK ., (6.11)
in which:
AV, : change in water volume in node 1 {m’):

Y@, o ototalinflow into node n (m'y:
YO... o total outflow from node # (m’):

J :index for pollutants;

AK,, . change in pollutant j in node s (kg):

YK, o twotalinflow of pollutant / inte node » (kg):
YK, o, o total outflow of pollutant j from node n (kg).

Fiquation 6,10 is lincar in volume change. but nonfinear when surface-water levels are
substituted for AY_ . because the relationship between water level and volume in surfage-
water subsystems is nonlinear, as will becomne clear in Sec. 6.2.9.

In the generalized network a time-expanded network as shown in Fig, 6.8, should be
constructed for the water quantity mode! and also for the model of cach water-qualigy
vartable. Pollutants are inherently transported with water that flows through network arcs.
This can be modeled by means of “network linking” of water-quantity and water-quality
networks. using the equations:

Koo 0.
¢, e (6.12)
in which:
K, . flow of pollutant j through arc / (kg);
c, : coneentration of poliutant / in arc i (kg/m’),
o) : water quantity flowing through arc i (m’);
Cor, concentration of pollutant / in the abstraction node ot are  tkgm’):

i :are number:
j index for pollutants.

This linking equation is quadratic and therefore a lincarized approximation should be added
to the optimization model as a side constraint. A specific problem of Eq. 6.12 is that it
depends on vartables of which the behavior has already been described by linearized
cquations and thai it requires additional hincarization. Such lincarization can be achiesed. but.
as proven hy Vredenberg (1996). the cutcome of the optimization process very much depends
on the accuracy of the predicled system load,

For all water-quantity and water quality-variables which have o be controlled. a piccewise-
lincar convex damage function has to be defined in terms of volume or mass. ¢.g. a water
level in the surface-water subsystem. One damage function can be imposed on each storage
are (Iig. 6,115 in the network maodel.
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Supposc the damage function given in Fig. 6.11 is imposed on a storage arc of the
network (a). The limits on the flow ¥ through this arc are given by [V, ,]. On the basis of
the shape of the damage function, the target volume ¥ carresponds to volume V,; and a
deviation from this target is penalized with penaltics p, .

A UNA -
Cr —) B
|
&
u
éﬁ
g
[
= 7
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0 A
KoK =V K K
Volume ¥

Fig. 6.11. Network modeling of a piecewise-linear damage function: storage arc (a),
linear dumage function (b), storage-arc representation in subarcs (c).

The penalties p, depend on the value of V. Two methods can be distinguished which
incorporate the penalties of the nonlinear damage function in the model. The first method is
applied by Nelen (1992) and consists of estimating the most likely value of ¥, and
determining the penalty for each time step of the control horizon. This method may result in
rather inaccurate optimization results when the optimization siep or the control horizon is
large. [urthermore, the method does not guarantee the optimization process to produce
unique solutions in successive optimization steps.

The second method consists of splitting up each storage arc into separate subarcs, each
of which has its own penalty and associated capacity. When this method is applied, each
linear segment of the damage function has its own storage arc in the network model (c in
Fig. 6.11). Again, several methods for implementing this technique are possible. A generally
applicable method is the method in which the damage function is shified to the origin. This
method prevents inaccurate results in case ¥ is small in comparison to ¥, - ¥, (Roos, 1987).

In the application of the method, the target volume V is abstracted from each time
node and added to the following time node. This implies an offset of the horizontal axis by ¥
Generally, network-flow problems are formulated in such a way that all flows through the
network are positive. To guarantee positive flows, the subarcs corresponding to the ascending
line segments in the damage function have the same direction as the original storage arc,
while the descending line segments have the opposite direction.
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It should be noted that the decreasing nature of the first linear line segment implies
that the penalty for this section is negative (e.g. py, < 03 A damage function that has a
horizontal line segment presents a subare with a penalty of zero.

General LP

In general LP the modeling restriction that cach network vartable has to be expressed in the
same type of unit, e.g. volume, does not apply. Therefore, in this approach, continuity
constraints can be formulated in water levels A, flows @ and pollutant concentrations ¢, The
tollowing cquations are valid for each node of the network:

Ahn - gi:(/lfi‘zgn m‘XQn our)‘ (()13)
Acn.; N gL(hW‘(.N.j. {"n miogn Qn mz)' (614)
in which:
h, o water level in node 7 (m);
2, function for water-level change:
Y@,  total intlow into node n (m's):

Y., o total outtlow from node a (m*/s).
i : index for in- and outflowing arcs;

c,, : concentration of pollutant f in node » (mg/1);

2, : function for change in pollutant-concentration;

Comi, - inflow concentration of pollutant / into node # via arce { (mg/l):
O,..  total inflow into node » via arc ¢ (m'/s);

Ji :index for pollutants.

In general LP. water-guantity and water-quality networks are linked by means of the
following equation:

Cm [ ’ Cu: i (()15)
in which:
Cont) concentration of pollutant j transported by arc § to its delivery node {mg/l):
Cor | : concentration of pollutant / in the abstraction node of arc 7 (mg/):
J :index for poliutants.

This linking equation is linear and can be substituted in the continuity equation for pollution
(Fqg. 6.14) direetly.

For each state variable x a piccewise-linear convex damage function can be defined. Suppose
the damage function of Fig. 6.12 has a target value of x = £ . This damage function can be
described in a very flexible way, by defining line segments one to four and imposing the
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solution of the optimization process to produce a water-level-damage combination which is
above or on cach of the lines,

To apply this technique, an additional optimization variable 1 is required in the
objective function (Eq. 6.6) for each damage function Dx). The purpose is to force the
solution to be on the damage curve.

State variable x

Fig. 6.12. General LP modeling of a piecewise-linear damage function.

The line segments of the damage function can be described by functions / of variable x, in
combination with the restriction that the solution has to be above or on a line, the foltowing
inequality is obtained:

l(x) = px+d = n, {6.16)
in which:
4 . linear function describing damage funciion hine segment j;
X : water-system state variable;
P, : penalty for damage-function line segment f;
d, . damage at intersection of /, with the vertical axis (x = 0) ;
J . index for line segments;
1 . damage variable (-), generally n < [0, 1].

The optimization variable 1) should be scaled in such a way that it ensures a solution of the
damage function and does not interfere with other variables. For scaling purposes the
weighing coefficient of this variable in the objective function can be set to the arbitrary value
of unity. Interference with other variables can be excluded by using the n-variables for
determining the damage to state variables only.

When a range is defined in the damage function for which state variable x has no
damage, a horizontal line develops. The constraint in the optimization model, which
describes such a line, is unnecessary and can thus be removed.
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6.2.8 Choice of Approuach

Hoogendouorn (1996 made an inventory of optimization solvers and their applicability in
water-system control. He found that formulation of the problem as a peneralized network or
as general LB has a rather farpe eftect on the solution speed of various solvers.

Building models of water systems as a generalized network produces a relatively large
number of side constraints. The side constraints reselt from descriptions of water-transport
relationships (Sections 6.3 and 6.4). The side constraints violate the network structure of the
preblem. and thus reduce the advantage of the network model over other Lypes of models.

In the generalized network. for cach line segment of a4 damage function. an additional
varighle I has to be incorporated in the model, therefore the number of variables is relatively
large. However, the number of continuity constraints is relatvely Jow.,

In the general TP model. fur cach hine segment of a damage function. an equation /
is included in the model. Furthermore. for cach entire damage function. only ene additional
opltimization variable 1 s included.

The generalized network produces a compact optimization problem. comprising a
relatively high number of variubles and o relatively low number of canstraints. The
generalizved network requires derivatives of all control variables fe.e. water level) o be
incorporated in the madel by means of storages. This requires extra lineanizations cach
torward estimating cycle. In general TP this 15 not required.

Both approaches require sculing of vanables and equations in such g way that the
problem can be solved accurately. Scaling of variables is very complex for o generalized
network and. in fact, depends on the properties of the modeled water-system. The
phenomenon that the storage in each node has to he transported 1n time through storage ares,
can result in variables of which the optimal values are not of the same order of magnitude.
An example is the dilference inscale when modeling the storage i a groundwater subsy stem
(c.g. 100,000 ha) together with the storage i a much smaller surface water-sub svstem (e.g.
10 ha). In general TP water quantity can be modeled by means of water levels in subsystems.
which are alwayvs of the same order of magnitude and require no additonal scaling.

Combined modeling of water quantity and quality considerably enlarges the
generalized network model with complex side constramts that describe the linearized
relationship hetween tlow and pollutants (. 6,12y These equations are based on linearized
relationships and have to be linearized again. As a result, the solution of the optimization
progess depends strongly on the accuracy of the system-load prediction. In general LB, the
inctusion of water quality 1s less complex and the water-quality linking cquation (g, 6.15)
can even be substtuted in the continuity cquations for water quality (1. 6,140 ettfectively
removing them from the optimization problem.

According 1o Hoogendoorn (1946 ). the netwaork mode! with side constraints can be solved
fuster than the general 11 maodel. using an [P solver. Solution speed swrongly depends on the
solver alporithin, though. His general conclusion is that solvers of shich the algorithm is
based on the Interior Point methad ¢l erlaks. 1996) perform considerably better than solvers
which are hused on the Simpicx method (Hiler & Licberman, 1990, for both modeling
approaches. Speed improvements by a factor four are reported for Interior Point methods in
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comparison with Simplex methods when applied to water-control problems, For this reason,
an Interior Point method secems the obvious choice.

If an Interior Point method is used, the solution speed of a generalized network
problem is slightly better than that of general LP (approximately 15%). Combined with the
described difficulties in formulating an efficient generalized network, general LP has been
preferred in the present study. Table 6.1 shows a comparative overview of the above

discussion.

Table 6.1. Comparison of two approuches for butlding the optimization problem.

Approach

Generalized network

General LP

Type of optimization
variahles

nits

Characteristics optimization
matrix A

Types of constraints
Water quantity and quality
linking

Scaling of variables

Scaling of equations

Extendability of the modet

Problem solving speed using
an interior point method

Volume, mass

m’ and kg

More columns (variables)
than rows (constraints)

Mainly equalities

Requires additional
linearizations, can produce
unstable results

Complex, depends on
network

Complex, in combined
muodeling of water quantity
and water quality

Complex

Fast

As occur in process
descriptions

mm, mm/h, m, mg/l, ete.

Generally more rows than
columns

Mainly inequalities

Requires no additional
constraints or linearizations

Can be generally determined

Less complex, similar for
water-quantity and water-
guality modeling

Relatively easy

Slightly less fast than
generalized network

6.2.9 Frequently Used Relationships

In the following sections, some relationships are used frequently. Therefore they are
summarized and generally described here. [t should be mentioned once more, that maedeling
of sewer systemis is not described explicitly, but is similar to surface-water modeling.
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Figure 6.13 shows several properties of a surface-water subsystent. Four functions are
used to describe the relationship between surfuce-water level. surface-water arca and surface-
water volume in the optimization model.

Embankment level .

Soil-surface level . F"f

Surface-water levet 17157
het

Larget water level - q=qe=--r=1 .

Surfuce-water Ly
hottom level i

Reterence level

Fip 613 Cenerally used terms in a surface-water subsystem.

The ‘volume function” f,{A). which depends on the water level iina subsystem:
Sy Ay o Lt 2hy - k)t By (6.17)

*Arca functions” f0F) and f(4y which depend on the volume Vool a subsystem and the
associated water level & respectively:

FV) [A; - dn L(V - V). (6.18)
f,(h} = A, . t!f/‘(zh 2h, - I'r,‘). (6.19)

7 ¥

The swater-level function® £,(F). which depends on the volume ¥ of a subsystem:

P /—I(i j [ﬁ for n, - 0.
£, (V) v St (6.20)
— for n, - 0.
A,
in which:
1) © volume function depending on water level (m'):
f.(Vy o area function. depending on volume (m'):
fo(hy 1 areu lunction. depending on water level (mo):
£0V) 0 water-level function, depending on volume (m-ret):

h, O target water level (meref):
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Ay arca at target level (m°);

V, volume at target level (m’);

n, total side slope of the subsystem (-);

L . total length in the surface-water subsystem (m);
f, . surface-water bottom level {m+ref),

The derivatives of the water-level function and the velume function are also used frequently
in the lincarizations described in the next sections. To reduce the complexity of the
gquations, on the basis of kq. 6.17, 6.18, 6.19 and 6.20 the following relationships are
deduced:

dfy !

SNy - -

o ) 77 (6.21)
df,, _

“Yiny = f(h).

dh( ) = St (6.22)

6.2.10 Conventions Used
In the following sections, sceveral of the relationships presented in Chapter 4 are translated
into constraints of the optimization model. Only the relationships required in optimization

arce described further.

A general, distinction has been made between variables, parameters and other data:

. ‘optimization variables® arc explicitly included in the optimization model as control
and state variahles,
. “furward-estimated parameters’ are model coefficients of which the value depends on

the value of optimization variables in a previous forward estimating cycle at the same
moment in time, in case they represent values of lingarized variables, forward
estimated parameters are indicated by * 7 7;

. ‘mode] parameters’ are parameters as used in simulation;

. ‘time-serics data’ are data which are produced by the prediction model on the basis
of a predicted water-system load.

As mentioned before, scaling of the optimization problem is very important to maintain a
high solving speed. To seale optimization variables, different units have been used for the
constraints in the model, e.g.: water level (m+ref), pollutant concentration (mg/l), flow
(m¥s). For this reason, conversion constants arc included in the equations, which are
described in the following sections.

The general optimization problem built, including the objeciive function and its constraints,
is summarized at the end of this chapter.
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6.3  Subsystem Modeling
6.3.1 Groundwater

A groundwater system consists of a saturated and an unsaturated zone. [n optimization only
the saturated zone is incorporated. The prediction model provides an estimate of the
interactions between the saturated and the unsaturated zones. in the approach chosen, it is
assumed that the mutual influence between these zones as a result of control actions only, is
small during the control horizon and can thus be neglected.

The resutting difference between pereolution £, and capillary rise () is taken as the
heundary condition for the continuity constraint of the saturated zone. Figure 6,14 shows the
groundwater subsystem as modeled in optimization. Note that the groundwater subsystem
does not have a bottor level,

= 4
j'f (.7
|
} ' Drain flow
| Clir
hg o -
! .
I Soil flow
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L} |
' i
I,
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Fig 6 14 Growndvwater subsystem as modeled in oprimization,

Fhe modeled groundwater subsystem exchanges water with 1ts ensironment and interacts
with:

. the surtace-water subsystem of the sume modeled area (), ):
. uncontrolicd external groundwater (g, ):
. the surlace-water or groundwater subsystem of another area (4 ).

[n this section, the interaction between the groundwater and surface-water subsystems of one
arca as well as the external in- and outflows will be discussed. Section 6.4.6 describes the
flows between groundwater and‘or surface-water subsystems in ditferent arcas (Q,,).

The groundwater fTow between the groundwater and the surface-water subsystems within an
arca is called groundwater discharge” @0, in the following, Fwo tvpes of groundwater
discharge are distinguished: discharge through the soil and discharpe through drains. ‘The
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latter can be used to model physical drains in the soil or to model surface runoff in rural
arcas.

For each groundwater subsystem two types of constraints are distinguished: continuity
constraints and side constraints.

Continuity Constraint

The continuity constraint for the groundwater subsystem as shown in Fig. 6.14 yields:

Pl - CI) g,

1 :
= E— + + .
(0 hg“ b u 240 2 o) 3600+ 1000 ar, (623
in which the following are:
optimization variahles:
h, . groundwater level (mtref). A, € (-, =),
¢, : groundwater discharge (m'/s), @, & (-, =);
Zsza . inflow via groundwater flow clements from other arcas (m’/s);
model parameters:
{ . optimization time step (=),
At o size of optimization time step (s);
forward-estimated parameters:
P’ . percolation in the previous cycle (mm/h), P, € [0, =);
o . capillary rise in the previous cycle (mmvh), P, © [0, =)
i . effective storage coeflicient (-), p' (0,1
time-series data:
Gre : uncontrotled external flow 1o the groundwater subsystem (mmv/h), Q,, € (<x,).

If the water level in the groundwaler subsystem rises above the soil-surface level, the
effective storage coctficient of the soil is not valid anymore. The continuity constraint Lg.
6.23 presents the change in water Ievel and therefore it can also be used to describe water-
level changes above the soil surface. [n that case, the effective storage coefficient p is fixed
to unity and the external boundary flows of percolation and capillary rise (Fig. 6.14) are
replaced by precipitation and evaporation. This approach enables the forrmation of puddles
on the surface, whereas impossible rises in groundwater level are prohibited.

Side Constrainlt

The groundwater and surface-water subsystems interact via the groundwater discharge. 1fthe
groundwater level is below the level of the drains, only slow discharge through the soil takes
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place. [T the groundwater level rises above the level of the drains. additional rapid discharge
oceurs through those drains.

A distinction is made between outflow from the soil and inflow into the soil. This 1s
required 1o incorporate the difference in resistance coeftficients for soil out- and inflow. The
binary forward-cstimated parameters k, and k, on the basts of the groundwater and surface-
water levels, determine the medium of How: through the soil only or through soil and drains:

i. if fi*: > h

K, - (6.24)
‘ 0. it h, < h,.
L iRk,

K- J J b e (6.25)
‘ } i i h o< R,

The total groundwaler discharge @, is the sumimation of the slow discharge through the soil
¢, and rapid discharge through dratns ¢, The resulting side constraint tor both discharges
together can be described on the basis of g, 4.1 (Page 69) by:

A th, h
5.

Al h, ok k) A

Q.\ i

ur ]

Q(.‘r

L)_‘J Q).,, ) £—)n’r o

i K ' K (k. - x,) |
{)J /1"1 l__ . _ru‘ h)‘ [S]_ . _’J hi + - _,g‘,,,_‘,’,, }’]:‘ R

in which the lollowing are:
oplimization variable:

0, o groundwater discharge (nys):
forward-estimated parameters:

K,  binary parameter tor flow medium (-);
K, o binary parameter for flow mediom (-);
model parameters:

4, + groundwater subsystem arci {me):

S, »oso1l resistance (s):

S,.‘; o drain resistance (5):

i o drain level imaref).

The water levels b, and A, are availuble as forward-estimated parameters cach cyele,
[naccurate determination of /2, and A may lead o wrong estimates of the direction of flow
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through soil and drains. This leads to inaccuracies in modeling results, especially for water
quality. Without special measures, water can flow with the wrong resistance and quality out
of or into the soil. To handle this problem, the ‘certainty parameter’ & for soil outflow is
introduced, which ranges from zero to unity.

If the groundwater level is clearly above the surface-water level and there is only little
chance that the flow may revert during a time step of the control horizon, the certainty
parameter becomes unity. [n the opposite situation, if the groundwater level is clearly below
the surface-water level and there is only little chance that the flow may revert, the certainty
parameter becomes zero. To approximate this, the following function is used:

arctan [a_(h, - h,
0 - % , arc [ag;g ,)], (6.27)

in which the following are:
forward-estimated parameter:

a, . certainty parameter for direction of groundwater flow (-), &, € (0, 1);
model parameter:
g, : accuracy parameter (m™), a, € (0, =),

When the accuracy parameter a, is increased to infinity, the above equation acts as a step
function. If the accuracy parameter is set well, the equation yields a value of almost unity if
the groundwater level is well above the surface-water level. A very small value results if the
groundwater level is well below the surface-water level.

The value of S, can finally be defined as the weighted sum of the soil inflow- and
outflow resistances:

S = S * (1~ )50, (6.28)

in which the following are model parameters:
hY . soil outflow resistance (s);

rg ol

S : soil inflow resistance {s).

rgn

The entire groundwater discharge constraint Eq. 6.26 proves to be linear and thus can be
incorporated into the optimization problem, without further adaptations.

6.3.2 Surface Water
Water Quantity

Figure 6.15 shows the way in which the surface water subsystem is modeled in optimization.
Contrary to the groundwater subsystem, the surface water subsystem does have a bottom
level, When the surface water has fallen te the bottom level, it is empty,
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Lmpty subsystems represent a separate tvpe of problem in modeling, In aptimization,
water levels A, should not fall below the bottom of the subsvstem. This is especially
important in modeling surface-water quality.

As will become clear when describing the modeling of regulating structures (Sec. 6.4),
a situation may occur where more water is withdrawn from the surface-water subsystem than
available. In those cases. to ensure that the water depth A, - 0. additional measures have to
be taken. Therefore, the surface-water inflow variable ¢, is included in the model. which
ahstracts water from a virtual reservorr. This variable is added to the objective function Eq.
6.0, with a large penalty, to restrict its use to those cases when no other options are available
to prevent the surface-water level from falling below the subsystem bottom {H_ = 0).

Drain flow : Y

Qg — - e

Soil flow

Reference Jevel |

R ié)ym ':_)w

Fig, 6,15 Surface-water subsvstem as mudeled in optumization

Several physical flows to and from the surface-water subsystem can be distinguished:

. discharge from the groundwater subsystem of the same arca ¢,

. discharges from other areas via flow clements () such as regulating structures ¢,
canals ¢/, and groundwater How (4,

. external inflows from outside the modeled water system ¢, -

. runoft from various tvpes of surfaces K| ;

. precipitation P and surface-water evaporation £,

for the surface-water subsystem only a continuity constraint is reguired;

(hinyy - f(hit 1)) , ,
Jith 0 T L - 0,0
; ‘ _ :
A g (1) A [P0y - E ]
3600 1000 00 Ar

(6.29)
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in which the following are:
optlmlmllon variables:

h, . surface-water level (mtref), i€ [0, «);

0, . groundwater discharge (m'/s), 0, € (=, o)

YO, : inflow via modeled flow clements (m'/s);

O, . flow to prevent the surface-water level from falling below the subsystem bottom

(m'/s), Q,, € {0, =),
model paramcters:

A, . area of surface water (m?);

t © optimization time step (-);

a¥d : size of optimization time step (s);

time-serics data:

P . precipitation (mm);

£, . surface-water evaporation {mm);

¢ : external inflow into the surface-water subsystem (mm/h).

The left-hand side of this equation represents the volume change in the surface-water
subsystemn per second: AV, . This function is nonlinear and has 1o he linearized by using a
first-order Taylor approximation (Eq. 6.4):

Sty = [ At - 1))

AV, (h (1), B (c - 1))

At
Ay om LR (D) - 2R+ By (LD - By
At (6.30)
A, + n L(hft-1) = 2h, + h)(h(t-1) - h,)}
At

hity + kg hlt-1) + ko,

u

fﬂl

in which the following lincarization constants represent:

J,
b, - aAV(h W10 1)) = SR W0) = £, 0),
dh (1)
b, - ~ B _hwonie-y) - ——fi(h (t-1)) = —f,n -1y, €31
: I (t-1)

by = BV, By =k B0 =k G-,
in which the following are:
function:
AV, . surface-water volume-change funciion (m'/s);

forward-estimated parameter:
h' . surface-water level in the previous cycle (m+ref).

£}
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Water Quality

Irach water-quality variable included. vields a separate continuity equation in the
optimization problem. Pollutants are considered 1o be transported between surface-water
subsystems and between these systems and their surroundings, Pollutants can enter the
surface water by inflow. c.g.: pollutants from combined sewer overflows: pollutants from
agricultural drainage water.

It is essential to consider that the concentration of water transported by {low clements,
only depends on the concentration in the arca from which water is abstracted by those flow
elements (g, 6.15). [f'a How reverts, ¢.g. in a canal, the linked concentration should always
switch 1o the current subsystemn from which the water is abstracted. On the basis of Eq. 4.3
{Puge 74), the following cominuity constraint for water quality can be determined for each
surfuce-water subsystem:

ey [1-D Atl,‘:“;])
1000 Az i 1000 A¢
¢ {f) elt) (6.32
20 (- 2 )+ i)Y K (1 2>2)
Z ]000 Qm ) ]UO() Z [g-m J g-u )J Z N} )
Fith (1) '

This equation can be rewritten for cach arca a. including the specific concentrations of each
arca from which water is abstracted by {low clements

'y

1000 At 1000

feu(0 - 10,806, 0 IfG0) g ey 0200
(0 QL0 (O (1) (6.33)
C ¢ )
. Z e} / Ty 2 e ~ }_ Kw({) .

1000 1000

in which the following are:
aptimization variables:

Cy, : concentration of pollutant j in a surface-water subsvstem (mg'l);

h, o surface-water level in the subsystem (m=ret);

¢ ©inflow inte the surface-water subsystem via flow element f (in''s):

[ : concentration of poliutant / supplicd by flow element f (njg by

0, : uncontrolled inflow into the surface-water subsystem (m™/s):

mode] parameters:

D, o decay rate of pollutant  (57):

YK, 1 uncontrolled inflow of pollutant / into surface~water subsysiem (kgis).

At . optimization time step {5).
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This equation is highly nonlinear and should be approximated by a linear function. For
linearization purposes, the following functions are defined:

¢ f,(h
K, (ehy - I
1000 Ar
(6.34)
Kic.0) - <2
499 J400
in which:
K, . pollution flux for area a (kg/s);
K, : pollution flux via flow element /(kg/s).

Substituting these functions, the water-quality continuity constraint (Eq. 6.33) can be
rewritten as:

K(c, (0 hin)y -(1-D AfHK/(c, (t-1),h(1) - jZKf(cﬂft),Qf(r))

6.35,
* LK/, (0.0/) + Kile, (0.0, = LK. (6.35)

The left-hand side of this equation defines a new function of optimization variables v called
K(vy.

K(v)

I¥

Kle, (0, h(t),c, (0~ 1),c,(1), Q1))

K,(c,(0,h(0) - (1 - DAt K (c, (t-1),h (1) (6.36)
- LK(6,0, Q) + LK, fe, (0, 040) ~ K6, 0, 0,0).

The first-order Taylor approximation of the function K(v} forms a continuity constraint in the
optimization problem according to:

K(v) = Klc, (6),h ()¢, (1 -1}, c, (1), Q1)

| ‘ (6.37
S ke, (0 <k Aty vk, (0= 1) - ,Z [k, €, (0« K, O 0 + Ky )
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with linearization constants:

tn

o . dK . . aK, .
o “OK (Vi e, (b)Y e (.0, (1)
UC“”(I) ae o cic /
é’K}, . .
— (e (.0, (1)),
¢
i K K G wman e
, = vy —e, (1), B (1 : DA —2(e, (4 - 1) h (1)).
o gh (1) ! Gh, /' & it )c?h‘ “a A
1274 aK, . .
oo (e s =D AN — (e, r - 1) k() (6.38)
Pode, - 1) ! G
- B ok . )
by =Koy S gy, o,
UC),.;“J ceo :
K- oK, . . oK, | .
k L e 0.0, () - =Lie ., ().
5 (0.0, (1) 50 (0.0 (),

ko - KOO ) =y ki) ke (- 1) = 3 [0t <k, 0 (0],

n

in which the following are forward-estimated parameters:

—

v o vector of forward-estimated optimization variables:

e :concentration of pollutant j in the surface-water subsystem in the previous cvele
(mg/l);

h' o surface-water level inthe previous cyele (m=~ref);

¢, o concentration of pollutant j of flow clement f which delivers to the current

surface-waler subsystem in the previous cycle (mg/l);
o : discharge of flow element fin the previous cyele (m'/s):
o, . uncontralled inflow into the surface-water subsystem in the previous cycle (m’/s).

For groundwater-flow elements, water-guality transport is only included if the pollutant is
conservative, which means that its decay rate D, equals zero.

6.4 Flow-Element Modeling

Flow elements connect the arcas in a water system and transport water and pollutants. Three
groups of flow clements can he distinpuished (Sec. 4.3.1):
regulating structures:

. pumping stations.
. WCIrs,
. slulces,

. inlets.
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fixed structures:

. weirs,

. inlets,

frec flow elements:
. canals,

. groundwater.

All flow elements distinguished, play a role in the continuity constraints of groundwater and
surface-water subsystems of areas. Some flow elements impose additional side constraints
lo the optimization problem, in which the physical relationships describing flow are
formulated i.e.. weirs, sluices, canals and groundwater.

6.4.1 Pumping Stations

Pumping stations often contain several pumping units. To keep the optimization model as
small as possible, the choice has been made to model all pumping units together in one flow
element in optimization and impose the availability of these units by means of lower and
upper limits on the respective model variable.

‘o prevent unnccessary operation of a pumping station, the discharge variable 0, is
included in the objective function (Eg 6.6), with a very small penalty coefficient W, . This
penalty is chosen so small that it does not interfere with the objective of maintaining the
targets set for interests in the water system by means of damage functions.

Optimization yields the required discharge of a pumping station €7, which may be smaller
or equal to the maximum available capacity of the pumping station. [f the required discharge
is smaller, it generally cannot be achieved by discrete capacities of pumping units. To deal
with this problem and include the option of preferred operational sequences and minimal on-
and off-periods for pumping units, a pump-selection algorithm has been developed. This
algorithm, which is implemented in the Constraint Manager, is briefly discussed beiow and
presented schematically in Fig, 6.16,

The pump-selection algerithm is used to determine the combination of available pumps that
best meets the required discharge (), of the pumping station at optimization time step ¢ = 2
in each previous loop. This discharge is subsequently imposed on the optimization problem,
by setting the lower and upper limits on variable ¢J, at optimization time ¢ =1 to 0,,. This
methed guarantces a feasible discharge produced by optimization for time step ¢ = 1, which
can be used in simulation without modification (sce also Fig. 6.1).

The algorithm features an operational threshold, which prevents a pumping unit from
being switched on, if the required capacity is below the threshold value. In case the required
capacity is low, this feature can postpone operation of the pumping station. In general, during
subsequent loops, the required pumping capacity at ¢ = 2 will increase, if switching on of a
pump is postponed. A pump is only switched on once the threshold is passed. In other
situations, a small required discharge could disappear. This situation can occur it the required
discharge results from prediction crrors that decrease during subsequent loops. The situation
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could also oceur if excess water leaves a surface-water subsysiem via other flow elements
or by evaporation.

A special form of 1P, called Mixed Inteper Linear Programming (MIP). could circumvent
some of the problems described. Using MIP. variables can be defined to have an integer
value only. This feature enabtes pumping units of a pumping station to be switched
independently, while optimization would automatically require a unit to be on or off.
However, a MIP problem thus defined would require cach pump to be represented by a
separate variable, each of which would have to occur in the objective function with a separate
penalty to foree the operational sequence. This would increase the problem considerably in
size and lead to a reduction in selution speed. Therefore MIP has not been considered here.

In ¢ase of electrical pumping stations, in addition to the operational restrictions described
above, it may be necessary to prevent operation of pumps during peak hours. This is included
in the optimization problem by setting the upper and fower timits on flow variable ¢, to zero
during those periods.

Furthermore, for electrical pumping stations, different taridfs for electricity may apply
during the day and at night. Use of night tariffs is generally advantageous. since it reduces
the running cost of the pumiping station. The preference for using night hours in optimization,
15 arranged by reducing the penalty for operation of the pumping stations for these periods
in the objective function,

{J, determined by optimization
fori=2

¥

Determine available units on the
basis of mimimum on- and
off-periods

o

Select the clombination of units
with total capacity (2, that
best meets Q?p‘

Y
[mpose ,, on optimization
variable 0, for 1= 1 in the
next loop

Fig. 616, Schematic pump-selection algorithm,
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6.4.2 Weirs

Weir flow ¢lements can be either controlled or fixed. In general, a well-designed tixed weir
allows flow in one direction only. Controllable weirs have fixed upper and lower limits on
the crest level. If the water level to be controlled exceeds this limit, the controllable weir
behaves like a fixed weir, unti] the water level enters the range of adjustment again.

In general, backflow via a weir is only possible under exceptional circumstances. The
specific situation of backflow via a weir is not included in optimization. However, if it
shoutd be modeled, two weirs can be included in the model, with opposite flow directions.

If the downstream water level s below the crest level, the flow condition of the weir is
considered unsubmerged, whereas if it is above the crest level, the weir is considered to be
submerged. In the submerged situation, both the upstream and the downstream water level
influence the flow via the weir (Sec. 4.3.3). The general properties of the weir considered in
optimizalion are shown in Fig. 6.17.

Abstraction area Weir Delivery area

Reference level

Fig 6.17. Properties of a weir flow element as modeled in optimization.

To describe both submerged and unsubmerged flow over a rectangular weir, the following
equation and corresponding restrictions have been introduced in Sec. 4.3.3:

C,w, (AH + 2H)AH" | AH >0,

o, = (6.39
0 LAH 2 0, )

AH = H, - H,
Hy = by~ h,, (6.40)
[{2 b hs‘a - hc‘r’

in which:

0. . discharge over a weir (m®/s);

C, : weir discharge coefficient (m™/s);

w : weir-crest width (m),

W



142 DyYNAMIC WATER-SYSTEM CONTROLL

H, : piczometric head to the crest downstream the weir {m):
#H, : piezometric head to the crest upstream the weir (m);
A o owalter-level difference (my:

n., water level in the abstraction area (m+ref):

., o owater level in the delivery area (m-ref);

A, weir-crest level {(taeref),

Fhe possible flow conditions yield the following:
. unsubmerged weirs A flhoand 71,
. submerged weir: Aff = £, - i1,

The appropriate situation with respeet to back low and flow condition for a specific time step
of the control horizon, can be determined by means of forward estimating. To prevent
back{low. the binary parameter x, 1s introduced:

J 1. o k. -k and A - I')'ﬂ.

sei Hed

. 6.41
" | 0, otherwise . ( )

In the situation that K, is set o zero. the entire side constraint can effectively be removed
from the optimization problem. whereas floss @, can either be removed or fixed to zero.

To incorporate the two flow conditions in one side constraint of the optimization
model, the following binary parameter is introduced:

(6.42)

With this paramcter. AH can be rewritten as:
Al o« H. (6.43)

This can be substituted in the weir cquation Iig. 6.39. which yields @ nonlincar equation,
which can be hnearized using a first-order Taylor approximation {Fq. 6.4 )

o=k O ow U, - K /!

W “ 2 at 1 ;Kra h']”[!? N K:',;[]L}A
=k, Coaw (M, v Sk H)UL - )
K Cow [ho o Yk th, halth, ok, ok th, h) (6.34)

=K O w th -~ =k _h (1 {—K_ﬁ_)/z”_][h,q <K, b (] ¥ )R]
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in which the following lincarization constants represent:

og, .o . . .
- - k) = K, €y =k, by - (=% ) A1)

Rt WY

“(h,

wl st

R

e e, €y [T i b = (1 T ) gl (1 -6, ) R

d
ko= %y (B hoghy) = €, C w {%Kw (A, K, hy (] )Km)hc;]'/z}

w2 8/1
l
G

W Wy

€y T S b= (1 Lk TR, =, kY - O —Kw‘s)h:,]"’z}(6.45)

K
00,
e ww
U

or

- -E—Kw(‘jwww{(li'(w.s)[hs;*l wy rd (1+ K )h(r][hm_ Wi sd (I_K )h ] “

SOl h k) =6, G |k g -k - (k) RV

wi

kwfi = Qw(hs;z’ hs;l" hc;) ) kwl hs; B kw2 h.s:f B kw_'i hc:' *

in which the following are:
optimization variables:

0., : ow over a weir (m3/s), O, € (-0, );

h . surface-water level in abstraction arca (m=+rel), A, € (-, =);
Ry : surface-water level in delivery area (m+ret), 4, € (-oo o );

h o weir-crest level (m+ref), A, € (<00, o),

er
furvmrd estimated parameters:

. surface-water level in abstraction area in the previous cycle (m+ref);
h, . surface-water level in abstraction area in the previous cycie (m+ref);
h,’ : weir-crest level in the previous cycle {m-+ref),
K . binary weir parameter to prevent back flow (<), k, € {0, 1};
K : binary weir parameter for submerged How (<), k. ¢ {0, 1],

In optimization, the general restriction is included that the crest of both controlled and fixed
weirs is restricted by the adjustable limits:

or min s hu E or max 7 (646)
in which:
B, e 1 minimum weir-crest level (mtref);
h © maximum weir-crest Jevel (m+ref).

£F max

In case of a fixed weir, £, is kept fixed by means of setting both the maximum and minimum
crest level to the appropriate crest-fevel of the weir, in fact preventing it from moving.

In case of a contrelled weir, the limits on the optimization variable /4, can be further
restricted by means of forward estimating, to guarantee gradual changes in the crest-level
height during the control horizon,
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Simuiation follows the control strategy determined by optimization, controlling ¢ither erest
level or flow. The latter is preferred in the practical situation that the weir is controlled by
means of a local PI controlter (See. 4.3 3) since this controller controls the {low more
accurately, guaranteeing a gentle change in both the flow and the crest-level height

6.4.3 Sluices

The sluices involved in optimization are primarily spill shuices that discharge to a boundary.
¢ the sea or ariver with a water Tevel which s predicted for the contrel horizon (Fig. 6.18).
However, a sluice can also be used in o water-system model as a repulating structure between
surface-water subsystems of different arcas.

Sluices can have several gates which cun be opened and closed separately on the basis
of a defined preferred opening sequence.

The general discharge equation for a sluice with one or more stiding gates reads (Sec. 4.3 .4y

Q, = wow, H 29 AF (6.47)
in which:
0, o stuice discharge (m'/s);
Wy :contraction coctficient (-
W, o owidth of one shiding gate {im);
f1, o total epening of all pates together A,/ w,, (m):
AH - difference in water level between abstraction and delivers area (m):
o o gravitalional constant {m?s” ).

This equation assumes only the sliding gates restrict the How through the sluice.
Furthermore, submerged flow under cqualty sized sliding gates is assumed and & contraction
coetlicient p, which is independent of the number of gates opened and the opening height.

Ahstraction area Delivery area Cross section

Shiding gates

Refurence level

Fig 615 Propertics of o slaice flens clement us modeled in optinnzating,
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In optimization a binary parameter x,, is used to prevent backflow through the sluice:

1 if h >
. - { 1 > (6.48)

4] otherwise .

The nonlinear sluice equation can be linearized. Assuming the flow through the sluice being
abstracted from an area and delivered to another area, the following side constraint to the
optimization model 1s obtained:

Qi‘l = Kn’ lJ'.s.’ W‘“, H\.’ V2g AH e K.s‘n’ p’s! Wax’ \'2 g Hs‘.’ (h.sa - h.s‘d)‘/]

{6.49)
Q.\f(h.su’ h.sa" H.s:’ ) = k.s,’l h.m + k.sﬂ ha‘d + kﬂ‘} Hs.' + k.sM 1
in which the following linearization constants represent:
aQ"h h = ! Ya H(h - h')y"
k.s-!} - oh ( sa sd’H. ) = A K.s’! K w.s.’ ‘/-fé .\-I( o .sd)
Qs.’
kuz - (hsu’ hsd’ Hu’ ) = w‘ p's[ 5 \/_ Ha.’ ( h )
5;754 (6.50)
7Q\f

k.\'.!’} = aH (hiu’ -Stl" Hﬂ;J = K.s‘.e’ u‘s‘! wAf Vzg ( ha; B ha;)% ]

5
k_;-[4 = Q (hm’ sed? Hs[) B ks_“ hAu B ksx’Z hsd ksI} HSI' ’
in which the following are:
oplimization variables:

0, . sluice discharge (m3/s), 0, € (-, =);

H, . total gate opening (m), A, € [0, =});

forward-estimated parameters:

h, . surface-water level in abstraction area in the previous cycle (m+ref);
hy . surface-water level in the delivery area in the previous cycle (m+ref);
H/ . total height of gate openings in the previous cycle (m};

K, . binary parameter to prevent backflow through a sluice (-).

In the linearization above, the sluice i3 assumed to discharge to a surface-water subsystem
of an arca. If the sluice discharges to a boundary, the linearization constant &, equals zero
and k., is made available to optimization by the prediction mode] via time-serics data.

The discharge of the sluice and the total gate opening are the only variables taken into
account in the optimization model. The optimization result that is used by simulation, is the
total gate opening height. In simulation, the total gate opening height is distributed over the
available numbcr of sliding gates, according to the preferred opening and closing sequence.
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Furthermore. a minimum opening threshold 1s included in simulation to prevent the sliding
gales [rom having a very small opening.

In practice. small errors resulting from the assumptions about a constant contraction
coefhicient. made for the sluice discharge equation kg, 6,47, are corrected automatically in
cach subseyuent Joop. When the discharge calculated in optimization 15 teo large. an
increased Tall in water level in the abstraction arca is measured. Consequently. the next
oplimization stipulates 1o open the sliding gates less tar. This correctis ¢ mechanism only
applics t'the errors are relatively small compared o the total discharge,

6.4.4 Inlets

Inlets are considered to have a fixed maximum capacity which is independent of the water
levels up- and downstream. To prevent backflow, the binary parameter K, is included 1n
optimization:

it h - k.
K — { ! ! Sl Inl- (()Si)

0 otherwise .

In optimization. only the discharge variable Q)15 included. which is restricted between an
operational threshold and the maximunt infet capacity.

To prevent unnecessary operation, the discharge variable O 15 included in the
objective function {hg 6.6) with only 2 very small penalty coetficient /), Cas in modeling of
a pumping station.

6.4.5 Canals

Canatls form a special category of flow elements, since they allow flow in two directions
{Fig. 6.19) This affecls water-quantity and water-quality modehng. As mentioned in
Sec. 4.3.6. constant flow through a canal. under specific assumptions, can be described by
the Chérzy equation. In this equation. the hyvdraulic gradient J, determines the direetion of
flow and can be negative. However. the Chézy equation is not suitable for determining
negative flow. Therefore. the reversion factor v, is used:

. A 6.52
e | i 0. (6.52)
Thus the flow-velocity equation becomes:

vooooy Oy Ri)c.

6.53
¢ lgwm[lm}. (6.53)
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Abstraction area L Delivery area

Fig 6.19. Properties of u canal flow element as modeled in optimization.

in which:

v, : flow velocity in canal (m/s};

Y, . canal flow reversion factor (-},

C. ;. Chézy cocfficient {(m™sy;

R . hydraulic radivs {(m),

i ¢ hydraulic gradient (-);

k. . Nikuradse roughness coefficient (m).

For rural canal systems, the Chézy coefticient € varies only very little. Therefore, the
coefficient is assumed to be constant and equal to the cocfficient corresponding to the first
optimization time step, for the entire control horizon.

The Chézy equation depends on the water levels in the abstraction and the delivery areas as
stated in the following equations:

)Hc' - El (hm * hxd) - hc ’

A, - (w,~n H)H,,
4 - wr:‘ v 2 (nr.l + ] )% h'r !
A, 6.54
P (6.54)
P(
h.-.'u Y
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in which:
o average water depth in a canal (m);

i, o surface-water level in abstraction area (mrref);
h, o surlace-water level in delivery area (m-ref);

A, : average canal-botlom level (m+ref);

A, . cross-sectional arca half-way a canal (m”);

n, o tlotal side slope of canal (~):

P o wet perimeter of a canal (m):

W, » width of canal at its bottom level {(m};

L, o canal length (m).

To include the flow equation as a side constraint in optimization. a first-order Taylor
approximation is required. The first-order partial derivatives of the above functions with
respect to A, and f; are required in order to determine the linearization of the velocity side
constraint:

v, v, C oy, Ri)

(6.53
Ur (hm" hm’) ’ k: 1 h‘.u : kLE h\d ’ ."([ i
The derivatives of the product (v, # 7)) are needed for the linearization:
ey Ri) f : o ciooL
‘o h) =i (hm i) r/\, (h  hy « RO h) == (h . h))
c}'zu , (:l’i’w ' ) o, i
) " (6.56)
Ay Ri P G
S (] hw}J /. I', (h‘.u‘}."'nz') o7 (} u’hsz.f) ! R(h )= (hm‘hm‘”'
Uh‘j { ‘ ok ; (:/J 4 o
'l At e @
The derivatives of the average canal depth /f, are:
c}'/ O c—.'ff(” ; |
T Mg } U 1t I\d )= (657)
r /I . (,'/’lm, 2
The derivatives of the cross-scctional area A, are:
GA n oA hh cd  off, hh | o
7” STRARY P ?\u T )= Wi b LA b 5
oh o G 77 - - (6.38)
The derivatives of the wet perimeter £ are:
ol i . ap o af oH .., s
- Nihhyy - A h - ST Y RS B I R (6.59)

ch o ch o UH oh "
5 sef ved
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The derivatives of the hydraulic radius R are:

R ntohly = 2R hlh
ah ( set sd) Bh (Ja sd)
(M‘(h*h* apcm*h* A (h, h,
3 hm’ st .s'd) 5]1_; 50 .s‘d) ¢ sar .ad)
= - £ > {6.60)
Pc(hj';=h.y;') P 4 (hs;’ hs:f)

$a’

Pc (hsa’ hsd) Pc? (hs;’ ha;!)

Vow, + n H (hoohy)  (nl + 14 (hy hy)

The derivatives of the hydraulic gradient i, are:

e hhy) = - e kg -

8hm s Msd g'h; sa> Hsd /0T L—c (6.61)

Finally, the linearization constants of Eq. 6.55 represent:
dv 3 _ ) 1 * L * LN a(YcR ic-) . .
kg-,' ) ah.&‘a (hw’ hs('f) = E Yc‘ CC‘ [Yc R (h.s'a5 h,fd) Ic(hsa, hsd)} T (h_‘-a) hsd)s
Bl I a(Y R i )

- C o s oY, (6.62)

kc2 E)h su? sa') 2 Yc Cc [YC R (hj‘cﬂ hm’) I(- (hm’ h.s‘d)] T _\a’ hgd)

e

_V (hm’ had) ka hﬁd’

cl sa

in which the following are:
optimization variable:

v, : flow velocity in canal (m/s);

forward-estimated parameters:

k.. . surface-water leve! in the abstraction area in the previous cycle (m+ref);

g3

hy : surface-water level in the delivery area in the previous cycle (m+ref).

A relatively small time step At is required to produce stable flow results. This is to a large
extent the result of the stationary situation which is assumed in the simplified canal equation
used here.
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6.4.6 Groundwater

Groundwater-flow clements are used to model groundwater flow between different areas.
The interaction of groundwater and surface water within a single area is discussed in
Sec. 6.3.1.

Groundwater-flow elements can be used to build entire groundwater networks and
describe subsurface flow only. However, in the present studv the interaction between
groundwater flow and surface-water Hlow 15 of special interest. Groundwater-flow elements
can connect the fellowing subsystems of ditferent areas:

. a groundwalter subsystem with another groundwater subsystem:
. a groundwater subsystem with a surface-water subsystem (Fig. 6.20):
. a surface-water subsystem with another surface-water subsystem.

Similar to canals., groundwater flow is nondirectional. The modeled one-dimensional
groundwater-flow cquation of Darcy. deseribed in Sec. 4.3.7. 15 Bnear and can thus be
incorporated in optimization without linearization:

AgK, th, = h)

O, = K T (6.63)
g
in which the following are:
optimization variables:
0., o groundwater How (ms), (2, ¢ (-, =),
h, o owater level 1n the abstraction arca (m-ref), b, = (-=, =);
R, » waler level in the delivery area (m=ret). o, € (-, =)

model parameters:

Ay, cross-sectional area of groundwater flow element (m);
K, o hydraulic soil conductivity for groundwater tlow element (mis}:
L, o length of groundwater flow element (m).

Abstraction area Delivery area
{surface water) {groundwater)

Reterence level

Fig, 620 Propesties of a groundweter-flow element as modeled
HE optimizdtion
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6.5 Mathematical Model Summary

This section presents a summary of the mathematical optimization problem. First, the overall
objective function is given, followed by the continuity and side constraints. Each constraint
is accompanied by references to the equation it is derived from. At the end of this scction,
Table 6.2 (Page 153) presents the modeling ¢lements and the corresponding increase in size
of the optimization problem.

Overall objective function:

", n i)

l Wa:’ — Ru’i,;‘ns‘j([) * pw quf(t)

7

R

(6.64)
"l m " m“.
N (Z; ‘Z[:l Wﬂf“)QF'(” ! 4; W,“Q“,!(I) ’
in which:
Z . objective function (-);
! : index for optimization time steps, t = {0, 1, ., T};
T : control horizon in discrete time steps;
i . index for areas, pumping stations and inlets;
m, : total number of areas;
w,, 1 weight of area i (-}, W, £ [0, 100];
J : index for interests / damage functions;
n,(f © total number of active damage functions in area 7 at time step £;
Ry, : relative importance of interestj in area i (-), R, € [0, 1];
n. (1 damage variable of function j defined for area i at time step £(-), € {0, 1];
Ps . large penalty coefTicient for flow variable @, (s/m’);
0. . flow variable to prevent the surface-water level in arca i from falling below the
bottom of the subsystem (m'/s), O, € [0, =);
m, . total number of pumping stations,
w,, . penalty for flow via a pumping station { (s/m’), W, (0, g];
0, : flow variable for pumping station { (m'/s);
m, . total number of inlets;
W, © penalty for flow via an inlet i (s/m®), W, € (0, €];
o . flow variable for inlet i, (m®/s).

6.5.1 Subsystems
Continuity Consirainis

(iroundwater subsystem, variables and parameters as given by Eq. 6.23:
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. Py - C () - ¢;,,,(sz
{ty - J {1y - e
Gl Lyt 3600 - 1000 J

]
hg{r) - hg{r 1y » —
'l

Surface-water subsystem, variables and parameters as given by g, 6.29 and 6.31:

h(f) kh.\'l h\” J) " km} b Q;:”) M ng(‘r) 4 Qus“)
Aq.0n AP E()]

3600 . 1000 1000 At

h.!. 1

+

Surface-water quality, variables and parameters as given by Eq. 6.38;

g3 Ty

ky o+ Yok e, 0+ kb s ke, =1y « k(1)

44444

- Yk e, kL 00 L[kwg (0] + ks Q0 -k, = K, (1)

Side Constraints

_{6.65)

(6.66)

{6.67)

Damage tunctions should be defined piecewise linear and convex. For each line segment f
an 1-inequality side constraint for variable x should be defined, e.g. for water level A; for

pollutant ¢. Variables and parameters are given by Lq. 6.16:

px+d -om.

Soil outflow, variables and parameters a5 given by 2q. 6.26:

1 Kri ] K\ (Ks B Kd} T

&
{ g re Mg Yed rd ]

6.5.2 Flow Elements
Weir side constraint, variables and parameters as given hy Eq. 6.45:

Q. kb vk ko h, vk

(6.68)

(6.69)

(6.70)
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Sluice side constraint, variables and parameters as given by Eq. 6.50:
O = kb v kphy kg Hy kg, (6.71)
Canal side constraint, variables and parameters as given by Eq. 6.62:
Ve = kg, kg v kg (6.72)
Groundwater-flow side constraint, variables and parameters as given by Eq. 6.63:
Ak -k
v = g’(;; 2 (6.73)
Table 6.2. Modeling elements that determine the size of the optimization problem,
Modeling element Numberof Variable Number of ’" ' Typé of '
variables = name  equations  equation
Boundary ¢ - 0 -
Area Surface water
» Quantity 2 h, O, 1 Continuity
*  Quality (for 1 ¢ 1 Continuity
each variable f}
Groundwater
+ Quantity I h, ] Continuity
+ In-/outflow 1 o, 1 Side constraint
Pumping station ] o, 0 -
Weir 2 Q.. h, 1 Side constraint
Sluice 2 Q. H, 1 Side constraint
Inlet I , 0 -
Groundwater flow 1 o 1 Side constraint
Damage Each function 1 0 -
functions Each line segment 0 1 Constraint
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6.6 Concluding Remarks

In this chapter an optimization model to control a gencral water system has been described.
Special attention has been paid to modeling approaches. The gencral LP approach was
chosen because it is tlexible, relatively casy to implement and maintain, and can be scaled
well. The details of the latter are outside the scope of the current study. but certainly of
importance when considering the speed with which the optimal solution can be found by a
solver. Ina well-scaled optimization problem the optimal values of variables are all of the
same order of magnitude, which reduces the chance of numerical instability during
optimization and prevents long iteration times,

The solution speed is furthermore dependent on the solver used. In the present study
the Interior Point method is chosen for solving practical optimization problems. 1his method
has proven to be the most suitable tor the general LP problem described here.

IFor the various tvpes of structures which ¢an be distinguished in @ water svstem, the
equations that should be incorporated in the optimization problem have been derived.
Nonlinear relationships have been linearized using first-order Tavlor approximations.

In Chapter 7. the general optimization problem described here is applied in several practical
cases. Furthermore, at the end of that chapter. considerations with respect to the speed of the
solving process will be given.
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7 Case Studies

7.1  Introduction

7.1.1 Main Objectives

This chapter presents the application of the methods developed and described in the
preceding chapters. All caleulations have been made using the Decision Support System
AQUARIUS, which has been developed as part of the present research,

The selected case studies are representative for the majority of regional water systems
in the Netherlands. The locations of the areas described are indicated on the location map of
Fig. 1.1. From a survey among |1 water boards (Lobbrecht, 1994¢), five practical case
studies have been selected and carried out in cooperation with other researchers, who did
their work within the framework of the present research. Three of these studies are described
in this chapter (IDelfland, De Drie Ambachten and Salland). Some interesting results of the
two others (Fleverwaard and Mark en Weerijs), are only briefly discussed in the concluding
remarks of this chapter.

The first case study describes the practical situation in the Delfland area, which
inctudes a large number of polders that drain into a storage basin. Of special interest is the
combined functioning of the polders and the storage basin, to satisfy the main interests in the
area: flood-prevention, ecology, agriculture, recreation and navigation. Both water-quantity
and waler-guality aspects play a role in controlling the Delfland water system, depending on
the season and the hydrological load.

The second case study comprises a water system which is part of the De Drie
Ambachien area. This is a gently sloping water systemn which drains by gravity to a tidal
river. Recreational interests prevail in and along the surface-water subsystems of this water
system. Strictly maintaining the surface-water level is of utmost importance since it entirely
determines whether the requirements of the recreational interests along the beaches of the
creek are satisfied, The water system is controtled by water authorities of both Belgium and
the Netherlands.

‘} he third case study involves a hilly and sandy water system in the Salland area. In
this area, the hydraulic conductivity of the soil is relatively high. As usual for this type of
area, over-drainage by means of extensive canal systems has taken place. Water shortages
occur as a result of low groundwater levels, cspecially in summer. For this area the
combination of agricultural and nature interests requires water preservation and supply of
alien watcr,
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The objective of the case studies 15 to show and compare the results of various alternative
control modes. with & main focus on dynamic control. The potential of dynamic control is
assessed in various types of water systems. using time-series analysis. Within the scope of
this thesis it is not possible to show all aspects of dynamic control, One of the problems
inherent to describing a dynamic process is that the perception of movement. so essential in
dynamic control, is lost in print.

The following modes of control are distinguished in the case studies (Sec. 2.4):
. Local Manual,

. Local Automatic,
. Dynamic Manual,
. Dynamic Automatic,

In most of the water systems studicd. focat-manuat and ocal-automatic control modes are
practiced. In modeling the water systems. these two modes are compared. 1.ecal manual
control 1s assumed o be the regular mode in all models built. In comparison to local manual
control, local automatic control generally presents an improvement in satisfying the
requirements of interests in a water system. [n all cases, further improvement can be achieved
by dynamic manual and dynamic automatic control. Central control modes are not explicitly
discussed in the case studies.

The case studies have been selected in such a way that the options of water-syvstem control
can be shown in various forms, Table 7.1 shows the main focus of the case studies.

Table 7.1. Main focus of the case studies.

Delfland De Drie Ambachten Salland

Rural subsystems Yes Yes Yes

Urban subsystems Yes - -

Watcr quantity control

surfuce water Yes Yes Yes

groundwater - - Yes
Water quality control Yes - -
Prediction sensitivity Yes Yes -

analysis

7.1.2 Damage Functions and Interest Weighing

Damage functions have been construeted for the various interests distinguished i the case
studies. As deseribed in Sec. 3.1, cach interest is represented by one or more kev variables
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of the water-system. Figure 7.1 shows examples of simple damage functions. As described
before, these damage functions are used to steer the strategy determination process and
therefore do not necessarily represent economical damage to interests,

For the functions in Fig. 7.1, the ranges in which damage is absent or very low, have
been indicated by arrows. These ranges are here called preferred ranges, which indicates that
the requircments of that interest are satisfied within the range. Outside the range, the
requirements are not satisfied and the interest and the water system are considered to fail
under these circumslances.

Nature Aguatic ecology

—~ 1 ~ 1

by by

oh 0

o ]

& g

a =}

Preferred range FPreferred range
ol N - ol e
Groundwater level {m) BOD {mg/My
Recreation Horticulture

- 1 i

& | v

L] L]

E £

= =

o O

Preferved range Preferred range
it 0
Surface-water level (m}) Chloride (mg/l}

Fig. 7.1. Example damuge functions, showing key variables and preferred ranges.

During low system loads, which may occur most of the time, local automatic and dynamic
automatic control may produce similar contro! strategics. For some water systems it is
therefore not always necessary to continuously use dynamic control. An option to switch over
from local automatic to dynamic automatic control and vice versa, is therefore included.
Choosing the right moment for switching from Jocal to dynamic automatic control is essential
to the success of dynamic control. Anticipating imminent high system-loads is one of the
important features of dyvnamic control. This is why it is necessary to determine the right
moment for switching very accurately.

Switching between local automatic and dynamic automatic centrol takes place in
various examples of the cases described. The moment for switching is determined by
simulating the water system in local automatic control mode during the control horizon. If
during that control horizon the total damage to interests at the present simulation time step
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rises above a specificd limit, dynamic control is automatically activated. The damage limit
specificed is called the dyaamic conral Hreshald.

The weighing of interests is visually represemied in a chart. of which an example is shown
m Fig. 7.2, The sizes of tw inner sectors of the chart determine the relative weights assigned
to various interests. The farger o sector, the more important the interest, The figure shows
common-good interests and sectoral interests. which all have cqual weights tsee Table 1.1
on page 19, for example deseriptions of the interests).

[nterests are refated to subsystems of the water system vie the key vanables, of which
the state determines the satisfaction of the requirements according to the damage functions
deseribed above. These key variables are represented by the sectors of the hatched inner ring
of the chart. The Higure shows that one mterest can be covered by several hey variables, epu:
proundwater fevel, surface water level. diffuse Biochemical Oxveen Demand (80D} and the
oceurrence of alien substances. The number of variables per interest may vary and the same
variable may be present in different interests,

The outer ring of the chart represents the locations in the water system where the
various interests occur. Common-good interests such as Hlood prevention and ecology
generally exist in all locations of the water system. Other interests. such as agriculture. water
recreation and nature generally exist at one or more locations,

Interests

EA% 1o prevention
Fenlos

Ml erculure

B ooy recreation
Wl e

Interest ring

Variable ring

Key variables

. . Orroundaater lovel

lacation ring I
Surface-water level

5 Diftuse BOD

Alen substances

Lucativas

boAgrcultural Arca 12 Recreatinnal Area FA ature Reserse

Fig 72 The inmerest-weighing chart.

Fhe choice of weights and shapes for the damage functions determine the optimum control
strategy lound in optimization. The ranges where damages are zero or only very low, are
always preferred helore any requirement of any interest in the water system s vielated. This
principle ensures that the capacity that is available in the water systent is fully used before
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failure occurs. Performance of the water system can generally be improved simply by using
this principle. As will be shown later, this means improvement of the average conditions
required by interests and thus water-system performance.

If capacitics available in the water system are not sutficient, the weights and damage
funetions determine the sequence in which interests in the water system will fail, In principle,
the interest which has the lowest weight should fail first, followed by the interest with the
second-lowest weight, ete. Using the highest weights for the most important, e.g.
common-good interests, makes sure that these are the last to fail, If all damage functions in
a water system are V-shaped, the sequence of failure can be determined easily. However, the
shapes of most damage functions resembles parabola-shapes, which means that once the first
interest has failed, a second interest may fail, while the first interest has not yet suffered the
maximum damage. The weights and shapes of the curves thus together influence the extent
of failure of interests under extreme conditions.

In general, the exact weighing of interests and the shapes of damage functions
determine the optimal control strategy, especially under extreme conditions. In other
situations, the control strategy is more or less independent of the weights and shapes of
damage functions since the aim of the optimization is to prevent system failures. When all
variables arc within their preferred ranges, no significant improvement can be achieved by
specitying the weights and shapes of damage functions more precisely.

The question arises which weights should be chosen for the various types of interests. In
general, common-good interests will be allocated the highest weights. However, the sequence
and extent of failure of scctoral interests 1s usually more difficult to determine. Special,
multi-criteria techniques could be used to determine the required weights, but in the present
research, another approach is used.

In this approach, frequency and duration of interest failures are decisive in the
evaluation of the success of control under exireme conditions. In combination with
time-series calculations, a particular set of weights results in a cerlain frequency and duration
of failure. On the basis of evaluation, the decision makers of a water agency have to decide
whether these properties are acceptable and alternatively, determine another set of weights.
This approach emphasizes the system behavior required in control problems and reduces the
need for determining weights formally, prior 1o implementing them. Parameters of frequency
and duration of failures can be selected more easily by decision makers than weights. This
prevents the users of a [DSS from having to chose weights, the impact of which is uncertain
or hard to determine in advance.

In the approach used, the selection of weights is an iterative and preferably interactive
process, in which decision makers have to decide the required water-system behavior, rather
than which standards to fix. This enables integrated decision making, considering the water
system in its eniirety, incorporating all interests. It furthermore requires decision makers to
maotivate their individual choices.

‘This approach has been used in the case studies, however, it was not used interactively
involving all responsible decision makers of all water agencies. Such an exercise was
considered outside the scope of the present study.
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Fig. 7.3 Example plctures of precipitation prediction.

7.1.3 Hydrological-Load Prediction

As indicated in Table 7.1, the sensitivity of the prediction accuracy to the resubts of dynamic
control is further analyzed in some practical case studies. Figure 7.3 shows how an excessive
precipitation event of 50 mm could be predicted. using the methods discussed in Chapter 5.
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The shaded frames show the prediction results for a control horizon of two days, as would
be used in a time-series calculation at the beginning of each loop of Strategy Resolver. The
following prediction scheme has been used (sce also Table 5.3, Page 98):

. | - 4 hour: perfect prediction, uncertainty multiplicr 0.6,

. 4 - 8 hour: period-average prediction, uncertainty multiplier 0.5;
. & - 16 hour: period-average prediction, uncertainty multiplier (.5;
. 16 - 48 hour: wet scenario prediction.

In general, time steps of one hour are used in the models. Note that the pictures shown in
Fig. 7.3 are only four of a total of 48 successive predictions required to calculate a time series
of two days,

Uncertainty multipliers are used in the case studics to incorporate the general
underestimates of excessive hydrological loads by the weather burcaus. In general, the most
unfavorable situations have been used in the prediction. For example, an area with rapid
runoff characteristics has been calculated using an uncertainty multiplicr smaller than unity
in the precipitation prediction.

7.1.4 Calibration and Accuracy

The various water systems modeled include the discharge and flow processes described in
Chapter 4. Entire water systems have been modeled in detail for calibration purposes. In
some cases the detailed models have been converted into gerneralized models. A generalized
model is defined as a model of a water system which descries the hydrological processes that
are important at a general scale, but is still accurate enough to represent the water systemn.
The generalization is not a prerequisite, but it results in smaller optimization problems that
can he solved ¢fficiently.

It should be noted that in the term ‘gencralized model” used in this chapter, the word
‘generalized’ has a different meaning than in ‘gencralized network’ as introduced in
Chapter 3. The term generalized network is used in literature specifically for a special
extension of network programming, which can be used for solving particular flow problems.

All detailed and generalized models have been calibrated against monitoring data available,
following the approach shown in Fig. 7.4, To keep the models deterministic, model
parameters have to be determined realistically and within normal ranges during calibration.

All modefs of the practical case studics presented have been calibrated by means of
general water balances and data sets on flows and water [evels. Monitoring data or sometimes
only a few measurements have becn used to make the models representative of the real waler
systems. In some cases, madel parameters had to be used that were determined for other,
similar water systems. The purpose has been to accurately describe the water-management
situation and the extremes in system behavior.

The models built have been verified by means of verification data sets. In the descriptions,
some, but certainly not all calibration results are presented.
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Ihfferences between data monitored and culeuluted have been observed in the calibration and
verificalion processes, [n general, these differences can have the follow ing causes:

* modeling maccuracics,

. MCASUring Naccuracics,

Models are reproductions of reality. For analyvsis purposces, it is of importance that a model
closely resembles the general water-system behavior, [t should be considered however. that
exact reproductions cannot be obtained by this type of general model. This would require
very detailed modeling. including cach and every canal. structure. ete. Within the scope of
the present study such detailed modeling 1s pointless and moresver. would have required
detailed monitoring data which are generadly not available.

[naccuracies in modeling can further result from incorrect inal system conditions,
This subject has been studied thorcughly and resulted inthe practice of using long initial runs
for the majority of caleutations described, This may result in an event of two dayvs studied,
which is preceded hy anmitial run ol an entire vear, to determine accurate system conditions
at the start of the event,

[n gencral. the data used inthe models were not collected specifically for use i water-system
modeling. Therefore. accuracy and resolution are generally not up to the required stundard.
For example, water-quality measurciments taken taice a month. could be avaniable from one
location in a polder. whereas for an accurate calibration, daily measurements are necded at
several locations. A recording error insuch a single measurement, can have disastrous effects

on the accuracy of the model calibrated.
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The calibration data necessary, can generally be obtained for only very few locations
in the water system. Precipitation and evaporation monitoring generally takes place outside
the water-system area. Local precipitation effects have a major impact on runoff. Local
precipitation as measured in rain gages may only result in local runoff, while in a model it
could be assumed that the same precipitation fell in the entire water system. This effect can
be limited in large water systems by using more than once measurement. However,
geographically distributed data that have the required time resolution, are often not available.

Control alternatives have been formulated and assessed, on the basis of objectives of control
sct by the waler authoritics responsible for water management in the water systems studied
(lower part of Fig. 7.4). Extra alternatives have sometimes been added, which were of
interest from a research point of view.

Expected future developments in the water systems have been combined in
development scenarios. These scenarios have been calculated, using various present and
future control alternatives for regulating structures. On the basis of these results, the most
advantageous modes of control have been determined.

7.1.5 Assessing Dynamic Control

Several parameters are used to cevaluate the effectiveness of control modes, the most
important one is the performance index. The performance index is used to determine the
relative performance of water-system control for tong periods, using a single control mode
or a set of control modes.

The performance index is defined as the total sum of damages in a water system over
time in a reference situation, divided by the total sum of damages when using an alternative
set of control modes. The performance index is a general evaluation value, suitable to
cornpare the effectiveness of control for all types of water systems. The performance index
is determined by:

p, - EPu (7.1)
P o .
El)u{l
in which:
P, . performance index for an alternative control strategy (-);
YD, 1 sum of water-system damages in a reference situation (-);
YD, ¢ sum of water-system damages resulting from an alternative set of control modes

().

It should be realized that dynamic control as introduced in this thests determines control
strategies for periods of hours 1o days. To evaluate whether the requirements of some
interests are satisfied, longer periods may sometimes be needed, e.g. the total duration a
requirement is not satis{ied in an cntire year. Such data cannot be incorporated easily into the
control strategy, simply because the control horizons used are teo short.
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In general, dynamic control will try to satisfy the long-term reguirements of interests.
If Tong-term effects should be incorporated. u long control horizon. c.g. several months, is
needed. ‘This approach can be followed to determine the reguired water system conditions
for tong periods, but not for dav-1o-day water control. Therefore. an approach is followed,
in which indirect requirement definitions are used which are evaluated by the following

parameers:

. the failure frequency:
. the fullure duration:

. the flushing factor:

. the preservation factor.

The failure frequency is a variable used o assess the performance of the water system under
extreme conditions, that lead to siuations in which the requirements of one or more of the
interests are violated.

As explained hefore, the requirements of interests are expressed in terms of water
system vartables. called key variables. The damage to an interest fellows from the damage
functions defined for that interest. It a kes variable is outside the preferred range. than that
requirement is considered to have been violated. When a defined combination of
requirements fails, then the interest s considered to have suffered damage. 1Y one or more
interests have heen damaged, the entire water svstem is considered to have failed. This
situation is called a system failure.

The situations that cause a svstemn failure ¢un differ considerably and the effects of
these failures can also differ much. For instance. failing to meet the requirements of a
commuon-good interest, such as flood prevention, is generally considered more important than
fuiling to meet the requirements of a scetoral interest. such as water reereation. However, this
is not a prereguisite in the methodology deseloped.

The failure frequency is determined in time-series calculations. by recording the
number of failures in the pentod caleulated, The required caleulutions are carnied out using
the maodels builtin the case studies,

In addition 1o the failure frequency. the duration of a system faiiure can be considered
important. An example 5 the duration of a poor-water-guality situation in an urban area
resulting fram o combined sewer averflow,

With respect to water-quality control and satisfying the requirements of ecology-related
interests, the quantity of alien water let into @ water system or & subsystem can be important.
To determine the quantity of water which is required for water-quality control. the fushing
fuctor is introduced.

The flushing factor gives the ratio of watee which s flushed through the water system
cach day for water-guality control. and the surface-water volume at the target level. The
flushing factor is used to assess the quantity of alien letin for water-quality control as a result
of various control options, {1 the flushing factor s zero. the system i1s not {lushed for water
guality-control:
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Z an {
F,r-‘ _ quafity ,
4

xt

(7.2)

in which:

F, . fNushing factor of the surface-water subsystem {(d);
.ty ¢ inflow to maintain water quality (m*/d);

v, : votume of surface-water subsystem at target water level (m’).

Water preservation in hitly arcas is considered an important issue for ecological interests.
Ecological interests generally benefit from keeping as much location-specific water in a
subsystem as possible, while preservation of water also minimizes the quantity which has to
be supplied to a subsystem in times of drought.

To assess the effect of preserving water, the preservation factor is introduced, which
determines the success of keeping as much water in a water system as possible over a
particular period. The preservation factor is defined as the ratio of the quantity of water used
and the total quantity abstracted from the system. In this respect the abstracted guantity is the
sum of: water flowing out of the water system (e.g. by flow elements) with addition of the
quantity used by the interests in the water system (e.g. total evapotranspiration).

E Qu.\'ea’

L (7.3)
Z Qou!+z qu‘ed
in which:
Py . preservation factor (-);
Qv © quantity of water used by interests (m');
O . outflow from a water system {m”®).

7.1.6 Forward Estimating Example

Forward estimating has been introduced in Sec. 6.2.2 as a method to overcome the
disadvantage of linearizing nonlinear water-system behavior in optimization. The key feature
in forward estimating is the iterative use of the previous optimization results in each forward-
estimating cycle according to Fig. 6.2 (Page 112}).

In the following, forward estimating is demonstrated by means of a time-series
discharge calculation in a simple example water system. The example water system consists
of an Area and a lower-lying Boundary, which are connected by two fixed parallel weirs (Fig,
7.5). As described in Sections 6.3.2 and 6.4 .2, the relationship between water-level and
volume in the surface-water subsystem, and the weir-discharge equation are both nonlinear.

The water tevel in the Area is always higher than that of the Boundary. The weirs have
different crest-levels. The lowest welr is called *Weir L7, the ather ‘Weir H’. In the initial
situation, the crest of Weir L. is below the surface-water level of the Arca and consequently
it discharges from the Area into the Boundary. The crest of Weir H is above the initial
surface-water level. During a high hydrological load, the surface-water level of the Area rises
above the crest of Weir H, which should then also discharge.
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Note thal no regulating structures are incorporated in the example-water system,
Theretore, the tincarized probiem formulated, only contains continuits and side constraints.
This 15 done on purposc. to show the linearization results of successive forward-estimating
cveles. In pomciple. the problem could be solved by means of elimination.

Wuir H
(020 meret)

Weir J.
(.00 m+ret})

Groundwater Surface water
(initial level: {initial level:
0,45 m~ret) .10 m-rel)

Fig 7.5 Example water system with twa parallel weirs,

Figure 7.6 shows four graphs which contain shaded frumes for prediction and optimization
resulls, with a time step Ar of two hours. for a control horizon duration of two days. Graph
{a) shows an extreme precipitation load o1 50 mm. For simplicity. a pertect prediction of this
hydrological load is assumed with an uncertainty multiplier of unity.

In the initial situation, no data on the development of the surtace-water level in the
Area are known. Therefore. in the first evele (simulation time step T = 0). the initial surface-
water level of 010 meref'is used in linearizing the surface-water and weir equations {Fq.
6.29 and bq. 6.44) for the entire control horizon.

Graph (b) shows that flow 15 determined by the optimization module for Weir L
during the entire contral horizon on the basts of the smitial water-level. No tlow can be
determined for Weir T These results are obtained by lincarizing the weir equation for Weir
[ with an nverflow height of 010 for the entire control hortzon. Weir T is excluded from
the optimization problem in this eyele. because on the basis of the information available prior
tor the first cycle, it cannot discharge (F.g. 6.41 and 6.44). The result of the first cyeie shows
a clear water-level rise above the crest of Weir Hoduring several time steps of the control
horizon, This information is used in the second evele,

In the second forward-estimating cyvele. which represents the time two hours later
{simulation time step © = 1), the water levels caleulated in the first eyele are used as the basis
for the lincarizations. For both weirs. the flow equations are determined for each time step
of the contro! horizon, Again. if the water level in the Area was predicted to be below the
crest of Weir Hoin the previous cyvele, the corresponding equation is excluded from the
optimization prohlem. otherwise itis included. The result of the optimization module on the
basis Gf these lincarizations is shown in graph (c).
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‘The last graph (d) shows the results which are obtained if the procedure described, is
continued for two days. The results of simulation for these two days are shown in the left half
of the graph. These results are obtained by using the full nonlinear surface water and weir
equations and show that the estimates for water levels and flows over the two weirs
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Fig. 7.6. Results of forward estimaiing in calculating the discharge over two
parallel weirs for simulation time steps ©= 0 (h), v= 1 (c) and T= 24 (d}.
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determined in the second forward-estimating cvele (graph o) using the lincarized model. were
{airly accurate already.

The procedure described, starts at simulation time 1t = 0., at which only the present data on
water levels are available for forward estimating. After one cvele, the forward-estimating
procedure already enables accurate calculations for water-level and flow. The accuracy
improves when the process proceeds, because after cach eycle, the lincanization of nonlinear
water-system relationships for each step of the control horizon can be executed more
accurately.

This increasing aceuracy is used in the implementation of the method. by applying
several initial runs (c.g. three) solving the optimization problem while keeping the forward
estimating procedure fixed at the initial simulation time step (T = 0). Apart from improving
the accuracy of {lows via structures, this method also vields improved water-quality
caleulation which, similar to the weirs in the above example. requires an estimate of the flow
through all structures in the water system, to produce accurate results,

7.2 Delftand Case Study
7.2.1 Introduction

The Delfland Area is located in the western part of the Netherlands. The area is bordered in
the west by the North Sea and in the scuth by the Nieuwe Maas and the Nieuwe Waterweg
(see Fig. [.1). Delfland is a typical polder arca. where a large number of independent water-
levet areas exists. ‘Fhe authority responsible for water management is Delfland Water Board.

The area is included in the present study since it demonstrates how dynamic control
can be used to reduce undesirable water-system behavior during excessive precipitation or
periods of extreme drought. The case study further shows how existing pumping capacities
cun be used better w0 reduce or avoid scheduled future capital investment, e.g.: the
installation of extra pumping capacity in existing pumping stations; building entirely new
pumping stations; building extra storage facilitics. A special point of interest is the use of
retention reservolrs in the arca, which serve 1o temporarily store excess water during
excessive precipitation events.

7.2.2 Water-System Description

Delfland comprises 57 polders covering a total surface of approximatels 40.0G0 ha. Urban
and glasshouse arcas oceupy 35% of the arca (Fig. 7.7). These areas are impermeable or
semi-impermeuble and thus have very rapid runoff characteristics. the city of The Hague is
located in the north-western part of Delfland. the city of Rotterdam is partly outside the area.
to the seuth-cast. The largest glasshouse area of the Netherlands. the *Westland'. occupies
the western part of the area.
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The main surface-water subsystem is the Delfland Storage Basin, a system of
interconnected water courses and lakes between the various polders, with a target water level
of NAP - 0.40 m. Three types of area discharge into the storage basin: ‘low-lying polders’
(72%), ‘high-lying polders’ (6%) and ‘storage-basin land’ (22%). The water levels in the
low-lying polders are below the water level of the storage basin; in the high-lying polders,
the water levels are above that of the storage basin. The lowest target water level in the area
is NAP - 6.30 m, whereas the highest is NAP + 1.40. Storage-basin land is the area along the
storage basin that directly drains into the storage-hasin surface water,

The main interests present in the arca arc: flood prevention, ecology, glasshouse
horticulture, pasture agriculture (cattle farming) and navigation. These water-quantity and
water-quality interests sometimes come into conflict.

Excess water is pumped from low-lying polders to the Delfland Storage Basin by 110 ‘polder
pumping stations’, with a total capacity of 48 m’/s. High-lying polders discharge via fixed
weirs into the storage basin. Water from the storage basin is discharged via six ‘main
pumping stations’, with a combined capacity of 54 m’/s, into the North Sea, the Nieuwe
Waterweg and the Nicuwe Maas (Fig. 7.7).

North Sea

?é@ . Nieuwe

L rUANGISEE

W Urban areas B (Glass house areas 3 Pasture land
~~ Starage basin M Main pumping station

Fig. 7.7. The Delfland Area (only the main regulating structures have been indicated).
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Crlasshouse horticulture i the Delfland Arca requires a large quantity of fresh swater
for irmigation purposes. especially in summer. Precipitation is ¢ollected from the roofs of the
glasshouses and stored in rainwater basins (Fig, 7.8: see also Sec 4.2.1). This water is used
for irrigation in the glasshouses, In summer., these ramwater basins may fall dryv, In that case,
surfuce water and drinking water are used for irrjgation. sometimes in combination.

In agricultural areas such as pustures. where cattle farming is predominant. sprinkler
irrigation is sometimes applied in summer. Surface-water use in general. reguires the supply
ol water from the storage-basin o the polders. Therefore, water is let into the low polders via
a large number of inlet structures. The mujority of these inlets is small and is not fregquenthy
controlled. Water can be clevated up to the high-lying polders by polder pumping stations.

To maintain the target water tevel gnd the right water quality in the storage basin, a
supply pumping station which has a capacity of 4 m’/s can be used. This pumping station
abstracts water from the Brielse Meer (Fig. 7.7) Another large supply pumping station is
located on the northern boundary of Deifland. It can let in water from the Rijnland Storage
Basin and has a capacity of & m*s. [n the past, this pumping station was the only Jocation
where water could be let into Delffand. At present. the pumping station in the north is rarely
used, because the quality of the water it supplies is less suitable than that of the Briclse Meer.

Glasshouse roof
catchment area

il

Raimwater
hasin

v Drinking water

Overflow =1 . “Surface-water abstraction

\—‘t/ Pramnage \

Fig 7.8 Rainwater hasins in the glasshouse areas of Delflund.

[n summer, the quality of the surface water can become poor as & result of saline seepuge and
drainage water from glasshouses. The water quality is controlled by frequently flushing the
entire water system. One of the purposes 1s to keep the chloride concentration below the
official limit of 200 mg/l for irrigation in glasshouses. Depending on the type of crop, the
practical limit may be lower.

The water level in the Delfland Storage Basin should be kept below NAP - 0.25 m. This level
is called the ‘milling-stop level™

The resistance in the storage-basin canals, additional wind set-up and waves may
result in water levels that are up to .3 1 higher than average at specific locations. Since the
height of the embankments atong the storage basin is NAP + 0.1 m. this situation ¢an almost
lead 1o flooding.

During excessive precipitation. the discharge trom the polders and the storage-basin
land into the storage basin is higher than the capacity of the main drainage pumping stations.
Therciore. the surface-water Tevel may rise above milling-stop level at some locations in the
storage basin. 11 the water level exceeds this limit, the Water Board can impose & milling stop
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at specific locations in the storage basin where problems are foreseen. Tn that case, certain
polder pumping stations have to stop pumping, which may cause flooding of agricultural
land. However, this oceurs rarely.

During excessive precipitation, water can be stored in retention reservoirs temporarily. Two
types of retention reservoirs are present in the area; reservoirs relieving the storage basin,
called ‘main retention reservoirs’ and those relieving polders, called ‘polder retention
reservoirs’ {Iig 7.9). Main retention reservoirs can only be used to store water from the
storage basin, for instance, in the situation when the capacity of the storage basin turns out
to be insufficient. When the water level in the storage basin falls, the retention reservoir can
be emptied either by pumping or by gravity, into a low-lying polder. At present, the capacity
of the main retention reservoirs is limited to approximately 0.02 m water height across the
entire storage basin.

The polder retention reservoirs are used to store excess polder water, to prevent a
milling stop, ar during a milting stop, to prevent flooding,

Paolder pumping
stalion g

Outlet
Polder Discharging
o pumping
p;;lr’;[i)(l)ﬂg . stal?on
3 — Weir
-Storage. -
L Basin

Fig. 7.9 The principle of retention reservoirs in the Delfland Area; storage basin
retention reservoirs (a) and polder retention reservoirs (b).

In the Delfland Area it is common practice that urban areas drain to combined sewer systems
primarily, The flows from these sewer systems are treated at sewage treatment plants (STPs),
most of which discharge the effluent outside the water system. Via these routes, part of the
precipitation is discharged from the water system, bypassing the storage basin.

During extreme precipitation, the combined sewer systems may overflow to the
storage basin and polder surface water. This polluted water is discharged from these areas
by polder pumping stations into the storage basin and from there by the main pumping
stations to outside the system.

Important data on the Delfland water system, relevant for this case study, are listed in Table
7.2. For time-series calculations, hourly precipitation and evaporation data of Valkenburg
and Rolterdam Airport meteorological stations of 1989 and 1990 have been used. Data on
discharges of the main pumping statiens per day and water-quality measurements once every
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two weeks have been made available by the Water Board. Further details on the Delfland
water system can be found in Steenhekkers (1996).

Table 7.2, Delfland. data summary.,

Subject Properties
Total arca 40,000 ha
main land use 41% rural, 28% urban, 19% glasshouse. 12% other
Types of arcas 72% low-lving polders, 6% high-lving polders. 22%
storage-hasin land
Number of polders 57
Main interests flood prevention, ecology. glasshouse horticulture,

pasture agriculture, recreation. navigation

Polder pumping stations 1140 draining low-lying polders; total capacity of 48 m'/s
pumping into to the 11 draining high-lying polders; total capucity of 1.5 m'/s
storage busin

Main pumping stations three diesel and three electrical, with a total capacity of
34 m'/s (situation 19935)

Supply pumping stations | two with total capacity 12 m’/s

Polder inlets controlled and uncontrolied, total capacity
approximately 10 m'/s

Sewer systems approximately 75% combined and 25% separate

Surface-water fevels

target storage basin NAP-0.40m

milling stop NAP-025m

target polders varies. for comparison purposes: NAP - 200 m
Capucity of retention 170,000 m’ main retention reservoirs: 1.400.000 m”
CCSCIVOIrs polder retention reserveirs
Chloride concentration 200 mg/l

limit for horticulture

7.2.3 Water Management
Current Practice
All polder-pumping stations in the Delfland Arca are automated and operate on the basis of

water-level setpoints in the polders. There is no central facility as yet to control all these
pumping stations. Fhe main pumping stations are all manually controlled. If the water level
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in the storage basin becomes too high, these pumping stations have to be manned. Sometimes
operation of these pumping stations is also required during the night and in the weekend. Tt
is common practice for the main pumping stations, to pump out water from the storage basin
in advance. This creates an excess storage capacity and reduces the chance of having to
operate outside office hours.

As shown in Fig. 7.10, the target water level of NAP - .40 m in the storage basin, is
not maintained accurately at present. This is the result of the described practice to pump out
water in advance. The graph shows that the largest water-level falls occur during and after
periods of precipitation. This is partially the result of hydro-dynamic effects in the storage
basin that occur during drainage, but also a resuit of overrcacting to the fast-rising water
levels in the storage basin during and after precipitation.

-0.15 — 0,00
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= Schipluiden water-level measured == * Precipitation

Fig. 7.10. Water level measured in the Delflund Storage Basin at Schipluiden.

To maintain the right water quality for irrigation purposes, flushing the water system is
practiced frequently in summer. Many of the inlet structures to polders are manually
controlled or kept open during the entire summer season. Thus flushing is continuous,
possibly to a lower extent, but even duting precipitation. It is the general opinion that as a
result of this practice, the total quantity {lushed is too large. The storage basin is flushed
entirely, refreshing the surface water. This water is subsequently let in to the polders to flush
them. The flushing rate tor polders is generally larger than that for the storage basin.

The Water Board is currently reconsidering the design of polder systems. An important
reason is the increasing urbanization, for which scparate sewer systems are used, resulting
in a faster runoff. The current policy is that surface-water storage and polder pumping
capacity will have to be updated. Polder pumping stations that have too low a capacity, may
require the building of larger pumping units, extension of the pumping station or an entirely
new pumping station. Another option considered, is widening canals to create a larger storage
capacity in the surface-water subsystem. All these measures are very costly.

Furthermore, the capacity of the storage basin and its main pumping stations are
reconsidercd. At present, main retention reservoirs are under construction, which will
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temperarily store exeess water from the storage basin. Polder retention resers oirs do exist at
present, but are rarely used.

Some of the main pumping stations already have 1o high o copaciny o gradually
lower the water level inthe storage-basin canals. This results in o sudden fall in water level
in the canal sections that supply the main pumping stations. [T the main pumping stations
would he controlled localls . such @ fall can cause intermittent switching of pumping units.

Problem Formulation

The increasing urhamization in the Delfland Arca results in expansion of the impermeable
arca. Therefore the rapid discharge characteristics of the arce are increasing, A rapid water-
level rise in the polders and the storage husin, swill lead to a lack of pumping or storage
capucity, i the current operational control s maintained in the future.

Furthermore, the capacity ratio of the polders and the storage basin may become
problematic. The driinage process of the polders 1s fully automated and conscyuently, most
pumping units start to pump at the same time during exeessive precipitation. As a result.
waler 1s [requentls pumped to the storage basin at maximum capacity. |The combination of
polder drainage water and runoft from storage-basin land will therefore exceed the draming
capacity of the main starage-basin pumping stations more often,

Simply extending the capacity o the main pumping stations s not a s able solution.
since some canids that suppiy water to these pumping stations have reached thelr maximum
discharge capacity. Fxiension of pumping capacity will therefore have to be combined with
an increase i discharge capacity of storape-basin canals. At many locations in the storage
hasiry such a measure sould be very problemutic, because of the present infrastructure and
because the water levels of these canads are often far above the surrounding polders.

At present. rainwater basins in glasshouse areas store the initial precipitation. Afier these
reseryolrs have been filled. they overtlow 1o the surface water, The moment the reservoirs
are filled. the total arca running oft 1o the surface water. inereases dramatically.

AL present. glasshouse farmers have W mstal! a storage capacity ot at least 00 m*ha.
However, one of the future options for glasshouse farming is to produce irrigation water of
good quality by means of reverse osmusis using dinking water onby, This enables closed
svatems that recirculate water and do not necessardy requere rainwater suppletion. Such a
development conld make the current ridnws ater hasing obsolete, Hf the raimwater basing are
removed trom the glasshouse arcas. the total runoft from impermeahle arcas will increase
permanently,

The present intensive use ol surfaee water for irngation purposes, forees the Water
Board to Iet in a large quantits of alien water in dry periods. The concentrations of pollutants
in surface waters are increasing continnoustv. as @ result of reey cling ot surface water that
is dratned from glasshouses and pastures. Tapecially in dry summers. this process causes the
water-quality limits to be exceeded. Theretore, the entire water systen is Hushed regularly.
Since a Targe nuimher ol kets s uncontrolled and stays open throughout the vear. the wotal
indet ot alien water supplicd via the sterupe basin is larpe. However, the polics of the water
hourd pledges to restrct the inlet of ahien vaster o o minimum,
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Aim of the Case Study

The case study aims at determining the options for enhanced water-system control in the
Delfland water system, in the present situation and i the future. Of special interest is the
method for reducing the number of problematic events resulting from extreme hydrological
conditions, which should reduce the need for costly capacity enlargements.

Furthermore, the study aims at determining the quantity of inlet water, required to
maintain the desired water quality. Special points of interest are increasing chloride
concentrations in surface water during summer and surface water contamination resulting
from combined sewer overflows,

The idea of the study is that, by balancing the sometimes conflicting interests in the
water system, the existing resources can be used better to meet the various control objectives.
In the present case study, the following objectives for control are set:

U 1o prevent flooding by water from the storage basin;

. to preserve the ecological values in the surface-walter system as much as possible;
. to maintain required conditions for horticulture farming;

U to maintain required conditions for pasture agriculture;

. to maintain required conditions for recreation;

. to minimize operational costs.

7.2.4 Water-System Analysis
Parameter Determination

Detailed modeling of the Delfland water system requires detailed data on the many polders
and regulating structures, however, these are not available at the moment. Thercfore, the
choice has been made to obtain the runoff characteristics of the polders in the Delfland water
system by means of detailed analyses of two typical polders: a mainly rural polder (the
Duifpolder) and a mainly glasshouse polder (the Woudse Droogmakerij), The following
descriptions should be seen as examples of the results of the calibration and verification
procedures described in the introduction of this chapler (Sec. 7.1 .4).

For botl: polders, monitoring data have been gathered to determine their behavior. Parameters
that influence the runoff characteristics of rural arcas have been determined using a model
of the Duifpolder. Parameters that influence the water quality behavior in glasshouse areas
have been obtained from a model of the Woudse Droogmakerij.

The Duifpolder is an almost entirely rural polder, in which land-use, drainage capacity and
soil texture are characteristic for most pasture arcas in Delfland. A summary of data for this
polder is listed in Table 7.3. Measuring took place in October and November 1994,
Precipitation and ¢vaporation data were recorded at Naaldwijk meteorological station, which
is close to the Duifpolder.
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Table 7.3, Duitpolder, duta summary.

Subject Properties
I'otal arca 370 ha
Main land use 94%, rural. 1% urban. 1% glasshouse. 4% ather
Soil-surfuce fevel NAP - 27T m

Pumping-station capacity | approximatels 0.03 mi's

Time-scries dna hourly precipration and evaporation dasa from
Nualdwijk monitoring station: hourly surlace-water-
level measurements at a representative location in the
polder: manually registered pumping hours

Figure 7.11 shows various variables. measured and caleulated. The tigure clearly shows that
the Muctuations in the surface-water level madeled. correspond well with the water-level
measured. OF special interest are the slopes in surface-water levels inograph (a). After
precipitation. the rising water levels determine the runoft characteristics of the area. while
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falling water levels indicate the actual capacity of the pumping station. These were found to
match.

Furthermore, graph (b) clearly indicates that the total quantity of water pumped {from
the system and the moments of pumping, correspond very well. However, when a water
balance is drawn up, it can be proven that the flows measured at the pumping station are
slightly too low. The difference between calculations and measurements could be due to
several errors, as discussed in Sec. 7.1.4.

From the calibrated model, runoft parameters, such as soil resistance (Sec. 4.2.2),
have been determined for the Duifpolder. It turned out that shallow gullies in the rural
pasture areas give rise Lo very rapid runoff, once the groundwater level reaches the surface
inot shown in the graph).

The Woudse Droogmakeri) is a typical glasshouse polder. This specific polder has been
chosen for water-quality simulation, because it almost entirely lacks saline seepage. Such
secpage would affect the changes in water-quality, resulting from leaching from the
glasshouse subsurface. The glass surface and the sizes of the rainwater basins have been
determined on the basis of detailed maps of the arca. Table 7.4 lists important modeling
details of the Woudse Droogmakerij.

Table 7.4. Woudse Droogmakerij, data summary.

Subject Properties
Total area 90 ha
Main land use 28% rural, 10% urban, 55% glasshouse, 7% other

Pumping-station capacity | 0.27 m/s

Inlet capacity approximately 0.09 m/s

Time-series data averaged hourly precipitation and evaporation, based on
data of Valkenburg and Rotterdam Airport menitoring

stations; weekly chloride measurements in storage basin
and the polder

Graph (a) in Fig. 7.12 presents chloride concentrations measured and calculated for the
Woudse Droogmakerij, for a period with low precipitation and high evaporation. Graph (b)
shows waler storage in rainwater basins.

During the period calculated, the chloride concentrations in the storage basin were
used as boundary data. The inlets were kept open during the entire period, 1o enable dilution
of polder water with water from the storage basin.

The general pattern of chloride development calculated for the Woudse Droogmakerij,
closely resembles the actual measurements. The measuring data and the model calculations
show that the water-quality limit of 200 mg/t for chloride is exceeded.
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The example of the Woudse Drosgmakeri) demonstrates that during periods of
drought, the water supply from the rumwater basins runs out. From that moment on. farmers
start to use large quantitics of surface water. Water without ¢hioride ¢vaporates, while the
chloride leaches back to the surtace water. This causes the chloride concentration in the
polder to rise.

While interpreting the results. it should be kept in mind that the calibration 1s based
on very few chloride measurements. The measurements show chloride concentrations at
specific moments at one location in the polder, while the model deseribes the average
concentration in the entire surfuce-water subsystem of the polder. The two values should
therefore be compared with care,

I'he graphs make it clear that precipiiation has quite @ large impact on the chloride
concentration in the surface-water subsystem. Afler cach precipitation event, the chloride
concentration clearly falls. The caleulated curve does not exactly follow the measured
chloride concentration. Of special interest are the concentrations measured on 2-8-90 and
8-8-90, which turn out Lo be the same. For that period, the model caleulated a rise. followed
by u fall in concentration. The reason for not measuring any change in the actual chlonde
concentration, Is the precipitation that fell on 6-8-90. in between the moements of measuring.

Calibrating the model, parameters that determine changes in water quality in the
surface-water subsystem were obtained. c.g.: the use of drinking water for irmgation. the
guantity of water let in: the leaching fraction in glasshouse irrigation (See. 4.2.1 and 4.2.2).

[
L .
s .
il
o
[own}
iy (mm hy

Concentration img D

i d“’ } ;
]'3“-<ww I I_,—/;I X."_,frlJl" 3.50
K'u./""»«_:J/ — '
FOU 4o s e - . e 4.50
24-6-90 10-7-90) 26-7-90 11-8-90 27-8-40)
— Chloride measured =t Precipitation
C hloride =+ ol cvapotranspiration (-
oY snn. e L
€ 24
=
Zo0h . -
24.0-90) 100790} 26-7-40 1 1-%-90 27-8-90

= Storage rainwater hasins

Fio 702 Residts of chloride concentrations and related variables. measured and
calenlated for the Waoudse Droogmuaker iy



7 CASE STUDIES 179

Water-System Modeling

Two models of Delfland have been built to simulate the water system and its various modes
of control (Iig. 7.13 and 7.14):

. a detailed model;

. a generalized model,

The detailed model is used to accurately describe the various subsystems and structures of
the watcr system, including the geographical distribution of water-system clements,
However, polders that have similar characteristics have been combined in the model.

The model has been verified using measured water-level extremes of 1990 and using
data compiled from the operation of main pumping stations. Using this model the water-
management practice of 1989 and 1990 has been calculated. Surface-water dynamics have
been included in this model to ¢xamine the effects of water-level {luctuations as a result of
operation of the main pumping stations, The retention reservoirs were not used in the
verification period and therefore they have not been included in the detailed maodel.

The generalized model is used specifically 1o analyze the various combinations of control
modes for the various structures regulating the water system. ‘The reason for the
generalization is to keep the optimization model to a workable size, while not violating the
characteristics of the caleulated runoff processes. The generalized model includes retention
reservoirs for the storage basin and the low-lying polders. The geographical distribution of
water-system elements is neglected; the storage-basin canals have been modeled together as
one large reservoir.

In the generalized model, a distinction has been made between three types of low
polders with typical runoff characteristics: rural polders, urban polders and glasshouse
polders. The high-lying polders have been combined into one polder.

CGencral data of the two models are listed in Table 7.5 {s¢e Chapters 4 and 6 for details about
the modeling of subsystems and structures).

Table 7.5. General data of the Delfland water-system models.

Detailed model Generalized model
Arcas and Boundaries 13 10
Subsystems simulation 37 25
Subsystems optimization - 12
Regulating structures 21 15
Fixed structures | 6
Canal elements 4 0




180 DY NAMIc WATER-SYSTEM CONTROL.

Borth Sca_i\ Rijnland |

i
ow-lying
polders.

\ Y Polder
.\ & Pumping

. ¥ Station

Overschie

High-lying NMain

olders ik
~ w2 : * P g
M ."{JppJ_\; M ! \ %tlurtni(r;:]nu
}n_xmpj_u’Sl‘glliﬂrn_. L 2= ) f
[ |- Micuwe | M
[Bmlse Meer! | Waterweg | NmuwewMaas |

fig 743 Schematic representation of the detaifed Delfland model.

Ri'nlamit i B , . 'Vlam -
f_L o || Glasshouse - retention |
- polders . —_—

™ HEARE R

.
\‘-.
Hightying 2] o .
igh-lying{__ : PERN ¢
polders { woils Storage _Basm 3%

Polder

J\mm | N T 4

pumpnenlly ol Pumping
Station b ' Station ¥ i
Sl ¥ ¥ Lobks ——
o e j Polder
| Outer water | retention |
Brielse |
Meer

Fig 7014, Schematic representation of the generalized Deffland model

Simulating Current Practice

The years 1978 to 1993 have been analyzed in detail to determine representative periods to
use in water-system simulation and verification (F.obbrecht, 1993b). The main considerations
in selecting hvdrological periods to use were: one period which exhibits average hvdrological
conditions: and another period which had a wet spring and a subscquent very dry summer
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followed by sudden and extreme precipitation events. Two consecutive years were found to
fulfil these wishes: the year 1990, which matches the 60-year average hydrological conditions
best and the year 1989, which showed the desired hydrological fluctuations and extremes.
The Delfland models have been calibrated for the year 1989 and verified for the year 19%0.

First of all, the monitored data were veritied generally, followed by an overall calibration of
the models, using water balances. By means of these water balances, overall inflows and
outflows have been determined from the only available data, being the total quantity of water
pummped from and into the storage basin {Steenbekkers, 1996).

The detailed and generalized models were further calibrated on the basis of net
drainage data from the storage basin. This net drainage has been obtained by subtracting the
flow of the main supply pumping station from the total discharge of the six main pumping
stations that drain the storage basin. Figure 7.15 shows the actually measured net drainage
from the storage basin and the net drainage determined by the detailed and generalized
models.

Differences between measured and modeled drainage can be explained by the general
effects discussed in Sec. 7.1.4: modeling inaccuracies and measuring inaccuracies.

Buiiding a detailed model comprising every single polder and pumping station in
Delfland, was considered outside the scope of the case study. This would have required a
detailed survey, since most of the data required are not available. For this reason modeling
inaccuracies are inevitable.

Local precipitation effects around moenitoring stations may cause large differences in
actual runoft and modeled runoff, especially in large areas in the summer scason.

The draining capacity of main pumping stations is determined on the basis of running
hours of engines, using average capacities. However, the actual capacity of a pumping station
depends on the elevation height, which mainly fluctuates as a result of the tides in the North
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Seu. the Nicuwe Waterwep and the Nicuwe Maas,

Furthermore, in Fig. 7.15. results of manual control are compared with results of local
automatic control. Because of the fundamental differences between these maodes of control,
the results only serve general purposes. 1o get a rough impression of the effect of storage-
basin drainage and inlet of alien water.

Because of the differences in control modes between the models and reality. the
results shown in the figure could only he verified in general terms. checking the moments of
peak discharpes and the total water balance. Both proved to match very well, especially when
considering the fact that only the conditions at the start of simulation were predetermined and
no corrections were made during the one-vear time-series calculation.

Figure 7.16 shows the water-level fluctuations in the storage basin as a result of local
automatic control of the main pumping stitions. The figure shows water levels caleulated for
the Westland region, at some distance from the main pumping stations and for Vlietlanden.
which is closer to & main pumping station (see Fig. 7.7).

In comparisen with the measured water levels resulting from manuat control (see
Fig. 7.10), the calculation results show a more stable water level in the storage basin. This
is mainly due to the local setpoints of the main pumping stations. which cuuse the pumping
engines to switch ofas soon as the target level in the supply canal has been reached. As a
resull of hvdro-dynamic effects. the water Tevel fluctuates more, the closer to @ main pumping
station.

Another interesting feature which can be observed in Fig, 7.16. 15 that high water
levels in the Westland region oocur jor longer periods than in Vietlanden. First of all. the
runoft from the large glasshouse horticulture ares n the Westland. is very rapid.
Furthienmore, the discharge from the main pumping station near the Westland region is small,
while the capacity of the storage basin-canals that discharge to other main pumping stations
is himited. These effects explain why surface-water fevel in the Westland region rises fast and
remains high for long periods. Conseguently, the Westland shows the highest absolute water
levels of the entire storage basin after precipitation.
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Interests Considered

Several interests are considered for the Delfland water system: the common-good interests
of flood prevention and ecology; the scctoral interests horticuliure, pasture agriculture,
recrcation and navigation, and operational water-management interests.

The following key variables are distinguished in controlling the Delfland water system:
. surface-water lcvel,

. chloride concentratton,

. BOI) concentration.

Surface water levels play an important role in controlling the Delfland water system. As
indicated above, especiaily in the arcas along the storage-basin canals, flooding problems
may occur when the surface-water level rises too high, To evaluate high water levels, the
milling stop level of NAP - 0.25 m is used. Exceeding this level is here defined as ‘storage-
basin failure’.

‘Two options can be distinguished which offer an improvement in control in general.
The first option is to make better use of the retention reservoirs. Of utmost importance 1s the
exact moment to start pumping into these reservoirs. [f pumping excess water starts too late,
too high water levels may occur, while the reservoirs are not even full. However, as
mentioned before, the capacity of the main retention basins is rather limited. Furthermore,
the polder reservoirs are hardly used at present, for various reasons. In this study it is
assumed though, that the polder retention reservoirs are available and used.

Interests

Bl Flood prevention
Hl Ccology

I !Horticulture

Hl Pasture agriculture
Hl Recreation

Ml Navigation

Wl Opcrations

Key variables

"l Groundwater level
| Surface-water level

.3 Chloride

E&l Diffuse BOD

Locations
1 Storage Basin & Glasshouse polders M Polder retention

! 2. High-lying polders EM Rural polders
(3! Urban polders M Main retention

Fig. 7.17. Interest-weighing chart for the Delfland water system.
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The second option is to pump out water when extreme precipitation is expected, Water
is pumped out of the polders into the storage basin and from there. out of the water system.
This creates additional storage capacity n the storage basin,

In addition to {flood prevention. the navigation interest depends on surfuce-water level
control in the storage basin. This applies 1o both commercial and recreational navigation.

Too high chioride concentrations have disastrous effects on horticulture. In the current
control practice. these disastrous cffects are prevented by implementing high flushing factors
for the polders. However, the Water Board aims at minimizing the inlet of alicn water. which
can only be accomplished if flushing is restricted to the minimum necessary. In dynamic
control, it is assumed that the limit of 200 mgf should not be exeeeded. Therefore. this limit
has been included in the surface-water damage functions of the storage basin, the glasshouse
polders and the rural polders. Exceeding the Timit is here defined as glasshouse-area failure”.

The current practice of frequently flushing the water system, has the advantage of removing
undesirable pollutants such as BOD from the water system. This is important during and after
combined sewer overflows, especially in summer. The BOD intended in this study is calted
‘diffuse BOLY . to indicate its diffuse sources. The decay factor used for this type of BOI is
0.5 d"'. The capacity of the infets is so large that this pollutant can be tlushed away before
natural decay has reduced the pollutant load to an acceptable level,

If flushing the water system s only practiced on the basis of the chlonde
concentration. pollutants such as BOD will remain longer in the swater system. To prevent
this undesirable situation, the diffuse BOD-variable is included in determining dvnamic
control strategies,

Predicting the water-guality development in surface waters as a result of combined
sewer overflow and separate sewer outilow s very difficult. This problem has not vet been
solved accurately (NWRW 1989, Here. tfor outllows of combined sewers, a concentration
of 500 mg/l BOD and for separate sewers 250 mg/l BOD has been assumed. The
concentration that should not be exceeded in the surface-water system has been defined as
20 mg/l in the damage function for urban polders. Exceeding this limit is defined here as
“urban-arca failure’

Figure 7.17 shows which interests are considered and how these interests are weighed. The
figure shows that the common-good interests account for half of the total weight. all the other
interests together for the other half, As in reality, the main task of the Water Board is to
satisfy all interests in the water system. whereas operational interests receive the smallest
weights, Interests in the water system are related to locations by means of key vartables in
the following ways:

. Storage hasin: surface-water level (flood prevention. navigation. operational).,
chloride thorticuiture) and ditfuse BOD (ecology and recreation):

. High lving-polders: surface-water level (flood prevention). chloride thorticulturey and
diffuse BOD (ecology )

. Urban polders: surface-water level {flood prevention). diffuse BOD (ecology),

chloride (herticuhare);
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. Glasshouse polders: surface-water level (flood prevention), chloride (horticulture),
diffuse BOD (ccology);

- Rural polders: surface-water level (flood prevention), chloride (horticuliure) and
diffuse BOD} (ecology);

. Retention reservoirs: surface-water level {operational).

Figure 7.18 shows some examples of the damage functions used in the generalized Delfland
model. Function (a) represents the damage to the flood-prevention interest. Flooding is
considered to occur when the water level reaches NAP + 0.1 m. The preferred level in the
storage basin is equal to the current target water level, at NAP - 0.40 m.

Function (b) presents the damage to ccology, here related to diffuse BOD
concentration and mainly resulting from combined sewer overfiows. The limit of the
permissible level of BOD is 20 mg/l. Above this value, damage to the interest cceurs,
increasing with the concentration,

Function (c) presents the damage to the horticulture interest. This interest is related
to chloride concentration and is considered to be seriously damaged if the concentration is
over 200 mg/l.

Function (d) is a typical example of a navigation damage function. Once the water
rises above a certain level, this interest is damaged, because boats may no longer go under
the bridges. If the water falls below the lower level of the range, there is a risk of ships
rurining aground.

Flood prevention Ecology
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Fig. 7.18. Example shapes of damage functions used.
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Control Alternatives

Water-system performance in Delfland has been assessed by simulating the results of
implementing various modes of control. The following modes are distinguished for
controlling the regulating structures. in all possible permutations:

. local manual control,

. local automatic control,

. dynamic manual control.

. dynamic automatic control.
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Manual control of the main pumping stations, weirs and the majority of inlets, is the current
practice. This type of control is used as a starting point to evaluate the various control options
available.

[Local autematic contrel is currently implemented in all polder pumping stations. Local
automatic control will also be examined for polder-inlet structures.

Dynamic control is not applied at present. The effects of applving dynamic control,
in the various types of regulating structures present in the Delfland Area is assessed here. OF
speeial interest is the number of regulating structures that have to be dynamicaily controlted.

The effects of dynamic control in the Delfland water system are demonstrated below, starting
with small-scale subsystem models and only one interest of which the requirements have to
be satisfied. Subsequently, when the small-scale effects are explained, the effects of dynamic
control on the entire Delfland water system are shown and analyzed.

Flood-Prevention Interest

At present, the Water Board uses a ‘reference polder’ to assess the effects of alternative
measures which could be taken to enhance the water-system performance, The main land use
in this polder is glasshouse horticulture. A model of the reference polder has been built,
called the ‘reference model’, using calibration results of the Duifpolder and the Woudse
DProogmakerij. The reference model is used to demonstrate how extreme water-system loads
can be anticipated, preventing damage to the interests present in the subsystems. Table 7.6
gives an overview of the general data applying to the reference polder.

In the mainly agricultural polders, one of the most important 1ssues in water managerment is
1o keep the surface-water level below the tops of the embankments to prevent flooding.
Flooding of these polder areas is defined as “system failure’ by the Water Board.

A failure frequency of once every ten years is permissible in the design. For this
reason, in principle, the system may, on average, fail once every ten years. To demonstrate

Table 7.6. Reference polder, data summary.

Subject Properties
Total area 100 ha
Main tand use 30% rural, 3% urban, 60% glasshouse, 5% other
Target water level NAP-145m
Soil surface level NAP - 1.00m

Pumping-station capacity | (.2 m’/s

Inlet capacity 0.08 m*s

Time-scries data De Bilt, ane hour resolution
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how the process of faitlure works and how it can be prevented by means of dvnamic control,
the extreme precipitation of 19 July 1966 serves as an example (Table 5.1, Page 95). That
day, & total of 48,1 mm precipitation {ell in only five hours (graph (a) in Iig 7.19, Page 186).

Graph (by in Fig. 7.19 shows the calculated water level and drainage results. using
local automatic control. As can be expected, very soon atier that precipitation event, the
surface-water level starts wo rise. Within a few hours, the surface water level has risen that
high. that the soil surface Toods and the system fails according to the Delfland standards.

Graph {¢) in Fig. 7.19 shows the surface water-level and drainage results which could
be obtained using dynamic control. In this particular example. dvnamic control takes action
to prevent system failure, pumping approximately 0.12 m water from the surface-water
subsystem in advance, This turns out to be just enough to prevent flooding.

Dyynamic control anticipates system fallure as a consequence of precipitation loads on
the water system during the control horizon. However, in general, the weather forecast
avatlable is not sufficiently detailed to predict such an extreme. and probably only local
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precipitation cvent as the one of 19 July 1966. To include inaccuracies in prediction, an
underestimate has been used in the example, by an uncertainty multiplier of 0.4, in fact,
simulating a forecast of 20 mm, falling in 10 hours (instead of the actual 48,1 mm in five
hours).

Horticulture Interest

To demonstrate the results of dynamic water-quality control, the model of the Woudse
Droogmakerij, described above, has been used. The purpose here, is to demonstrate that the
amount of water let in can be reduced and still the chloride concentration can be kept below
the limit of 200 mg/l, using dynamic control. The summer season of 1976 has been selected
for the analysis. This year was exceptionally dry (see Fig. 5.1, Page 92) and the summer
season had a continuous, extremely dry period (Table 5.2, Page 97). The upper limit for the
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chloride concentration in the Delfland Storage Basin has been kept {ixed at 136 mg-]. which
is the average value in o dry summer.

The entire inlet capacity (see Tuble 7.4), has been splitinto 6.03 m' s tor inlets thut are kept
open continuously throughout sumimer. irrespective of the conditions in the svstem, and 0,06
m's for controllable inlets. [n combination with the permanently open inlets, for the
controllable mnlets the following options can be distinguished in the summer season:

a. controllable inlets closed:

h. controllable inlets epen:

c. controllable inlets open when required.

The results of the time-series caleulations are presented in the graphs of Fig. 7.20 and 7.21.
As shown in graph (la) of Fig. 7.200 the chlonde concentration regularly exceeds the limit
of 200 mpsL i the controlluble inlets are Kept elosed. Graph (2a) of Tig. 7.21 shows that,
despite the drought, the punping station frequently discharges 1o the storage basin, which,
combined with the open inlets. means the surface-water subsvstem s flushed almost
continuously.

The current practice in Delfland 1s to keep most infets open penmaunently throughout
the summer season. ensuring sutficient flushing to keep the chloride concentration below the
limit. Slightly exuggerated. but clear for demonstration purposces. graphs (1h) and (2h) show
the result of this practice, continaously using the entire mlet capacity. As presented in graph
(1bh). chloride concentrations remain well below the limit,

Giraph (1a) shows that on five occasions, the chloride concentration limit was
exceeded. During these periods apparentls. extra flushing of'the surfuce-water subsy stem was
required to keep the chloride concentration below the Himit. This is exactly what dynamic
control accomplishes in this specific situation. as can be seen n graph (2¢). When the
chloride concentration is almost reached. the controlled inlet is opened. addittionally flushing
the surface-water subsystem and ensuring that the concentration sty s befow the Timit during
the drought.

In the dynamic control option described. @ control horizon of 12 hours 1 used.
assuming a dry’ bvdrological-load scenario (Sec. 5.3). Only the controlluble inlet is
controlled dynamically . the pumping station 1s controlled locally,

To assess the etfeet of dynamic control. the flushing factor is used (Sec. 7.1.3)0 which. in
short. presents the ratio of surface water substituted for quality control every day. The fuctor
turns out to be:

a. controlled inlets closed: 0.04 dus
b controlled inlets open: 6016 day
. controlled inlets apen when required: 0.05 day

This example shows that dy namic control achicves & considerable reduction in Jetting inalicn
water, ] dyvnamic control 1s applied. the quantity of water letin for water-qualits control is
onhv 3 1% of the quantty that would Tive been et in, in the current practice,
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Comparing Control Alternatives

Now the cffect of dynamic control has been shown in two small-scale examples, the entire
water system of Delfland will be discussed in the remainder of the following sections.

To compare local and dynamic control, a period of 30 years has been calculated, using the
De Bilt time series for precipitation and evaporation, in time steps of 1 hour. In the local
automatic control mode, all pumning stations are controlled locally. Large and controllable
inlets are kept permancently closed in the winter season and permancntly open in the summer
season. Small inlets are open throughout the year. Weirs, draining the high-lying polders, are
of the fixed type.

In dynamic control mode, all structures that are controlled locally in local automatic
control mode are assumed to be controlled dynamically. Furthermore, large inlets are
controlled dynamically. This situation will be called the ‘basic alternative” below. Minimum
operational periods arc set to 6 hours for half the storage basin drainage capacity, to represent
manually applied dynamic control.

A control horizon of 24 hours has been used, applying time steps of two hours and the
following prediction scheme:

. 0 - 4 hours: period-average prediction, uncertainty multiplier (0.6;
. 4 - 8 hours: period-average prediction, uncertainty multiplier 0.6;
. 8 - 24 hours: period-average prediction, uncertainty multiplier 0.6,

To speed up the calculation process, a dynamic-control threshold has been used (Sec. 7.1.2).
Vsing this technique, it turms out that dynamic control has to come into action enly 6.6% of
the time.

Table 7.7. Time-series caleulation results of local automatic and dynamic control of the
Delfland water system.

Performance Storage Basin  Polder  Glasshouse  Urban area
index failure events  flushing  area failure failure
{-) {y")/ total factor duration duration
duration (h/y) (d) (d/y) @)

Local Automatic 1 0.13/1.27 (.043 7 10
Control

Dynarme Control 1.6% 0.03/70.07 (.021 8 10
(basic alternative)

The most important results obtained assuming local automatic and dynamic control] are given
in Table 7.7. Because of the great varicty of interests included in the model, the performance
index has been used for comparison (Sec. 7.1.5),

First of all, Table 7.7 indicates that the current number of storage basin failures is
0.13, which is slightly above the criterion of 0.1 set by the Water Board. Furthermore, the
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table shows that performance improvement using dynamic control instead of local automatic
contrel is 69%.

The number and duration of storage-basin fatlures can be reduced using dynamic
control, which means that the surface-water level in the storage basin is better maintained
below the milling stop level during extreme precipitation events, This result has been
accomplished with a reduction in main retention reservoir use from 0.83 a vear using locat
automatic control to (.60 a vear using dynamic control (not shown in the table).

The caleulations further show that the total quantity of water used for Hlushing the polders.
can be reduced by more than 30%;. This resultis obtained, with admitedly o stight incerease
i the duration of glasshouse failures from seven to eight davs o vear, The reyson for this
phenomenon is the fuct that in dvnamic control continuous flushing in summer 15 not
practiced, as it is in {ocal automatic control. Dyvnamic controt comes into action when the
chloride concentration reaches the limit. but under extreme conditions. this is apparently too
late. However, water-guality control in the urban areas does not show an increase in the
duration of urban-urea failures, the duration remains [0 davs a vear,

When comparing the results presented in Table 7.7, 0t should be kept in mind that enly
those failure events and durations are listed that represent extreme-sy stem-load situations.
The performance index incorporates all conditions of the water system during cach time step
calculated. including the majority of periods with fow system loads. This means that. while
the extremes of two possible alternatives may be comparable. the overall performunce may
differ. A higher performance indicates that the average conditions are satisfied hetter.

In the basic alternative. the majority of structures is dynamically controlled. The question
arises, whether the results obtained using the basic alternative would be as good. 1 part of
the water system is controlled locally, To determine the eftect of controlling specitic groups

Table 7.8 Alternatives to dynamic control of all the regulating structures
in Delfland and control modes of various types of regulating structures,

Regulating structures ! Alternatives ?
Basic Reduced Water-quantity
alternative alternative alternative
Polder pumping stations DO LAC. D DO
Nuain pumpling stations e LAC - IX 1
Muain supply pumping station D D¢ [AC
Large polderinlets e e Lac
Retention reservoir structures bo LAC DO | e

" Small polder inlets and weirs are of the fixed tvpe in all alternatives.
Dvnamic Control mode

TLAC

[ocal Automatic Control mode: 1O
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of structures locally, the two alternatives presented in Table 7.8, have been examined.

Alternative (a}, called the ‘reduced alternative’, describes a situation in which the
number of dynamically controtled structures is reduced. Half the main pumping station
capacity is controlled locally, the other half dynamically, while the polder pumping stations
supplying the high-lving polders are controlled locally. In this alternative it has been tried to
ensure good system performance and handling of extreme events,

Alternative (b), called the ‘water quantity alternative’, only focuses on water-quantity
control. The purpose of this alternative is to determine whether the improvement in water-
level control in the storage basin and the polders changes when water-quality control is
neglected. It is similar to the basic alternative, but the main supply pumping station and large
polder inlets are locally controlled.

The results of dynamic control according to these two the alternatives are given in
Table 7.9.

The reduced alternative (a) shows a less favorable performance index than the basic
alternative. This is duc to the fact that half the main pumping stations’ capacity is controlled
locally. Furthermore, the number of storage-basin failures does not increase, while the
duration of these failures does increase. The durations of urban-area and glasshouse-area
failure events are similar to that of the basic allernative,

The water-quantity alternative (b) shows only a very small reduction in performance index
in comparisen to the basic alternative. Since no conflicting interests are incorporated in
control, dynamic contro! results in no storage basin failures during the 3(-year period
calculated. The flushing factor, however s as poor as when using local automatic control.

Table 7.9. Time-series calculation results of dynamic-control alternatives of the Delfland
water system.

Performance Storage Basin @ Polder  Glasshouse  Urban area
index failure events  flushing  area failure failure
) (y'}/ total factor duration duration
duration (h/y) " (dy) dy
Dynamic Control 1.69 0.03/0.07 0.021 8 10
{hasic alternative}
Dynamic / Local 1.4% 0.0370.27 0.022 g 10
{a; reduced)
Dynamic / Local 1.67 0.00/0.00 0.043 6 10
(b; water-quantity)
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Future Developments in the Area

Todetermine the effect of possible tuture developments in the Deltland Area. local automatic
control and dynamic contrel according to the basic alternative. have been examined more
closely, using two different developnient scenarios,

In the first scenario (A). the effcet of urban expunsion has been analyzed. assuming
an increase ol approximately 13% of the entire urban surfuce. which is the predicted
expansion over the next [0 vears. All new urban arcas are asswned 1o be drained by separate
SCWLEr systems.

In the second seenario (B0 addition to urban expansion. afl rainwater basins are
asstmed to have been remon ed from the glusshouse arcas. This implics a reduction in extra
storage. which in the current situation is very eifective in summer. when farmers require
large guantitics of water for irrigation. Under the current government policy this is a
hypothetical situation. but it is included to demonstrate the effect of possible future changes
in policy.

Table 7100 Time-series culeulation resalts of Tocal automatic and dynamic control for two
development scenarios. incorporating possible future expansions in Deitlund.

Performance  Storage Basin - Polder  (lasshouse  Urban area
index fuilurc events  flushing  area failure failure
{-) (y7y/ total factor duration duratien
duration (hfy) (d'y (d/v) (d/y)

Dynamic Control 1.64 0.053. 007 0.021] bt 10
(busic alternative)
[ocal Autimnatic 187 0.3 1.33 1.043 5 14
Control {Scenario Ay
Dynamic Cantro] 1.3% 003 007 02 0 13
(Scenano A)
Local Automatic 0.73 (30180 (.043 4 14
Control (Scenarto 1)
Dyvnamic Contro b.27 P03 013 0.02] 4 I3
(Scenario B

Table 7.10 shows that applyving local antomatic control will in future reduce the performance
index to .87 i only urban expunsion (A s taken into account. and te 0,73 1f. 10 addition,
the rainwater basins are removed (B Furthermore, the number of storage basin failures
increases 1o (03 cvents a vear. which is three times as high as the permiced number.

Lhe performance index can be improved i both development scenarios. by applying
dvnumic control. Dynamic control would also reduce the number of sterage-basin failures
to (.03 events i vear.
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The duration of glasshouse-area failures in the future scenarios is shorter than in the
current basic alternative (‘Table 7.7). This is due to the increase in runoff from urban areas
afier precipitation events, which contributes to flushing the surface water,

The number of urban-arca failures increases in all future scenarios, as can be
expected. The total quantity of pollutants dischurged to the surface water, will increase as a
result of the separate sewer systems.

Extremes Calculation

To find out what results can be obtained by applying dynamic control for the entire water
system, this subsection presents detailed time-series calculation results. The results of local
and dynamic control are presented for an extreme situation: a heavy rainstorm, causing
extremely high water Jevels. The winter rainstorm of 26 November 1983 (see Tabie 5.1,
Page 95) has been selected for the purpose,

Animportant reason for selecting this particular event is the problem which the Water
Board faced the next day: 27 November 1983, During and shortly after the event, the Water
Board had to impose a mitling stop for several polders and to switch off some polder
pumping stations, to prevent sterage-basin failure.

The results of water-level calculations during the event have been verified on a general scale.
For the time-sertes caleulations presented here, precipitation and evaporation data measured
at Vaikenburg and Rotterdam Airpont metcorological stations have been used, The total
precipitation was 49.0 mm, which fell in 21 hours, almost as much as recorded in De Bilt
during that same event (Table 5.1). The preceding precipitation event had caused the soil to
be saturated and the rainwater basing to be filled.

In 1983, the main retention rescrvoirs were not yet present in the Delfland water
system. However, for demonstration purposes, the main retention reservoir is used in the
example. The polder retention reservaoirs are, on purpose, not used.

Local Automatic Control

Tao prevent high water levels in the storage basin, a milling-stop level is set for the rural
polder pumping stations in local automatic control. As can be observed in graph (b) of Fig.
7.22 (Page 196}, during the precipitation event, the rural polder-pumping stations are
switched off, as a result of a milling stop (6 hours on 27-11-83).

F'urthermore, the main retention reservolrs {(d) are used, trying to avoid the water level
to rise above the milling-stop level, The water-level curves (¢) show that the storage-basin
failure lasts almost an entire day in the calculation. Furthermore, the water levels in the
polders on average rise to (.25 m above their targets.
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Dynamic Control

In dynamic control, the prediction scheme for precipitation as presented before has been
used, including an undercstimate of the rainstorm. A 30 mm rain storm has been predicted,
falling in 24 hours (instead of 49 mm in 21 hour).

When examining graph (b) of Fig. 7.23, it can be observed that all pumping stations
start to operate slightly earlier than in local automatic control mode. Furthermore, it can be
seen that dynamic control automatically applies a milling stop for the rural polder pumping
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stations, even when the failure level in the storage basin has not been reached yet. The reason
for this strategy 1s o prevent too high water fevels in the storage basin. while there is enough
storage capacity left in the rural polders. This result could be expected. considering the
weighing of the storage basin and the rural polders, presented in the chart of Fig. 7.17
(Page 1¥3),

The precipitation prediction used. lacks the accuracy to start pumping well in advance.
The water level in the storage basin s lowered just before the precipitation event, but only
very little.

The total range of fluctuation of the storage basin water level ts much less than that
obtained by local automatic control. I'wo causes can be mentioned that resulted in this effect:
starting the main pumping statiens in time and keeping more water in the rural polders during
the event. The rural polders therefore show an approximately .05 m higher water level on
average, than in the local automatic controi mode of the water system,

The overall picture which can be obtained from the time-series calculation example, 1s that
dynamic control is superior to local automatic controi because it makes better use of the
available system resources, The extreme precipitation is handled better. without ¢ven needing
@n accurate precipitation prediction,

7.2.5 Conclusions

‘Fhe increase in impermeable arca, a5 o result of increased urbanization and expansion of the
glasshouse area, forees the Delfland Water Board to reconsider the current svstlem capacities
and the way 1 which these capacitics are used. [n principle. all present and future problems
retated o a lack of system capacity, can be solved by increasing the surface area of the water
bodies, by enlarging the storage-basin cunals, by building new pumping stations and similar
measures. However, such measures are very costly. The present case study presents a much
cheaper alternative: making better use of all existing water-svstern resources.

The case study shows clearly that the storage capacity currently available in the Delfland
water system has reached its limit, but 1t can be used better when dyvnamic control is applied
in the entire or in part of the water system,

The 30-yeur time-series calculations demonstrate that using dvnamic control. a
significant reduction in the number of extremely high water levels in the storage basin can
be achicved. by as much as 73%,. Dyvnamic contrel can thus be used to enhance the current
water-system perfermance, but also to maintain the satety of the storage basin, especially
when future expansions of the urban area or other developments in Deltlund cause even
faster runoff,

In the glasshouse polders, the number and size of rainwater basins play an important
role in the frequency of high water levels and the number of system failures. 1f these
reservairs would be gbolished in future. the Water Board will have to take action, in order
to at least maintain the current frequency of system failure. One of the options is to use
dynamic control,
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Depending on the weight of the interests present in the various subsystems of the water
system, dynamic control will satisfy the requirements of these interests. The high weighing
of the storage basin, as incorporated in the examples of this case study, shows that during
heavy rain storms, priority is given to flood prevention in the storage basin; actively using
the retention reservoirs,

The weighing of water-quality-related interests present in urban, glasshouse and rural
polders, implies that when using dynamic control, the surface-water subsystems are only
flushed when necessary. This would reduce the total quantity of alien water inlet by 50% on
average. Both in local and dynamic control modes the chloride concentration standard of 200
mg/l would be violated during extreme drought. This is due to a lack of fresh water to flush
the water systems and a lack of inlet capacity.

In case of surface-water pollution, resulting from combined-sewer overflows and
separate-sewer outflows, dynamic centrol would only flush the surface waters in urbanized
arcas after the overflows oceur. In these particular cases, and for water-quality control in the
Delfland Arca in general, no prediction of the water-system load is required, since control
actions would be taken as soon as the water-quality variables violate the standards. The
results of dynamic control and local automatic control are the same in this case.

The reduction in letting in water to the polders during the summer results in a general
reduction in polder-water pumping. This will contribute to lower running costs for the
electrical polder-pumping stations.

Dynamic control can be implemented in the Delfland water system in several stages. As
demonstrated, in the reduced alternative, not all regulating structures have to be automated
to oblain an improvement in water-system performance and reduce the number of water-
system failures considerably.

The current automation configuration in the area alrcady enables central data
gathering of water levels in the polders and the storage basin and compilation of operational
data of pumping stations.

‘The main elements of the water system that should be included in dynamic contro] are:
large polder pumping stations, large polder inlets and three main pumping stations,
representing approximately half the entire pumping capacity. For the current, larger polder
pumping stations the option should be created to switch from the regular local automatic
control mode to remote control by a central control unit.

Three of the six main pumping stations, could be controlled locally as described. The
other three could stifl be controlled manually like they are at present. In these manually
controlled pumping stations, dynamic control could be applied, introduced as dynamic
manual control in Sec. 2.4, In that case, the operators should interpret and follow the control
strategy determined by the Strategy Resolver.

In the various examples given, the option of manual implementation of dynamic
control strategies has already been incorporated by ensuring a minimum operational period
for the manually controlled main pumping stations of 6 hours.
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7.3 De Drie Ambachten Case Study
7.3.1 Introduction

The Driec Ambachten area is located in the south-western part of the Netherlands, along the
lower reaches of the Westersehelde river (see Fig. 1.1). The area s bordered in the north by
the Westerschelde, in the south by Belgium and in the east and west by areas with
comparable  water-management  characteristics. The  aothority responsible for water
management is the Water Board {)e¢ Drie Ambachien’.

The area is included in the present study sinee it demonstrates several water-control
problems which are typical for gravity-drained poiders along the coast and in tidal river
deltas. A specific point of interest is the cross-border discharge of excess water from
Belgium,

7.3.2 Water-System Description

The area of D¢ Dric Ambachten comprises three independently controficd districts, with a
total surface of 24.000 ha (Fig. 7.24} Lxeess water from the arca is discharged o the
Westerschelde via two systems of ereeks and canals. These systems are separated by the
‘Kanaal van Gent-naar-Terneuzen’. which 1s an important shipping route from Belgium to
the Westerschelde. District 1 s situated west of the canal; Districts 2 and 3 east of the canal.
Districts | and 3 recerve cross-horder water from Belgium, Lxcess water from upsteeam and
from District 1 1s discharged to the Westerschelde via the Braakman Sluice. The discharge
of this sluice is entirely gravity driven,

Pristrict 3 discharges water to District 2 via a large weir at the village of Axel
Upstream and excess water from District 2 is discharged via the Otheensche Sluice, a sluice
which is equipped with pumping units. These units are used during periods when the
drainazge of excess water by gravity s impossible, because the water level of the
Westerschelde is oo high.

Water management in the area around the Braakman Kreek (District 1) 1s the main subject
of this case swdy. This area is defined as the "Braakman Arca’. Its surface area s
approximately 5,000 ha, The Braakman Arca doces not include the Kanaal van Gent-naar-
Terncuzen and the canal parallel to it which both discharge to the Westerschelde by separate
sluices. The Braakman Area slopes gently and comprises a system of several polders. with
approximately 30 different water-level sections, which discharge excess water to the
Braakman Kreek via a surface-water svstem of small canals, weirs and & pumping station.
For cach polder, target levels have been defined for the summer and winter scasons,

The soils of the Bruakman Arca consist of silty clay and silty fine grained sand. The
lowest polders have a surface level of NAP - 0.1 m. [n the castern part of the area, the
surface fevel 1s up to NAP 7 2.2 m: a sandy area.

The Braskman Arca has predominantly agricultural interests (arable farming and
horticulture), while interests of nature, recreation (swimming, sailing and {ishing ) are present
in and adjacent to the Braakmun Kreck,
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The water system that drains to the Braakman Kreek is located for the larger part in Belgium.
In this Belgian area, rural drainage water is collected in the Leopold Kanaal, which can
discharge via a sluice near Heist, or via the Isabella Pumping Station, located at the national
frontier (Fig. 7.25). Depending on the discharge possibilities of the sluice near Heist, the
Isabella Pumping Station drains an area of approximately 18,000 ha and discharges its water
into the Braakman Kreek. On an annual basis, this represents 65% of the total discharge into
the Braakman Kreek.

A minor part of District 1 discharges into the Leopold Kanaal. For simplicity, the
entire area discharging into the Leopold Kanaal is called the *Belgian Area’, although part
of it is actually in the Netherlands.

The target surface-water level in the Leopold Kanaal is NAP - 1.00 m. The target

levels in the Braakman Kreck are NAP - .90 m in the summer season and NAP - 0.40 m in
the winter season. The prevailing interest in the area discharging into the Leopold Kanaal is
agriculture.
Agricultural and nature areas in the eastern part of the Braakman Area suffer from drought
in summer. This problem is dealt with in two ways: irrigation using water from the Braakman
Kreek and irrigation using alicn water. The effect of this irrigation is relatively small,
however. One of the problems is that, given the current water-system arrangement, it is rather
difficult to supply water from the Braakman Kreek. Another problem is that the water quality
of the alien water is not constant, sometimes even very poor. In the modeling described
below, the irrigation works arc not considered.

Westerschelde

Wﬂm@“i

S EGETE s RE D F i

Fig. 7.24. De Drie Ambachten area (only the main structures have been indicated).
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Details of the water system are listed in Table 7.11. Further details can be found in Janssens
{1994).

Westerschelde
North Se: P
or e ) Braakman ,//
: Sluice

A

Fig. 7.25. Uischarge from the Leopold Kanaal: via the stuice near Helst and via the
Brackman Shiice.

7.3.3 Water Management
Current Pructice

The Water Board has few means for control in the Braakman Arca. These are: manual
adjustment of weirs in the polders; operation of the Lovenpolder Pumping Station: operation
of the Braakman Sluice. Under normal conditions the weirs are adjusted manually at the turn
of the season. Only in case of extreme water-system loads they are occasionally also adjusted
in the middle of a scason.

Isabella Pumping Station is controlled by the Belgian water authorities. It is operated
sutomatically on the basis of water levels in the Leopold Kanaal, However, the current
practice Is to frequently switch the pumping units of the pumping station on or oft manually.
The operation of Isabella Pumping Station has a large impact on water levels in the
Braakman Kreck. If this pumping station is operated at maximum capacity between two
periods of regular discharge by the Braakman Sluice, the water level in the Braakman Kreek
rises approximately 0.2 m. As will become clear later, each time the Braakman Sluice cannot
discharge during a tidal period, the water level in the Braakman Kreek may rise more.
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Table 7.31. e Dric Ambachten, data summary.

Subject

Properties !

Water-system arca

Main land use
Soil-surface levels
Polder water fevels

Tidal range
Westerschelde

Hydrological seasons

Target surface-water
levels

Drainage system
gencral

Braakman sluice

Isabella Pumping
Station

Time-series data

Braakman Arca: 5,000 ha, gently sloping; Belgian
Area: 18,000 ha, flat; Braakman Kreek surface: 150 ha

75% rural, 5% urban, 4.5% surface water, 15.5% other
NAP +0.1 mto NAP +2.2m

NAP - 14 mto NAP+0.9m

NAP-2.04 mto NAP+2.03m

summer: | March to 30 September, winter: 1 October
to 28 February

Braakman Kreek: NAP - .40 m in summer,
NAP - .90 m in winter
Leopold Kanaal: NAP - 1.00m

field canals: 1 m wide: discharge canals: 4 m wide,
approximately 30 fixed weirs; Lovenpolder Pumping
Station with capacity 2.9 m’/s

4 openings: 24 m* total area; miter gates and sliding
gates; maximum discharge capacity approximately
60 m/s

6 pumping units, total capacity 13.2 m'/s

water-leve]l measurements of 1992, once a day;
precipitation totals per day, measured at Philippine;
monthly discharge totals of Isabella Pumping Station

' Drata from the Braakman Area, if not specified.

The fixed weirs in the Braakman Area are set in spring at the high level and in autumn at the
low level. The purpose is to preserve as much walter as possible during summer and have
sufficient storage capacity in the canals during winter.

Lovenpolder Pumping Station is controlled automatically on the basis of its upstream
surface-water level.

The Braakman Sluice is currently operated by remote manual control of the sliding
gates. Miter gates close the sluice when the water level of the Westerschelde is above that
of the Braakman Kreek (Fig. 7.26).

In general, in summer the evaporation cxceeds the precipitation and therefore the
Braakman Siuice may be closed for long periods to preserve water. In such periods, deep and
shallow saline seepage, cause the chloride concentration in the Braakman Kreek to rise.

An automatic water-quantity and water-quality monitoring network is currently under
construction. The purpose is to gather data about the water-system state to improve water



204 Dy samic WATER-SYSTEM CONTROL

management, One of the study topics is whether information from the Belgian Area can and
should be incorporated in the monitoring system, especially data on operation of the Isabella
Pumping Station.

80 m 445 m
Miter gate

14.25m . Sate > >

| 2.0
; D D4

Stiding gate I

Westerschelde

Braakman Kreck

Fig. 726, Top view of the Braakman Sluice

Problem Formulation

The various interests present in and along the Braakman Kreek all require a stable surface
water level. Because the slope of the shores along the Braakman Kreck is very gentle, at
some locations. small variations in water level greatly affect the available recreation area.
High water levels reduce the width of the beach strips, Yacht jettics may flood as a
conseqguence of too high water levels.

The Isabella Pumping Station is entirely controlied by the Belgian authorities and
there is no communication on its operation with the Water Board at all. if necessary, the
pumping station is simply switched on. This can cause severe problems, especially when it
is not possible to discharge via the Braakman Sluice. This situation occurs during continuous
severe storms on the North Sca, during which the low-tide water level of the Westerschelde
stays oo high 1o cnable gravity discharge. Since there is no other means to discharge excess
water, the water level in the Braskman Kreck continues 1o rise until a sufficiently positive
water-level difference oceurs. Figure 7.27 shows an example of this problem around
20-11-1992,

IF'urthermore, manual controt of the Braakman Sluice causes targe fluctuations in
water level. Sliding-gate openings are generally fixed for several hours or days, depending
on the actual water-system runoff. Despite adjustment of the stiding gates, manual control
does not enable accurate water-level control.

The Water Board aims at meeting the requirements of agricultural. nature and recreational
interests as well as possible, by maintaining surface and groundwater levels at their target
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levels. At present, the number of automatically controllable structures in the area is that low,
it 1s not possible to preserve water in the higher polders in dry summers,

As aresult of stagnant water and saline seepage, water quality in the Braakman Kreek
hecomes poor during dry summers.

*30.0
2.70 i i
= L 200
< 0.90 E
= r =5
5 L 100 &
£ 090 &
2.70 e . . 0.0
15-11-92 17-11-92 19-11-92 21-11-92 23-11-92

- Water level Braakman Kreck m " Total slide opening sluice gates
— Water level Westerschelde
Fig. 7.27. Extreme water levels in the Westerschelde that restrict sufficient
dischurge via the Braakman Shuice.

Aim of the Case Study

In this case study the options for improved water-level control in the Braakman Kreek are
investigated. ‘The general idea is that the Braakman Sluice can be controlled, anticipating
runoff from the water system. The objective formulated for control, is to keep the water level
in the Braakman Kreek as stable as possible in both the summer and winter seasons,

[n the summer season, recreational interests prevail. However, operational interests
have to be satisfied in that scason as well. In the winter scason the flood-prevention interest
prevails, while the operational interests are still present. The flood-prevention interest
requires maintaining the winter target water level accurately, ensuring a safety margin for
periods during which discharge via the Braakman Sluice is restricted or impossible as a
consequence of high water levels in the Westerschelde, Water coming from the Isabella
Pumping station should be stored in the Braakman Kreek in this situation until discharge via
the sluice is possible again.

Discharging water via the Braakman Sluice into the Westerschelde is most often
restricted in winter. Therefore, this period imposes the largest restrictions on water
management in the area in general.
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Fig 7.2% Schematic representation of the detailed Braakman madel
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Fig 7 2% Schematic represenialion of the generafized Braakmun model.
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7.3.4 Water-System Analysis
Wuater-System Modeling

The Braakiman Kreek plays a central role in the discharge process of the water system. The
Braakman Kreck acts as a reservoir that colicets water from its environment. Maintaining the
water level in the Braakman Kreck has a limited effect on groundwater and surface-water
levels in other parts of the water system.

Two models of the Braakman water system have been built to simulate runoff
processes and control (Fig. 7.28 and 7.29):
1. a detailed model;
2. a generalized model.

The first mode!} describes the various subsystems and structures of the water system in detail.
The model has been verified using water-tevel measurements of 1992 and information
compiled about the operation of the Isabella Pumping Station. Using this model, various
systemn parameters have been determined, to desceribe the current practice as well as possible.

The second model has been used to analyze the control options. FThe reason for
generalization is to keep the optimization moded to a workable size, while the characteristics
of'the calculated processes are not violated.

General data of the two models are listed in Table 7.12 {see Chapters 4 and 6 for details on

maodeling of subsystems and structures ). In both models the main controllable structures are:
Isabella Pumping Station, Lovenpolder Pumping $tation and the Braakman Sluice.

Table 7.12. General data of the Braakman models.

Detailed model Generalized model
Areas and Boundaries 11 6
Subsystems simulation 25 12
Subsystems optimization - 7
Regulating structures 5 4
Fixed structures 5 1

Cutrent Practice

Runoff has heen verified, using the detatled mode! of the Braakman water system for the
average hydrological vear of 1992, Only a general water balance could be made, because no
data on the Braakman Sluice discharges and only general operational data on the [sabella
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Fig. 7.30. Water levels in the Braukman Kreek: measured (manuul coniroly and
calewlated flocad automatic controly for the average hydrological vear of 1992,

Pumping Station are available. Sluice discharges have been verified roughly using water-
level measurements from the Braakman Kreck and the Westerschelde and by a general model
of the sluice structure (Sec. 4.3.4 and Janssens, 19494 ).

Figure 7.30 shows the fluctuation in water level in the Braakman Kreek, based on
measurements and according to the detailed maodel caleulations assuming local automatic
contral of all regulating structures. Despite the taet that the two curves are presented in one
figure, it should he kept in mind that water levels obtained are incomparable because the
maodes of control are completely different: manual control of both the Isahella Pumping
Station and the Braakman Sluice. versus local automatic control of the two structuores.

Several interesting charactenistics can he observed in the figure;

. the strong Nuctuations in water levels;
. the gentle rise in water level in Muarch:
. the sudden fall in water level at the end of September.

The water-level Hluctuations are caused by discharges of the Isabella Pumping Station to the
Braakman Kreek, especially during periods when discharge via the Braakman Sluice is not
possible. A second cause 1s the manual control of the Braakman Sluice sliding gates. Some
over-reactions in operating these gates can be observed: immediately after a high water jevel,
the gates were sometimes opened tor toa Jong, This resulted in mn low water levels. In the
model, the four shiding gates are controlled locally. which enables the target level to be
maintained hetter.

In November and December, the water level in the Braskman Kreck started to rise
even more. while no extreme precipitation oceurred. This rise in water level was the result
of too high water levels in the Westerschelde river. which restricted gravity discharge (see
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Fig. 7.27 for details). The figure shows very clearly, that despite the efforts of the Water
Board in trying to maintain the winter target level, the summer target level, which is 0.5 m
higher, was almost reached.

The gentle rise in water-level in March is the result of switching from winter to
summer target water levels. During that period the Braakman Sluice was kept almost entirely
closed, to prescrve water.

The sudden fall in water leve] at the end of September is the result of switching from
summer to winter target levels.

When judging the modeled water levels, it should be kept in mind that the data used for
verification are very general. Precipitation for instance, was measured only at one location
and available as a daily total. The measyred precipitation is included in the calculation,
assuming that it was the same over the entire water-system area. It is well-known however,
that local precipitation measurements are generally not entirely representative for large areas,
especially not in summer. For this reason, it is very likely that while several local
precipitation events were monitored, others may have been missed.

100 T T = —
|
R0 |
S
. 60‘
:
£ 40!
l
20 l ] Targct level winter
]
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-1 -01.95 -0.9 -(0.85 -0.8 -0.75 0.7
Water level (m+NAP)

Fig. 7.31. Cumulative frequency distributions of water levels in the
Bracakman Kreek using manual control as monitored (a) and
using local automatic control calculated by the detailed (b)
and generalized (c) models, for the winter months of 1992,

Figure 7.31 shows the cumulative frequency distribution of observed and calculated water
levels during the winter months of 1992, The periods used are from 1-1-92 to 28-2-92 and
from 1-10-92 to 31-12-92. The figure shows a difference between the water level measured
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and the water fevel caleulaled. using focal gutomatic control. I-xtremels high water levels
aceur less frequently. when local automatic control is used than when manual control is used.

The better water level control s the result of closing the gates at the closing setpoint
of NAP - 0.95 m. using focal automatic control. The targer water fevel can be maintained
more aceurately by opening the gates to the required level. so that enough water is discharged
from the Braskman Kreek. but not oo much.

Interests Considered

in this case study only the interests in the controllable part of the water system are
considercd: the common-good interest flood prevention. the sectoral interest recreation and
operational waler-management interests,

Figure 7.32 shows the varlous mterests distinguished and how these interests are
mutually weighed. The flood-prevention interest together with the recreational interest
receive a relatively Targe weight. The operational interests receive a relatively small weight.
This means that the requirements ot the latter interests can be violated when necessary to
satisfy the requirements of the Hirst two interests,

Interests

B8 t lood prevention
Bl Eocreation

BB Operations

Key variahles
Surtace-water level

L.ocations
I Belpium "3 Lustern polders
2 Southern polders B broakman Kreek

Fig 732 fnteresiweighing chart for the Braakman warer svstem.

Figure 7.33 shows schematic damage functions as used in the generalized model.
Recreational interests are met eptimally in summer when the surface-water level is at NAP
- 0.4 m, with a preferred runge of G 10 1, The damage function for the operational interest
represents that situation in which no damage 1o embankments along the Braakman Kreek

OCCUrs.
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In the winter season the flood prevention interest prevails. The safety margin for this
interest is given by the level which should not be exceeded for the Braakman Kreek to
maintain enough storage capacity to cover two tidal periods during which Isabella Pumping
Station is at full capacity, while the Braakman Sluice cannot discharge. This damage function
implicitly includes the situation that the Isabella Pumping Station is controlled manually.

Reereation {summer)

Operations (summer)
—
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I
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o o]
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range ' range !
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c dJ !
e o
£ E
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{} )]
-0.9 -0 .85 -0.93 -0.9 085
Surface-water level (m+NAP) Surface-water level (m+NAP)
Fig. 7.33. Example shapes of dumage functions used.
Control Alternatives

The following control alternatives arc distinguished in assessing the performance of the
Braakman water system:

. manual control,
. local automatic control,
. dynamic automatic control.

The current practice is remole manual control. The manually controlled gates and the
difference in water Jevel between the Braakman Kreek and the Westerschelde determine the
discharge of the sluice,

Local automatic control involves automatic operation of the sliding gates on the basis
of water levels in the Braakman Kreck and the Westerschelde. Two conditions have to be
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fulfilted to open the gates: the water level of the Braakman Krecek should be above its target
level and the water level of the Westerschelde should be below that of the Braskman Kreek.

Pynamic control involves remote control of the shiding gates. The following
conditions have to be fulfilled before the sliding gates are opened: discharge is needed to
satisfy the combination of weighed interests and: the water level of the Westerschelde should
be below that of the Braakman Kreek.

As explained in Sec. 1.3.1, the advantages of dynamice control arc most obvious when the
waler systems that have to be controlled. lack the capacity to satisfy all interests present. An
cxample of lack of capacity in the Braakman water system is the runoft to the Braakman
Kreek while the Westerschelde does not permit gravity outflow via the Braakman Sluice. In
general, this situation oceurs for periods of around 7 hours in summer and around 3 hours in
winter, both of which are short in comparison with the characteristic discharge time of the
water system. which is several days. Because the limitations to discharge are most noticeable
in winter, that scason will be used primarily lor the analyses in the following of this section.

As mentioned betore. the most important regulating structures for controtling the Braakman
water svstem are the Isabella Pumping station and the Braokman Sluice. Unfortunately,
currently the [sabella Pumping Station cannot be controlled by the Water Board De Drie
Ambachten. In this case study, in addition 1o local automatic control, dvnamic control of
[sabella Pumping Station will be assumed possible. This serves to show which improvements
can be obtained it the entire water system is controlied dynamically.

The genceralized model of the Braakman water system has been used 1o analy ze the difference
between local and dvnamic controt. Hydrological data of the De Bilt time series have been
used tor this analysis. To determine the discharge of the Braakman Sluice accurately, it
turned out 1o be necessary to use calculation time steps of 30 minutes.

The winter scason 197471975 was chosen for the analysis, because in this period precipitation
was relatively high, especially in the months October to Junuary (October: 140 mim,
November: 121 mm, December: 124 mm. January: 88 mm}. An uncertainty multipher of
unity has been used in the prediction. The effect of incorrect predictions s analyzed
separately i the following sections. The following prediction scheme has been used as a
basis for the calculations:

. 010 3 hours: perfect prediction;

. 3 to 6 hours: penied-average prediction;

. 6 1o 12 hours: period-average prediction,
. 12 to 1% hours: period-average prediction.

The contrel horizon has been chosen to include two perieds of low tide, e.g. 18 hours. An
optimization time-step size of 30 minutes has been used. to accurately incorporate water level
differences in the few hours available for discharge from the Braskman Kreek into the
Westerschelde,
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Fig. 7.34. Cumulative frequency distributions of the calculated water
level in the Braakman Kreek, using local automatic control faj and
dyramic control, excluding (b) and including (c) the Isabella
Pumping Station, for the winter season of 1974/1975.

Figure 7.34 indicates an improvement in maintaining the water level of the Braakman Kreek
when, instead of local automatic control (a), dynamic control of the regulating structures is
applied, excluding the Isabella Pumping Station (b). The improvement is once more of the
same order of magnitude as the improvement caused by switching from manual to local
automatic control (compare Fig. 7.31). Curve {¢) in Fig. 7.34, shows a further improvement
of results. It presents the situation in which Isabella Pumping Station is also dynamically
controiled.

The associated performance indices for the curves in Fig. 7.31 are: 1 for local
control (a), 1.8 for dynamic control excluding the Isabella Pumping Station (b) and 2.3 for
dynamic control including [sabella pumping station (c).

The accuracy of the predicted hydrological load as indicated above, has been further
examined, by simulating incorrect weather forecasts. Table 7.13 lists the results of dynamic
control, including Isabella Pumping Station, using an uncertainty multiplier of two, in fact,
overestimating the hydrological load by 100% and using an uncertainty multiplier of zero,
in fact, incorporating no hydrological load at all.

In addition, the performance index for the water system during the period calculated
has been determined, as well as the number of times the flood-prevention interests were
failed.
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The performance indices in Table 7.13 show that on aversge. dvnamic control is preferable
over local automatic control. irrespective of the accuracy with which the hydrologicat load
15 predicted.

Using an uncertamnty multiplicr of zero shows the best results with respect to the
average conditions maintained in the water system, indicated by the performance index.
However, extreme situations cannot he anticipated and theretore the range of water-level
fluctuation is larger and higher water [evels occur than with an uncertainty multiplier of
unity.

The relative number of times the preferred range for the tlood-prevention interest was
exceeded, as shown in the third column of the tahle, is the same for all uncertainty multipliers
applied in prediction for dynamic control: periect prediction (multiplier 1} an overestimation
by 100% (multiplicr 2) and prediction of no hydrological load (multiplier 0). This is because
the water system has slow discharge characteristics with long delays in runoff in comparison
with the control horizon.

However, the extreme water levels reached in the analyzed dyvnamic control situations
ditfer. The situation with & perfect prediction {uncertainty multiplicr 1), shows the best
results: the range of fluctuation throughout the winter season is .16 m. which is clearly
smaller than the ranges with prediction error and no prediction.

During extreme events, a good prediction of the water-svstem load prevents dynamic
controf taking incorrect control actions. Examples of such incorrect actions for the Braakman
Sluice are in case of an overestimate: unnecessary discharge of water in advance: or in case
of no prediction: preventing discharge 1o preserve water, while an extreme rainstorm is
approaching.

Table 7.13. Extremes analvsis for focul and dynamie control and sensitivity analysis of
systern foad prediction (winter season 1974/1973).

Control mode and Performance| Duration of interest Extreme water levels
uncertainty multiplier index failures
{-} <NAP >»NAP Total | Lowest Highest Range
-3.95m -0.85m (m+NAP) (m+NAP) (m)
[Leeal automatic control 1 A 23% 279 - 9K 071 (.27

Dynamic control 23 2%, 1% 3% -0.97 -0.81 0.16
uncertainty multiplier |
Dvnamic control 23 2% 1% 3 (1,99 -0.78 0.21
uncertainty multiphier 2
[¥vnamic control 27 1% 2% 3% -(0,96 -0.77 0.1%

uncertainty muitiplier
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An analysis similar to the one for the winter scason of 1974/1975 has been performed for the
summer sceason of 1992, The results of this analysis show that during that summer, using the
hasic prediction scheme with an uncertainty multiplier of unity, the performance index for
dynamic control becomes 3.5, a considerable improvement in comparison to local control.
The performance indices obtained by using uncertainty multipliers of zero and two, prove
again that, on average, the availability of an accurate prediction of the hydrological load is
not really necessary for the Braakman water system.

Continuously high water levels may occur in practice in the Westerschelde, which does not
permit sufficient gravity outflow during low tide. If a prediction of such periods is not
available, dynamic contro! on these occasions is not a suitable option to improve water-level
control.

Hawever, once accurate predictions of high water tevels in the Westerschelde become
available, including the effect of wind, the situation may improve strongly. In that case the
anticipating effect of dynamic control will force the Braakman Sluice to discharge water in
advance, even before the runoff from the water system has reached the Braakman Kreek.

Extremes Calculation

To give an impression of how the dynamic control phenomenon works for the Braakman
water system, Fig. 7.35 presents the resulis of time-series calculations. The runoff in the
period of the severe rain storm of July 1965 (Table 5.1, Page 95) has becn calculated. In this
case the summer season has been chosen because the average surface-water level is already
high in summer, which makes the water system sensitive to a further water-level increase as
a result of extreme hydrological loads. The groundwater levels just before this rain storm
were high as a result of precipitation in the preceding period.

For demaonstration purposes, the graphs of Fig. 7.35 present a very short interval of the entire
period calculated, which covered 1-1-65 10 19-6-65. Table 7.14 lists the results of the
extreme water levels obtained in the calculations.

[Local automatic control of the Braakman Sluice and the Isabeila Pumping Station (a), shows
that there is a time lapse of several hours before the runoff to the surface water starts. in the
mean time, the water level in the Westerschelde has risen above the level at which the
Braakman Sluice can discharge. For that reason the water level in the Braakman Kreek
continues to rise, until the next low tide. The highest water level in the Braakman Kreek
during this event is NAP - 0.22 m; far above the upper limit of the preferred range (NAP
-0.35 m).

in the option applying dynamic control of the Braakman Sluice and local automatic
conirol of the Isabella Pumping Station (b) the possibility to discharge watcr in advance to
the Westerschelde is utilized. Water is discharged from the Braakman Kreek, even before the
water level has risen above the local setpoint for opening the gates. Discharge from the
Belgian Area by the Isabella Pumping Station, however, takes place during the period that
no water can be discharged via the Braakman Sluice. Uor this reason, the water level in the
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Braakman Kreck still rises above the upper imit of the preferred range; to NAP - 0.33 m,
The water level in the Belgian Arca shows exactly the same result when local automatic
control of the entire water system 1s applied.
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The option of dynamic control of the Braakman Sluice and the Isabella Pumping
Station (c) presents the best results. The highest water level, NAP - .34 m, is still outside
the preferred range, but lower than in the other two options. Moreover, the range of water-
level fluctuatton is only 0.11 m. [n addition to discharging water to the Braakman Kreek in
advance, water is especially pumped by the Isabella Pumping Station around the periods that
the gates of the Braakman Sluice can be opened. In fact, water is pumped into the Braakman
Kreek and shortly afterwards discharged via the Braakman Sluice. The dynamic water-system
control option, shows the best results in the Braakman Arca as well as in the Belgian Area.

Table 7.14. Calculated water-level extremes and fluctuations as a result of
local automatic control (a) and dynamic control excluding (b) and including {c)
fsabeila Pumping station, in the period 16-6-65 to 15-6-65 (summer seasor).

Lowest water Highest water Range: A

level (m + NAP)  level (m + NAP) (m)y
a. Local automatic -0.44 -0.22 0.22
control
b. Dynamic automatic -0.48 -(1.33 0.17
control excluding
Isabella Pumping Station
¢. Dynamic automatic -0.45 -0.34 0.11
control including Isabella
Pumping Station

Since it is important to use a balanced form of control, the situation in the Belgian Area
should not become worse as a resull of dynamic control. This has further been investigated
for the winter season of 1974/1975. Figure 7.36 shows that the water level in the Belgian
Area in that period remains within the preferred range in both control options.

7.3.5 Conclusions

Results

This case study has shown that local automatic control of the Braakman Sluice would satisfy
the Braakman Kreek interests considerably better, than the current manual control. This is
the result of maintaining the surface-water level better, which is the only controllable
variable in the Braakman Arca at the moment. In addition, this result can be further improved
by dynamic contro] of the Braakman Sluice. Further enhancements can be obtained by
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Fig. 7.36. Cumdative frequency distribution of water levels in the
Leopold Kanaal (Belgium) as a result of local automatic controf fay
and dynamic contral thy of the Isabellu Pumping Station, for the
winter season of 1974/1975.

dynamic control of the [sabella Pumping Station, which is presumably operated on the basis
of the water level in the Leopold Kanaal in Belgium.

Considering the currently available system capacitics. dynamic control of both
Braakman Sluice and Isabella Pumping Station, offer the best chance of improving water-
system performance, in the Belgian Area as well. This option requires the Dutch Water Board
and the Belgian water authorities to join forees.

When the hydrological-load prediction is not very accurate, it turns out to be better to control
the water system dynamically. without hydrological-load predictions. The situation without
prediction shows almost the same results as the one with prediction. During extreme
precipitation, however, predictions support a more balanced discharge of water via the
Braakman Sluice.

In the present-day situation, the Braskman Sluice is not equipped with pumping units.
Therefore, when the water levels in the Westerschelde are too high. as a result of a
continuing storm, problems in the Braakman Kreek will remain. These problems will
increase in the Braakman water systems, if the average sea level rises. [n similar systems
along more upstream tidal river courses. a rise of the level of the river bed may have a same
eifect.
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The tidal fluctuation of the Westerschelde is known in advance, but at present no accurate
prediction of wind effects on the water level is available to the Water Board. Once such
predictions are available, dynamic control with an extended control horizon of, for instance,
several tidal periods, would be an option to automatically prevent extreme water-level rises
during conuinuous periods of high water levels in the Westerschelde.

Moreover, if the main regulating structures of the water system are controlled
together, potential water-level rises in the Braakman Kreek can be reduced if water-level
rises in the Leopold Kanaal are accepted. One way to accomplish this, is by reducing the
permitted capacity of the Isabella Pumping Station during periods that the Braakman Sluice
cannot discharge, If the Tsabella Pumping Station cannot be controlled dynamically, such a
control strategy can be incorporated in its local control logic.

The results obtained in this case study can be used to determine the potential for dynamic
control of other water systems. For instance, the water system east of the Kanaal van Gent-
naar-Terneuzen, which includes District 1 and 2 (see Fig. 7.24, Page 201) has a great
potential. There the results of dynamic control will probably be even better than those which
can be obtained in the Braakman water system. The main reason is that the Otheensche
Sluice is equipped with pumping units, which can be operated during periods when gravity
discharge to the Westerschelde is not possible. Dynamic control would use these pumping
units only if necessary to maintain a good water-system performance. This will be the case
if gravity outflow via the sluice is not possible for a long period and/or after high
precipitation.

Further research

The current layout and structures in the Braakman Area limit the options for groundwater-
level control to satisfy agricultural and nature interests. To improve control, it would be
necessary for local weirs to be automated. The soil conductivity most likely enables water
preservation. However, the effect of shallow seepage should first be determined, to estimate
the amount of water which can be preserved in dry periods. Automation of weirs may be
costly, but probably the only option to limit the inlet of alien water.

Once the water guality in the Leopold Kanaal is known from a monitaring network, dynamic
control of the Braakman water system could include the option of combined water-quantity
and water-quality control. During a dry summer, the waler quality in the Braakman Kreek can
be maintained by flushing it with water from the Leopold Kanaal. This option can only be
applicd, obviously, if that water is of a better quality than that of the Braakman Kreek and,
morcover, il sufficient water is available.
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7.4 Salland Case Study
7.4.1 Introduction

The hilly arca of Salland is situated in the eastern part of the Netherlands (see Fig, 1.1). The
total area covers 50,000 ha. The altitude ditferences in Salland are up to 11 m. The majority
of the arca suffers from drought in summer and for that reason water supply works are
carried out by Water Board Salland. the responsible authority, Water management in the area
rclies on approximately 350 weirs and water-supply pumnping stations. The water systems of
Salland are generally considered the most difficult ones to control in water management,
hecause the highly permeable soils restrict the possibilities of water preservation and control,

The water system described in the present stady is the Luttenberg Arca. with a total
surface of 3,700 ha. The Luttenberg Area is bordered to the south and east by the hills of the
Hellendoomsche Berg, to the north by the Overijsselseh Kanaal and to the west by the hills
of the Luttenberg (IFig. 7.37).

The Water Board is planning to construct new water-supply pumping stations (1996)
in the Luttenberg Arca to prevent the surface-water subsystems from running dry in summer.
It s essential to determine the need for these supply works and. if they are necessary, the way
in which these works can be controlled optimaliy to best satis{v the requirements of the
agriculture and nature interests that are present,

7.4.2 Water-System Description

The hills that border the Luttenberg Arca in the east and the west have highest altitudes up
1o NAP + 46 m and NAP - 32 m. The valley between the hills slopes gently trom the south
to the north, from an altitude of NAP - 10 m to NAP ~ 6 m over a distance of 9 km. The
subsurface of the arca almost entirely consists of sand formations. The phreatic aquifer
reaches down from the soit surface to NAP - 20 m. At that level impervious clay formations
exist.

The main interests in the Luttenberg Area are flood prevention. agriculiure and nature.
Hardly any residential arcas exist in this arca. Agricubtural activitics are found mainly in the
valley. The hills ure covered by deciduous and evergreen forests.

In the past, flooding frequently oceurred in winter and spring. This made farming in
spring very difficutt. For that reason the Water Board has built extensive drainage works in
the sixties 1o discharge excess water faster from the area. Existing water courses were
deepened and widened and new canals were constructed. At present a system of relatively
small canals exists. in which fixed weirs have been placed to prevent too high flow
velogitics,

{he permeahility of the sandy soils (s extremedy high: 40 mad on average (Werkgroep
Hydrologisch Onderzock Overijssel. 1976). This high permeability results in fast infiltration
inter the groundwater aquiler and shallow seepage below weirs {principle shown in Fig, 1.7,
Page 10,
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Fig. 7.37. The Luttenberg Area within Salland,

After the drainage works were built, the flooding problems in spring were solved, however,
groundwater levels have fallen 0.5 to 1 meter on average, during the past thirty years. Water
shortages in both the agricultural areas and parts of the nature reserves are one of the main
problems in summer, The weirs installed by the Water Board prove not to be suitable to
preserve water during dry periods.

For drinking water production, 5.5 million m*® of groundwater is abstracted a year at
Nijverdal, on the Hellendoomsche Berg. This amount accounts for approximately 7% of the
water balance of the Luttenberg Area. Additionally, farmers commonly use a large quantity
of groundwater for irrigation purposes in dry periods.

‘The above mentioned effects result in such an overall water shortage, that canals are
generally dry for more than 100 days a year. Within the framework of the national policy to
reduce drought problems, the Water Board has scheduled measures to preserve as much
water as possible and, in addition, supply water from the Overijsselsch Kanaal to the area by
means of small pumping stations {Salland, 1995). The water of the Overijsselsch Kanaal
originates from the IJssel (via the Twentekanaal) and the river Vecht (Fig, 7.37).

In the remainder of this section the water system of the Luttenberg Area will be discussed,
which therefore is called the Luttenberg water system. Details of the water system are listed
in Table 7.15. Further details can be found in Schuilenburg (1996).
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Fahle 7.15. Sulland, data summary.

Subject

Properties '

Total areu Sallund
Luttenbery water system
main land use Salland

Main intercsts

Average permeability of
the sandy subsurface

Altitude difference

Tetal capacity of supply

scheduled

Crest levels of hixed weirs
SUMMEr

winter

Water [evel setpoimt

SO.000 ha
3,700 ha
94% rural, 5% urban, 1% other

flond prevention. agriculture. nature

40 mid

dmaover Y km

1 ms

0.90 m helow average soil surface level
116G m helow average soil surface level

averape soil surface level - .80 m

automatic control of weiry

Capucity water supply 4. 0.5 and 0.2 m3/s from north 1o south
works (specifically for the

Luttenberg water system)

" uttenberg Arca. i not specified

7.4.3 Water Management
Current Practice

The only means of controlling the Luttenberg water system ts manual adjustment of weirs
at the moment. Manuad adjustments are carried out by the Water Board in spring and autumn.
During summer, the weirs are used to preserve the maximum guantity of water possible.
while in winter they are fowered to permit higher discharges and prevent tlooding afier
exeessive precipitation,

Welr crests are generally kept approximately 0.3 m below the Tow est soil-surface evel
in summer and 0.5 m or more below the soil surface in winter. Surface-water quality in the
arca and in the supplying systems gencerally meets the standards and s thus not considered
an issuc in control of the water system by the Water Board at the moment.
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Problem Formulation

The groundwater table in the Luttenberg water system has fallen considerably as a result of
intensive drainage works, which have been carried out the past few decades. This causes
drought problems in the agricultural areas and nature reserves. The Water Board intends to
construct water-supply works, e.g. pumping stations, to restore a higher groundwater table
and better satisfy the requirements of agriculture and nature interests.

The Water Board has chosen to construct a combination of fixed weirs and locally
controlled pumping stations. This option will require the crest levels of weirs to be the same
height as i3 current practice, mainly determined by extreme precipitation, which should not
result in flooding of agricultural lands nor areas along water courses in general.

Aim of the Case Study

This case study aims at finding the best control mode for the Luttenberg water system, trying
to meet the following objectives:

. to prevent flooding along waler courses;

. to prevent flooding in agricultural areas;

. 1o maintain water in surface-water subsystems for irrigation;

. to preserve location-specilic water and minimize external water supply;
. to raise groundwater levels in agriculture areas;

. to raise groundwater levels in nature reserves.

Within the scope of this thesis, the main focus is to find the best control solution meeting the
flood-prevention, agricultural and nature interests. In the options studied, the present fixed
weirs are also assumed to be controllable, which is not planned by the Water Board at
present.

7.4.4 Water-System Analysis
Modeling

Modeling and associated calibration of the Luttenberg Area has been studied and reported
by Schuilenburg (1996). Fig. 7.38 shows a schematic representation of the water system,
including the supply pumping stations as currently planned.

The natural systems of the hills that border the water system are schematized by
groundwater subsystems. These areas are called the Luttenberg, the Hellendoomnsche Berg
South and the Hellendoornsche Berg North, No water courses exist in these hilly areas and
therefore groundwater is the only means of flow interaction with other subsystems. This
results in a groundwater submodel (indicated by light gray flow ¢lements in Fig. 7.38). The
groundwater abstraction for drinking-water production is located on top of the
Hetlendoornsche Berg South, at the border of the water system modeled.
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Runoff from the hills flows 1o the southern and to the central and northern part of the
valley and therefore these areas are called: Southern Area, Central Arca and Northern Area.
In practice, several weirs exist in the water courses in these arcas. These have been
schematicaltly represented by three weirs. To incorporate the effect of shallow seepage,
groundwater flow clements conneeting up- and downstream surface-water subsvstems are
modeled parallel 1o the weirs.

Simtlar to the weirs, the actual groundwater flow pattern is more complex with
seepage and infiltration sections inside the areas distinguished. However. for the present
water-control study. a schematization into several larger groundwater ilow clements is
considered sutticiently accurate.

Excess water leaves the water system in the north, and flows into the Overijsselsch
Kanaal. The influence of the groundwater potential at the other side of this canal is
mcorporated in the model through the boundary called Groundwater North.

Fluctuating inflows and outflows during the summer and winter seasons in the south
are  also modeled by boundaries. called Groundwater South  and  Groundwater
Hellendoornsche Berg.

In the water-supply alternatives studied. water 18 pumped up in three stages from the
Overijsselsch Kanaal, via the Northern Area and the Central Area to the Southern Area. In
cach of these areas. water is used or flows away via the groundwater and therefore the
pumping capacities decrease from north to south.

Table 7.16 presents the subsystems and Hlow elements distinguished in the model.
including the groundwater flow clements, wgether forming the groundwater submodel.

j Overijsselsch Kanaal

Weir A
Nuorthern Arca ’ Outflow
: NorthT Groundwater
North
Weir
Central Area
Hellendoornsche
! Luttenberg J Berg North
) Weir 4
Southern Arca ’F
Hellendoornsche
Berg South
Inflow Inflow
South Hellendoornsche Berg
Gromdwarer || St
South i Berg

Figr 738 Schematic representation of the Luttenbersy water system,
showing the situaiion afier constructing the water-supply works.
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Table 7.16. General data of the Luttenberg model.

" Number
Areas and Boundaries 10
Subsystems simulation 13
Subsystems optimization 9
Regulating structures ’ 0/3/6
Fixed structures ' 3/3/0
CGroundwater flow elements 10

' Ahernatives: fixed weirs only / fixed weirs and pumping stations / controlled
weirs and pumping stations.

in modeling a sloping area such as the Luttenberg water system by subsystems, special
attention should be paid to incorporate the effects of surface slopes and slopes of water
courses. In the modeling presented in Chapters 4 and 6, surface-water and groundwater levels
are assumed horizontal.

Figure 7.39 presents the principle of converting the sloping properties into flat ones.
In the model, average conditions of soil elevation and the canal bottom level are used.
Average levels of surface-water and groundwater subsystems are calculated. When
interpreting the results, it should be noted that the water levels at the highest and lowest
locations within each area generally determine whether drought or flooding occurs.

Especially groundwater levels may show considerable variations within one area. If
the shape of the groundwater table has to be calculated more accurately, a numerical

Maximum
surface level
Minimum Average surface level

surface level Crest leve)

Weir
Average surface level

Crest level

Fig 7.39. The principle of modeling a sloping area.
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groundwater model could be made which uses the surface-water levels calevlated by the
simultancous simulation and optimization method as input.

Interests Distinguished

Three imerests are distinguished in the Duttenberg water system: flood prevention.
agriculture and nature. Figure 7,40 shows that these interests have been assigned egual
weilghts, The interests are furnthermaorg related to the locations in the water system by means
of the tollowing key variables:

Northern Area: surface-water and  groundwater  level (ilood-prevention  and
agricultural interests )

Central Area: surface-water and groundwater level (Hlood-prevention and agricultural
interests )

Southern Arcu: surface-water and  groundwater level {(flood-prevention  and
agricultural interests):

Luttenberg: proundwater leve! (nature interest);

Hellendoornsche Berg North: groundss ater level (nature interest:

Hellendosrnsche Berg South: groundwater level (nature interest).

For the agricultural interests, o slight preference is given o groundwater control above
surface-water controd. This can be observed in the chart by the hatched sectors in the variable
ring. ‘Fhe groundwater-related sectors are a little larger than the surface-water-related ones.

Only the water requirements of the natural valuees of the fringes of the nature reserves

can be influenced by means of control. This 1s because the groundw ater table more up hill

Interests

E&R J1ond prevention
B ooriculture

R e

Kev variables
Groundwater level

D oSurtace-sater fevel

Lucations
1 Narthern Area L4 Ltenbery
2 Central Ares 53 1 (ellendoornsehe Berg Nonl
3 Southern Area W [ icllendoormsche Berp South

Fio 700 Interest-wetghing chart for the Luttenbers waler Sustem
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is so far below the soil surface that a separate and disconnected water subsystem develops
in the topsoil of these hills.

Flooding of the fringes of the nature reserves on the hills cannot occur even during
extreme hydrological conditions, because these fringes are relatively high compared with the
agricultural arcas in the valley (i.e. the Northern, Central and Southern Area)

Flood prevention Agriculture
0 b
—_— 1 —
< - Flooding
& 59 level
] = :
3 z
s} i o Preferred
Preferred range range
0
Surface-water level Groundwater level i
Agriculture Nature
- ]
— |
- < Average
- Y
il o goundwater
2 £ level
S S Preferred
Preferred range _ range
[f]

he!

Surface-water leve) Groundwater level

Fig. 7,41 General shapes of damage functions used.

Figure 7.41 shows the general shapes of the damage functions used in the model. Function
(a) represents the damage to the flood-prevention interest. Damage to this interest occurs
when the surface-water level is above the lowest location in an area and reaches its maximum
when the entire area is flooded. The water system is considered to fail as soon.as the land
along the water courses floods.

Function (b) represents the damage to the groundwater-related agricultural interest.
The graph shows that a preferred range of the groundwaiter level can be distinguished. Within
this range the growing conditions for the crop are optimal and no 1o hardly any damage
occurs. The range of approximately (1.5 m is determined by the lowest optimal groundwater
level in the high locations and the highest optimal groundwater level in the low locations,

Function (c} represents the damage to surface-water related agricultural interest. The
starting point for the introduction of this function is the option of irrigation with surface
water in dry periods, avoiding irrigation with groundwater, when the groundwater table
{(function b) becomes too low. A range which prefers at least 0.2 m of water in the water
courses is used. FFunctions (b and (c¢) are both related 1o the agricultural interest, which
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means they are mutually weighed (Figo 7.40). The maximum damage to the agricultural
interest oceurs when the groundwater level has fallen below the preferred range and the
surface-water level has fallen below the level at which water can be abstracted from the
surface water for irrigation,

Function {d) represents the damage to the groundwater-related nature interest. The
average groundwater level as determined for the original situation is indicated in the figure.
The damage to this interest increases with a lower groundwater level, eventually reaching the
maximum damage when the groundwater level falls meters betow the average.

Control Alternatives
Given the present layout, ive alternatives can be distinguished to control the Luttenberg

waler system:
i. local manual control of the weirs:

2. local automatic control of the weirs:

3. local manual controb of the weirs and local automatic control of the supplying
pumping stations;

4, local automatic control of the weirs and local automatic control of the supplying
pumping stations;

5. dynamic automatic control of the weirs and dynamic automatic control of the

pumping stations.

The first alternative represents the current situation with fixed weirs. of which the height is
adjusted at turn of the season, i.e. on the fiest of April and the first of October.

The second allernative represents the situation in which as much water 1s preserved
as possible. using upstream controlled weirs.

The third alternative represents the situation currently planned by the Water Board,
comprising fixed weirs and downstream-controlled pumping stations to supply water
whenever needed. This alternative implies surface-water setpeints which are 0.2 m higher
for the sumimer scason than the winter setpoints.

The fourth alternative is similar te the third, but adds controllable weirs 1o il using
fixed setpoints {or the surface-water leve! upstream the weirs.

The fifth alternative involves dynamic automatic control of both the weirs and
pumping stations. In this alternative the interests as weighed and the conditions in the water
system determine the control of regulating structures.

Local automatic control is executed exclusively on the basis of surface-water levels,
Dynamic control is based on interest requirements, the satisfaction of which is determined
by both surface-water and groundwater levels. No combinations of dynamic automatic and
local awtomatic control are considered, since important information on groundwater levels.
used by dynamic control, is not available in local control. This could result in conflicting
control actions for weirs and pumping stations during exceptional water-system conditions.
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The control horizon applied in dynamic control is 48 hours and comprises perfect, average
and scenario types of prediction, which together form the standard prediction scheme used:

] 0 - 8 hours: perfect prediction, uncertainty multiplier 0.6 for precipitation and 0.8 for
evaporation;

0 8 - 24 hours: period-average, uncertainty multiplier 0.5 for precipitation and 0.8 for
evaporation;

. 24 - 48 hours: period-average, uncertainty multiplier 0.5 for precipitation and 0.8 for
evaporation,

Using the uncertainty multipliers means underestimating the extremes in both precipitation
(by 40% and 50%) and evaporation (by 20%). For that reason control strategies determined
by dynamic control will take into account less extreme conditions and generally determine
gentle control actions. In this way, underestimates are incorporated, which would occur in
forecasting by a weather bureau.

Water-System Performance

Time-series calculations have been executed using the model of the Luttenberg water system
and using the 30-year time serigs of De Bilt. Table 7.17 presents the results obtained and
discussed below. The setpoints for the regulating structures of the various control alternatives
have been determined and were set optimally for the various control alternatives, This has
been done to allow a well-balanced comparison between the control alternatives, all setpoints
were determined and set so that flooding along water courses and flooding of agricultural
land occurred rarely: less than 0.1 a year and less than 0.5 a year respectively.

Table 7.17. Results of time-series calculations for five control alternatives of the Luttenberg

water system.
Alternative | Performance Failure frequency- - Preservation® wrise in-gwl . . fisein'gw]
index agriculture interest - “factor: « - - waﬂa}‘?i L5 UHills® <
-) @dyy o (Mmoo ()
1. Weirs LM 1 223 0.67 - -
PSs -
2. Weirs LA 1 214 0.91 0.05 0.05
PSs -
3. Weirs LM 13.1/1 0 0.6 0.54 0.71
PSs LA
4. Weirs LA 13.5/1.03 0 0.7 0.6 0.76
PSs LA
5. Weirs DA 20.2/1.54 0 0.66 0.7 0.86
PSs DA

! Average rise in groundwater level valley, relative to alternative 1
* Average rise in groundwater level hills, relative to alternative 1
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The current situation in the water system. alternative 1, has been used to determine the long-
term evaluation parameter of the performance index. This alternative comprises three tixed
welrs in the main water courses. In the higher parts of the water system. water courses are
normally dry for more than 170 days a year on average (not in the table). however, irmigation
is not possible during 223 days a year.

Alternative 2, in which the weirs are automated, shows no improvement in performance in
the fong term. The main reason is that auwtomatically controlled weirs can only reduce the
water-system outflow for very short periods: days to weeks at most. while the water courses
remain dry for very long periods. For that reason the agricultural interestis still violated 214
days a year using this alternative.

Alternative 2 preserves considerably more water than alternative 1. The preservation
factor 15 determined by g, 7.3, using the total quantity abstracted from the system. This
guantity 1s the sum of evapotranspiration, outflow via groundwater to adjacent water systems
and outflow over Weir Northern Arca. The preservation factor has increased from 0.67 to
0.91. This effectiveness results from the fixed weirs having lower crest levels than the
setpoints of the controlled weirs and the controlled weirs preventing unnecessary outflow
when the upstream water level falls below the setpoint. The average groundwater levels in
both the agricultural arcas and the nature reserves rise 0.05 m as a result of installing
upstreamn-controlled weirs.

In alternative 3, the wirs are again fixed. but supply pumping stations are added, which are
automatically controlied on the basis of their downstream water-level setpoints, In this
alternative, the performance index makes a huge jump from 1 to 13.1. This is mainly due to
the agricultural interests not being violated anymore.

In general, enormous improvement in performance can be expected when comparing
almost uncontrolled water systems with fully controlled ones. To compensate for this effect
in the following comparisons, the performance index has again been reset to unity.

‘The pumping stations supply large quantities of water to the Luttenberg water system.
trying to maintain high surface-water levels and corresponding higher groundwater levels.
As can be read from the last two columns of the table, the average groundwater levels in the
agricultural arcas and nature reserves rise by 0.54 and 0.71 m respectively. However, it
should be noted that the actual rise may vary significantly within an arca. The result obtained
1$ important in view of better satisfving the interest requirements of agriculture and nature,
However, the disadvantage is that the natural groundwater storage capacity in the soil. which
develops in sumimer using alternatives 1 and 2, is considerably reduced in alternative 3. For
that reason during precipitation. more water is discharged from the water svstem than in
alternatives | and 2.

The preservation factor is determined irrespective of the source of the water flowing
out of the water system and therelore also unused water supplied by pumping is incorporated.
For that reason the preservation factor deereases to (.60,

An added advantage of alternative 4 over alternative 3 s that the weirs are upstream-
controlled. For that reason the surface water-level can be kept higher on average.
Furthermore, the average groundwater levels i the agricultural arcas und the nature reserves
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rise by 0.60 and 0.76 m. This results in an increase in performance by a factor of 1.03 in
comparison to alternative 3. The automatically controlled weirs can preserve surface water
better (factor 0.7) in this alternative than in alternative 3 which uses fixed weirs.

Alternative 5 dynamically controls the three weirs and the three supply pumping stations.
During the time-series calculations, dynamic control determines its strategy on the current
situation in the water system and a prediction of hydrological load. The prediction scheme
discussed before has been used. The performance index of this alternative in comparison to
alterative 3, increases by 1.54. This result is primarily due to better satisfying groundwater-
related requirements in times of drought. Consequently, the groundwater levels in the
agricultural areas and nature reserves rise to 01.70 and 0.86 m on average,

Despite the improvements in performance and groundwater-tevel rise, the preservation
factor of 0.66 is slightly lower than in alternative 4, This is due to the larger quantity of water
required to supply the groundwater subsystems. It should be kept in mind that, if no water
is used in the water system, the rising groundwater also supplies the surrounding, lower-lying
areas, with water. These outflows cannot be kept in the water system. Therefore, in this water
system, all alternatives that further improve on the rise of the groundwater table, will have
a lower prescrvation factor.

Compuaring Control Modes

To demonstrate the general phenomenon of control in hilly areas, the three types of control
for the Central Area of the Luttenberg water system are further analyzed, each in
combination with downstream-controlled supply pumping stations:

. using manual control with a fixed weir;
. using local automatic control with an upstream-controlled weir;
. using dynamic automatic control of the weir,

Figure 7.42 shows the results of three control modes in a wet fortnight during the winter of
1980, in which 74 mm of precipitation fell. The period has been selected because during the
various time-series calculations with the three modes, the conditions at 29-02-1980 appeared
to be very similar, which makes the comparison of results realistic. As in the time-series
calculations described before, the standard prediction scheme has been used.

In graphs (a) of Fig. 7.42, the weir crest is fixed at NAP + 6.90 m. Because the
upstream water level in the Central Area is continuously above the weir crest, an outflow
from that area to the Northern Area results for the entire period. The groundwater level is not
controlled explicitly and therefore it rises above the preferred range, which is up to NAP +
7.30 m.

In graphs () the weir crest is controlled on the basts of the water level in the upstream
water course, The right graph clearly shows that the PI controller used for upstream control
is very well able to maintain a stable upstream water level. However, using a fixed winter
setpoint of NAP + 7.20 m does not prevent the groundwater table from rising clearly above
the upper limit of the preferred range of NAP + 7.30 m.
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Graphs (¢} show the result of dynamic control of the water system. Here, not only the
surface-water requirements, but also groundwater requirements following from the interests
play a role. In this specific case, the requirements of the agricultural interest, related to the
groundwater subsysiem, are violated. To minimize the damage to that interest, the weir is
lowered (.55 m in three days. This effectively results in a fall in surface-water level by
.20 m in two days and a subsequent outflow from the soil and fall in groundwater level. The
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controlled weir (c) fon the left: water levels in m+NAP; on the right: flow in m’/s).
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control of the weir in the Central Area thus results in a lowering of the groundwater table by
(.10 m in comparison with local automatic control {b).
A first glance at the graphs shows no advantage of dynamic control with respect to
maintaining the groundwater table within the preferred range, in comparison to manual
control with a fixed weir (a). However, it should be noted that the weir is fixed at a relatively
low level: NAP + 6.90 m, to prevent flooding under extreme conditions. Looking at the end
of the left graphs (a) and {c), it becomes clear that the fixed weir cannot prevent the
groundwater table from falling. However, this is successfully achieved by dynamic control
{c) and within the visible frame also by local automatic control (b).

The water balance {not shown} indicates that the discharge from the Central Area in
dynamic control mode is limited to approximately the total volume of precipitation in the
period shown.

7.4.5 Conclusions

This case study shows that in hilly arcas with highly permeable soils such as in the
Luttenberg Area, control of surface-water and groundwater levels by fixed weirs only is
virtually impossible. Water courses fall dry in summer during more than 100 days, which
means that to satisfy the requirements of agricultural interests, farmers have to abstract
groundwater for irrigation, which, added to the natural lowering as results from outflow,
results in an additional fall of the groundwater table. Combined with the situation that
relatively large quantities of water are abstracted from the groundwater for drinking-water
preduction, water boards such as the Salland Water Board experience difficulties with regard
to maintaining optimal conditions for agriculture and nature interests.

In principle, three main options can be distinguished to solve these problems in the

Luttenberg Area:

1. Preserve the maximum of water in the area, by closing the drainage systems. This
option obviously leads to frequent flooding in winter and therefore the lands will
become unsuitable for agricultural purposes. However, natural values can again
develop.

2. Restrict surface water outflow by making water courses less deep. By doing so, the
groundwater outflow to the surface-water subsystems is restricted and so is the
possibility for surface water to discharge from the area. To maintain the required
discharge capacity, water courses could be widened.

3. Keep the drainage system as it is and construct water-supply works. This will allow
both agriculture and nature interests to be satisfied better. However, relatively large
guantities of alien water will have to be let into the water system.

In the present case study the third option has been investigated. Building water-supply works
in the water system has the advantage that surface water is available whenever required.
If water supply works are combined with fixed weirs, groundwater levels in the valley
rise by 0.54 on average. In hilly areas the average groundwater levels rise by 0,71 m. This
option has been selected by the Water Board and on the basis of the results, it can be
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concluded that the fall in water level which resulted from the intensive drainape of the arca
the past few decades, can be restored 10 a larpe extent.

Even better results can be obtained by dynamic control of the suppls works and the
main weirs in the water system. The groundwater Jevel in the sloping arca rises by 0.70 m
and in the hilly arcas by (.86 m on average.

"The additional rise in groundwater table by approximately 0.15 m, when dvnamic control is
applicd, results from the fact that this control moede uses both surfuce and groundwater
variahles to determine the best consrol stratepy. Dynamic control continuously tries 1o Keep
the groundwater level as high as possible. but takes preventive measures w obtain the
required discharge capacity in water courses if required, e.g. by automatically lowering the
weirs. By doing so, dynamic control prevents flooding situations in agricultural arcas.

Considering the objectives set for control of the water system. it can be concluded that
alternative 3. including locally controlled swater supply works and fixed weirs, presents very
goud results, With respect to the rising groundwater table, stronger improvements can be
obtained by dynamic control of water supply works and weirs. However, water is slighthy less
well preserved in this alternative. since the high groundwater tables also increase the
groundwater ocutflow from this water svstem to adjacent water systems,

7.5 Performance of the Methaod
7.5.1 General

‘This section desernibes the performance of the simultancous simulation and optimization
method developed and deseribed in Chapter 6. The methed has been implemented in the
Decision Support System AOUARIUS. of which the results will be presented. The Strategy
Resalver of AQUARIUS consists of two submodules which have been introduced as the
Constraint Manager and the Solver.

‘The Constraint Manager basically builds the optimization problem. by converting the various
cquations of continuity. damage functions und intrinsic water system relationships into
constraints. The structure of that problem is built at the beginning of cach time-series
caleulation. The optimization problem is defined in LP format, by a matrix in which the rows
represent the constraints and the columns represent the water-system vartables modeled.
During the successive simulation and optimization runs, the cocfficients in the matrix are
updated. This is done for the line scgments of damage functions. which may change as a
result of time-varving interest requirements: for continuily cquations. whick include the flows
via regulating structures and which can he available or not: and for the side constraints,
which describe the linearized flow processes vig flow elements.

The matrix coeflicients of Ineanizations are frequently updated and fully determined
by forward estimating, [n the total updating process, determining the lincarization constants
is expected 1o be time-consuming and therefore it is evaluated separately below.
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The solver implemented in AQUARIUS is BPMPD, which uses a primal dual interior-point
method (Mészaros, 1996). In a comparative study, this solver proved to be the most efficient
one available to include in the DSS (Hoogendoorn, 1996), BPMPD communicates with the
optimization module of AQUARIUS via a Dynamic Link Library, which makes communication
most efficient. However, other solvers can be incorporated in the DSS as well, using
communication via files. For that type of communication, the Constraint Manager
automatically builds files in MPS format.

The BPMPD solver can be used in two different ways: it can start its search procedure
from scratch, or it can start its search from the optimal solution found in an earlier iteration
of the SLP method. The latter has been introduced as a warm start. The results of the warm-
start option depend strongly on whether the solution found in the earlier iteration, is close to
the optimum for the current iteration. To prevent these uncertainties from influencing the
results, the warm-start option has not been used in the analyses described, but is separately
evaluated.

For analysis purposes, generalized models were used in the case studies, which will be called
‘basic models’ here. Geographical names are used for the basic models: the Delfland model
(Delfland casc study), the Braakman model (De Drie Ambachten case study) and the
Luttenberg model (Salland case study).

Calculating time series for the basic models, took 1 to 3 seconds for each simultaneous
simufation and optimization ivop. In the approach followed, time serics for 30 years were
calculated, using simulation time steps of 0.5 and 1 hour and optimization time steps of 0.5
to 4 hours. It took several hours to days to calculate an entire period of 30 years, using these
time steps.

In real-time control, the control strategy may require more detail than obtained in the
case studies. Therefore, a special analysis has been performed to determine the applicability
of the DSS with respect to solution-time requirements. In real time, the intervals between the
successive runs of the Strategy Resolver will be in the order of magnitude of minutes for very
fast-reacting systems, to hours for slow-reacting ones. The various analyses proved that,
irrespective of the size of the model built, the time needed for simulation was negligible in
comparison with the time needed for optimization (less than 1% of the total time per loop).
For that reason, only the time needed for optimization is discussed in the following.

A practical limit of 10 minutes has been chosen as the maximum time allowed for the
Strategy Resolver to determine a control strategy. This can also be considered a practical
limit for operators who are waiting for a reply from the Strategy Resolver during their work
and during training.

7.5.2 Approach

The models built for the three practical case studies have been extended to create larger
problems. Model extensions have been included in the following ways:

. replication of the water-system model and simultanecus running of separate models;
. extending the number of time steps in the control horizon;

. extending the replicated models by connecting them via extra flow ¢lements.
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The first two options can be expected to yield comparable results, since the Constraint
Manager replicates the entire moded structure trom the basic nodes into time nodes (Fig. 6.8,
Page 118). This is done as many times as optimization time steps {it in the control horizon.
It can be expected that despite the small differences in the matrix structure, finding the
solution to an optimization problem of a model which is exactly twice the size of the basic
model, yields a performance similar to the single model which uses twice as many
aptimization time steps in the control horizon.

Replication of the hasic models has been chosen as the preferred way to extend practical
problems. This approach has the advantage that realistic and calibrated models develop,
which, from an hydrelogical point of view, represent larger water systerns. Obviously, these
larger water systems are not connected.

To assess the sensitivity to the way in which water systems are extended by replication, the
Luttenberg water system is also extended by groundwater flow clements between the
subsystems of cach next replica of the hasic model.

7.5.3 Results

Table 7.18 presents the analysis results of the method of replication of the basic models of
the case-studies. The table indicates the number of variables and constraints included in the
optimization problers.

The size of optimization problems huilt can be determined from Table 6.2 (Page 153).
Strictly following the underlying descriptions, vields several constraints which, in principle,
are unnccessary in the formulation of the optimization problem. Fxamples are: inequality
equations for horizontal line segments of damage functions, which yield n = 0 (Eq. 6.16);
and continuity equations for weirs which cannot discharge because the water level is below
the crest, which yield Q, = 0(x, =0 in Lq. 6.44).

The unnecessary constraints are removed from the original optimization problem. This
process is called “filtering’ here and is sometimes also indicated in literature as
‘preprocessing . Filtering of variables was considered impractical, since it changes the size
of the optimal solution vector (x°, « 7). which is supplied by the solver cach run, and thus
destroys the structure required to use the warm-start option. Filtering out unnecessary
constraints reduces in the number of constraints by 25% o 40% in the models analyzed. The
reduced number of constraints is indicated in Table 7.18.

The main evaluation parumeters needed o determine the performance of interior-point
solvers are the sparsity of the constraint matrix and the diagonal structure of the problem to
solve (Terlaky. 1996). Despite the fact that solvers generally implement their own
preprocessing methods. which affect the structure of the constraint matrix. here the original
problem, as transferred to the solver. is analyzed. The way in which the optimization
problems are built in the method developed is the same for all types of models. trying to
obtain the smallest width in the diagonal of the constraint matrix. The width of the diagonal
can increase in size by the number of variables in two time steps of the control horizon. This
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results from the continuity constraints for water quantity and water quality, in which both
variables of the current and the previous time steps are included (e.g. Fq. 6.23).

The overall structure of the diagonals in the constraint matrix varies relatively little.
Therefore, the sparsity of the original constraint matrix will be considered primarily in the
following evaluations.

In optimization, sparsity of matrices is also indicated by the number of matrix coefficients
uncqual 1o zero, called ‘nonzero elements’. The ratio of nonzero elements and the total
number of elements was found to range from 0.3 to 1%e in the models used.

The last columns of Table 7.18 indicate the time required fer forward estimating only
and the total time required for optimization including forward estimating. The results have
been obtained by a regular present-day Pentium 133 Ml{z PC with 48 MB internal memory.

First of all, Table 7.18 shows that the sizes of the optimization problems, indicated by the
number of variables, constraints and nonzero elements, increase nearly linear with the model

Table 7.18. Problem size and performance of optimization.

Replication Variables | Constraints ' | Nonzero | Time forward Total time
factor elements estimating optimization
(s) (5)
Delfland * (7= 12 steps; At = 2 hours)
] 948 920) 2979 0 3
10 9480 5220 29600 4 51
S0 47400 46250 148600 27 418
100 94800 92400 296900 63 1548

Braakman (7' = 36 steps; Af = 0.5 hours)

] 972 837 2333 0 4

10 9720 8370 23330 5 48
40) 38880 33480 93320 22 209
80 77760 66960 186640 79 817

Luttenberg (7 = 12 steps; Af =4 hours)

1 588 681 1980 0 2
10 5880 6810 19800 3 31
50 294060 34050 99000 14 185
100 58800 681060 198000 79 753

' Unnecessary constraints filtered out

2 Including two water-quality variables
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replication. The time required for forward estimating almost increases linear with the
prohlem size for the models that were replicated 4010 30 imes. This results from the number
of linearization actions required that increase linear by the number of side constraints. The
total time needed for forward estimating is generally 5 to 10% of the total time required for
pptimization.

Figure 743 shows the three components that together make up the total time needed
to solve the optimization problem for the basic and replicated Delfland models. The small
contribution of forward estimating in the otal time required o solve the Delfland
optimization prohlems can be observed clearly. Another interesting phenomenon can be
observed in the graph near F20L000 nonzero clements in the constraint matrix. From that
value onwards, the time required for matrix updates increases considerably. This is caused
by the limited amount of internal computer memory available. The memon reguired for large
optimization problems imposes the greatest restrictions on the performance of'the Constraing
Manager. [1 required. the program extends its memory by creating and using virtual memory
on disk, which obviously requires additional processing time. 1 a computer with 64 MH of
internal memery Js used. the kink in the curve was found to oceur at a higher number of
NORZCIO Cluments.

The curves in Fig. 7.44 show an overview ol the results presented in Table 718 and others.
I'he curves show that the increase in total optimization tme first follovis an almost linear
function and 1s subsequently more similar o power function of the problem size. expressed
in the nutmber of nonzere elements in the constramt matrix.
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Fig 743 Compenents that together determine the time ueod for
optimization: forward esiimating, matvix updates and solver
activity (Delflaned hasic model),
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Fig 7.44. Total time used for optimization as a function of the oplimization-problem size,
expressed in nonzero elements in the constraint matrix.

Reading the problem sizes which can be solved at the Y-axis value of ten minutes
(600 seconds), the number of nonzero elements proves to range from 150,000 to 180,000,
This result corresponds to 750 1o 1500 subsystems in optimization, 1000 to 1500 flow
clements and 1000 to 1500 damage functions that together use 4000 to 6000 line segments.

In the remainder of this evaluation, the sizes of the models in optimization are also included
for comparison. The following model sizes have been defined (Fig. 7.44):

. generalized (basic) model: approximately 10 subsystems and 15 flow elements;
. mid-size model: approximately 100 subsystems and 150 flow elements;
. large model: approximately 1000 subsystems and 1500 flow elements.

7.5.4 Sensitivity Analysis

The results obtained in the previous section are analyzed further by carrying out additional
runs with models, which include the following characteristics:

’ variation in the number of time steps in the contral horizon;
. variation in the number of water-quality variables in the optimization model;
. increased model complexity.

The results of the sensitivity analyses are presented in Table 7.19. The first analysis is done
to determine the sensitivity to the length of the control horizon. To do so, the basic Delfland
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model has been used, but instead of the 24-hour horizon including 12 steps of 2 hours, 48
steps of 1.5 hour were chosen (Ag, /4) and a 120-hour horizon including 30 steps of 2 hours
(T,75).

The results of the analyses are indicated by the two dots in Fig. 7.44. The time
required to solve the optimization problem in both cases is comparable to the time reguired
to solve the replicated basic models.

The use of a water-guality deseription in the optimization probiem generally vields a rather
targe inerease in both the number of variabies and constraints {around 20% for hoth in the
Delfland maodel). The basic Delfland model includes two water-quality variables. To
determine the cffeet of water-quality modeling on the optimization time. 4 sensitivity analysis
has been performed, excluding one and two water quality variables from the basic model.
The results are presented in Table 7,19 As can be read from the table, the time required for
optimization is reduced by 18% in wuter-quality modeling using one variable (418 versus 341
sceonds ata replication factor of 30) and by as much as 52% without water-quality modeling
(418 versus 200 seconds). The overall conclusion is that water-quahty modeling in this case
increases the prohlem size by 20%,. whereas the time required for optimization increases by
approximately 100%,

The dashed line in Fig. 7.44 presents the results obtained when water guality s
excluded from the Delfland model. Surprisingly. the solver handles the problem including
waler quality more efficienty than without, This probably results trom the relatively
advantageous diagonal structure that develops as a result of the continuity constraints
involved, which can be handled with relative case by the solver. This s once more stressed
in the praph hy the rectangular point. which is located in-between the other curves of the
Delfland mode] and shows the result including only one water-quality sariable in the model.

As mentioned above. the replication method results in several models which are not mutually
connected. To determine whether replication can be used to determing the performance of
large models. the Luttenberg basic model has been extended by replication and subsequent
linking of the separate models. cach by nine extra groundwater-flow elements. 'This increases
the complexity of the model and. morcover, presents a more realistic structure of the
optimization problem than found by replicating basic models. The model with a replication
factor of 16 (Table 7.19; represents o hilly area of approximately 60,000 ha with 208
interconnected subsystems and 331 fow elements.

Apart from ncreasing the complexity by this operation. the size of the prablem
increases as well, Table 7,59 and the stars in Fig. 7.44 present the results obtained. The stars
in the figure show that the complexity of the problem slightly increases the eptimization time
required. The numerical results indicate that the optimization time reguired to solve the
extended and more complex Luttenberg problem. is approximately 16% longer.

The analvsis above demonstrates that a good impression of the total solution time of a
complex model, consisting of hundreds of subsystems. can be obtained by first building a
relatively small mode! with a representative ratio of subsystems und damage functions. and
subscquently correct for size and complexity. This should be done with care though and
preferably on the basis of e size of the optimization problem.
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Despite the differences between the curves in Fig. 7.44 described above, the general
conclusion of all curves together is that, especially for small to mid-size problems, the
solution time for a new model can be estimated rather accurately from the graph.

A last sensitivity analysis has been carried out to determine the efficiency of the warm-start
option of the solver used. It should be noted that, similar to the forward-estimation method
{Sec. 6.2.2), the optimal solution of the previous cycle is shifted one time step to obtain the
best starting point for the search in the current time step.

The results were found to depend largely on the size of the optimization time step and
the accuracy of the predicted hydrological load and ranged from 0 to 50% reduction in
solving time. These results can be explained by the fact that the warm-start option, in
principle, requires that the solution of the previous optimization run is very close to the
optimal solution for the current time step. [ the optimal solution differs too much, the efforts
of the search algorithm when starting its search from the previous optimum are similar to
those when starting from scratch,

‘Table 7.19. Problem size and performance of optimization, sensitivity analysis.

Replication | Variables | Constraints ' | Nonzero | Time forward Total time

factor elements estimating optimization

(s) (s)

Delfland (T, = 12 steps; At, = 2 hours): extending the number of time steps

107 As,/4 37920 37190 120756 17 286

10/ T, x5 47400 46220 149454 21 380
Delfland (T = 12 steps; Af = 2 hours): excluding water quality variables

1 660 624 1920 0 2

1) 6600 6260 19280 5 34

50 33000 31200 96000 19 200

116G 66000 62800 193600 138 906
Delfland (T = 12 steps; At = 2 hours): one water quality variable

50 39600 805G 128350 24 341
Luttenberg (7= 12 steps; At = 4 hours): increased model complexity *

12 8244 9360 29172 3 53

16 11028 12516 39060 4 71

Unnecessary constraints filtered out
Replicated models mutually linked by 9 groundwater-flow elements
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7.6 Concluding Remarks

This section summarizes the main conclusions of the three practical case studies and the
efficiency of the simultancous simulation and optimization method presenied in the
preceding seetions of this chapter.

Control Muodes

Various control modes and combinations of centrol modes have been investigated in the case
studies. Special comparisons were made of manual local control. Tocal autematic control and
dynamic control. The manual dynamic control mode is only suitable in practice if a limited
number of regulating structures is included, because operators have to implement the control
strategy determuned by the Strategy Resalver of the PSS themselves. In all other cases.
automatic dvnamic control 1s the only possible option to use this advanced mode of control.

In comparison with manual control in the three practical case studies, local automatic control
shows considerable improvements in water-system performance.

In comparison with local avtonatic control, dynamic control shows the greatest
inprovermnents in polder arcas. Cood results can also he achieved in hitly areas. however.
water control by means of regulating structures should be possible. This is. obviously. a
general phenomenon: to control water svstems. sutficient water and regulating structures
should be available,

With respect to water-quantity control. making better use of the current svstem capacities,
generally means cperating the regulating structures at the right moment and simultancously
preventing unnecessary operations. Short rain sterms with a high intensity and long rainy
periods with fow imtensity can be anticipated. No accurate prediction data are needed o
determine control strategies to reduce considerahly the chance of water-system failure.

Dynamic control can be foreed to anticipate on precipitation events. even if no real-
time predictions are available, Inpractice. this creates a surplus stoerage volume. prepared by
an operator or control svstem. to avord possible Hlooding events.

Polder and Hilly Arcas

On the basis of the results oblained. it can be concluded that polder arcas can generally be
controlled hetter than hilly arcas. because the processes that primarnily determine the success
of control can be influcnced better.

In hilly arcas and especially the enes with a highly permesble subsurface, the main
components of the water balance are: the outtlow 1o adjacent water sy stems: infiltration into
Jow-lying aquifers and shallow seepage throughout the water system. Shallow scepage can
be controlled 1o some extent. however. the two other compenents cannot. For these reasons
improvement in water-sy stem control 1s more difficult o obtain in bally arcas in general. One
of the options o increase the cantrollubility of the hilly water systems is to inerease the
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controllable components in the water balance, by increasing the number of regulating
structures and by supplying alien water.

A complicating factor in hilly areas is that the slopes of the soil surfaces and water
courses impose restrictions on the arca which can be influenced by a regulating structure. For
that reason relatively many regulating structures are nceded to control the water system in
both the lower and higher regions of hilly areas. Fortunately, these structures are relatively
simple and generally need to have fow capacities only.

Control Horizon Required

The control horizon used in dynamic control is determined by the runoff characteristics of
the water system considered. In general, water systems with rapid runoff characteristics, such
as found in most polder areas, short control horizons of hours to days are sufficiently long.
This has been shown by controlling the Delfland water system using a control horizon of 24
hours. In another case study of Fleverwaard, a control horizon of 12 hours proved to be
sufficient to effectively control the polder area (Botterhuis, 1997).

Using the techniques developed, very slow-reacting water systems such as the
Braakman water system (De Drie Ambachten) may also require relatively short control
horizons. In those systems, the length of the control horizon is mainly determined by the
capacity of the regulating structures that determine the controllability of the system. In the
De Drie Ambachten case, the capacity of the Braakman Sluice, when it can be operated, is
relatively large. However, if the capacities of regulating structures are smaller, the water
system can be expected to require a longer control horizon.

Dyramic control of the Luttenberg water system has been analyzed using a control
horizon of two days. This was found to be sufficiently long. Another case study has been
performed for the hilly area of De Mark en Weerijs (Versteeg, 1997). This water systemn has
amuch less permeable subsurface. That case study proved that a control horizon of four days
was required to obtain results in dynamic control that are comparable to the Luttenberg study.

Water-Quality Control

The practical case study of Delfland has shown that dynamic control enables a combination
of water-quantity and water-quality contral, Water quality can only be influenced indirectly
via regulating structures in such water systems, where dilution and transport are the main
processes. Any water-quality control in these systems results from water-quantity control.
This result can be generalized and is not only valid for the water-quality variables chloride
concentration and BOD concentration, but also for other variables.

Implementation of Dynamic Control
Dynamic control requires a central computer-based system. If the local automatic control

systems are tuned well, it is not necessary to continuously control the regulating structures
dynamically. In practice, the dynamic control mode may only be required for short periods.
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The necessity of conlinuous dynamic control depends on whether conflicting requirements
have to be satisfied. If the weighing mechanism included in dynamic control continuously
has to balance the operations of regulating structures, the dynamic control mode should be
used all the time.,

The Strategy Resolver, which rung on the central computer, requires a precipitation
prediction to determine whether pumping stations should be switched from local to dynamic
control. As shown in the 30-year time-series caleulations of the Delfland case study, optimal
control of the water system could be obtained by switching 10 dynamic control only 6.6% of
the time, using the dynamie-control threshold. This result was obtained for combined water-
quantity and water-guality control. If the Water Beard opts for water-quantity control only,
dynamic control is needed only a traction of this time. However, in the De Drie Ambachten
and Salland cases, continuous dynamic control proved to be necessary, because the interests
have to be balunced all the time to ohtain optimal control strategics.

Speed of Selving the Optimization Problem

The speed of solving the optimization probliem is considered an important 1ssue in this thesis.
The main reason is that the speed required to determine operational control strategies, should
be considerably faster than real time. The optimization problems that were built by the
Constraint Manager of AQUARIUS on the basis of the generalized models of the case studies,
could be solved within seconds. These results were obtained by a regular present-day 133
Mhyz Pentium PC with 48 MB internal memory. Jf the generalized models are extended to
large detailed ones, the solution time increases almost lincar. when sufficient computer
resources are available.

Implementation of the methodology in 4 real-time control system will reguire more
detailed modeling. I for example, the Delfland model 1s extended to include all polders and
regulating structures ol the water system. the solution time will increase to approximately one
minute. This selution time definitely meets the requirements of real-time implementation,
since the results of the Strategy Resolver are only required every hour or at even longer
imervals. The resalts found for Delfland can be considered an upper fimit for the De Drie
Ambachten and Saltand cases, since the detailed models of these systems are smaller,

Apart from the speed considerations in real-time control, speed of solving the optimization
problem is also of importance for analysis purposes. The time needed for simultaneous
simulation and optimization for the 30-year periods was several hours to days. This may limit
the number of analyses which can be performed while automatic handhing of runs and output
should be considered necessary.

Further Research
If. for any reason, dynamic control cannol come into action when it is needed, local

automatic control should be available as back-up to guarantee safe operation of the water
system. Possible reasons for dynamic control not coming into action are: communication
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failure between the central and Jocal automatic control systems or a computer break-down.
Such situations generally only occur for short periods and would only result in poor
performance if they coincide exactly with an extreme system load.

Further research is required to assess to what extent the effect of failures of the control
systemn would counteract the advantages of dynamic control. A preliminary assessment has
been made for the Delfland reference polder, which is described in Sec. 8.3.2.
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8 Water-System Design

8.1 Introduction

In Chapter 7, several examples were shown of the application of dynamic control in existing
water systems. Dynamic control proves to be advantageous in operational water management
and resulls in improved water-system performance.

On the basis of these results, the guestion arises whether dynamic control can
contribute to avoid or postpone infrastructural investments. For sewer systems, the
application of state-of-the-art control techniques in several European countries proved to
reduce or avoid large investments (¢.g.: in Spain: Cabot PI¢, 1990; in Germany: Khelil &
Schneider, 1991; in Sweden: Schilling, 1996; in Denmark: Babovic, 1991 in the Netherlands:
Bakker ct al., 1984). However, until now, the starting point has been to enhance the operation
of existing systems, not to redesign water systems to include the application of advanced
control methods.

The limitations of sltandard regional water-system design have been reported by several
authors. A clear inventory of problems inherent to this kind of design and a listing of several
improvements needed are given by Bouwmans (1994),

The principle of some standard methods will be described in the first part of this
chapter. The second part of the chapter aims to show a modern alternative to the standard
design methods.

8.2 Methods Applied

Capacities of water systems are designed with the help of general guidelines with respect to
discharge, surface-water storage and frequencies of extreme water-system loads. Several
standards have been set for the design of water systems including rural areas and combined
rural and urban arcas (e.g. Grotentraast, 1992). The responsible water authorities generally
interpret these standards and apply them according to the specific circumstances in their
water system.

[n the following, some design methods will be discussed that are used for the determination
of water-system capacities in rural and urban areas. In practice water-system dimensions are
determined by:
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. the capacity of discharge structures,
. the storage capacity of the surface-water subsystem.

[f the available storage is small, the discharge capacity has to be large. If the storage is large,
only smaller discharge capacities are needed. This principle is shown in Fig. 1.6 (Page 8).

Two main methods are applied in water-system design at the moment:
I. design on the basis of eritical discharge;
2, design on the basis of dynamic discharge.

The first method incorporates empirical standards and is used widely, since it is simple and
it does not require many location-specific data. The second method incorporates a form of
waler-system dynamics, which does require Yocation-specific data and also data on the water-
system load in time,

8.2.1 Critical Discharge Method

This seetion deseribes a discharge and capacity design method traditionally applied in the
Netherlands. A detailed camparison between the various methods available can be found in
Schultz (1992). The method described uses empirical standards for pervious surfaces and
precipitation duration curves for impervious surfaces. Two variants of the method are
discussed here: a general method. used to design rural water systems only. and a method used
for combined rural and urban water systems.

Pervious Surfaces

The method applicd to design water systems in rural arcas with pervious surfaces, uses the
general critical discharge, which only depends on soil texture and land use. Critical discharge
values have been published by several authors (e.g. Van der Molen, 1992; Grotentraast,
1992). The method is applied especially when few or no data on discharge are available. On
the basis of soil type, land use and groundwater-level development a critical discharge 15
selected, e.g. 10 mm/d.

In this case, the critical discharge is considered to be the discharge which is exceeded
no more than once a year. Regulating structures are designed on the basis of this discharge.
[n case of high system leads, where the regulating structures cannot discharge all excess
precipitation immediately, the surface-water level rises.

Combined Pervious und fmpervious Surfaces
This method incorporates runoft from rural and urban areas. that comprise both pervicus and

impervious surfuces. and determines the discharge capacity and storage for the combined
water system.
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IF the storage is known, the discharge capacitics of structures can be determined, or
if the discharge capacities of structures are known, the storage can be determined.

On the basis of standards, a critical discharge 15 selected for the pervious surface,
which is ¢xceeded with a specific frequency, e.g. once every 10 years. For the impervious
surface, a precipitation duration curve is sclected, e.g. a curve which is considered to be
exceeded less frequently than once every 10 years. The assumption is that precipitation runs
off from impervious surfaces instantly and no infiltration occurs. The following example
demonstrates how this method is applied.

Figure 8.1 graphically shows how surface-water storage can be determined for a water
system that comprises both pervious and impervious surfaces. In the example, the discharge
capacity (e.g. of the draining pumping station) is given and represcnted by a line in the graph
(e.g. 8 mm/day).

For the pervious surface, a critical discharge, is selected from standards. That
discharge is considered to be exceeded with a specific frequency (e.g. 20 mm/day once every
10 years). This value may also incorporate seepage from deep groundwater and discharges
from other areas.

For the impervious surface, a precipitation-duration curve is selected which represents
discharge to surface water, which is exceeded with the same frequency (e.g. also once every
10 years).

The discharges from the pervious and impervious surfaces are added, together called
the system-load curve (Fig. 8.1).

Finally, the moment when the difference between the pump-discharge line and the
system-load curve is largest, is determined. That moment is called the ‘critical-discharge
time’ and represents the storage quantity required in the system.

reguired
storage

Quantity

B tan(p) = pump discharge capucity

Critical-discharge time
Time

Fig. 8.1 Design example for water-system capacities, assuming
combined discharge from pervious and impervious surfaces.
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The critical discharge time shows how long the water level will rise during and afier
precipitation under design conditions. In the design, this period is generally kept short and
within practical limits (¢.g. one dav). to prevent long periods of extremely high water levels,

The water storage required. is distributed between surface-water and groundsater
subsystems. but it is common practice to consider only the surface-water subsystem. [ the
maximum water-level rise allowed Tor the surface-water subsystem is known. the area needed
for the surface-water subsystemn can finally be determined.

As in the example, the frequency of exceeding the maximum water level i generally
considered equal to the frequency of exceeding the selected rural discharge and precipitation
daration curve.

The design method deseribed. incorporates several assumptions that are theoretically
incotrect and, in general, accumulate various safety margins. of which the main ones are
listed below.

. The discharge curve for the impervious surface is considered o equal the precipitation
duration curve. This s incorrect. The duration curve is an envelope curve and its
shape does not represent a real precipitation curve. The discharge curve of the
impervicus surface is generally lower as a result of intereeption of precipitation,
infiltration in semi-impervious surfaces and inertia processes in runott (Van de Ven,
1983 ).

. Critical precipitation is assumed to fall at the same moment on pervious and
impervious surfaces. This is practically impossible, since the critical situation for the
rural pervious arca generally oceurs in winter during long consecutive periods of
precipitation with a relatively Jow intensity, while the critical situation for the
impervious urban area generally oveurs in o summer, during a short period of
precipitation with a high intensity.

. Continuous runoff from the pervious surface is assumed. In reality. this only occurs

during long precipitation events with a relatively low intensiny. Delay effects resulting
from water flows from the various surfaces to the surface-water subsystem are not
incorporated. In practice, a rather large delay effect can be present,
Unequal critical discharge times for areas with pervious and impervious surfaces can
have a positive effect on the combined runoft from these arcus 1o time. Figure 8.2
demonstrates this: the discharge to surtace water {in mm’h) of the combined area is
lower than the combined discharges from both separate areas.

. The initial situation In the water system is not incorporated in the method, Therefore.
the implicit assumption is that the soil is at field capacity and the groundwater level
is continuously high in comparison to the surface-water level. This assumption
neglects the storage in the unsaturated zone and the groundwater system,

Because of the effects histed. the discharge 1o the surface-water subsy stem is exagperated and
the safety margin incorporated in the design is most likely larger than necessary. A problem
of this design method is that the extent of this additional safety is unknown,
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Precipitation

Discharge impervious

Quantity (mm/h)

Discharge pervious Discharge
combined

Time

Fig. 8.2, Combined discharge from pervious and impervious surfuces.

8.2.2 Dynamic Discharge Method

Designs based on the dynamic discharge methed, require a dynamic model that represents
the actual or future situation in the water system. A sufficiently detailed model is needed to
determine the runoff quantities as a function of time. In general, such a model is run on the
basis of time-series data on hydrological-load variables such as precipitation. The runoff
model describes the flow processes in the soil, groundwater and surface water in more or fess
detail. A detailed model, for instance, includes unsaturated-zone flow, whereas a less detailed
model neglects these processes and assumes a continuous situation of field capacity.

Discharge measurements and, in principle, also groundwater-level measurements are needed
to calibrate the runoff model. Preferabiy, field discharge measurements are used for this
purpose, since this enables determination of specific water-system parameters. If such data
are not available, discharge measurements of regulating structures can also be used.

In general, computer-based tools are a prerequisite for efficient dynamic discharge
modeling and analysis of the water system. If a calibrated model of a water system is
available, extremes analysis is possible, using time-series data or only a set of extreme
events. In this way, a more detailed picture of the water system’s reaction to loads can be
obtained.

Both deterministic and black-box modeling techniques can be used to determine the system-
load-response function. From this function, a critical discharge can be derived which includes
location-specific data.

The dynamic-discharge approach circumvents some of the major disadvantages of the
general critical discharge method described in Sec. 8.2.1.
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IT applied well, the properties of a design made on the basis of a dynamic model,
closely resemble the real water-system situation. Excess capacities as included in the critical
discharge method, can be omitted, or included on purpose. In the latter case capacities are
included at specific and known places. which permits future extensions without having to
adjust the capacities present in the water system,

Runoff Models

Various applications of the dynamic discharge method can be found in literature. The
deterministic methods of De Jager and De Zecuw-Hellinga (Sec. 4.2.2) are the main ones
used for this purpose in the Netherlands. A comparison between these methods is given by
Van der Molen 1992,

Applications of the dynamic discharge method generally determine the system
discharge as a load to the surface-water subsystem, without incorporating the response of the
surface water on the groundwater subsystem. I for instance, as a result of a high discharge,
the surface-water level rises, the effect of possibly restricted soil outflow is not taken into
account. For this reason, these methods are generally only applicable for rural-area modeling
and to describe the system behavior during the winter seasen, when outflow from the soil
prevails.

The current water systems comprise both rural and urban areas. Morcover, critical
loads on urban areas oceur in summer. This is an important shortcoming of these applications
of the dynamic discharge method.

Integrated Models

Integrated dynamic discharge models include the various subsystems and the regulating
structures of a water system. The use of integrated models has the advantage that the runoft
from all types of surfaces can be included. Furthermore, the interaction between groundwater
and surface water can be tuken into account in detail,

Designing on the basis of a dynamic model of the water system, prevents unnecessary
excess capacities, which were automatically included in the designs according to the critical
discharge method,

The principle of these applications is o simulate long time series, e.g. 30 or 50 years and to
count the number of undesirable water-system situations, called failures, Such a design
should be assessed with care, however,

The design assumes a continuously operational water system. If the water system is
configurated exactly as modeled. i the structures are never out of order and if the real system
parameters are exactly as assumed, the frequency of failure of the water system will be the
same as in the design. This is gencrally not the case, however. They present a far too
optimistic result in terms of water-system capacities and therefore the stochastics of the
availability of control-system elements should be included specifically.
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8.3 Dynamic Design Procedure

This section presents a variant to the dynamic discharge method as an alternative to the
critical discharge methods. Since they are widely applied, the critical discharge methods will
here be called *standard design methods’,

The dyramics of the water system, the interests present and the hydrological load on
the water system are here included in the design and for that reason the method developed
is called a dynamic design. An important difference between standard design and dynamic
design is that the latter includes an integrated model of the water system and location-specific
data. Furthermore, the way in which the water system is controlled is explicitly incorporated,

The starting point for regional water-system design using standard methods, is the critical
failure frequency of the water-system. Events such as flooding and overflowing are
considered failures. A dynamic design, however, is ¢valuated by determining the failure
frequency. In this respect a system failure is defined as a situation in which the requirements
of one or more interests are violated in such a way that the objectives cannot be met, c.g.:
flooding, fish mortality, loss of harvest.

The dynamic design procedure is introduced step-wise. The performance of a specific water
system and its control system are evaluated to determine whether the system satisfies the
requirements of the interests involved.

(rtven the capacity limitations of all water systems, each water system fails to satisfy
the requirements of a particular interest with a certain frequency. In the dynamic design
procedure, for each interest a specific “critical failure frequency’ can be included, i.e. the
failure frequency which should not be exceeded for that interest. The dynamic design
procedure can additionally incorporate other evaluation parameters such as the duration of
fatlures and the performance index of the water-system.

[t should be noted that the precedure presented here, differs fundamentally from the risk-
based approach which is traditionally used in the design of river and sea dikes in the
Netherlands. That approach, focuses mainly on the balance between the probability of a
failure occurring and the associated damage in terms of costs.

The design approach presented in this thesis, defines interests, without explicitly
assigning costs to failures. Similar to dynamic control, this permits incorporation of
subjective components. Interests of which the value is difficult to define in terms of money,
can thus be incorporated with relative ease.

8.3.1 Step-Wise Procedure

An exact recipe for the design of regional water systems, including system dynamics, cannot
vet be given. This requires comparison of the results of the present study, with practical data.
The latter, however, could not be found in literature, while collecting them in practice was
outside the scope of the present rescarch. At the moment, advantages and disadvantages can
therefore only be based on thought experiments and computer calculations. This section
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should therefore he seen as an attempt in structoring the elements of the dyvnamic design
procedure.

The tollowing steps are distinguished in the dynamie design procedure:

l. standard design,

2. water-system modeling,

3. identitying failure mechanisms.
4. time-serics caleulations,

5. evaluation.

6. sensitivity analysis,

The flow-chart in Fig, 8.3 shows all steps of the procedure. In addition. a general description
of cach step is given below. Inprinciple, the procedure can be used to design a water syvstem
on the basis of any interest of which the requirements can be expressed in water-system
variables {See. 3.1)0 A practical example is given in See. 8.3.2.

1. Standard Design

[f"a design has to be made from scratch. the first step in the procedure is to create a design,
using one of the standard methods (See. 8.2) This 15 necessary since the dynamie design
procedure is a verification method inwhich an existing design 1s adjusted iteratively to mect
all requirements as sct. To start with. the busic outline of the design should be determined,
such as the general layout and developments planned in and outside the water system,

The critical discharge method 1s used to create the initial design. called the “standard
design’, which uses standards for the critical failure frequency. 1f an existing water system
has to he redesigned. the existing lavout can be used as a basis. This situation arises when the
arrangement is to be changed. the weights of extsting interests are reconsidered or ather
interests are nosw considered important.

The dynamic design requires to set the critical failure frequeney for cach water svstem
interest £, . e the frequency of flooding should be below 0.1 a sear. the frequency of
violating ceological interests in terms of water pollution should be less than once a vear,
These frequencics are used as evaluation parameters in the evaluation step (5).

The eriticat frequency of flooding 1s generally the only frequency used i the standard design.
To enable comparison of the results, the critical frequency of the common-good interest of
flood-prevention should be the same in the dynamic design as in the standard design.

2. Water-System Muodeling

The sceeond step of the procedure consists of building a model of the water system. the
general dimensions of which are based on the standard design. This model should be an
accurate representution of reality. Therefore, calibration of the model 15 required.
Alternatively. calibration results of similar water systems can be used. General remarks on
this subject are given in See. 7.1.4.
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Standards

Capacity
parameters

Standards
g

System
parameters

Final design

Fig 8.3. Steps of the dynamic design procedure.

Llements of the water system that determine its failure should be modeled carefully,
since in the following steps, such failures play an important role. Therefore, this step and the
paraliel step of identifying failure mechanisms (3), arc closely related.

In the next step (lime-series calculations), various control modes for regulating siructures will
be used. Combinations of control modes should be defined in sets, ranking from simple to
advanced. These combinations should be included in the model in such a way that sets that
use advanced maodes, which depend on fail-critical devices, can be replaced by more simple
ones, which do not depend on these devices. An example of two control-mode combinations
could be: mixed local control and dynamic control by a central computer (advanced set);
focal control of all regulating structures (simple set). The set of control modes which is
normally used is called the ‘regular set’ of control modes.

In the modeling step, a parameter analysis should be performed. On the basis of the accuracy
of the available model data and the known accuracy of developments in and outside the water
systemn, the parameters that are expectled 1o affect the design most should be identified. These
parameters are used in the sensitivity analysis step (6).
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3. Identifying Failure Mechanisms

The third step in the design procedure comprises the ideatification of failure mechanisms in
the cntire control system, including regulating structures. computer equipment and
communication networks. The failures meant in this step should not be confused with water-
system fuilures, sinee failure mechanisms involve only devices or operators of the water
system. This step requires careful analysis of the possible operational conditions of the
control system, e standard operation, antcipated system failure, system maintenance (Sec.
2.4.1).

It is assumed that the failure mechanisms identified are independent. If two or more
failure mechanisms have a low probability of oceurring together. the combination can be
neglected. However. i a failure mechanism is huilt up of failures that ace likelv to occur
wogether, this combination should be taken into account separately. For instance, when a
garbage screen ol a pumping station becomes clogged, it s very Likely that the water-level
difference over the screen will rise so high that pumps shut down. {n that case. the failure of
the screen and alf pumps are considered to be part of the same failure mechanism.

An eyvent that results in a regulating structure breaking down completels. is called a
commaon cause event. An example of such an event is a power failure. interrupting the
electricity supply to an electrical pumping station, for instance. as a result of lighting.

A problem involved in the inclusion of failure mechanisms, which is inherent to the
method presented here, 15 that only failures can be incorporated that lust for 4 period which
is of'the same order of magnitude as an entire water-system-failure event or longer, ¢.g. hours
tor days. A mechanism which results in failures that last only a few minutes is neglected.

The availability of regulating structures or units of these structures related to failure
mechanisms. 15 represented by “failure scenarios” in the time-series caleulations step (4. e.g.
no units out of arder: one unit out of order, cte.

4. Time-Series Calcwlations

The tourth step in the procedure consists of time-series caleulations that describe the reaction
of the water-system to hydrological loads, Hydrological time-series duta over fong periods,
e 30 vears, are required. [ such data are not available. data from other locations can be
used. However, it should first be verificd whether these data are representative for the area
for which the new design s intended.

The first series of calceulations is for the simplest set of control medes (e.g.: local
manual control or focal automatic contral) followed by advanced sets as defined in the
moedeling step. Most hikely, these time-series caleulations prove that the standard design
contains unused capacities. However, this is not necessarily the case.

It is assumed that the average frequency of a fatlure can be determined from the
number of failures recorded during a time-series caleulation. This frequency is called the
recorded failure frequency ™. I for instunee. a system tails three times within the analyzed
period of 30 vears. the recorded tailure frequency s .1 a year.
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In addition to time-series calculations assuming all regulating structures fully operational,
calculations are required that assume possible combinations of failure scenarios and sets of
control modes. An example is a time-series calculation in which a pumping station works at
a reduced capacity as a result of one pump being out of order, combined with an advanced
mode of control.

5. Evaluation

In the evaluation step, results of the various time-series calculations are used to determine
the expected failure frequency of all interests. Several assumptions are made:

. during a failure of the control system, the regular set of control modes {advanced) can
be replaced by @ more simple set of control modes;

. before each system load, which leads to a failure, the water system is in an
equilibrium situation, i.e. satisfying all interest requirements;

. failures result only from water-system loads;

. the failure scenarios distinguished occur independently.

Using these assumptions, the expected failure frequency of the water-system £, can be
expressed by:

m n

E, = Z P(CM ) ); P(FS|CM).S, . (8.1
in which:
£, : expected failure frequency the water-system (y');
{ . counter for control-mode combinations;
m : totat of control-mode combinations;
P . probability;
CM . control-mode set;
7 . counter for failure scenario;
n : total number of failure scenarios;,
FS : failure scenario;
S, . recorded failure frequency (y').

On the basis of cxperience with the current water system or similar water systems, the
probability of possible failure scenarios can be determined. If the required data are not
available, estimates have to be made on the basis of their expected frequency and duration.
The sensitivity of the design to these assumptions has to be included in the sensitivity-
analysis step (6).
On the basis of time-series calculations assuming one or more failure mechanisms, E;
can be determined and compared with the critical frequency of system failure £, If these do
" pot match, another iteration is required to obtain better capacity parameters, e.g. a smaller
pumping capacity; a larger inlet capacity; a smaller surface-water subsystem,
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[he duration of g failure can greatly atfect the damage to interests. Therefore, an extra
criterion with respect 1o duration can be included in the analysis step.

A simple set of control modes can be used as 4 hasis 1o dewermine the accepted
duration of a water-system failure. An extra criterion applicd for the advanced sct of control
modes could, for instance. be that the total duration of water-system failure should not
increase when advanced modes are appiied as regular control modes,

Todetermine failure duration from the time-series caleulations, the following equation
is used;

E, o D PICMIIIPUFS, CM).S, (8.2)
in which:
£, o expected Tailure duration of the water system (h'v )
Sy ;recorded failure duration (h'yy,

With respect to the performance of the water-system an additional restriction could be that
a design incorporating advanced control modes should not have a lower pertormance index
{t:g. 7.7 than that using a simple control mode.

Summarizing. possible evaluation criterta for a design can be:

. the expected frequency shoutd match the eritical fzilure frequency:

. the regular use of an advanced sct of control mades should not increase the duration
of water-system faitures;

. the regular use of an advanced set of control modes shoufd not decrease the

performance index of the water system.

Oinee these, or simitar conditions are fultilled. the dyvnamic design procedure can proceed o
the next step. Hnot. the capacity paranieters in the water-svstem mode] have to be adjusted
and another iteration is needed.

6. Sensitivity Analysis

A sensitivity analvsis shauld be performed tor those parameters that the system proved to be
sensitive to in the modeling step (2) and for data that were estimated.

In general, the parameters used in the regular set of control modes and the failure
mechanisims with the highest probability of occurring and which have the highest impact. as
identificd in step (3). should be selected for the analyvsis,

The sensitivity analvsis requires at least one extra iteration in the design procedure.
Adjustments to the system parameters should be done with care and only if 2 combination
ol possibly incorrect assumptions seems logical.

Once all steps have heen completed suceessfully, the design can be finalized and
implemented if approved.
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8.3.2 Dynamic Design Example

This section presents an example case which shows the possibilities and limitations of the
dynamic design procedure, described in general terms in the preceding section. Tor
demonstration purpeses, the Delfland reference polder, described in Sec. 7.2.4 is used
(Fig 8.4). All time-series calculations have been executed using AQUARIUS.

The reference polder is a typical glasshouse polder, with rapid runoff characteristics.
The polder is drained by one pumnping station. During periods of drought, water is let into the
polder via several unregistered inlets and a contrelled inlet structure.

As in the practical design of this polder (Delfland, 1991), only the flood-prevention
interest is distinguished, which is related to the surface-water subsystem. This choice permits
comparison between the standard design method and the dynamic design procedure,

Figure 8.5 shows a simplified interest-weighing chart, defined for reference polder.
The figure is included to show that using the same method as described here, also permits
other interests and water-system variables to be included, using the weighing methods
developed for dynamic control.

Fixed inlet

>

Controlled inlet

<l

Pumping station

Fig. 8.4, Schematic representation of the reference polder.

The example design case is described on the basis of two design guestions:

. whether the current drainage system of the polder meets the critical failure frequency
of 0.1 a year and if not, what adjustments are required to the water system to meet that
frequency;

. whether the total glasshouse surface area can be extended in the future and, if so, to

what extent, and whether additional drainage capacity would then be required.

1. Standard Design

The first step in the procedure is to create a standard design or verify the available design,
using the critical discharge method. Table 8.1 lists the data nceded. A distinction is made
between the summer and the winter season with respect to the eritical discharge and
precipitation duration curves,

If these data are applied in the critical discharge method for combined permeable and
impermeable surfaces (Sec. 8.2.1), the critical water-Jevel rise turns out to be 0.45 m for the
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summer scason and .30 m for the winter season (Fig. 8.6). The design proves to meet the
applicable standards exactly, since a rise in water level of 0.45 m brings the system on the

brink of flooding.

Interest
I Fiood prevention

Key variable

_ Surtave-water level

Location
Bl Reference polder

Fig. 8.5, Interest-weighing chart for the reference polder.

Table 8.1. Basic data for the design of the reference polder.

Subject

Properties

Area

Target water level
Soil-surface level

Pumping-station capacity
Inlet capacity

Interest considered
Water-systern failure
regarding the interest

Critical failure frequency
Rural arca design

Urban and glasshouse area
design

30 ha rural. 3 ha urban, 60.2 ha glasshouse, 4.8 ha
surface water (total 100 hay

reference level - 145 m
reference level - 1.00m

two pumps with total capacity of 0.2 m'ss

(.04 m'/s unregistered (fixed open). 0.04 m™s controlled

flood prevention
surface-water level above soil-surface level
L1 ayear

10 mmysday {summer)

20 mm/day {winter)
precipitation duration curves for summer and winter
seasons, with a frequency of exceeding of 0.1 a year

critcal discharge:
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In the standard design, unregistered inlets are not included. Inclusion of these inlets would
enlarge the required capacities. On the other hand, rainwaler basins present in the glasshouse
areas are not taken into account either. [f these basins are included in the design, smaller
capacities are required. The extent of these capacitics does not follow from the standard
design, however.

an
System-load curve
15 summer

30

System-load curve
winter

Quantity (mm)
[
f)

0 3 6 G 12 15 18 2] 24
Time (h)

Fig. 8.6. Standard design example for the reference polder.

2. Water-System Modeling

The data of Tabie 8.1 were used in modeling together with additional runoff data from the
rural and urban areas. These data were retrieved from calibrations of typical rural and
glasshouse polders in the Delfland Area.

Corresponding to the actual situation in the Delfland Area, the unregistered inlets (in
the model together called ‘fixed inlet”) are kept open continuously, while the controlled inlet
is opened only when required. The fixed inlet considerably reduces the effective drainage
capacity of the polder to 0.16 m®/s, a reduction by 20%.

The influence of rainwater basins in the glasshouse area is included in the model,
assuming a storage capacity of 500 m*/ha for 50% of the glasshouses. The rainwater basins
reduce the peak discharge onto surface water considerably, especially in summer when these
basins are not entirely filled or even empty most of the time.

The following sets of control modes are defined:
1. local automatic control of the pumping station and local automatic control of the inlet
on the basis of the average water level in the polder;
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2. dyvnamic automatic control of the pumping station and local automatic control of the
inlet on the basis of the flood-prevention interest, with the preferred water levet equal
to the target polder water level.

In this particular example, each set of controt modes covers only one type of control: local
automatic or dynamic automatic. Theretore, the term *set of control modes” is abstracted 1o
‘mode’, in the remainder of this section, and the term automatic s omitted. Thus the
following terms are used: “Jocal control mode’, *dynamic control mode”™. The term “regular
set of control modes” is shortened to “regular mode’.

3. fdentifying Fuailure Mechanisms

The following fallure mechanisms are identified and considered to be important:

* fuilure of one pumping unit of the pumping station;

. failure of the entire pumping station as a result of a common cause: mainienance of
the pumping station; a power faifure interrupting the electricity supply;

. failure of the computer system that determines dynamic control strategies.

Because only the flood-prevention interest is considered, any potential failure mechanisims
of the inlets are not taken into account. Their influence on the options that satisfy the
requirements of this interest are negligible in the design. However. if water-quality-related
interests, such as glasshouse horticulture would have been included in the design, the failure
mechanisms of the inlets should have been included as welt.

4. Time-Series Calculations

Calculfations Jor local and dynamic control of the water systern were carried out, applying the
following scenarios:

4. no pumps cul of order;
b. one pump out of order;
c. all pumps out of order.

The time-scries caleulations were carried out in such a way that after cach water-system
fuiture, the equilibrium water-system state was restored again. This ensures realistic water-
system conditions preceding system loads that lead to failures.

The results of the caleulations, using the De Bilt time series. are presented in Table
8.2. The table shows that using local control according to scenario (a) the 1otal number of
water-systemn tailures is only one in 30 vears. Using dynamic control, zero failures would
oceur in these 30 yuears.

The recorded number of failures. if one pumping unit is out ot order (b), is
considerably higher: 15 every 30 vears using local control. This number decreases to 10 when
dynamic conirol is applicd,
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Water-system failures occur 267 times if all pumping units are cut of order (c). This
is irrespective of the control mode of the pumping station, obviously.

Table 8.2. Water-system failures in a 30-year time-series calculation.

Scenario Recorded number of water-system failures
Local control ) Dynamic control
a. No pumps out of order i 0
b. One pump out of order 15 10
c. All pumps out of order 267 267

The probability of failures with no pumps out of order cannot be determined accurately on
the basis of the data presented in the table (one and zero failures). To determine these data
more accurately, the calculation results arc analyzed further to determine whether the number
of times a water level is cxceeded, follows a logical sequence.

Figure 8.7 presents the results of one of the various time-series calculations which
have been carried out to establish the required pumping capacity for the pumping station,
explained in the evaluation step. The vertical axis represents the recorded number of times
a specific water-level is exceeded. The straight line represents the linear regression result of
that number, obtained by the least-squares method. Note that around the situation of system
failure, only few data are available. Therefore, the recorded number of times the soil surface
level was exceeded, may differ from the regression result (level of failure: ref-1.00 m),
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Fig. 8.7 Water-level exceeding in a 30-year time-series calculation for
the reference polder (local control; no pumping units out of order;
63% af the original pumping capacity).
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To answer the first design question, formulated at the beginning of this section (i.e. whether
the current drainage system meets the critical fatlure frequency of 0.1 a vear) a range of
pumping capacities has to be incorporated in the model for each control mode. The results
of the corresponding time-series caleulations are presented in Fig. 8.8, The figure shows a
gradual decrease in the number of system failures against an increase in pumping capacity,
for four control mode-scenario combinations.
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Fig. 8.8, Recorded frequency of water-system failure as a function of pumping capacity,
using lucal control (a and ¢) and dynamic control (b and dy
{control-system failures nat included).

3. Evaluation

To determine the expected frequency of water-systemn failure. it 15 assumed that when the
control systern fails, the regular control mode (advanced) is replaced by a less advanced
maode, In the current example, dynamic automatic control is active whenever possible. When
the central computer breaks down, the dynamic control mode s replaced by the local control
mode. When a local unit breaks down, local manual control is applied. The effect of local
manual control is assumed to be similar to that of local automatic control.

The following average durations of cach control-system failure are assumed:
. one pump out of order: one day a year,

. all pumps out of order {common cause): half a day a year:

. computer-system break-down (no dynamic control): five days a vear.
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The right-hand graphs (b and d) in Fig. 8.9 show the results of the evaluation using regular
dynamic control. The results shown have been obtained by applying Eq. 8.1 and Eq. 8.2. To
give an impression of the result obtained when using regular local contrel, the left-hand
graphs present the results of local contraol,

From graph (a) in Fig. 8.9, an expected failure frequency of 0.05 a year can be read (the
dotted line starting at 0.2 m*/s), using regular local control. When dynamic control is used
(b), the expected failure frequency is only (.02 a year.

These data provide an answer to the first design question: the current drainage system
of the reference polder meets the critical failure frequency of 0.1 a year.

Now the question arises which should be the right capacity for a newly designed pumping
station. To answer this question, time-series calculations have been executed, using equally
reduced pumping capacities for the two pumping units of the pumping station. These results
are also presented graphically in Fig. 8.9.

The graphs show that the capacity of a pumping station, to exactly meet the critical
failure frequency, would have to be 0.172 m’/s in case of regular local control and 0.136 m’/s
in case of regular dynamic control. Consequently, the conclusion is warranted that the
system, if controlled locally, needs 14% less capacity than follows from the standard design.
If dynamic control is used, including the possible failure mechanisms in the design, the
standard design capacity could be reduced by 32%, provided that only the criterion of critical
failure frequency applies.

The lower graphs (c) and {d) in Fig. 8.9 show the expected duration of failure. These data can
be used to evaluate the consequences of the regular control mode to the duration of system

Regular mode: local control Regular mode: dynamic control
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Fig 8.9, Expected frequency and duration of water-system failure as a function
of pumping capacity, including control-system failure.
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fajlure. As can be read from the shaded part in the graph. the expected duration of failure,
using regular dynamic control at a capacity of 1136 m*/s. is 19 hours a vear. It regular local
control is used. the expected tailure duration is 14 hours a vear.

When, in addition to the frequency eriterion. the expected duration criterion is applied,
the pumping capacity for dynamic control becomes 0.160 m’/s. which means a reduction by
20% {instead of 32%) compared to the standard design. However, the failure frequency
would be reduced to 0.67 a year (instead of 0.1},

The standard design was found to include excess capacity in all control modes. To answer
the second design guestion (i.e. whether the total glagshouse area can be extended in the
future) the excess capacitics found, permit extension of the glasshouse surface.

The curves in the graphs in Fig. 8,10 show what happens when the present surface of
60.2 ha 1y gradually increased to 90.2 ha. The latter means that the entire rural area is covered
by glasshouses. The curves show an increase in the number of water-system failures as a
result of extending the glasshouse surface, if the current storage capacity of the surface water
and the discharge capacity of the pumping station remain the same as their standard design
values.
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Fig. X 1. Expected frequency and duration of water-system failure as o function
of glasshouse areq, including control-system failure.

Figure 8,10 shows that the glasshouse surface could be extended from 60.2 ha to 66 ha if
regular local control is used and to 80 ha when regular dynamic control is used. In both
situations. the entire ¢xeess capacity is used up,

The second design question can now b answered: no additional drainage capacity is
required for the reference polder i the area currently covered by glasshouses s extended,
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provided this growth will be less than 10% if regular Jocal control is applied and less than
33% if regular dynamic control is applied.

An cxtension of the glasshouse surface to 66 ha would result in an expected failure
duration of 9 hour a year, if the regular control mode is local control. If the glasshouse area
is extended to 80 ha and dynamic control is the regular contrel mode, failure is expected to
occur during 10 hours a year. On the basis of these results it can be concluded that the
duration criterion (again) imposes an extra restriction, if dynamic control is used, to the
pertmissible extension of the area covered by glasshouses. The glasshouse surface could be
extended to 77 ha (28% extension), the associated failure frequency being 0.08 a year.

Table 8.3 summarizes the results. In addition to the criteria of failure frequency and failure
duration, the performance index is included. The table shows that in all cases, the
performance index using dynamic control is higher than that using local control, which
proves that in this particufar case the performance index does not further restrict the pumping
capacity required, nor the permissible extension of the area covered by glasshouses.

Table 8.3. Results of a dynamic design for the reference polder,

Regular Pumping | Glasshouse | Performance { Failure | Failure -
control capacity surface |  index [ frequency- duration
mode (m'/s)/ (ha)/ O TR B ] C vy
reduction’ | extension’ -
Local 0200/ 0% 60.2 /0% 1 0.05 5
Local 0.172/14% 0.9 0.10 101019
Dynamic * (.160/20% 2.3 0.07
Dynamic 0.136/32% 1.7 0.1G
Local 66/ 10% 0.8 0.10 9
Dynamic 771 28% 1.9 0.08 9
Dynamic 80/33% 1.8 0.10 10

' Relative to standard design
* Using the failure-duration criterion

6. Sensitivity Analysis

In general, an analysis of various water-system parameters is needed to determine the
sensitivity of the expected failure frequency to the accuracy of these parameters.

For the example case of the reference polder, the sensitivity to two parameters of the
designed water-system propertics was determined: the size of the rainwater basins, modeled
in step two, and the duration of control-system failures, identified in step three. An analysis
was performed to determine the sensitivity of the total extension of the glasshouse surface
in the reference polder to these parameters.
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First, the sensitivity of the design to the size of rainwater basins is analyvzed. This includes
the accuracy in establishing the total size of the rainwater basins from maps and field
obscrvations and the actual availability of these basins. In the analysis it is assumed that the
size of 500 m'/ha represents an overestimate by 50 m¥/ha.

Second. the sensitivity of the design to the failure duration of control-system elements
is determined. This includes the accuracy with which data on failure duration could be
determined. In general, these data arc assumptions only and therefore in the analysis the
durations used were increased by a factor two, Le.:

. one pump out of order: two days a year:
. all pumps out of order: one day 4 year:
. computer-syslem break-down: 10 days a year.
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Fig 8 [l Sensitivity of expected frequency of water-system failure
to rainwaler-basin storage treduction of 50 m'’/ha) and
to duratian of control-system failure (doubled).

Figure 811 shows the results of the sensitivity analyses, performed for regular dynamic
control. It is important to note that for both analvses the failure duration (graph b is decisive
if, in addition to the failure freguency. the criterion of failure duration is used.

When the actus) capacity of rainwater basins is 450 m*/ha. the glasshouse area can be
extended by 75 ha (Fig. 8.11) instead of 77 ha (Table 8.3). This shows that the design is not
very sensitive to small errors in the size of the rainwater basins.

Doubling the duration of failures permits extension of the glasshouse surface to 76 ha
(Fig. 8.11). slightly lower than obtained without doubling the duration.
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Note that the sensitivity of the design to the parameters analyzed is greater when only
the criterion of failure frequency is used (graph a in Fig. 8.11). Then the results are 76 ha and
78 ha respectively, instead of 80 ha (Table 8.3).

Ciiven the sensitivity analysis, it can be concluded that, if both the failure-frequency and the
failure-duration criteria are used, inaccuracies in the estimates of the parameters assessed,
result in errors in the design of the order of magnitude of 2%. This error is of the order of
magnitude of 4% when only the criterion of failure frequency is used.

On the basis of the sensitivity of the design to data inaccuracies, the designer has 1o decide
whether extra capacities have to be included in the design. In the situation of the design
example, which shows a small dependency on erratic data, a designer may decide to accept
the design made without incorporating extra capacities. Otherwise, further iterations are
required, to adjust the capacity parameters in the design and start with design step four again.

8.3.3 Advantages, Disadvantages and Improvements

Advantages

In comparison to the present standard design methods, one of the clear advantages of the
dynamic design procedure is the possibility of including location-specific data. In addition
to specific characteristics such as runoff, details on the operation of the water system can be
incorporated in the design. Furthermore, the procedure includes the failure mechanisms that
apply to regulating structures and the equipment used in water-system control. In the example
described in the previous section, a trivial choice was made on this point, to include only
failure of the central computer and the communication network in the dynamic control mode.
Several other components can be included as well, e.g.: the availability of an on-line
monitoring network; the maintenance situation of canals supplying water to pumping
stations.

When the dynamic design procedure is followed 10 redesign a water system on the basis of
water-quantity and/or water-quality variables, the excess capacities in the water system
become known. When the requirements of interests change, these excess capacities can be
used before the water-system has to be extended by, for instance, enlarging the regulating
structures or surface-water storage.

Using the dynamic design procedure, excess capacities can be included on purpose.
This approach may lead to designs that have similar propertics as the ones found using the
current standard methods, The advantage of the dynamic design is, however, that the
Jocations and the extent of the excess capacities are known. This will probably give the
responsible water authority more confidence in meeting the requirements of the interests
present in the water system than the current practice using the standard design methods.

A very imporiant advantage of the dynamic design procedure is that water-quality parameters
can be included with relative case. For example, the duration of violating water-quality
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standards can he incorporated, or the flushing factor needed to keep pollution in the water
systern below the pre-set linits, These options are not avatlable in the standard designs,

The dynamic design procedure alse enables determination of the periods thut have the highest
probubility of fuilure during the vear. This cnubles the water manager to carcfully plan
rolitine maintenance of regulating structures. minimizing the chance of system failure as a
result of structures not being available ai the moment they should be fully operational.
Furthermore. other maintenance activities of the water system can be planned better,
Excavation of silted-up canals, fur instance. should ke place betore the full discharge
capacity of the water systen s hikely to be required.

Summarizing. the dyvnamic design procedure produces a balanced and ceonomic design,
which includes the actual situation of the water system. The requirements ¢f the interests are
satisfied betier and the actual satety present in the water system can be determined.

Disadvantages

The standard design micthods which are currently used. have the advantage that they are
simple enough for a water svstem to be designed without many location-specific data. In this
respect, the dynamic design procedure s more demanding. The result of the procedure
depends on the data used. Theretore, sensitivity analysis is necessary. In case the data
available are not detwled enough. the designer using the dynamic design procedure. will
probubly keep on the safe side and use data which influence the design so that excess
capacities are again incorporated. As aresultc the designed system capacities may be similar
Lo the ones found applving the standard methods. I an extreme situation. the dynamic design
may even include more capacity.

Depending on the water-system layout. the result of the dvnamic design procedure can
depend strongly on the probability of extrome system loads. [ the crinical fadure frequency
is 0.1 a veuar. using a time-series caleulation of 30 vears. the probubihity of three extreme
events determining the water-system properties s relatively high. Fach of these events, in
principle. could have a less high actual frequency. Ior instance, one of the events could have
a frequency of (L0OT a year.

Unlortunately. data are lacking to determine the frequenes o extreme system loads
more accurately. Simply using a series of 30 years. may therefore still result in some excess
capacity in the design. I shonld be mentioned however, that all the current standard design
methods have that same disadvantage. since these methods indireetly include the result of
precipitation tme-scrics analvsis o the critical-discharge and the precipitation duration
curves,
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Improvements

As mentioned in the introduction of this chapter, the procedure described should be
considered 4 step in the development to a more comprehensive form of water-system design.
In practice, the method will probably require further improvement.

The case studies described in Chapter 7 showed that the process of calibration can be rather
laborious and requires determination of many unknown system parameters, Therefore, one
of the improvements, which is outside the scope of the present study but can be incorporated
directly, is automatic calibration of models built in step two of the procedure.

Another improvement of the design procedure could be the use of condensed hydrological
time scries. If the design strongly depends on extreme system loads, a subset of the time
scries could be used to reduce the duration of calculations,

Condensation of time series is a very demanding job, however, since a high level of
accuracy is required. The allowed level of condensation depends on the actual water system
that the data are used for. The water system definitely has to be in an equilibrium situation
that satisfics the requirements of all interests, before the reaction of the water system to an
extreme event can be simulated.

8.4 Concluding Remarks

In this chapter both the standard design methods used and an alternative, the dynamic
design, are presented.

A very important aspect of the dynamic design procedure is the possibility of
including location-specific data, which is not possible using standard methods. Furthermore,
dynamic design includes the dynamics of the water system, e.g. delays in runoff. The
procedure enables including the possible control modes of regulating structures. This option
permits incorporating the use of dynamic conirol in a water system at the design stage, taking
advantage of all aspects of this control mode.

The example of the Delfland reference polder shows the difference between standard design
and dynamic design. An important result is that the excess capacily in a water system
designed by a standard methoed can be determined by means of the verification procedure.
Probably, this is a general result of using location-specific data, since the standards used in
the standard methods include accumulated safeties to fulfill the requirements, ¢ven in the
most unfavorable situations.

The dynamic design procedure requires time-series calculations to include delays in runoff
and incorporate the situation preceding system failure, such as saturation of the soil. The
entire procedure is iterative and requires several caleulations. For the design example,
approximately 50) time-series calculations have been carried out for a period of 30 years. The
procedure produces a lot of data, which have to be handled with care,
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[t 1s clear that the procedure described is only feasible if the entire process is
automated, reducing the work of the designer to interpretation of the results and adjustment
of system parameters for each iteration.

When the control mode of regulating structures is included in the design. the procedure yields
the associated system capacitics. [f dynamic control is applied, its advantages in comparison
to other control modes are autematically included, in fact, reducing the required system
capacities.

In the example given. the total pumping capacity of the reference polder could be
reduced by 14% using local automatic contrel and by 20% using dynamic automatic control.
This result is obtained without any concessions to the failure frequency of 0.1 a year, nor to
the failure duration of 10 hours a year.

[f the total pumping capacity is left unaltered, the total arca covered by glasshouses
could be extended by 10% using local automatic control and by 28% using dynamic
aulomatic control,

These results show that the responsible water authority can allew extensions in the water
systern for several years using local control. but for a much lenger time using dynamic
control. This means that investments in infrastructure, which scemed 1o be necessary, can
be postponed for many years. while maintaining the required safety.
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9 Conclusions and Recommendations

9.1 Conclusions

9.1.1 General

Current developments in water management force water authorities to control thetr water
systems more accurately and take into account the requirements of a growing number of
interests.

The current solution to changing requirements in water systems is to build extra
capacity for storage, discharge or inlet of water. This thesis has presented a methodology that
makes better use of the present infrastructure of a water system. If the methodology is
applied, infrastructure scheduled can be postponed, reduced in size, or ¢ven canceled, while
the necessary safely is maintained.

During the past few decades, local and central automatic control systems have been
introduced for enhanced water management. Central control is executed by means of
computers located in one place, which gather information from the water system and send
control commands to the controllers of regulating structures. Typical for central and local
control is that logic rules determine the control actions, Central and Jocal control systems are
widely applied to control subsystems of the water system. Diynamic control, a special form
of central control, 15 the next logical evolutionary step.

In dynamic control, the entire water system, comprising rural and urban surface-water and
groundwater subsystems, is considered. The interests distinguished, determine the way in
which the water system should be controlled.

Methods similar to dynamic control have been studied and reported on by other
authors. In the water-resources planning and management literature, storage and release
problems in controlling entire river basins are frequently discussed. However, the problems
described are generally of a nation-wide scale and require optimal control actions for periods
of months to years.

In the present study, the critical period for which control actions have to be decided
is hours to weeks. The subject resembles most real-time control studies carried out for sewer
subsystems. However, in this thesis, sewer systems are considered only as subsystems of the
water syslem.
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To model and analyze regional water systems and the way in which these systems can be
controlled, a Decision Support System (DS8) has been developed. called Aotarizs, All
water-system behavior results were obtained using the DSS in time-series caleulations.

Much effort was paid to accurately model the various processes inoa water system.
Several models of water systems were created in practical case studies. The models were
calibrated against water-quantity and water-gquality-monitoring data. On the basis of these
models, various control options were analvzed and evaluated.

Several contrel modes are distinguished. of which local manual control. local sutomatic
control, dynamic manual control and dy namic automatic control were considered the most
important ones.

Local automatic control generily improves water-system perfonmance in comparison
to manual control. [vnamnic control, howeser, proves w be superior over local automatic
control. especialiy when applied to complex water systems for which interests have been
delined that have different and contlicting requirements regarding water quantity and water
quality.

The automatic control modes require the regulating structares to be automated. which
cun he a costly solution, m particular when a water system contains many regulating
structures, For that reason. special attention hus been paid to combinations of control modes.

9.1.2 Water-System Capacity

Water systems basically lack the capacity to deal appropriately with extreme hvdrological
loads such as excessive precipitation or droaght, Capacitics of present-day water systemns are
determined on the busis of economies and frequency of system tailure. [t is generally
accepted that some requirements of interests are sometimes violated. as long as the frequency
is al & socially acceptable level, Depending on the type of interest. the frequency of failore
can be several times a yeur o onee evers Len or more ears.

Capacity allocation was only a matter of the design of the subsystems of @ water system for
many years. [his thesis has proven that in the operational situation as welll some of the
systern capacities can be reallocated. This result could be achieved by two fuctors that are
important in the operational situation: in general, not all interests need the cupacity assigned
to them in the design at the same moment and: water systems were found to have excess
capacities. it controlled cfficiently.

The requirements of interests are usually not static but depend on the season or even
the time of dayv. When the capucity that s needed for one interest 1S not necessary at a
particular mement. it can be used for another interest. Moreover. the hyvdrological lead to
subsystems ol a water system general v satisfies or violates different interests under different
conditions. For instance. the toad resulting in fatlure of o rura) subsysiem differs from the
Joad resulting in fatlure ef an urban subsystem, Therefore, in this case as well. under extreme
conditions, one subsystem can be operated to alleviate problems inanother one. For instance.
outside the prowing seasor. agricuitural land could be affowed 1o tlood temporarily o
prevent flosding in other arcas.
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In general, the capacities of the current water systems have been designed on the basis
of general guidelines, which incorporate an unknown amount of safety. By means of time-
series-calculations it has been proven that the ¢xcess capacities incorporated in the design,
can be considerable. These excess capacities can be used in near-failure situations, 1o relieve
interests which require extra capacity. For instance, the storage capacity in a sewer network
can be entircly used before it overflows; a sewer overtlow can be directed to a polder in
which enough capacity exists to {lush the surface water and effectively remove pollutants.

It is shown that system failures can be prevented or at Jeast be reduced when the water system
has sufficient unused capacity. Safeguards can be build to ensure that if a water system fails,
the most important interests are violated last. These generally favor the common good, such
as flood prevention and maintaining the ecosystem.

9.1.3 Control Strategy

In dynamic control the actions for regulating structures of the water system are determined
for a controf horizon. Coming hydrological events can be anticipated by taking control
actions in advance. This is done by predicting the hydrological load to the water system,
determining the associaled system behavior and thus determining the optimal control strategy
for the regulating structures of the water system. ‘This is carried out by the Strategy Resolver
of the decision-support level in the control system.

How to determine the optimal control strategy has been described by several authors, using
various optimization methods. In general, the methods applied have in common that the
strategy is determined by building and solving an optimization problem, which incorporates
a model of both the water system and the objectives of control. That approach has serious
drawbacks with respect to modeling accuracy in combination with the speed of finding the
optimal solution. For complex water systems, to accurately solve the control problem will
generally require nonlinear optimization methods that need long calculation times. If,
additionally, the control horizon has to be incorporated in detail, which requires many time
steps, it is questionable whether the process for finding the optlimal control strategy is always
faster than real time.

In contrast to the above methods, in the present study the functions of strategy
determination and accurale water system modeling have been split up into separate
simulation and optimization modules. This approach has the advantage that accurate
modeling is possible in simulation, whereas in optimization the control problem can be
solved on the basis of simplified relationships that describe the water-system behavior. This
simplified model, however, still incorporates the processes of importance to water-system
control, €.g. that of water-quantity and water-quality development.

The method developed is applied in two separate modules of the Strategy Resolver: a
simulation module and an optimization module. The simulation module has the specific task
of calculating present system states, on the basis of the nonlinear system behavior in detail,
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incorporating operational restrictions to control. such as regulating structures being out of
order. limited capacitics, ete.

‘The oplimization module has the specific task to determine the optimal controf
strategy considering the requirements of water-related interests. [n the methods developed,
both modules work simultancously. the simulation module continuously updating the current
water-system conditions that are used in optimization.

The method proves to work very efficiently for regional water-system control in both
polder and hilly arcas. Practical operational conditions which limit the scarch space of
optimization can be incorporated with relative case.

A general distinction has been made between use of the methed for the analysis of the
operational situstion and application in the operational situation itself. The use for analvsis
purposes is shown in this thesis. Several aspects of the application in the operational situation
have been discussed in detail,

9.1.4 Optimization
Method Applicd

Several methods exist for solving the contrel problem and determining an optimal control
strategy. Of the methods available these dayvs, mathematical programming has been chosen
mainly because it is universally applicable. includes deterministic modeling. is robust and
makes model building and extension relatively easy. Several methods were reviewed from
literature: Network Programming (NP Lincar Programming (1.P). Successive Linear
Programming (S1.P) Dynamic Progrumming (DP) and Nonlinear Programming (NLP). The
NP LPSLP and NLI methods were also examined within the framework of the research.
After a careful evaluation of these mathematical programming methods. their characteristics
and the ohjective of the present study. SLE has been chosen to solve the control problem
detined.

The water-system model and the objectives of control are described by nonlinear
relationships. In determining a control strategy for the control horivon. linearization on the
basis of the present system state can be rather inaccurate, especially when leng control
horizons are used. Therefore. o method has been developed which converts the nonlinear
problem into a lincar one, but lincarizes water-system processes accurately at the expected
values of system variables in discrete time steps of the control horizon.

During engoing time-serics caleulations. the accuracy of lincarization is ensured by
taking the optimal values found in cach previous optimization cyele as the expected ones for
linearizing. This method has been called forward estimating. [t avoids multiple caleulations
of the same thime step in a time-series caleulation and has proven to sield aceurate results.

The method of forward estimating requires linearizations for all nonlinear intrinsic
water-system processes. The time necded to determine the lineanzation coctiicients is small
in comparison to the time taken o solve the optimization problem. especially for large
prohlems. With respect to the speed of finding the optimal solution, the ST method used is
comparghle to standard [P,
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Performance of the Method

Small or strongly generalized water systems, comprising only a few subsystems, a few flow
elements, a limited number of interests and simple objectives of control, produce
optimization problems containing around 1,000 variables and as many constraints. Large
water systems comprising several interests, hundreds of subsystems, hundreds of flow
elements and many objectives to meet, produce optimization problems containing 50,000
variables and as many constraints or even more.

Much attention has been paid to maintaining network structures and to scaling the
problem in the application of the method in the DSS. The BPMPD solver used in the DSS
is of the primal-dual interior-point type, which is rather sensitive to the sparsity of the
constraint matrix and to whether 2 multi-diagonal structure in this matrix is maintained,
When the optimization problem is built along these lines, it is very fast in finding the optimal
solution. The efficiency in finding the optimal solution was furthermore kept high by scaling
the problem well, kecping the differences in the order of magnitude of the matrix coefficients
as small as possible,

Typical solution times obtained using a present-day regular 133 MHz Pentium PC
with 48 MB internal memory, using an interior-point solving method, range from seconds
for simple water systemns te minutes for large and complex water systems. Such large and
complex water systems cover areas in the order of magnitude of hundred thousands of
hectares, modeled in great detail. These results were obtained when resolving optimal control
strategics for control horizons with a length of 18 to 48 hours that cover a range of 12 to 36
time steps.

The solution speed of the method can be improved by reusing the optimal solution of
each previous optimization cycle as the starting point in the optimization algorithm. Such
speed improvements depend strongly on the type of solving method used. For the interior-
point method applied, reductions in solution time of up to 50% could be reached.

The solution times found are so short in comparison to real time, that further
improvement of the solution speed scems not really necessary at the moment from an
operational point of view. This may change when extremely large models are built,
comprising over ten thousands of subsystems, which may yield over a million variables and
constraints in the optimization problem. However, computer power is increasing all the time
as well.

The Flow Problem

Severat authors have described building optimization problems for sewer networks. The
types of models used generally have in common that they only include continuily constraints
to represent water transport in the optimization network. Delay in flow is incorporated by
special time transportation arcs. The time transportation arcs allow delay in flow for only a
multiple of the time step used in the optimization network. That approach can be inaccurate
because only capacity restrictions can be included without the physical relationships of flow.

This thesis has shown that the use of time transportation arcs restricts the type of
network that can be modeled. Looped networks are principally excluded from that type of
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modeling, which is a limitation in sewer-system maodeling and definitely unaceeptable in
modeling regional water systems.

This thesis has presented a method of building the optimization networks which do
not have the imitations listed above. A rectangular network for the optimization problem has
been developed. which permits modeling loops in surface water, groundwater and sewer
networks. In the approach, delays in flow are explicitly modeled by means of the physical
friction relutionships such as oceur in water systems, modeling the various tlow clements of
a water system: regulating structures (e pumping stations, controllable weirs, sluices,
inletsy, Nixed structures {i.e. weirs, inlets) and free flow elements (i.c. canuls. groundwaler
flow),

Difficulties Associated with Mathematical Programming

A drawback of mathematical programming that 1s mentioned frequently is the difficulty to
capture all interests in one abjective function. The present study has proven that this is indeed
difticult, but that it can be handled by using methods that incorporate the required nonlinear
relationships in both the objective function and the constraints to the optimization prohlem.
In the method developed, damage functions are defined for interests. which are not directly
incorporated in the objective function but in separate constraints. These constraints are tinked
o the objective tunction via damage variables; each damage function having only one
variable in the objective function. This has proven to be a very Hlexible method. which allows
casy and multiple use of the sume water-system vartable in several damage functions.,

Another point of general eriticisim to mathematical programming is the fact that costs
or penalties should be assigned to undesirable situations. In this thesis it has been shown that
this 15 not explicitly required. but that the same aspeet can he incorporated in 2 mechanism
which allows weighing of interests and inclusion of subjective poliey preferences, Implicitiy.
the weighing mechanism uses numerical methods to determine penalties to undesirable
sitwations. However, similar technigues were found to be necessary in the several weighing
meshods found in Jiterature that include optimization.

9.1.5 Hydrological-Load Prediction

The hydrological data for off-iine use of the S5 for analysis purposes and for on-line use
tn real-time control are different. For both tvpes of use, the necessary hvdrological data have
been analyzed: forecasls from a weather bureau and predictions on the basis of 30-year
monitoring data.

Verifications of forecasts show that they are geoerally inaccurate and very dependent
on the type of weather. the time of vear. the intensity predicted and the period the prediction
is made for. Meteorologists of weather burcaus tend to underestimate excessive hyvdrological
events.,

A method has been developed Lo guaslitatively assess the risk of control actions taken,
taking into account incorrect forecasts. The risk-based approach presents the best control
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strategy to follow, regarding the uncertainty in the forecast and the possible undesirable
resuits and damage to interests.

For analysis purposes, predictions by a weather bureau are simulated. Since for the
past, no detailed forecast data were available for the periods required, use has been made of
a hydrological database of past events. The data retrieved from the database have been
disturbed and reduced, to simulate erratic predictions by a weather bureau.

Prediction of the hydrological foad to a water system can play an important role in the
determination of the optimal centrol strategy. For water systems that react slowly (e.g. mainly
rural systems), it has been proven that only an indicative prediction of the load is needed to
enhance water-system performance considerably. For water systems with rapid runoff
characteristics (e.g. mainly urban systems), the suitability of the control strategy depends
much more on the accuracy of the prediction available.

Prediction of hydrological variables by the weather bureau, are most accurate for short
periods of time {¢.g. hours), whereas thesc predictions are less accurate for long periods (e.g.
days). Slowly reacting water systems require predictions for leng periods and fast-reacting
water systems for short periods. The accuracy of the hydrological-load prediction therefore
seems to mirror the accuracy requirements. However, the accuracy required to effectively use
the anticipating effect of dynamic control in fast-reacting water systems is still far from ideal.

Moreover, it was found to be better not to use a prediction at all than a highly
incorrect one. Therefore, in real-time control the accuracy of the prediction should be
supplied with the prediction itself by a weather bureau, which permits the water manager to
exclude an uncertain predicted event from the data used for resolving the control strategy.

If no prediction is available, dynamic control uses at least the present system state to
determine the best control strategy. Using the present system state in this way, is a kind of
feedback in control. If the prediction of the hydrological load is moreover incorrect, the
feedback guarantees that the control actions of the current moment are feasible considering
the requircments of interests.

Fven without a system-load prediction, the control strategy determined in dynamic control
improves water-system performance in comparison to local control. The reason is that
dynamic control on the basis of actual data, still reallocates capacitics in the water system if
possible, which is not possible using local control.

9.1.6 Interest Weighing

In water systems, three groups of interests can be distinguished: common-good interests,
sectoral interests and operational water-management interests. These interests can be
explicitly defined and mutually weighed, using a special weighing mechanism. The
requirements of interests are linked to the physical water system by dimensionless damage
functions. These represent the damage to interests as a function of water-quantity and water-
quality variables. Damage to an intercst occurs when the water-system variables of
importance to that interest differ from their required values.
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Weighing of interests is performed by decision makers in water management, on the
basis of laws, government regulations, national and regional plans. Such weighing can never
be entirely objective. Dynarmic control requires careful assessment of the results. The results
obtained should be presented to the decision makers for feedback, This is a cyelic and
preferably interactive process, which confronts the decision makers with the choices they
make and enables them to adjust their decisions, even before they are put into practice.

The weighing mechanism developed, shows that interests of different types can be compared
to determine the best way to control a water system. Common-good interests can be
considered successfully together with sectoral interests and operationa) water-management
interests. The mechanism requires assigning the highest weights to the most important
interests, trying not to violate the requirements of other interests.

9.1.7 Dynamic Water-System Design

At present, water systems are designed on the basis of guidelines concerning discharge
capacity, surface-water storage and frequencies of extreme hyvdrological loads, These
guidelines include generalized data on soil texture and land use. Time-series calcutations for
water systems designed on the basis of these guidelines, prove that the designs may
incorporate a considerable excess capacity. The extent of this excess cannot be determined
casily, however.

An alterative to the standard design method has been developed in the present study,
which includes system dynamics and stochastics. The dynamic design procedure is carried
out on the basis of a deterministic model of the water system, the possible faifure
mechanisms of control systems including regulating structures and standards with respect to
the frequency of water-system failure, The dynamic design procedure presents an econontic
design method, in which excess capacitics can be avoided. When required. however. excess
capacity can be incorporated on purposc, to enable future extension of the water system.

The dynamic design procedure can be used 1o determine the safety of current water
systems, on the basis of real data. In case & new water-system has to be designed, the
procedure can be carried out on the basis of the requirements of water-related interests. In
that case, violation of one of the requirements determines a water-system failure, This
approach enables a balanced design in which all interests are incorporated. while the design
explicitly takes into account how various requirements should be met. By doing so, in
addition 1o water quantity standards. water quality standards can be included as well.

9.1.8 Practical Results
General

Practical case studics have been described in detail for the following regional water systems:
Dxelland (polder arca). De Dric Ambachten {polder ¢ hilly areaj and Salland (hilly area).



9 CONCLUSIONS AND RECOMMENDATIONS 281

The practical case studies show that water-system control in polder areas differs
greatly from that in hilly areas. The span of control of regulating structures is generally wider
in polder arcas and these structures can generally control the water system both during the
winter and the summer scasons. Despite the sometimes high number of weirs used in hilly
areas, these structures alone cannot preserve enough water to satisfy the requirements of all
interests, in general,

To assess potential improvements in water management, the performance index has been
introduced, which is based on the extent of satisfying the requirements of interests. The
performance index has proven to be an extremely helpful measure in comparing the long-
term effects of alternative control modes.

To assess the results of alternative control modes under extreme conditions, failure
situations have been defined for the most important interests. A failure in this respect is
defined as the situation in which one requirement of an interest is violated, e.g. flooding, fish
mortality, harvest reduction. Failure frequencies were determined in time-series calculations
by recording the number of times the variables that determine whether the requirements are
met, exceeded the limits of their permissible range.

Polder Areas

The polder areas studied show a great improvement in water-system performance in general.
Anticipating high hydrological loads is of importance in some of these areas to prevent
water-systemn failure. In those cases, the hydrological-load prediction should be an element
of the control system.

Various examples show that the control strategies determined are nat very sensitive
10 the accuracy of hydrological-load predictions. In mainty rural areas, with slow runoff
characteristics, the results of determining the control strategy without prediction are almost
as good as with prediction. However, in urban areas prediction can be necessary to improve
water-system control,

In the polder arcas investigated, the number of failures following excessive
precipitation could be reduced considerably by dynamic control. This effectively prepares
the current water-system arrangements to better deal with new interest requirements when
dynamic control is applied.

Hilly Areas

The improvement in water-system control in the hilly arcas is less great than in polder arcas.
The maijn reason is that the requirement to keep the groundwater table as high as possible in
summer, generally prevails. It proves to be very difficult to prevent a fall in groundwater
level using weirs only, because the fall results from uncontrolled processes such as
evaporation and infiltration into low-lying groundwater aquifers. For that reason water supply
works or at least retention measures are usually required,
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In general, the best possible improvement in groundwater preservation is achieved by
keeping the water levels in the adjacent surface-water subsystems as high as possible
throughout the vear and towering them only when excessive runott can be expected. Part of
this strategy can be accomplished by automatically controlled weirs,

However, in some places the permeability of the soil (s so high that surface water
upstream from a weir infiltrates into the soil and flows through the subsurface as shallow
seepage into the surface waters downstream. This effect. combined with infiltration
throughout the year, often necessitates water supply via pumping stations, fn nilly areas, the
supply of water gencrally has to be carried out in small stages and therefore small. but
complex systems have to be developed.

In the hilly arcas investigated. a rise in groundwater level of 0.5 to 1 meter could be
achieved if artificial water supply is combined with dynamic control. Furthermore. drought
probiems could be better handled.

Water-System Performance

The examples given in this thesis show that dynamic control can considerably enhance
waler-system performance and that it is superior to local control in various wavs, In the
discussion whether to apply dynamic control or not, the actual performance improvement
should be assessed. This can only be done by means of dynamic time-series caleulations that
determine how the water system reacts when dynamic control is applicd.

In water systems that include a large number of uncontrolled structures. the
application of dynamic control may imply automation of a large part of these structures,
which can be costly. The choice which structures to include in dynamic control 1s therefore
partly an ¢conomic one, which should be evaluated at the feasibility stage ot a design.
However, the costs of automation ¢quipment are generally much lower than that of building
extra capacity in the water system by extending the discharging capacity or excavating canals
of the surface-water system.

The case studies show that it is generaily not necessary to awtomate all regulating structures
in a water system, Moreover, not all automated structures have to be controlled dynamically
to obtain good results in operational waler management. Only the structures which play a key
role in preventing damage to interests. have to be included in a dynamic control svstem.

9.1.9 Application of Dynamic Control
Decision Support

As mentioned before, the methedology rmplemented in the DSS as presented, can be applicd
in two possible ways: off-line. tor water-system analysis and on-line. for real-time ¢control.

Oft-line application of a [ISS is of importance to assess the potential improvement
which can be obtained by using various optional control modes. This application is also of
interest in the planning stage of a real-time control system. because it helps determine which
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regulating structures should be remotely controlled, locally controlled or maybe not
controlled at all. In addition, off-linc application of a [DSS can be used in operator training,
simulating known and unknown extreme hydrological conditions. Moreover, irregular
conditions can be stmulated in which the operators have only limited means of control, such
as during maintenance or predictable system-failure situations.

On-line application is implemented in a remote control system. The on-line DSS determines
a control strategy on the basis of actual data. It runs on a centrally placed computer, that
receives filtered monitoring data from the water system and sends the control actions
required to the local control units.

Monitoring data from the field cannot be used directly. A numerical filter has to be
built into the control system to adjust the simulation model in such a way that it continuously
resembles real-time water-system behavior. This filter can also be used to determine data that
are measured with a low frequency.

Dynamic control gencrally only has to come into action when the system capacity
during the control horizon becomes too low and/or interests in the water system are
conflicting. In water-quantity control, this usually only occurs during high hydrological loads.
When dynamic control is applied, alternative, less advanced control modes should also be
available, e.g. local control. These control modes have to come into action in case part of the
central control system breaks down.

Implementation

Dynamic control has been presented as a method which incorporates weighing of interests
in the entire water system. Regional water systems are generally controlled by various water
authorities, which requires weighing of interests that override the boundaries of responsibility
of one authority. Because each water authority has its own responsibilities, such weighing
has not been carried out in the operational situation so far. Consequently, each water
authority focuses mainly on his own subsystem. This policy can only be changed if it is
proven that using the entire water-system state to determing control strategies really improves
the situation in the regions controlled by all authorities.

To persuade water authorities, the general advantages and improvements in control
have to be demonstrated. However, in practice many administrative hurdles still have to be
taken,

When implementing dynamic controk, the experience and knowledge of operators will
continue to be of vital importance to successful operation of water systems. In special
sttuations such as an excessive hydrological load, it will be the operator who has to supervise
the automatically executed control commands. If necessary, he will have to take
responsibility, possibly taking over manually and steering the processes in the water system
himself. The knowledge of operators can be further enhanced by use of the off-line DSS as
mentioned above, making them familiar with special situations in a short period. To gain this
type of experience in the operational situation would take many years.
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9.2  Recommendations

The subject of optimal control of water resources systems has been studied by researchers
in several countrics. Many questions remain if one wants to turther develop methods to
enhance water-system performance. The present study has solved several of the problems
involved in optimal control of a regional water system, However. many topics remain which
were outside the scope of this study. The most important topics for further research are
summarized below.

9.2.1 Optimization
Accuracy

The accuracy of the solution to the optimization problem depends on the size of the time step
used in the control horizon. In the performance analysis of the method developed. it was
shown that the time 1o solve the optimization problem is generally more or less a power
function of'the size of that problem. "The problem size depends linearly on the number of time
steps used in the control horizon. Theretore, the control problem is solved most rapidly when
the time step used is large. However. to keep on the safe side, refatively small time steps have
been used in the case studies presented in this thesis.

Calculating the 30-year time-series for the case studies presented in this thesis, took
hours to days. To speed up the overall time required to calculate time series, it is
recommended to enhance the method and determine the time step required during the
calculation automatically. This can be done by means of an automatic sensitivity analysis of
the solution to the size of the time step during the ongeing process. A criterion for reducing
the time step could be the total damage determined by optimization during the control
horizon. If the damage is outside a pre-set range around the total damage determined ina
prior time step, the size of the time step is reduced, if possible.

An option to further enhance the accuraey of the forward-estimating method. is to
include an automalic evaluation procedure. which determines whether it is necessary to
perform a sccond forward-estimating cycle at the current time step Inoa time-series
calculation. The proposed evaluation determines, for a selected set of optimization variables,
whether the values of these varnisbles at a specific time. are outside a range around their
values in a previous evele. I one of the variables is outside the range. another forward-
estimating eycle should be performed at the same time step, using the outcome of the prior
cycle to determine the linearizations of processes in the water system more accurately. If the
selected variables fullill the evaluation criteria. the method proceeds to the next time step in
the time-series caleulation,

[t is expected that. when the method of simultaneous simulation and optimization is
extended with the above-mentioned use of lurge time steps whenever possible and the
automatic accuracy evatuation of the forward-estimating method. the total time to calculate
long time series can be reduced, without making concessions to the accuracy of the method.
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Alternative Method

The optimization method applied in this thesis is a form of nonpreemptive goal
programming. The method does not include an explicit hicrarchy in objective functions.

It is recommended to study the possibilities of preemptive goal programming to solve
the optimization problem defined. Preemptive goal programming allows incorporation of a
hierarchy in ebjectives. The optimization problem is first solved trying to meet only first-
priority objectives. The remaining solution space is used to meet second-priority objectives,
etc. This approach allows modeling of a hierarchy which usually can be distinguished for
interests, i.e.: common-good interests, sectoral interests and operational interests,

Other Applications

Despite the excellent reviews of mathematical programming methods applied in the field of
water resources management, published by several authors, the choice for a particular type
of method still seems to depend on the ficld of use, the country of application and the
preference of the modeler.

Within the scope of the present study several methods were reviewed, from which the
Successive Linear Programming (SLP) method seemed to have the greatest potential for
water-system control in the regional water systems studied. The application of SLP presented
here, can be considered a competitive alternative to Nonlinear Programming, especially with
respect to the size of the problem which can be solved and the speed of finding the optimal
solution.

It is recommended to further investigate the possibilities of SLP in combination with
forward estimating in the field of water resources management. A special point of interest
is whether the method developed can accurately include the interest of generating
hydropower and the process of the associated optimal reservoir releases in large river basins.

In addition, the method developed could be of interest to other fields in which flow
problems occur, It is recommended to investigate the possibilities of its use in industry such
as gas transpon where currently network programming methods are frequently used, but also
in oil and electricity transport.

9.2.2 Interest Weighing

The way in which interests are weighed and used in optimization to determine the optimal
control strategy, is incorporated explicitly in the methodology developed here. Preferences
of decision makers can be made visible and the effects of these preferences can be assessed
by means of the DSS. The approach chosen is to determine the weights of interest iteratively
and preferably by an interactive process together with the decision makers in a water agency.
The approach focuses on the required system behavior, rather than on fixing target values and
standards for water system variables. In the present research, the approach has been tested
in practice on a limited scale only.
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A separate study of the process of interactively finding the reguired water system
behavior is recommended, involving a group of decision makers who discuss and bulance
interests. The setting can be similar to the one used currently. to fix target values and
standards in water-management orgenizations. The purpose s, to find the operational
flexibility in water systems, to determine the conditions required during sverage system Joads
and the system behavior in failure and near-failure situations and e incorporate the specific
requirements of differentinterest groups in operational control.

9.2.3 Hydrological Loads

A first atlempt has been made 1o develop o risk-hased approach 1o determine which
hydrological load has to be accounted fur in water-system control. In the approach. the risk
of using incorrect hvdrological predictions. 1s incorporated.

It is recommended to further study the nsk-based approach, so that forecasts of
weather bureaus can he handied and used with confidence in real-time control of water
systems. The damage functions presented in this thesis can be used in that case to assess the
effect of incorrect predictions.

It ts furthermore recommended to study the alternative of chance-constrained
programming. which includes the uneertainty of the hydrologieal load by imposing
probability distributions of loads on the eptimization prohlem.

9.2.4 Process Descriptions

The How-process deseriptions applied in this thests present satistactons results in modeling
for regional water-system control. Tt has not been the primary purpose of this study 1o
deseribe all Tow processes in detadl and therefore seme deseriptions are very general and are
open (o improveomennt.

It is recommended to more accurately desceribe the discharge behavior of a spilling
sluice, The varteus Hew conditions have to be determined and simulated in detail, with
emphasis on the transitions between these conditions and associated hysteresis effects.

Furthermore, the wav in which surtace-water flow 18 modeled in simulation and
optimization could he improved by, for instance. using the kinematic wave cquation. This
permits delays in flow to be incorporated more accuratcely,

Both improvements can be implemented without fundamental changes 0 the
methodology .

9,2.5 Water Preservation

Extensive drainage in hilly arcas has resualted in large-scale lowering of the groundwater
table, Water sometimes runs of U from these areas. betore it can recharge the groundwater.
Because of shallow seepage elfects. bullding weirs inowater courses 15 pencratly not
sufficient. To sofve the problem, in principle. surface-water dischuree via canals could be
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restricted. However, these canals were originally intended to prevent tlooding in times of
excessive precipitation,

Several options to improve water preservation can be distinguished. The option which
is recommended to be studied further is the use of shallow and wide canals. Special attention
should be given to the problem that shallow-water vegetation will develop faster, which
increases canal bed roughness, which restricts the discharge capacity and/or may necessitate
more maintenance.

9.2.6 Determining Logic Rules

Dynamic control as shown in this thesis uses optimization to delermine control strategies for
water systems. The possibilities of dertving general rules from the control strategies
determined, has not been studied. However, it is believed that for many water systems,
especially simple ones, this can be a feasible alternative to on-line use of the DSS.

Therefore, 1t is recommended to carry out a study to automatically determine logic
rules for water-system control on the basis of optimal control strategies. As shown in this
thesis, several options are available for on-line use of such logic rules. One of the options is
the verification method, which has the advantage above others that the process by which a
control strategy is determined can be monitored easily by the operators.

9.2.7 Filtering of Monitoring Data

One of the reasons why optimization-based control systems have not always been successful
in practice, is that the models used to determine the optimal control strategy, do not aiways
represent the actual water-system state, When a discrepancy occurs between mode] and
practice, it cannoct be guaranteed that the solutions found in optimization indeed reflect the
optimal control of the actual water system. Therefore, in the implementation of these
advanced methods, it should be assured that the modeled water system closely resembles
reality all the time. This can be done by incorporating data on the availability of regulating-
structure capacities, but also by using filtering methods that incorporate real-time monitoring
data in the models used.

It is recommended to enhance the functionality of AQUARIUS, the DSS developed as
part of this study, with a numerical filter. The control strategies provided by the methodology
presented in this thesis can then be implemented on line.

9.2.8 Designing with Dynamics
In this thesis an iterative verification procedure is presented to determine optimal water-

system design, using the dynamics of interests, the water system, the hydrological load and
tailure mechanisms of regulating structures.
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It is recommended to further ¢enhance the method and apply it to more complex
regional water systems. Of spectal interest in the further development of the method is
automatic calibration of models and automatic data handling,

As an alternative to the dynamic design procedure, pure stochastical methods such as the
Monte-Carlo analysis can be considered. Such analyses generally need very long time series
for caleulation, smee a reasonable number of failure situations must have occurred together
before conclusions can be drawn. This can be seen as a special point of interest 1o study,
especially for water-system modeling, in which previous conditions in the system play an
important role in the oceurrence of a failure.

9.2.9 Use of a DSS by Operators

Using a DSS in regional water-system control is a relatively new development. which has to
be introduced gradually. Operators should be trained in the use of such systems. The outcome
of the DSS may not always look very logical. Therefore, a prerequisite to successful
implementation of these systems 15 intensive training. not only 1o obtain knowledge on how
the system works, but also to gain confidence in the outeomes.

In addition, 1t is very important to involve the actual operators, as carly as the design
stage. in the building of a real-time-control system that includes a [DSS. Their expericnce
ensures that practical constraints. which are not detected during desk studies, are
incorporated in the design.

In general, it will be the operator who has the practical responsibility for the operation of a
water system. The question arises which action he should take when the DSS presents
unexpected results: follow the advice of the computer or his own intuition and experience.

When using a remote control system, every operation by an operator is monitored and
stored in a database, This makes it casy to race incorrect decisions afierwards. an aspect that
is generally absent in traditionally controlied water systems.

It s recommended to further study these subjects. also with respect to the legal
conscquences. More than before, operators will need clear guidelines to be sure that they take
the right decision and operate the water systemn according Lo the regalations.
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Glossary

Abstraction area
The area from where water is abstracted by a flow element of a water system.

Alien water
Surface water from outside the water system under consideration.

AQUARIUS

Decision Support System for water-system control. AQUARIUS comprises a set of computer
programs especially developed for water-system modeling, analysis and real-time control.
Models in AgUARIUS are build by configuring schematic representations of water systems
in a network layout, using various water-system elements. AQUARIUS can be used for time-
series calculations to determine the water-system performance, using various control modes,
The DSS enables definition of interests and damage functions and, during its time-series
calculations, determines failure frequency and failure duration for specific water-system
variables. AQUARIUS includes the Strategy Resofver which can determine optimal control
strategies and dynamic control of water systems.

Arc

Schematized flow element In an optimization problem which connects two nodes of a
network and represents flow (‘transportation arc’} or storage ('storage arc’) (Fig. 6.8,
Page 118).

Two types of transportation arcs exist: ‘time transportation arcs’ and ‘time-independent
transportation arcs’. Time transportation arcs connect nodes befonging to different locations
in a water system at different time steps and can be used to model delay in flow, without
having to incorporate the intrinsic relationships of flow. Time-independent transportation
arcs denote water transport from one location to another in the same time step. When the
latter are used, the intrinsic relationships of flow have to be included in the formulation of
the problem, to simulate delay in flow. Time transportation arcs cannot be used to model
looped networks, whereas time-independent transportation arcs can.

Area
Water-system element comprising subsystems for which processes such as runoff, water use

and water quality development can be simulated.
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Boundary

Water-system element describing a natural or an artificial separation of water systems or
subsystems of @ water system. [0 modeling, boundaries are included to enable detailed
simulation of the bebavior of a water system, without having to describe the entire water
system and its envirenment,

Central control
Sec control fevel and control mode.

Common cause event

An event which causes an entire unit of a control system to fail, ¢.g. lightning striking the
electricity supply network, the consequence being that all pumps of o pumping station fail
to operate.

Common-good interest

A common-good interest includes aspects such as whether the land is {1t for habitation and
focuses on improvement and preservation of the environment. A common-good interest
entails requirements related to primary water-management duties. This (rerest nipe is
generally of importance to an entire water system.

Communication network
Control system component, consisting of telephone hnes, direct connected lines or other
communication lines, including the equipment that enables data communication.

Component of a control system
Hardware part of a control spstem, ¢.g. 4 computer, a data communication line.

Constraint
Physical or artificial limiting condition to an optimization problem (Fq. 3.1, Page 45). Two
types of constraints are distinguished: continuity constraints and side constraints,

Constraint Manager

Part of the eptimization moduie that converts particular water-system relationships in
combination with the water-system state and the hydrological-load prediction into an
optimization problem (Fig. 6.1, Page 110),

Continuity constraint
Constraing describing continuity for water quantity or water guality in a subhsysrem of a
modeled water syslem,

Control horizon
The periad for which a control strategy has 1o be determined.

Control level
Central control; control of one or more reguiating structures on the basis of data from more
than one location.
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Local control: control of one regulating structure on the basis of monitoring data gathered
int the vicinity of that structure.

Control mode

The following six control modes are distinguished (Table 2.1, Page 30):

Dynamic Automatic Control / Dynamic Manual Control;

Central Automatic Control / Local Automatic Control;

Central Manual Control / Local Manual Control.

In dynamic control mode, operations are based on the time-varying requirements of interests
considered in a water system, the water-system load and the dynamic processes in the water
system.

In central and local automatic control mode, operations are based on logic rules, e.g. a
decision tree.

In manual control mode, operations are based on heuristics, which may include experience,
knowledge and reasoning.

Control strategy

A sequence of control actions for some time ahead, which, given a predicted water-system
load, result in the required system behavior {Sec. 2.3.1, Page 27). The control stratepy is
determined for the duration of the control horizon. It can be determined by trial and error,
using simulation, or in a single run, using optimization. The control strategy can be
formulated in the form of a sequence of seipoints in time.

Control system (In Duich: ‘besturingssysteem’}

A computer-based system which controls regulating structures in a water system. A control
system consists of one or more computers and a communication network. Operation of these
components depends on the type and implementation of the control software.

Control variable
Variable used to control a water system, e.g.: water transport through a pumping station.

Damage
The dimensionless product of a penaity coefficient and an optimization variable, which

expresses the weighted harm to one or more interests defined for the water system.

Damage function
Function which schematically expresses the damage to a water-system interest, depending
on the state of a key variable. The damage to one interest can be determined by several
damage functions.

De Bilt time series
Hourly precipitation and daily evaporation measurements as determined by the KNMI in the

30-year period of 1965 to 1994, at the De Bilt meteorological station.
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Decision Support System (D55}
An interactive computer-hased system that helps decision makers o use data and models o
solve complex problems (after Sprague & Carlson, 1982}

Delivery area
The areq into which water from a flow efement of a water-system is discharped.

Dimensionality

A measure that relates computer resources of a sofver 1o the size of an opumization problem
and its level of nonlinearity, nonconvexity and discontinuity, in which the size of the problem
15 measured by the number of optimization variables and the number of constraints,

Dynamic control
Sce control mode.

Dynamic-control threshold
The value of the total damage 1o the water system at particular time step of the control
haorizon, at which local automatic control should switch over te dynamic automatic control.

Dynamic Design

Procedure based on verification of the performance of & particular water-system, using
time-series calculutions that determine the fuilure frequency and duration of the water
system. The dynamic design procedure takes into account the layout of the water system and
the actual conditions of soils, waterways. and regulating structures.

Failure

‘The undesirable situation which occurs when the requirements of one or more of the interests
involved in a water svstem are violated in such a way that the objectives set cannot be met,
e.g.: flooding. fish mortality, loss of harvest. [f one or more requirements of an interest fail,
the interest fails and consequently the warer system fails. This is called a svstem failure’,

Feasible solution
Valid solution o an aptimization problem.

¥ixed structure

Flow element which cannot be controlled or can be controlled manuatly. but very
infrequently, g a fixed weir, an iniet which is opened during summer and closed again for
the winter season.

Flow element
Water-svstem element. Flow clements can be divided into contrelluble flow elements, called
repudating structures. fixed flow elements, called *fixed structures” and “free flow clements’
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Flushing factor

The flushing factor gives the ratio of water which is flushed through the water system each
day for water-quality control, and the surface-water volume at target level (Eq. 7.2, Page
165).

Forward estimating

Method to avoid multiple calculations of the same time step in a time-series calculation by
the optimization moedule. The method ensures accuraie linearization of the nonlinear water-
system relationships used in SLP. Linearizations are determined at the values expected for
water-system variables. For cach time step, the expected values are abstracted from the
optimal solution found in cach previous step calculated (Sec. 6.2.2, Page 111).

Free flow element
Flow element which canrnot be centrolled and of which the flow is determined entirely by
upstream and downstream water or pressure levels, e.g. a canal; groundwater flow.

Generalized model
Mode! of a water system which describes the hydrological processes that are important at a
general scale, but is still accurate enough to represent the water system.

Global optimum
The overall optimal solution to an optimization problem (Fig. 3.1, Page 41).

Groundwater flow

Saturated flow through the soil, resuiting from a piezometric pressure difference in the soil.
Shallow groundwater flow: phreatic and mainly horizontal groundwater flow. Deep
groundwater flow: mainly horizontal flow through aquifers and vertical flow through
aquitards.

High water-system load

Water-system load that results in undesirable effects, which cannot be prevented by the
operation of regulating structures, e.g.: a continuous and undesirable water-level rise in a
subsystem, while the entire drainage capacity of that subsystem is in use.

Hilly areas
Gently sloping areas, gencrally drained by gravity.

Hydrological load
Water-system load consisting of precipitation and evaporation.

Infeasible problem
An aptimization problem to which no solution can be found by the sofver applied.

Integrated model
A dynamic simulation model or models which describe all the relevant processes and control

actions in the various subsystems of a water system.
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Interest weighing
Mechanism to assign priorities to the various interests present in a water system (Sec. 1.3.5,
Page 18 and Scc. 1.3.5, Page 18)

Interest type
Three types of interests are distinguished: common-good inferests, sectoral interests and
operational interests.

Key variable
Wuter-system variable, used in a damage function to represent the level of satisfaction of
interest requirements.

Local control
See control mode.

Local optimum
A solution o an eptimization problem which is only optimal within a fimited range of the
available solution space (Fig. 3.1, Page 41}

Logic controller
Computer system which, on the basis of the actual water-system state and logic rules,
determines the required control strategy.

Manual control
See control mode.

Mathematical optimization

Category of deterministic optimization methods, using a mathematical probiem formulation,
e.g.. Network Programming, Lincar Programming, Successive Linear Programming,
Dynamic Programmung, Nonlinear Programming.

Milling stop (In Dutch: ‘maalstop”)

A milling stop is impased when the water level in & storage basin is very high. Then some,
or all polder pumping stations are no longer permitted to discharge watcer to that storage
basin. The reasons for water board deciding on a milling stop are ¢.g.: to prevent flooding
of the hinterland or damage to canal embankments.

Modeling element
Part of a model. here representing areas. boundaries and flow elements.

Module
Computer program or part of it.
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Network-flow model

A model that only consists of flow elements. In a network-flow model all flows and storages
are represented by arcs. The nodes in a network-flow modeli solely represent places where
arcs intersect.

Neode

Network intersection which represents a location for water storage. The use of “supply nodes’
at the boundaries of a network enables modeling of inflow from outside the network. The use
of ‘demand nodes’ at the boundaries of a network enables modeling of outflow from the
network to the surrounding area.

Furthermore, ‘basic nodes’ and ‘time nodes’ are distinguished. Basic nodes in a network
represent the original locations in a water system and form the basis of a network that
expands in time. Time nodes in a network are replications of basic nodes at discrete time
steps of the contro! horizon.

Nonpreemptive Goal Programming

Mathematical optimization method in which, for each objective, a specific numerical goal is
set and an objective function is defined. The optimal solution is found by minimizing the
weighted sum of deviations of objective function values from their respective goals.

Objective function
A function of optimization variables that presents a measure to ¢valuate the satisfaction of
objectives set to an optimization problem.

On-line monitoring
Monitoring by a monitoring network which offers automatic data gathering and transmission.

Operational interest

An operational interest includes issues that determine efficient water-system control. This
interest type is generally only important for the responsible water authority and requires the
best operational control at the lowest cost.

Optimization
To select the best possible decision for a given set of circumstances without having to
enurnerate all the possibilities (Pike, 1986).

Optimization method
A method that can be applied to solve an optimization problem.

Optimization module
Module consisting of the Constraint Manager and a Solver (Fig. 6.1, Page 110),

Optimization problem
Mathematical model formulation which consists of one or more objective functions and

constraints.
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Optimization variable
Water-system variuble included in an optimization problem.

Parameter
Fixed value which represents a system characteristic, e.g.: the hydraulic conductivity of the
soil; the discharge coetficient of a weir,

Penalty

Coeflicient in the wbjective function that assigns a damage to an eptimization variable. An
alternative term for this coefficient, which is also irequently used in literature is ‘cost
coefficient’.

Performance
Term used to indicate the extent to which a controlled water system achieves the objectives
which have been set for it

Performance index
The total sum of damages in a water system over time in a reference situation, divided by the
total sum of damages when using an alternative set of control modes (Eq. 7.1, Page 163).

Polder

A level arca which was originally subject to a high water level, cither permanently or
seasonally and due to either groundwater or surface water. An area becomes a polder when
it is separated from the surrounding hydrological regime so that its water level can be
controlled independently of the surrounding regime (Segeren, 1983).

Polder areas
Flat arcas consisting for the greater part of podders.

Prediction module
Module which determines the water-system load during the control horizon on the basis of
real-time and historical monitoring data (Fig. 6.1, Page 110).

Preferred range
The range within which a water-system variable should be kept to best satisfy a specific
interest in the water svstem. This range can vary with time (Fig. 7.1, Page 137).

Preservation factor

The ratio of the quantity of water used and the total quantity abstracted from the system, The
abstracted guantity is the sum of® water flowing out of the water system (e.g. through flow
elements) and the quantity used up by the interests in the water system (e.g. total
cvapotranspiration) (g, 7.3, Page 165).
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Real-time control (RTC)

Control on the basis of rcal-time monitoring data, in which the time lapse between
measurement and control action is short in comparison to the response time of the controlled
sSystem.

Reclaimed lake (In Dutch: *droogmakerij’)
Low-lying polder, which has been reclaimed by draining a lake, using pumping stations,

Regulating strueture

Structure which is regularly operated manually or automatically, adjusting its flow capacity.
Examples of regulating structures are: pumping stations, controlled weirs, sluices and
controlled inlets.

Remote control
Contro! commands given from a distant location, e.g. a regulating structure can be controlled

remotely from a central location.

Saturated zone
The zone in the soil below the groundwater table.

Seasons

In this thesis: winter (1 January - 31 March), spring (1 Aprii - 30 June), summer (1 July - 30
September), autumn (! October - 31 December). Spring and summer together are also
referred 1o as the ‘summer scason’, while autumn and winter together are referred to as the
‘winter season’,

Sectoral interest

A sectoral interest is characterized by the benefits that a particular group derives when its
requircments are mel. A sectoral interest involves allocation of water to a specific activity.
In a sectoral interest, socio-cconomic balancing and/or social acceptance can be involved.
This interest type is generally of local importance.

Setpoint
The target value for a variable or limit to a variable (Sec. 2.3.1, Page 27).

Side constraint
Constraint in an optimization problem, used for describing a physical flow relationship (not
heing a continuity equation), ¢.g. the flow equation for a weir.

Simulation module
Module which includes deterministic process relationships that describe the nonlinear water-

systemn behavior (Fig. 6.1, Page 110).

Simulator
A running calibrated simulation model.
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Simultancous simulation and optimization
The technique of simulation and optimization program maodules of the Strategy Resolver
working together and at the same time transferring data.

Sotl maisture content
The volumetric fraction of water in the soil.

Solver
Computer program which applies a specific algorithm o find the optimal solution to an
optimization problem.

State variable
Variuble which 15 used to describe a water-system state, e.ge a water level, pollutant
concentration, a soil moisture content,

Storage basin (In Dutch: bogzem)

System of interconnected water courses (ditches, canals. lakes, ¢te.) into which the water of
predominantly polders is discharged, serving as temporary storage and for discharge onto
external waters. A storage basin can generally also be used to supply water from outside a
water system to polders.

Strategy Resolver
System of simultancously running simudation, prediction and optimization modules that serve
to support the water manager in determining the best control strategy (Iig. 6.1, Page 110).

Subsystem
Part of a water system with distinetive focation and/or runofl characteristics. A water syvstem
consists of suhsystemy. such as surface-water subsystems, groundwater subsystems and sewer
subsystems.

Successive Linear Programming (S1.F)

Special implementation of Linear Programming (LP), which enables accurate solving of
nonlingar optimization problems. Successive Linear Programming. in its bastc form. is an
iterative procedure, in which the optimal solution of each iteration 1s used to determine the
lingarizations of nonlinear process descriptions in the definition of the next optimization
problem more accurately. [teration stops as soon as the values at which linearizing 1s done
are close enough to the values found in the optimal solution,

System failure
Sew failure.

Target level
The required level ol @ water-system variable, e.g.: groundwater target level: surface-water
target level,
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Uncertainty multiplier

Multiplication factor applied to hydrological variables retrieved from an historical database
to simulate forecasts by weather bureaus for specific periods of the control horizon. The
uncertainty multiplier manipulates and generally reduces the stored values and thus achicves
a more realistic prediction of the hydrological load on a water system than the original
measured data,

Unsaturated zone
The zone in the soil between the soil surface and the groundwater table.

Warm start

Use of a previous solution to an optimization problem as a starting point to find the next
solution. This option can be used by some solvers to speed up the process of finding the
optimal solution. In general, the previous solution used should be close to the optimum to
really speed up solution time.

Water authority / water manager

Two terms to indicate the organization responsible for water management. The term ‘water
authority’ denotes the organization which is formally responsible. The term ‘water manager’
implies the person or group of persons within the organization who implement control
actions.

Water preservation
Keeping as much water in 4 water system as possible, preventing drought problems and/or
reducing the necessity of letting in alien water. See also preservation fuctor.

Water system

The entire waler-related environment, consisting of open water, beds of water courses, banks,
technical infrastructure, biological components and groundwater, which together form a
hydrological unit.

Water-system approach (In Dutch: ‘watersysteembenadering”)
The approach which focuses on the coherent elements of a water systemn and the various
interactions between the water systern and its environment.

Water-system element
Model naming convention for areas, boundaries and flow elements.

Water-system load

Load to a waler system, consisting of uncontrolled amounts of water, possibly carrying
pollutants, which enter or leave the system, e.g.: precipitation, evaporation, seepage,
infAiltration, lock water, sewage water, STP effluents. See also high water-system load.

Water-system state
Set of values for water-system variables at a specific moment.
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Water-system variable
Variable which presents a (temporary) situation in a water system. Two types of water system
variables can be distinguished: state variables and control variables.
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Abbreviations

BOD Biochemical Oxygen Demand

BPMPD Primal Dual Interior Point Method

CSO Combined Sewer Overflow

bP Dynamic Programming

DSS Decision Support System

DWEF Dry Weather Flow

GWL Groundwater Level

[50 Improved Sewer Overflow

KNMI Royal Netherlands Meteorological Institute
Lp Linear Programming

MIP Mixed Integer Linear Programming

MPS Mathematical Programming Standard
MSL Mean Sea Level

NAP Amsterdam Ordnance Datum freference level, close to MSL)
NLP Nonlinear Programming

NP Network Programming

Pl Performance Index

PID Proportional Integral Differcntial

PLC Programmable Logic Controller

Ref Reference level

RTC Real-Time Control

SCADA Supervisory Control and Data Acquisition
SLP Successive Linear Programming

SSD Separate Sewer Discharge

STP Sewage Treatment Plant
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Symbols

Only unique symbols, which are frequently used in this thesis, are listed below,

L (h)
JiVy
S (V)
FS

fo(h)

. for all

: certainty parameter for dircction of groundwater flow (-)
: canal flow reversion factor {-)

. damage variable (-)

. soil moisture content (-)

1 binary parameter to prevent backflow through a sluice (-)
. binary weir parameter to prevent back flow {-)

: binary weir parameter for submerged flow (-)

. effective storage coefficient (-)

: contraction coefficient for sluice gates (-)

: simulation time step (-)

1 cross-sectional area half-way a canal (m?)

. groundwater subsystem area (m?)

: cross-sectional arca of groundwalter-flow element {m’)
. area of surface water (m?)

. area at target level (m?)

: concentration of pollutant (mg/1)

. Chézy coefficient (m*/s)

: control-mode set

: weir discharge coefficient (m”™/s)

: dimensionless damage (-)

. decay rate for pollutant (s')

© open-water evaporation (mm)

. expected duration of water-system fatlure (h/y)

. expected frequency of a particular water-system failure (y')
: reference evaporation {(mm/d)

: area function, depending on water level (m?)

: arca function, depending on volume (m?)

. flushing factor of the surface-water subsystem (d™)

. water-level function, depending on volume (m+ref)

: failure scenario

. volume function depending on water level (m’)

: gravitational constant (m/s?)

: water level in an abstraction area (m+ref)
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: surface-water bottom level (m+ref)

average canal-bottom level (mref)

: average water depth in a canal (m)
©oweir-crest level (m+ref)

water level in a delivery arca (m - ref)

. drain level (m-+ref)

surface-water embankment level (mt+ref)

: groundwater level {m+ref)
© matric pressure {cm)

surface-water level {m+ret)

surface-water level in an abstraction area (m+ref)
surface-water level in a delivery area (m-+ref)
soil-surface level (mrref)

1 total opening of sluice gates (m)

target water level (m -ref)

: pollution flux (kgfs)
. hydraulic soil conductivity for groundwater flow element {m/s)

Nikuradse roughness coefficient ()

uncontrolled pollution influx (kg/s)

linear function deseribing a damage-function line segment
total length in the surface-water subsystem (m)

canal length (m)

lengzth of groundwater flow element (m)

total side slope of canal (-)

total side slope of surface-water subsystem (-)

. penalty coefficient
;. precipitation (mm)

wet perimeter of a canal (m)
preservation factor (-)

. performance index (-)

inflow via modeled flow elements (m'/s)

groundwater discharge (m'/s)

uncontrolied external flow 1o the groundwater subsystem (mm/h)
groundwater flow (n*/s)

inflow via groundwater flow ¢lements from other areas (m'/s)
flow through inlet {m?/s)

flow through pumping station {m'/s)

o external inflow into the surface-water subsystem (mm/h)
. slufce discharge (m'/s)

surface-water inflow to prevent the water level from fulling below bottom (m*/s)

. discharge over a weir (im'/s)

hvdraulic radius (m)

sink term (d)

duration of system faijure (hfy)
frequency of water-system failure (v')
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. drain resistance (s)

. soil resistance (s)

. optimization time step (-)

: contro! horizon (-)

: control variable

. flow velocity in a canal (mv/s)

. surface-waler volume (m’)

: volume at target level (m’)

. width of canal at its bottom level (m)
. width of one sluice sliding gate (m)

. width weir-crest (m)

. water-system state variable

. key variable

. soil depth, measured from the surface, with upward positive direction (cm)
: objective function (-)
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