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Summary 

Modem water management is characterized hy an integrated approach of entire water syslems 

and an increased concern for new interests that did not feature prominently in the past. 
Current policy ohjectives for water management focus on the creation and maintenance of 
a sustainable living environment, taking into account al1 demands made on the water system 
hy the different interests. The intention is to cnnsider a water system in its entirety. This 
implies that the relationships hetween various .suhsysiem.s o f a  water system, such as surface 
water and groundwater in rural areas and surface water, groundwater and sewers in urban 
areas, should be considercd together. 'These subsystems are traditionally the responsihility 
of different authorities. 

Present-day planning processes involve halancing interests and setting priorities, 
scheduling thc layout for the area concemed and comhining or, conversely, splitting up 
interests. In day-to-day opcrational water management, this new develupment is still in its 
infmcy. Varinus probletns still have to be solved bcfore the operational tasks of the water 
authorities «f the various subsystems can actually he coordinated al1 the time. No impartial 
methods are availahle as yct for deciding which interactions hetween subsystems are really 
important and would thcrefi~re have to he incorporated in overall operational management. 

Considering the aspects listed above, the main objective of the present study is: to develop 
a generally applicahle methodology to achicvc a wcll-balanced design and control ofregional 
water systems, considering the dynainics of the intrinsic processes in the water system and 
thc various requirements of the different interests, which may, in addition, vary in time. 

A key aspect ofthe methodology developed here is a weighing mcchanism that enables water 
managers to assign priorities to the various interests present a water system. Suhjective policy 
prcfcrcnccs can he included in this weighing. The following typcs of interests are 
distinguished: common-good interests, sectoral interests and operational interests. 
Common-good interests involve requirements rclated to the primary water-management 
dutjes, snch as flood prevention and maintaining sustainable conditions for the ecological 
ohligations of water systems. Sectoral interests are characterized by the benefits that a 
particular group derives whcn spccilic requirements are met, or that are gencrally considered 
desirable in present-day society. Examples are: agriculture, recreation and nature 
preservation. tinally, opcrational interests consider efficiency in water management, such 
as the best possible water-system control at the iowcst possible cost. 

Demands made on water systems are time-dcpcndent and in addition vary depending on the 
seasonal situation «f the water system. I:or example: thc requirements of arahle farming on 



thc water systcm are g r c a u t  diiring thc so\ring and gro\\ing scasiin. o f i r a t c r  spurts in the 
h d i d a y  scason and \rcekcnds, ~ i f n a \ i g a t i o n  during transport on water aiid o f  nature \+hen. 
fiir instance. wildllmrcr secd. gcnninatc in spring. '1'0 estahliih optirnal contnll ofregulating 
structurci in al1 po\sihle s i tuat imi.  thc d)namics o f  thc \rater systcm and the 
time-dcpcndcricy of  thc rcquircmcnts have lo he takcii into account. 'I!pi~.al for a 
hydroloyirul lorrdon a water \).\tein siich as preeipitation. is that i t  is dynuinic and that it is 
dillicult t0  prcdict csactly ~ r h i c h  qiiaritity wil1 fall at \+hal rnomciit. The d)namics o f t h e  
water systcm. thc dcinands i t  has to iiicct and thc hydrohgical liiad. riccc\Gtate a dynamic 
approach \rater iii;inagcincnt. which cmtinuall) reflects thc current situation. This type 01' 
approach i i  fuiidanrcntall~ differciit f r i~in currcnt p rx t icc .  \ \here lixcd target values in 
c o n t r d  iil'\iatcr are thc main i \ \uci .  

I he t)pc ~i l 'approach that takes inti, account d ~ n a m i c  pr~ icc i scs  irill here he calleci 
djnnmic cotlrrol. I l i c  oiitciiinc o f  d!iiaiiiic control is a time-dependent cotirrol . r r rn fea ,  that 
dcterinincs hinv thc rcgulating structurcï ril' a mater system can he applied hest for a 
particular pcriod ahcad. to rncct prcdctcrrnincd warer-quantity and nater-qualit) oh;cctivcs 
a \  wil as possihlc. 

In da)-ti>-di!) iipcratiorii tlic diflcrcrit intcrcsts prcicnt in thc ~ a r i i i u \  i u h s ) s t ~ ~ i n s  o f  a water 
systcin. rarcl) rcquirc tlic 11111 .sj.sietn "'i>uciry i imultane~~usly.  1hereli)rc. tticrc is ticqucntl) 
r i m n  to  cmploy llic iinused capacity o l i m  suhsystein Ior thc henelit i ~ f a n o t h c r  s u b s ~ t e m .  
A siinplc cxainplc i i  teinpi~rarily sioririg \\ater in the suhsurf:~cc 10 prcvcnt Ilooding h) 
surlacc ivatcr c J ~ e \ ~ h c r c .  

I idynai i i ic  ciintrol i \  applied, a wxdlcr  overall capaei[> is rcqiiircd than \rould he 
cxpected iin tlic hasis o f  a static approach. I h e  rcsulting cxccss s!stcm capacity can he uscd 
in 1wi1 diltcrerit \\;i)\. Ilic c;ipacity could cither bc used to hetter iati\(' thc groning numher 
í~frcquircinei i t i  prcicntcd t < ]  tlic \rater sysicrn h) ncv.1) r c c o g n i d  intcrc\ts. or thc escess  
capacity cnuld coiiipcnsatc li11 any dclicicncies in the system. In practice. the latter implics 
that planiicd extcn\i~iii  ofirilra\tructurc can he postponcd. reduced or cancclcd altogether. 
I:xaiiiplci are ~ridci i ing ol'\r;itcr c ~ ~ u r $ c i  aiid'ilr huilding extra puiiiping capacit). l 'hir \víiuld 
yicld coniiil~.rahlc savings. 

'I < i  cnahlc thc applicatir~n 111' dynainic cmirnl .  a rcal-time control system i \  rcquired. A 
Drc i \ iu t~-S i i [~ /~or i  .Yy.iiem ( [ )SS)  crin help dctcrinine the best cimtrnl \traleg!. I h e  [>SS 
e\peciall) d c v e k ~ p c d  during the present rcseerch is called A ~ E A R I I I S .  

Aí)i.zi<ii:\ coniists i ~ l a  riunihcr oliriteractive program rii»dulc\: a .rirnuluiir,ii module. 
;i pri,di(iion iiii~dulc arid u i  o~~ri tnizí i r iot~ inodulc. I h c  siinuletirin in~ idu lc  accuratel) 
dctcrinincs thc currcnt itatc ~ > f t h c  \ratcr s)itcnr. considering huth ne te r  quality and \\ater 
qiiantity. 

'l tic predictiiiii iiiodiilc predict. tlic h)dnilogical h a d  11, thc \rater s)stein li11 a 
piirticular pcriod aliead. (in the ha\i\  (11 ircathcr fiirccasts. I h i i  pcririd is hcrc called the 
cori[,r,/ hor izo t~ .  

T h c  optiini/atiiin iniidulc huilds thc opt i inimtim prr~hlciii fiir n p c r i ~ ~ d  equal to  the 
c~intriil h o r i ~ i i n  and rciol \cs  thc optiiii;il ~ r ~ r i t r o l  itratcg). I he inathcmaticel fmmulation i i l  

this priihlem ci>riipri\ci ic \cral  iritriii\ic water-systcin rclatiriiiihips. the rcquircments 
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presented t« the water system hy the various interests, the current state of the water system 
and the predictcd hydrological had .  

' lhc optimal control stratcgy is transferred to the simulation module, which in tum 
dctcrmincs the ncw state ofthc water systcm on the basis ofthe first control actions resulting 
from the control stratcL7. 'lhis tcchnique, which involves program modules interacting and 
at the same timc transferring data, is called .simultaneou.s .simulation und optimization. 

The methodohgy incorporatcd in the DSS can he used for analysis purposes as wel1 as for 
day-t»-day operations. In the present study, the »SS has only been uscd for water-system 
analysis. In that analysis, multi-year time series wcre calculated and statistical information 
has heen gathered from the calculation results. 

Whilc developing the DDS, the choice of an efficient optimization method and water-system 
modeling with its associated rcquirements were emphasized. The mathematical optimization 
method selectcd is Successive Linear Programming (SIP).  ï'he main justifications for this 
choice were: the speed of that method and the accuracy that can he achieved. 'I'he speed in 
Iinding the optimal solution of a control prohlem is particularly important in day-to-day 
operations. 

The processes that take place in a water system are nonlinear. Tv ensure the required 
accuracy, nonlinear processes are linearized for thc control horizon at the estimated values 
«f the water-systcm variahles. The method developed to do this efficiently is here called 
f i ~ w u r d  e.stimutinp. Calculating the time series involves huilding a optimization prohlem for 
each time step. In huilding the prohlem the forward estimate repeatedly uses the optimal 
solution of thc previous timc step. 

In thc case studies, thc principle «f  forward estimating was found to he so efficient 
that thc optimization prohlcm only had to he solvcd once for each time step ofthe time series 
calculatcd. This makes thc S1.P method virtually as k s t  as standard Linear Programming 
(LP). 

I h e  method wus fi~und tv enahle determination within seconds of the optimal control 
strategy for a water system comprising dWens of rural and urban suhsystems, where a limited 
numhcr of rcquircmcnts has to he met. Even fo ra  large, complex water systcm, consisting 
oí'hundreds ofsuhsystems, where a large numher of requirements has to he met, the optimal 
control strategy can still he determined within minutes. 

I h e  rcliahility of weather forecasts supplied hy the wcather bureaus, was invcstigated. Using 
present-day techniques, predicting extreme preeipitation events was found to he virtually 
impossihle. A theory was developed tv enable determination « f a  control stratety on the b u i s  
í ~ f t h c  availahle forecast, which carries the l e a t  risk of violating the ohjectives of control that 
would result in e.g. tloods or sewer overflows. An application oí'that theory is included in 
thc prediction module of the DSS. 

In thc present research, dynamic and other forms of cvntrd were studied for water systems 
hoth for flat, polder areas and for gently sloping, hilly areas. Thc conscquences of using 
dynamic cvntrol wcre analyzed in detail for the water systems in the areas controlled hy the 
Water Boards of Delfland, De Drie Ambachten and Salland. 



Onc i11'lhc pariinietcri u icd  in thc c i u l i i a t i ~ ~ n  ~~ fd ) r i a i i i i c  eimirol i 5  t hc~~r~ f i i r rnc i r~ce  
ind,.~. ivhich rcilcct\ Iiriu ivcl l  tlic rcquircincnts set f ~ i r  a \iater \!itcin are niet o i c r  an 

cxtcrided pcriocl. \i tien a piiriicirlar c ~ ~ i i t r i ~ l  r i i i~dc ii iiscd. I iiiic-3crii.i ca lcu la t i~~ i i i  \\ere uicd 
t ~ i  ci~niputc thc pcrliirinaiicc i i id icci  In  additifin. the cí~nicqucricci < i i ' ~ i s i i i g  d!namic and 
othcr i i ~n r i s  111 c~i i i t r i l l  ha ic  hccri c\alii;itcd h! cliccking .~~.i/ern-fiiil~o.e,~~~~~iirt~cie.i./iii/ure 
d~iruriot7 and \cicrnl (itlicr pcrli>riii;incc p;irainctcri. Iixtrcnic iitu;itions. iuch as high \rater 
Icvcl i  and cxtrciiicl! pixir irzitcr qualit) ti;i\c heen inveitigated. 

fFor hotti p~ i l dc r  m d  tiill) urcas. d!iiainic c~introl  \\;is S~~i ind ti) !icld a ciiniiderahlc 
i inpr~ ivc inc~ i t  iii iiicctirig thc ohjccti\.ci \ct lor  i\ritcr s!stcini. I n  gcncr~ l .  il ic irnproicrncnt 
iii pcrli>rinaricc thiit caii he attairicd h! [)\in- di)naiiiic c im tn~ l  i i  largc\t i n  flat polder areas. 

hccauic ttic\e i iuter si)stcins ure rcl;rtiicl! easy t« control. Iii hill! arca\. ivl irre the s«ik are 
i l l icri  s;ind). n coiisideriihlc iiinriurit i 1 1  precipitation nu )  pcrci,liitc \ i a  the gound\\atcr. 
\~ i inct i i i ic \  c i c n  rcsulting in i ietcr ci~ur\cs running d r y  A t  prewi t .  tlic coiitrt~llahilit! 111' 

n i i tcr  \)\tcins is usiinll! l i initcd i r i  t l ~ c i c  I i i l ly iircas. l I ~ ~ \ r c \ c r .  thi, iituation rvould change 
ii tlic i iutcr  iiiaiiagciiicnt i!itcin i11 t l i c ~  arciis is adaptcd to thc rcqii irc~ncnti. l ih ich  ina) 

includc tlic c,~r i i t r i ic i i i~ i i  ~ ~ l ' i \ a t c r - i i ~ p p l !  \\ark\. 
I urihcriii~>rc. thc iii iccptihilit) 01 tlic \\titer iyitcins to cstrciiic c \cnt i  \uch a\ i i iai\ ivc 

d~ i i \np i , i i r i  or cIriiugtit\. \ \ a i  eiial!/cd in tlic caic itudic5. It tc geticral c ~ ~ i i c l u s i ~ ~ r i  is 
warruntcd ttiat d!ii;riiiii \iater-i!\tciii c ~ ~ n t r o l  iiiorc cllicicntl! i i i c i  ttic capeeitiei that c ï i \ t  

i%ithin thc \\ater i!i iciii. lor initaiicc thc iirriacc-\rater storagc capacit!. tlic groundiiatcr 
itorugc c;ipacit!. tlic wrcr -s>\ tc i i i  capncit! ;ind ihc puinping i lr i n k t  cap;icil). A n  accurate 
prcdiction ol'tl ic li!droliigicai Iiiad rws Sound n i ~ t  t11 he cisential in nl l  caics. 1:ipccialli) in 
\cater systcin\ i i l icrc ili\clii irgc i \  slii\r. \ u i l i  a prcdiction ina? not he n c c c i w n  zit all. 
I I~i \ rcvcr.  in hst-discliiirging i!stciiii. i i ich ns w i e r  systeini. a iniirc accurate prediction is 

genwalli) rcqiiircd. 

I he ana l i ie i  pcr l i~r i i icd lisiiig d!riaiiiic eiintrul prove that thi\ coritrol inode satisfies thc 
i r r n  r c q i i r n c ~ i t i  i r t e i n  h .  M ~ ~ r e o v c r .  tlic Ilcxihilit! resulting l rwn  
clynainic coi i t r i~ l  i n  i~pcrnt i [~ni i l  inanagciiimt d i e n  )iclds exccis i! stcin cnpacit! . I t i e  csccss 

ciipucit) a\aili ihle is i i~ i i ic t i incs \uilicieii1 to coiiipcnïatc schcdulcd cxtcnsions in a \\ater 
i ) i t c in  i \ i t t iout ha\ inp t0 huilcl r ici i  iriir;istructurc nor enlarpc tlic csi\tirig structurcs. 

A prcrcqiii~.itc lor d)iiniriic cmirol .  I i inic\cr. is tlic aiailahilit! i11 ;i rcal-tiiiic vcri ion 
~ j l ' thc  IjSS. \ituatcd iri ;i ccirtrel Ii>catii,ri. irhcrc iiiimitoring data (m \\ater quantit! and trater 
qiialit) arc ;iiail;ihlc Ikpci id i r ig i i r i  \ r t i id i  iriiidc o l i ipcra t i~ i i i  i i  prclkrrcd. cithcr d,wiirnic 
uulorniil ir i.ririlrri/ i i\irig cimtrol iinils. 11r di!iumic rnci~i i i~ l /  cotl lr i i i  h) ilpcratilrs can he 
sclcctcd. 

'l tic proipcct «f  cltieient \\titer-i!\tciii control and the rcsultant iiptii i ial use o f  exisring 

s!iicin capacitics. raiscs the quc\ i i~>i i  v.Iiciticr applicatiori ofthis iiicthi~dí~I«g! lias t11 he taken 
i r i t~ l  accourit i n  the design stagL. 111 ricir i iater systcrns. A l ic r  all. iirinccessan. and unusablc 
c x c c i i  \)sicin capiicit! i i i iglit he ai i i i i lcd. 1-o test this optiiiii. :i , / i~ i r i r t~ ic i f ~ ~ . ~ i , ~ t i  p rowi lure  
t iai heen d c \ e l ~ ~ p e d .  

St;iri<l;ird dcsigri r i ic t l i i i i l~ ;irc h i i ~ d  oii gcncralizcd riilcs aiid ii\c p ie ra l i zed  data 1111 

i o i l  pri~pcrtics ;iiid tisc. I tic d!ii;iiiii~ dc4:ii p r~~ccdurc  als11 takci i i i t( i  account tlic Ia!out CIS 
thc \\eter s!\tciii uiid tlic uctii;il ioi idit iori i  ~ i l ' s i ~ i l i .  \vatcn\ii!i. ;incl rcgiilaiirig \tructurci that 



exist in a water system. In addition, stochastic methods assist in assessing the operational 
situation of thc control system, including those situations when parts of the system are 
unavailablc as a rcsult of maintenance or technica1 malfunctioning. 

ï'hc dynamic design procedure is based on vcrification of the performance of a 
particular water-system design. The merits of a design are vcrificd using time-series 
calculations that determine thefuilure frequency and fuilure durulion of the water system. 
Failure in this respect is defined as the situation that arises when onc of the requirements 
identificd for the various interests, is violated. 

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

The dynamic design procedure takes into account the actual situation of the water 
system and determines the system capacities exactly needed for water management, whether 
dynamic control is rcally applied or not. l h e  method rcsults in a well-balanced water-system 
design, whcrc sizes and locations of any excess capacitics are known exactly and which, 
obviously; satisfies the requirements identified, including the obligatory safety margins. 

Last but not least, water systems, in which dynamic control was incorporated at the 
design stage, were found to he much more cost-efkctive to build than those intending to use 
local automatic control. ?he 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 system. 

A . .  l . o h b r d i t  ( 1 9 9 7 )  Dynamic Water-System Control; Ilciign and Operation of Kcgional Watcr- 
I lewurcci  Syi tcmi .  A A  Dalkcma, Rotterdam, NL. 





Samenvatting 

Het modeme 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 prioriteitstelling bij keuzen 
die worden gemaakt voor de inrichting van de omgeving en het integreren ofjuist 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 heeft 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 variërende eisen van diverse belangen. 

Onderdeel van de ontwikkelde methodiek is een wegingsmechanisme w a m e e  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: algemene belangen, 
sectorale belangen en operationele belangen. Belangen van algemene aard hebben 
betrekking op de eisen die voorh.loeien 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 heefi bij 
het voldoen aan de gestelde eisen, of door de maatschappelijke wenselijkheid van deze eisen. 
Voorbeelden zijn: de landbouw, de recrcatie en de natuur. Operationele belangen tenslotte, 
hebben betrekking op het efficiënt laten verlopen van de waterbeheersing, zoals het sturen 
van het watersysteem tegen de laagste kosten. 



De ciscn die anti \vatcrs!stciiicn worden gesteld zijn tijdrafliankelijk en k~iniien 
eveneens \v»rdcn bcp;iald door de actiicle t«est:ind in het watersysteeiii. 70 stelt de landbou~v 
de zwaarstc ciscii i n  Iic! zaai- en grocircizocri. de \iaterrecreatie in de vakanties en weekends. 
de schcepvaafl gcdiirciidc het transpofl o\cr  nater en de natuur bijvoorbeeld gedurende het 
ontkiemen van zaad in het v«orj;iar. Oiii bij iedere toestand van het watersysteem de beste 
sturing van regelbare kunstwerkcri te kunnen bepalen. dient rekening te worden gehouden 
inct de dynamica \-dn Iict wttcrsystccm en de ti,jdsvariabiliteit van de eisen. De hydrologische 
belasting van het \iaterspteeiii. zoals hi,j\»«rhceld de neerslag. is dynamisch van karakter 
en voor bepaalde perioden slecht voorspelbaar. 

Dc dynamica van Iict \\atersysteem. de gestelde eisen en de hydrologische belasting. 
vrngcn om een dynainisclic aanpak van de waterbeheersing, waarbij continu wordt ingespeeld 
op de actuele situatie. Ecri dcrgclijkc aanpak is Sundainenteel anders dan de op het moment 
veelal gebezigde praktijk. waarbij iiict n a m  wordt gezocht naar vastc streefwaarden in het 
beheer. 

De aanpak waarhij rekening \v«rdt geliouden met de gcnociiidc dynamische processen 
is &nrinii.scile stliring genoemd. De uitkomst van dynamische sturing is cc11 tijdsafhaiikclijkc 
sriiringssrrdegie. die \vccrgccli Iioc de regelbare kunstwerken van een watersysteem het 
beste kunnen \\orden ingezet gcdurcndc eeii Acre periode vooniit. »in wondurend zo goed 
mogelijk te voldoen aai1 de gchinulccrdc  \vatcrk\vantiteits- en k\valiteitseisen. 

In de operationele sitiiatie vereisen de diverse belangen in de deels)steiiien van het 
watcrsystecin /clden gelijktijdig de maximale .sjsreemcupacifeif. Daarom is er veelal ruimte 
om de onbenutte capaciteit in het ene deelsysteem te gebruiken ten gunste van een ander 
deelsysteein. Een eenvoudig voorbeeld is het tijdelijk bergen van \vater in de grond oin te 
voorkomen dat zich elders een overstroiiiing met oppenlaktewater voordoet. 

Dij toepassing van dynamische sturing Icidt dit tot de situatie dat kan worden volstaan 
iiret geringere systccincapacitcit den op grond van een statisclie beschouwing zou worden 
venvacht. De s!.steeiiicspaciteit die ten opzichte van de statische situatie beschikbaar is. kan 
op twee \wschilleride iii;iriieren \vorder ;iangc\vcnd. I k  vrijgekomen capaciteit kan worden 
gebruikt om heter te voldoen u r i  het tocnciiicnde aantal eisen dat \v«rdt gesteld door nieuw 
undcrkcndc belangen. »f worden benut «m een eventueel tekort te c«inpensereii. In de 
praktijk koiii! het laatste neer op het uitstcllcn, beperken. of gelieel laten venallen van 
infrastnicturclc uitbreidingen. Voorbeelden d;ian.an zijn het \ erruiinen van vaanvegen enlof 
het installeren van meer he~iialingscapacitcit. Dit kan aanzienlijke kostenbesparingen 
opleveren. 

0111 d)iiainisclie sturing te kunncri tocpasscn is eeii r e d t i m e  srirri~gss~sreem nodig. De beste 
sturingsstrategie kan \\-orden bepaald iiict heliiilp van een beslissingsondersteunend systeem 
(BOS). In het hader vaii het ondcrmch is een BOS ontwikkeld met de naam AQUARIUS. 

A Q I : A R I ~ I S  is «pgcbou\\d uit een mrital saiiien\verkende prograininain«dulcs: een 
si~nu/~iriei~i»diile. een i~oor.s/>i~/Iings~~ii~d~~Ic en een opiin~u/isariein«dulc. I k  siniulatieinodule 
bepaalt nauwkeurig de huidige t«est;irid van Iict watersysteem voor r»\\cI waterkwantiteit 
als \rntcrk\$aliteit. 



De voorspellingsmodule voorspelt voor een periode vooruit de hydrologische 
belasting op het watersysteem; op grond van weersverwachtingen. Deze periode wnrdt de 
.sturing.shorizon genoemd. 

I k  optimalisatiemr~duk houwt het oplimuiisolieprohieem op voor een periode gelijk 
aan de sturingshorizon en bepaalt de optimale sturingsstratcgic. I k  wiskundige formulering 
van het probleem bestaat uit de diverse relaties die voor het watersystccrn gelden, de eisen 
die dimr de belangen in het watersystecm worden gesteld, de actuele inestand in het 
watersysteem en de v(10r~peide hydrologische belasting. 

Dc optiinalc sturingsstrategie wordt aan de simulaiicrnodule doorgcgeven, die op 
grond van de  cerstc sturingsactics die volgen uit de sturingsstrategie, weer de huidige 
toestand van het watersysteem bepaalt. Dit samenwerken van programmamodules en 
tegelijkertijd doorgeven van gegevens wordt simultane simulatie en optimalisaiie genoemd. 

De methodiek die is verwerkt in het B O S  kan voor analysedoelcindcn en ook voor sturing 
in de opcratii~nele situatie worden gebruikt. In het kader van het huidige onderzoek is het 
systeem uitsluitend voor de analysc van watersystemen toegepast. Rij de analyses zijn 
meerjarige ti,jdrcckscn d(~orgcrekend cn is «p grond van de bcrckcningsrcsultatcn statistische 
informatie vergaard. 

I3i.j het opstcllcn van het f3OS is veel aandacht besteed aan de keuze van een efficiënte 
optimalisaticmethodc en de mi~dcllcring van het watersystcem met de bijbehorende eisen. 
I:r is gekozen voor mathematische optimalisatie met Succe.s,sieve Lineoire I'rogrummering 
(SL1'). Uclangrijke redcncn hicrtnc zijn geweest: de snelheid van de methode en de te 
behalen nauwkeurigheid. Snelheid bij het vinden van de beste oplossing voor het 
sturingsvraagstuk is met name van belang hij 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 gelinearisccrd rond de geschatte waarden van de variabelen van het 
watersysteem I k  ontwikkelde methode om dit op efficiënte wijze te kunnen doen is 
voorwuart.se .schatting genoemd. Rij het doorrekenen van een tijdreeks wordt voor iedere 
tijdstap van de turingshorimn een optimalisatieproblccm opgebouwd. Ijij het opstellen van 
dat prohleein maakt de vi~orwaartsc schatting telkens gebruik van de optimale oplossing van 
de vorige tijdstap. 

111.1 principe van voonvaartse schatting hlijkt in de uitgcvoerde praktijkstudies zo 
cfliciFnt te fijn; dat het optimalisatieproblccm voor iedere tijdstap uit een doorgerekende 
reeks slcchts eenmaal behncft te worden opgelost. I fierdoor is de gebruikte methode van SLP 
nagenoeg cven snel als standaard Lineaire Programmering (LI'). 

De methode blijkt voor ccn eenvoudig watersysteem, dat bestaat uit tientallen 
landeli,jkc en stedelijke declsystemcn en waarin aan een beperkt aantal eisen moet worden 
voldaan, de  optimale sturingsstrategie binnen 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 sturingsstrategie nog binnen 
cnkele minuten bepaald. 



I k  riau\\kcurighcid \ a n  de \ rccr i~i~ir ipcl l i r igcn die dilor d e  iiictcoriiliigischc diensten 
heiehikhaar worden gc\tcld is nader orider/~,cht.  llicruit is onder iiiccr gebleken dat o p  dit 
miiriicnt, cxtrcinc nccr\lag slecht kan \\~ir<lcn voorspeld. I:r is ccii tlicorie ontuikkeld 
wailnncc o p  grond \ a n  d e  beschikbare \~ior\pcllingen ccn sturing kan \ \orden bepaald. met 
het klciiistc risico op (Jrigcwnste eftrcten die m i d e n  leiden tot hi,j\wrhccld overstruiningen 
~~ t ' r i i i ~~ l~ i vc r i t ( ~ r i cn .  Ileri toepassing van d e  tticriric is opgcnonicn in d e  \ oorspcllingsmodule 
van Iict I30S.  

1)ynainiichc cri oridcrc ioriiicii van itiiriiig /i;n hcstudccrd aan de hand \nn  \<atcrïystcrncn 
ben vlakke cri eriigwins Iicllcndc gchicdcn. I k  \\atersystemen hinncn de hchccrsgchicden 
van het Ilooghcciiiraadschap van I)clllaiid, het Waterschap I k  I h i c  Amhachtcn en het 
Waterschap Sdlarid Lijn uit\ocrig op dc crinsequenties van d)naini\chc sturing ~ i n d c r m c h t .  

I k  toctiiiig van diriaiiiischc htiiring is onder meer uitgc\ocrd aan d e  hand ban d e  
preil(11ie-itzdrx. die iiccrgccfi hiic g ~ i c d  eer1 hepaalde manier van \turen o \ e r  een langere 
periode vold~ict aan de g c t c l d c  ciscn. I k  hepalitigen van de prestatie-indiccs l i jn  uitgc\ocrd 
aan de hand van tijdrcckshcrckcningcn Vcrdcr is l~ndcrz l~ch t  n a t  de cmscqucntics  van 
dynamische cri andcrc ~ i i r i i i en  van sturing zijn. door middel \ a n  het hcpalcii van d e  
,fuuI/uryu(~ntic \ai1 tict watcrsystceiii. d~ /ou i i /~ i i r r  en vcrschilicnde andcrc parameters. Ilaarbij 
is gckckcri naar cstrciiic iitiiaties zoals tio~igir.atcr en extrccin slechte \\atcrk\ialitcit. 

Voor zo\\cl vlakke ;ik hellende gebieden hlijkcn met d)iiainischc sturing aanïienlijke 
vcrhctcringcii iii Iiei operationele beheer te kuiiiicn \\cirdcii bereikt. (iczien d e  1 eelal betere 
rnogcli.jkticdcn tot het sturen van vlakke \\aicrsyitcmen. kunnen daar d e  hoogste prestaties 
\%orden hctiaald. I r i  hellende fehiedeii kan. door d e  \celal zdndige ondergrond. de a l iocr  via 
het grondiratcr \ í , i i i i  /.IJ groot l i jn  dat \\ntcrl~ipen droogvallen. De huidiyc praktijk is dat in 
hellende gchicdcri d e  iiií~gclijhhcdcn tot ituring van het \ratcrsystccm i a a h  laag zijn. I k z e  
\ituatic vcr;iridcri ; ik Iict \\stcrhcticcrsirig\\)\tccin in dc/c gchicdcii i r ~ i r d t  aangepast aan de 
\vatcrhchociic. Iictgccri kan hctckcricii dat siater intict \%orden aangcvucrd. 

Voiirti i \  \(iiir dc pruktijkgchicdcn hcitudccrd hoc dc/c  reageren in situaties \ a n  
extreme Ii)driili,gi\ctic hcla\titig. /.iialh cxtrciiic neerslag ( i les trcmc driiiigc. In algcincnc zin 
kan o p  griind ven de hc\indingen \\orden gcc~incliidecrd dat in d)nainisch gestuurde 
\iatcrsystciiicri heter gchruik wordt gcmiiaki I an d e  aanncz igc  s! i tccincapaci t~i t .  m a l s  de 
hcrgirig in het ~ippcn.l;iktc\rater. d e  berging in het grondiratcr. d e  hcrging in riolering en  de 
hciiialings- ~,l'iiilaatcapacitcit. I>aarbij hleck lang nict altijd ccn naii\rkcurigc voorspelling 
van d e  h>drdogisci ic  belasting noodzakclilk te fijn. Met  name in Ianpaai i i  al'vocrcndc 
iysteiiicn k m  een dergeli.ike vwrspelliiig s m i i  gelicel ach tcn \cge  hliji en. I k  noodzaak tot 
een g(icdc voorsp~.lling is in snel afvoerende \)\teinen. zoals ri~ilcriiig. m e r  liet algemeen 
ecliicr yriiter. 

O p  grond van d e  uitgc\ocrdc ;in;il)ic!, iiici d)iiiiinischc sturing kan v.orden gcciincludccrd 
dat nict dcrc  \oriii van iiiiririg hcicr kan \\orden ~ o l d a a n  aan de ciscn die tcgcni \oí~rdig aan 
Irct i\atcrhcliccr \\irdcri gc\icld. I>oor de Ilcxihilitcit die al\ gevolg iari dinarni iche sturing 
i n  het opcratiiinclc hcliccr (intitaai. kiiiiit daarnaast vcclal s>\tcciric;ip;icitcit rij. Met die 
hc\ctiikharc capaciteit kan in \oiiiiiiigc gciiillcii de geplande iiithrcidiiig i a n  Iict uatcrs)s-  
tccin \\or<lcri <ipgc\aiigcn. /.onder iriiraiiriictiirclc aanpassingcri i 1 1  icrgrot ing \ a n  d e  
aani\c/.ige h1111\t\~crkc11 \ o ~ r  d e  \\aterheIiccr~irig. 



Wel dient ten behoeve van dynamische sturing op een centrale lokatie een real-time 
uitvoering van het HOS operationeel te zijn dat wordt gevoed met meetgegevens over 
waterkwantiteit en waterkwaliteit. Op grond van de bepaalde sturingsstrategie kan worden 
gckozen voor dynami.sch uulomatische .sluring via sturingseenheden, of dynamisch 
handmatige sluring door hedicncnd persmecl. 

liet elliciënt sturen van het watersysteem en het daarmee op optimale wijze gebruiken van 
de  aanwezige systeemcapaciteit, roept de vraag op of met de toepassing van deze techniek 
rckening moet worden gehouden bij het ontwerpen van watcrsystcmcn. %o kunnen onnodige 
en onbruikbare reserves in systeemcapaciteit worden voorkomen. Om deze mogelijkheid te 
toetsen is een dynarni.sche ontwerpprocedure ontwikkeld. 

I k  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 
Scitelijke toestand van de grond, waterwegen en kunstwerken in een watcrsysteem. Ilaamaast 
wordt met behulp van stochastiek rckening gehouden met de mogelijke bedrijfstoestand van 
het sturingssysteein, inclusief de situatie dat delen van het systeem als gevolg van onderhoud 
of storing niet beschikbaar zijn. 

De dynamische ontwerpprocedure wcrkt op grond van verificatie van de prestaties van 
een ontworpen watersysteem. 112 kwaliteit van een ontwerp wordt aan de hand van 
tijdreeksherekeningen bepaald door het vaststellen van de faalfrequentie en defuulduur van 
het watersysteem. Hierbij is falen gedefinieerd als de situatie die ontstaat indien niet kan 
worden voldaan aan één van de eisen die vanuit de onderkcnde belangen worden gesteld. 

Indien de verificatie wordt toegepast «p een watersystccm dat met de gangbarc regels 
is ontworpen, blijkt dat deze ontwerpregels kunnen leiden tot watersystemen met veel 
onnodige reserve in capaciteit. De grootte en lokatie van deze reserve kan echter niet uit het 
gangbare ~ ~ n t w e r p  worden afgeleid. 

In de dynamische ontwerpprocedure wordt rekening gehouden met de  fcitclijke 
situatie in het watcrsysteem en worden de voor het operationele beheer benodigde 
systeemcapacitrit bepaald, al dan niet met toepassing van dynamische sturing. De methode 
leidt tot een uitgebalanceerd ontwerp van watersystcmen, waarbij cventuelc reserves in 
groonc cn lokatie bekend zijn en waarbij wordt voldaan aan de gestelde eisen, met inbegrip 
van de daarhii te hanteren veiligheden. 

Dynamisch automatisch gcstuurdc systemen blijken aanzienlijk kosten-effectiever te 
kunnen worden gedimensioneerd dan lokaal automatisch gcstuurdc systemen. Op grond van 
deze bevinding moct de conclusie worden getrokken dat er bij het ontwerp van een 
watersysteem uit economisch oogpunt rckening zou moeten worden gehouden met de 
toegepaste sturingstechniek. 

A . H .  I.obhrccht (1997). Dynamic Water~Systcm (hntrol ;  I k i i g n  and Operalion of Kegional Water- 

Resaurcei Systcms. A A  Halkcma, Koltcrdam. NI.. 
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1 Introduction 

1.1 Frarnework 

1 .1 .1  Scope of Research 

A major recent development in the water sector is thc gradual introduction of integrated 
water management in the Nethcrlands and sevcral other countrics. Present-day integrated 
watcr management prcsents a way of considering the entirc water-rclatcd environment, in 
which various intcrcsts are present, cach of which poses its own specific demands. An 
essential element of integrated water management is the waler-sy,s/ern approach, which 
considcrs thc various interrelated elements of a water system and thcir interactions. 

A prohlcm that crops up is that the number of intcrests considered important inereases 
continuously; whcrcas the water systems cannot always meet the corresponding demands. 
Considering the grcat number of water-related interests, wcighing is needed. This is achieved 
in the planning stage of water systems by setting 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 thc right time. In that allocation, the requirernents of the 
interests should be met as wel1 as poïïihle, taking intn account both water-quantity and 
water-quality aspcets. 

Many interests that are currcntly considercd important, use the same water resourees and are 
geographically linked. A tcndency can bc ohserved to separate interests that have conflicting 



iiatcr-quiiiitil) arid iir i\stcr-qiialit) rcqiiirciiiciii\. Scparating acti\ itici ;iiid scli~cating thcin 
io  dil ' l ixrit site9 in thc cn\irimiiciit caii rc\ult in a drahtic chaiiyc i11 Iii\toricull) groi\n 
\ilualions. Siicli rclilcatimi are rio d i~uh i  \e r )  ci~\tl).  

A pos\ihlc clikctiic nltcriiati\c i \  i i i  Ic:i\c thc cniiri~iiiiiciit ~iii;iltcrcd ;is iniicli a \  
pii\sihlc arid adupl tlic iiiariagciiicrit end criiitriil 01thc \\ater s!\tciii in \~icli a \\a! that thc 
rcqiiircincrit\ 01 c;ich iritcrc\t are inct adcqii;itcl). I his approacli c;iri he icr! Ilcxihlc as it 
i n v r ~ l i c  cmtrril h) a hcttcr iibc 01 <>licii cui\tiii;! iiilrastructurc. I Iic coriiriil < > i a  \\ater s)stcin 
cirri tliui he ;id;iptcd i i i  chi ir i~cd circiiiiiitaiicc\ i\itli rclatiic cn\c. 

In geiieral. \.c! liitlc attention lias hceii g h c n  to tlie coiiicquciiccs iif integratcd \\atCr 
inanageiiieril scliciiies lliat in\ol\ c thc dc\igii iirid operation ol'an uitire ~ tu ie t .  , \ ~ \ i w > i .  Most 
traditional iiictlii~ds l ix design niid i~pcratii~ii ure hascd mi qiiniitit;iii\c s t m d a r d ~ .  Such 
siandards are i)piciill! fixed f i ~ r  iiiaii) ) c m  I Iic siandards iiicorpimte ewe i i i c  conditions 
in the \\ater s!.\tciii iii tlic dcsigii. 1icrc;tr i r i  da!-10-dal opcratiiirih. tlic ;I\ erage conditions 
tire $cricrall! ciui\idered inosc iiiiportoiit. 

After a long hi.;ion of traditional i~icthods to coiitrol .suh.y.vrrm (I:ig. l .j). ii;irsr aiithorities 
are ciirrcnily xhpt i i ig  iiiorc iiitcgratcd coiitrol irietlio<ls. Ho\\ever. tlic iiicrcasirig nuiiiher o f  
deiiiaiids rcsiilts in a c«iiiplcx «pcr;itioiinl prohlein. especiall! diiriiig pcriods of extreme 
hydrulogical conditioiis, siicli as excessi\e raiiifall »r severe dr«u$lit. 

1 Abstraction 1 



drainage, the watcr boards f i ~ r  surhcc-water quantity, suriacc-water quality and seuagc 
treatment, aiid the priivinces l i ~ r  rcgif~nal groundwatcr. 

Ohjectives h r  coiitrol in imc suhsyitcm may he in conflict with objectives in anothcr 
subsystcm. 'lhe strict adrninisirativc borders in operational control and thc currcnt practice 
oftrying ti1 nicet the ohjcctivci ol'cach suhiystem separately. preclude a successhl halancc 
of al1 intcrcri requircrnents withiri a water syitcm. 

'1.0 achieve intcgratcd water-iystcm control, water authoritics should thercfim 
ovcrcomc the adrninisirativc hurdlcs and aim liir real intcgration, nol only in thc planning 
stage. hut also in thc d c i g n  aiid r~pcration olizater systeins. 

1.1.2 Ohjec t ive  of th i s  Thesis  

I h c  prcscnt study prcscnts a mcthdology l i ~ r  the operation of watcr systcins on the basis of 
tlic dcfiriitii~n and wcigliing i~ltimc-varying intcrests. 1;xisting watcr-system arrangcmcnls 
are liiken a i  u \tarting point to dctcrminc control strategics that best saiisfy thc rcquircmcnts 
olcacli iritcrcst. Ariothcr iiiuc i~fimportancc in the prcscnt study ir to extend thc intcrcst- 
haicd apprí~ach to \+ater-systcm design, t« includc tlic i~pcrational situation. Ih is  incorporates 
thc neccswry c~iri trdsystcm and thc watcr-systcm dynainicï. 

I he thcsii dcscrihci watcr sptcins on a regional scalc; involving a u idc  range ofintcrcsts. 
I he purpliic is tfl fiil thc gap hctwcen thc current intcgratcd water-management policies and 
their iinplcinentatiun in thc operational setting. 

Spccial attention i i  givcn to thc varii~us types of regional water systems that can he 
distinguished. I'he main lilcus is on rural arcas. hut urban areas including sewer systems are 
incorporatcd as well. l.arge river haiini have nut hccn considered in th ï  scope oí'the present 
study. 

The challcnge ofthc study is to solve thc ~~pcrati~irial water-control problcm that occurs when 
trying to ineet ihc ohjcctiics  IJ^ varií~us and sornetimes conllicting intererts present in the 
\iater-rclatcd cnvirmment. (icncral cxainples ofruch objcciives are: 

t11 prcvcnt íl<xlding in rural and urhan arcas; 
ti> inaiiitain cr~nditions thai enahlc suituinable flora and fauna; 
to inaintain bii~divcrsity; 
t11 prcicnt drought priihlcms in rural and urhan arcas; 
111 l'acilitlitc traniport on tvater; 
ti] prcicnt pilor surlicc- and gri~iiridi.iatcr quaiity; 
ti, inir~iriiizc f~pcrational coit<. 

Suinrn;riiïing. tlic ohicctivc ~ i l t h i i  thesis is t11 develop a generally applicahle mcthi~dillogy 
[I J  achicvc a wcll hal;inccd dciigii and cilntrril i~frcgional water-systcmï, considering thc 
dynainics i~ i t t i c  intriii\ic proccsscs in thc icetcr systcii1 and thc various requircmcnts i~ í ' thc  
diflkrciit iritcrciti. ntiich ma?. i n  addition. vary in tinic. 



1.1.3 O u t l i n e  of tbe ' l he \ i s  and Convent ions l i s c d  

A l l  itirougli t I i i \  i l ic\ i \  hi.>\iord\ src dci i i icd Kc!\\i~rds tliai ;irc iid Ircqiicriil! are priiitcd 
in it;~lic\ ;ind are i i icl~idcd i11 ilic i~ii;icIiccl plo\\;in. Oilier kc!\\ord\ t l i ; i i  oiil> li;i\c ;I ipcci l ic  
iricariiiig iiiicc i ir i i i i ~ c  iii IIIC t ~ i i .  itrc priiitcd hcii\eeii q u ~ u i i o i i  i i i irrhi. ;\bhre\ iati~m, are 
cxplsiiicd i \ l ic i i  ilic! wc i i icd Iiir i l ic l i r i t  ti i i ic. 1\11 shhrc\i;ition, Lire i r i~ l i idcd i r i  thc liht o f '  

;ihhrcvi;iiiori~ 

'l lil\ \ c c i i ~ x  o i ~ l l i i i c ~  Ik hi~1,ric;iI d c ~ c l ~ ~ p i i i c i i i ~  1Il;il r c ~ u l l c d  i11 p rc~c i~ l -d ;~ !  rcgion:il \\;i ic~ 
S ~ I I  i i Nc~licrl;inls ; i  t t i i i  \\lii~li iiic! ;tri. i i i i i i rol lcd. I t  deicrihes 



Fig. 1.4. Typicul waler-munugemen~ regions in (he Ne1herlund.s. 

developments in water-system control and tries to generale an understanding of current 
water-management prohlems and the way in which these problems can he solved. ft is nat 
the purpose to discuss the history of water management in the Netherlands in detail. 
Comprehensive descriptions of the reclarnation of land which previously belonged to the sea 
can he found in Colenbrander (l989), Schultz (1992) and Van de Ven (1993). The historica1 
overview described in this section is hased on these books. 

The present-day Netherlands can be roughly divided into a flat and low-lying region, the 
majority ofwhich is belnw mean sea level (MS[>) and a more hilly region, the highest parts 
«f which reach up to 300 m ahove MS[, F i g .  1.4). ' lhe low-lying region consists mostly of 
polders, drained by pumping stations. I.or that reason the areas in this region are here called 
polder ureos. Areas in the hilly region, which in most cases arc draincd by gravity, wil1 hcre 
he referred t» as hilly ureus. 11 should he mentioned that thcse hilly areas, in comparison to 
the hilly areas in some other countries are still rather flat. 



l l i c  ii i l i jority 01 ihc polder ureas is 1oc;ited iii thc ni~rih-ivestern part o t t l i c  ?icthcrlarids iind 
a lmg  thc iilaiii r i i c r i  l<lii i ic aiid Mrusr .  Rccl;iiiiatii~ri ~ f t h e ï e  arras startcd ;iriiiintl the \Kar 
X00 AI ) .  Many o f t h c ~ c  ;irc;i\ ircrc Ircqucritl! H ~ i ~ i d c d  h) \ca or r i i c r  w t e r  arid thcrc l im 
consi\tcd i i l ~ i r ~ i i i i p s .  pcat h r i p  iiiid lakc5 I tic a\.cr;ige altitudc (11 thc arc;is : i lmg thc coasti 
\i;!\ cqiial t ~ i  riic;iri \ca Icrc l  duririg that tiinc. I<cclaiiiation. iiiaiiil! fiir u_nriiiiltiir;il purpmcs. 
\uch as ~irahlc I;rriiiirig 2nd cattlc I~ i r i r r i i i ~ .  tiiiik placc h) iricaiii of \ i i i ip lc drainage \ \ork i  and 
s ine l l  local dikc coii;tructim Opcriiiigs in tlic d ikci  i icrc uscd t11 diwtiorgc cxcc\ i  iiater that 
Ioggcd tlic laiid\ 

M o i t  (>l i l i c  prc;crit-d;(! pi>ldcr ;]re:!\ i icrc iiriginall) covcrcd h! pcat a i d  cla! i i r i  pcat. 
I<ccluiriati»i~ i>l'tlic;c ;irc;i\ Ioi icrcd llic groiindi\aicr tahle. rcsiiltiiig iii suh~idciicc o l i h c  soil 
siirfrice. 'fhe iriniri priicci5cs tlint cauicd t l i i j  ~t ih i idci icc \iere the iircreascd \uil prci iure and 
ilxidutiim ~ i l p c a t .  Miircovcr. tlic pcat i t ic l l ' \ \as excavatcd h! thc irihlihitnnt o f thc \c  nrcai 
l i i r  ja l i  and Iucl pri idi ict i~>n. l h ~ t t i  cllcct\. Iaiid rcclaination ;ind pc;it c;ca\ati~,ri rc\ultcd i r i  
u I~ i i r c r i ng  ~ i l ~ l i c  ;urlncc h! i ~ i i c  t < >  t i i i i  irictcrs. I tic loircririg al lo i icd ticlal iratcr 11, cntcr 
more cs\ i ly  via crccks aiid r i icrs. i ih ich  i ias onc ~ i f ' t l i c  rcawi i \  o l  tlic ;cicrc I l i i ~ > d \  that 
~iccurrcd hctii.ccn X00 erid 1250 AI>.  ' l i i i r ; irdi thc ciid 01 Iiii pcriod. dihc coii \ truci i i~n 
iinproved. cr~.cli\ \tere dainiiicd aiid siiiiplc ;pil1 \luices i iere huilt. I ' l i c ~ c  i l u i cc i  i i c rc  used 
ti1 diieharge cxcc\i ir;itcr during li,\\ tidc ;irid prcvcnt inf loir duririg hiyli trdc I he hcight o f  
dikes had to he ndjustcd l icq i icn t l~ .  as ench i ic i i  cxtrcine \\ater level ilctcrirriricd the nei i  
rcquircd lieiglit. Xcvcrtlicless. iri;iri! I lo«il i  r~ccurrcd. 



In the nineteenth centuiy mechanized pumping by s t e m  engines was introduced, so drainage 
no longer dependcd on the wind. The Haarlemmermeer polder was the fitst polder to he 
draincd hy steam-driven pumps. New types of machinev such as the centrifigal pump were 
introduced, providing an enormous increase in pumping capaciîy and elevation height in 
comparison to iiindmills. 

In the lower rcgions of the Nctherlands, where water levels are far helow that of the 
surrounding land and water levels, reclamation introduced the problem of brackish to saline 
seepagc froin deep groundwater. 

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

Around 1900, diesel engines were developed and were soon applied for polder and storage- 
hasin drainage. Soon aíter, pumping hy means of electrical engines was introduced. The use 
of diesel and electrical engines enablcd constmction of large pumping stations with high 
capacities. Using pumping stations like these, parts ofthe largest lake of the Netherlands, the 
IJsselmeer, a former inland sea, wcre reclaimed: the Wieringermeer (1930), the 
Noordoostpolder (1942), and the Flevopolders (195711968). 

Since the beginning of the hventieth centuiy hoth diesel and electrical puinping stations were 
built. In practice, the constmction of diesel pumping stations is more expensive, whereas 

l \ saii subsidrnce I soii subsidrnce 
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Fig. I S .  Schematic overview of soil subsidence, sra-level rise and 

technica1 advances between R00 and 2000 AD 
(afrer Luvendvk & Sinkr, 1982). 



operation is less expensivr than that ofelectrical puniping stations. I'lie Iormer 'Act for thc 
protection of water structurcs in tiincs «f war' stipulatcd that for safety reasons a certain 
ainount of drainage capacity in ilie polders should bc provided b! diescl-driven engines. For 
that reason, approxiniately halfthe number »f large puinping statiuiis is still of the diesel- 
driven type. 

Figure 1.5 gives a general iiiipression of historical events in polder developinent in the 
western pari ofthe Netherlands and the coriseqiiences of subsidence of the soil surface and 
sea-level rise. The picture is representative for the inajoriiy of previoiisly peat-covered 
polders in the Netherlands. The flgure clearly shows the period of subsidence. caused by 
drainage and peat reclarnation Moreover, inean sea level slowly rose during the course of 
time. The graph shows that froin the heginning of this niillenniuni. land reclaination and sea- 
level rise increased the need f»r artifìcial control ofwater systems. 

The majority of polders are not situated along the coasts. but niore 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 saine type of 
problems. 

'l'he capability to control the water level in a polder system depends inainly on the design 
variables 'puinping capacity' and 'storage capacity'. In the tiines of windinill drainage, 
water-level control relicd on large hodies of open water for temporan. storage of excess 
water. Once the wind picked up, tlie inills could discharge the excess \\ater. 

After the introduction of steani-driven pumps, the discharge of water from polders 
became more reliahle and therehre the area of surface water for teinporan. storage could be 
rcduccd. I lo\rwcr,  the reduction of tliis area reqiiired an increase in puinping capacih, 
especially during excessivc precipitation. Tlie historical increase in puinping capacity and the 
reduction in surface-water storage are shown in Fig. 1.6. The most recently reclaimed 
polders. which are tlie Flevopolders, have a puinping capacih of 13.4 nrm day. whereas the 
surface-water area is only l% of the entire polder area. 

I X50 1900 1950 2000 
Yrar 



The topic of this section is the development of water management during the past few 
centuries in the hilly areas ofthe Nethcrlands. These arcas are siiuatcd in the east and south 
of thc country (Fig. l .4). 'The hilly areas are generally gently sloping and the crests reach up 
to 50 m a b w e  MSL. An exception is the very southern part of Limburg (fig. 1 . l )  where hills 
exist of up to 300 m above MSI,. The discussion in this section is restrictcd to gently sloping 
h i k  

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

Originally, most areas with sandy soils werc covered by forcsts, only the highest areas 
have always been almost bare. Large p a t s  of these forests have been cut down for extensive 
agricultural and other purposes. Thcrefore, large arcas covered with heaths developed. 
Reelamation 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 incrcase evaporation and thus lower the groundwater table; for timber production and to 
bind driíiing sand dunes. Canalization of creeks enabled a faster discharge of water. The 
incrcased discharge, in some locations in combination with the construction of dams for 
milling purposes, resulted in tloods along the lower reaches o f the  local rivers and creeks. 
Subsequently, these had to be trained and embanked to prevent these undesirable situations. 

I'eat excavation f«r fuel production started during the nineteenth century. Canal 
systems were constructed t« drain the areas and transport men and peat by ships. The canals 
discharged excess water into the main rivcrs 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 wcrc cstahlished in the hilly areas to supewise water management. 

Improving drainage and preventing floods have traditionally been the major concerns 
ofwater hoards in hilly arcas. Kapid discharge of water has been accomplished by continuous 
canal-profile enlargement, river h i n g  and shortcning the courses of rivers and creeks, by 
cutting off hends. All these activities resulted in lowering of the groundwater table, hut also 
in creeks and rivers having a reduced base flow, high peak fiows with high velocities in 
winter and often dry heds in summer. 

'1.0 rcmedy this undesirable situation, water boards constructed weirs in al1 types of 
canals; rivcrs and creeks during the past few decades. Especially in areas whcrc soils consist 
of coarsc sand. the results of these measures were p o r .  As a result of surface-water runoff 
and shallow seepage below the stmctures, discharge was still ton fast (Fig. l .7).  At present, 
a rate ol'one weir per 200 hectares is not uncommon, which means that water boards in hilly 
areas have to supcwise and maintain a large number «f weirs. 

I h e  improvcd conditions for agricultural activities in hilly arcas, the use of intensive 
drainage and the resulting lowering of the groundwatcr tahlc, have had a serious impact on 
scenery, nature, flora and fauna. Previously swampy areas flooded frequently, became dry 



Inrid. irhcrc l i r i t  Iore\ i i  had hccii rcplnccd b) ticattis and at soinc Iiicatiiiri\ liciiths had again 
hccri rcplaccd h> ;ir;ihlc l;iiid aiid pnitiirc\. 

1 radiiiimull). i i ; i k r  i ah\triicted I r i m  ttic soils in sand! tiiII! arca, I i ir  dririking-water 
pr i~duct i i~n.  Ohii i>u4). ihcw I<ic;itioiii trcrc i~rigir ial l) selectcd hccauic i 1 1  ttic g ~ i d  qualil! 
i ~ l ' t l i c  gri,urid\iatcr. \riiich. in principle. did n111 nccd trcatiiicnt arid lunticrrnorc. thc g w d  
\t<irs?c cup;tcit> i11 tlic i o i l  I I i l ucwr .  gr<iuiid\\atcr ahstractiin l i i r  thcic piirpi~hcs lunher 
accclcr;itcd tlic Iii\icririg i11 tlic gr<iiiiidir;itcr tahlc. 

l t i c  pabr f c u  ilcc;rilc~. ;i 4 i i ~ r t ~ g c  o1 ii;i[cr ha> dcvcI<ipcd i r i  Iiill! ~ i rc~ i ,  hccaux rlic 
groundi\atcr tahlc i ia i  hccri l inicrcd ti,ii i i i i icli. I n  sonie areas tlic e l k c t \  o f  l iniering thc 
grouridi\;itcr t;ihlc t iaic lid disaitri,ui c fkc ts  on the natiiral \.egct;itiori arid ugricultural 
production. 

1.2.4 Current Situation 

I t i c  rurl'ace erca i 1 1  Ihc Nctlicrlarid\ zit present covers approxiiiinicl! 30.000 square 
kiloiiictcrs. uh<iut hul1 i i l i i l i i c t i  wc polder areas ;ind hall'hill! areas. I h e  u incn t  population 
is an~i i i id  16 iiiilliiiii. I he i r i i ~ i t  dcn\cl! piipiil;itcd ~ g i o n .  in tlic \icsterri und centrd part 111' 

i l ic ci~i ir i iry. ciiiiiiiioril! c;illcii ihc I<niid\tod coiiurhation'. c i~r is i r i i  i i iai i i l !  i > I p i ~ l d c r  arcas. 
Most i i ï t h c  riirol arca, ;irc iiscd litr ;igriciiltural purposes. ! \ l iere pcoplc l i i c  in a largc 
nuiiihcr u l ' r c l a t i i c l ~  \iiidI villagei. 

I h c  prc,ciit-du! I;irid\c;ipc o l t l i c  Yetlrcrlaiids i s  dctcriiiiiicd h! t l i c  h i$t i~r icul  hattlc 
; g i i t  I i r f l d  Vill;igei i \crc ti, ;i largc cxtciit built i111 higii griiund, such as 



river levccs and dikes. I.ong stretches oirihhon huilding are very common in these areas. 
Access to these areas is oiicn hy roads constnicted on top ofdikcs. 

NCW urban dcvek~pmcnts mainly take placc in poldcr arcas and in the lower lying 
lands a l m g  riverï. Lxtcnsive forms of agriculturc such as arable farming are slowly 
decrcasing and agricultural land is heing cmverted into urban areas and nature reserves. 
Convcrscly, intcnsive forrns of agriculture are increasing, cspecially horticulture in 
glasshouscs and bulb Farming. 

With the increasc in urban areas, thc total iinpervious surfacc arca consisting of roofs, 
roads and parking areas also incrca.scs. Ihcse  developments affect run»SScharacteristics of 
thc watcr systcmï and thc way in which they have to he controlled. 

In thc pillder arcas, arahle frirming and cattlc farming are thc main activities. I'asturcs are 
filund prcduminantly in pi~ldcrs; cspccially in arcas whcrc thc groundwater tablc is shallow. 

In thc hilly areas, mixed forms ofagriculture are found, mostly arable farming and 
cattle I'arrning. Nature rcser'i'es are mainly f i~und  in the eastern and southcm pans of the 
country. Ilcrc, dunes, hcaths and forcst are present. Cdtivation of thc hilly areas and 
dcvelopment of residential areas has strongly af'fected the unspi~iled natural landscape at 
many li~cation\. 

It is govcmment policy to rccilnstruct thc natural landscape in spccilic zones throughout the 
country Ih i s  includcs li~rmatiiln of naturc mnes that are linkcd with a c h  other, thus forming 
a natural helt that allows flora and fauna to dcvelop and spread over a considerahle surfacc. 
I h c  jdca is that ccrtain spccics should again bc ahlc to migratc through an ccol»gical route, 
unhampered by intensive agricultural arcas, roads and urban areas. 

Kcgional watcr cilntrol is thc rcsp~~nsihility ofapproximatcly 65 watcr boards at the moment. 
Ih i s  numhcr has dccrcased considcrahly over the past few years hecausc small water boards, 
cspccially thosc in hilly arcas, have mcrgcd int« new and larger organizations. 

I he main rcsponsihility of water boards was traditi~~nally surface-water-level control. 
I hcsc days; this task is broadcned t11 includc rural groundwater cuntrol, water-quality control 
and management of naturc rcscrvcs. ' lhe cnmplcxity o f t h e  iipcrational control task of water 
boards thus incrcascd. 

Wuler Quulily 

Water-qualit!. cilntrol is considercd an impi~rtant issue in hoth poldcr and hilly areas. The 
gcncral objcctive is tn maintain thc uatcr-qudity slandards specificd l i ~ r  the interests present 
in a water iystcm. Water-quality control can best bc accomplishcd hy mcans of controlling 
thc iourcc. Ih i s  is, unli~rtunatcly. not always possihlc. I'or cxample, in low-lying polders, 
upivard scepagc of saline watcr is not prcventcd casily. 

Sevcral typei olpdliitants can be distinguishcd, s ime  of which are rclated to the use 
o f t h e  water syitcm, e.g.: excess fertilizers liom agricultural areas, toxic substances from 
timbcr canul linings, efíluents frum scwagc treatmcnt plants (STPs), combined sewer 



~ ~ v c r l l o \ \ s  (C'SOij lriiiii w i e r  s!stciiis. I<educing thc quantit! o f  these w u r i c \  ~ i f p ~ > i l i i t i o n  
is one  o f t h c  inniii eimecriis ii l t t ie water bilards. 

In a dr) winnier.  surlacc water niny c ~ n i s t  f i~ r  thc Iarger pari o f  t l ~ c  clllucnt of Sll's. 
which can lead til \er! Iiigli iiiitricnt loads. C S 0 5  i n q  ilccur scveral tinics a year. \\liich 
causcs a iuddcn iind Iiigti pilllutant Ii~nci. Ilncccssarv, such pd lu tan t \  are Ilushed lroin thc 
surlacc \r.ater h> iinporting rclati\cly giwd-qualil) \rater Iroin oiit\idc thc pollutcd arca. 

Watcr froin iiutsiclc tlic irntcr \).stern c:irric\ ~ i t h c r  i rganic  end an i i rpn ic  iuh\ tancci  than 
thosi. spccific lor thal \ystciii. I.ctliiig in such ul ie~z isuter is cimsidercd kin iinp~irtant rcason 
filr thc disappcarancc i i f I i~c;r t i~~n-spcci l ic  spccici arid thc i r i t r ~ ~ d i i c t i ~ ~ n  iiigcncral h r m s  of 
flora and Iounu l ticrcli~rc. thc current \\ater-iriansgeiricnt practicc is to a i  oicl tliis iiillo\+ hy 
preservin8 arca-\pccilic \ritter during winter ;ind spring ah iiiuch as poh\ihlc. 

In suininer. ua tc r  shiirtagcs 11ccur at man) I i~cat i~ins in thc cui intp.  I'rc\crveti~in incthodi are 
hcing developcd 10 keep as iiiucli \\ater as pi~si ihlc  wittiin polder and hill) a r c a  and prcvent 
unncccssary ciulll~iiv <Ir i n k t  11falicn \\nier. In gcncral. thc water a u t h ~ r i t )  01 a polder area 
can cilntrol \bater quuntitics dischargcd arid Iet in rclatively \\cll. nliicti alli]\\i  accurate 
prcscrvati«n. In I i i l l )  arcas. Iio\\ever, special mcasures arc rcqiiirrd t11 criahle water 
preservation. In gcncral. t \ \o  inethods are diitinguishcd: outflmv rcducii~in and water 
rctcntion. 

I he  principle i 1 1  ~ i u t l l ~ i i c  rcductiim is that. in spring aiid iri suininer. su r l i cc  and 
gmundiratcr  Icvels are kcpt tlic Iiighcit pmiihle ,  t11 reducc o u t l l ~ n r  lri~iii groundi\atcr  and 
iurflicc-water suh~)sicir is .  I h i i  is currcritl) d~iric h! rcci~nstructirig rii er hcnds and rcduction 
i i t ' 1 l 1 1 ~  prolilci. hut a l w  h) ci~ntnll \)iicini.  wcli as w i r i  that can he liiiicrcd autoin;iticall) 
in case o l  iricrcascd run~il'l 2nd hc raihcd in caic  1 i 1  sinall or no riiii~lll: Anotlicr lilriii o f  
outllo\\  rcduction. which i \  widely practiccd in nc\i urban arcas these ila!~. i \  c~inriecting 
impervious sur l i ce \  t11 iiililtrati~m sites iiistcad i ~ f ' t i ~  sewcr systcnis. 

'I'he seci~iid rncttiod inv»lve\ \+uter prc\cnat ion.  using artiticial rctcntiori reservoirs. 
It is applied iii o g r m i i i g  nurnhcr o f  cases. I:\pccially in thc hilly aren ol l . i inhurg isce I:ig. 
1.1 J such mcasurcs are taken in coirihiiiati~iri i\ itli dounstrcam I loi~d priitccti~lii along r i i e r s  
and crecks. Water-retention rcicrvi,ir\ c m  also hc uscd til inliltrate ri\ er ruri~iff'and rccliargc 
tlic g r ~ ~ u n d i i a t c r  systcin. I Iiiv.c\~.r. ttic c lfkt ivcr ic\s  o f w c h  rcchurgc \ e n  iriucli dcpcnds on 
the pcrmcahilit) o l t t i c  \uhsurhcc.  In i i m c  pitldcr arca\ thii  rncthi~d ii p rx t iccd  ;i\ wcll. liir 
instance. i11 tc i i ipi~rxi ly store u a t c r  utiicti c:inniit hc diichargcd t i l  ;i \ii~r;iyc ha\iii. 

Water shnrtagc ;i \  a rciiilt i ~ I ' l i ~ \ \ c r c d  groi~ndi\utcr  tilhlcs i i  a i m i o r  pr~ihlcin in thc !$ater 
iiianagciiicnt i11 hill) arcas. I>cspitc varioui clliirts tu prcvent tlic i i i l ~ . ~  i j l  d i e n  \\ater. the 
current practicc is til ciiinpcrisste Shr uiitcr ih i~ i tagcs  hy iiiiportirig water lroin out i ide thc 
rcgion and aflilieial i r r igat i~~ii  o f  agricul tur~l  land with sprinkler s!sicirii. Water hupply 
ivíirki are carricd out in inan) pari\ ~>l ' t l ic  hilly a r e a .  Watcr i \  hri~iiglit in h! cniial\ 2nd vnall 
piiiripirig s tnt im\.  Siiiiictitnc\ csiitirig drainage canali are uicd liir t t i i i  piirp<>\c. rcicriiiig thc 
dircctii~n I I I ' I ~ I J U  



I he IJsselmeer and the rivers IJssel, Rhine and Meuse are the main sources for 
irrigation watcr in (he Netherlands (Fig. l .J). To prevent flooding along supply canals, water 
is gencrally purnped up in small steps. I:or sprinkler irrigation, surface water and 
groundwatcr are uscd, if availahle. The usc of groundwater hy farmers f i ~ r  these purposes is 
restrictcd in d 7  pcriods hy the rcsponsible water authorities, to prevent excessive lowering 
of the  groundwatcr table. 

1.3 Devel»prnents in Water-Systern Control 

1.3.1 Lack of Capacity 

I h i g n i n g  and operating watcr systcms is a matter ofcapacity alk~cation. I h e  factual reason 
that watcr Ievcls risc and l i ~ r  thc suhsequent flooding or (~verflnw, is a lack ofst«ragc »r 
d i ~ h a r g c  capacity in subsystems, such as surpdce-water, groundwatcr and scwers systems. 
Undesirahlc situations in these cases can he prevented by largcr storagc or discharge 
capacities. I)espite this fact, undesirable situations continue to occur; since the capacity for 
st»ring water in and ahstracting h m  a suhsystem is Iimited in practice. I h e  fact that a 
\peciiic situation is undesirable, fi~l1oi.u~ from the requiremcnts of intercsts defined for 
suhiysteins. An undesirahle situation occurs if one «r more of these requirements are 
violatcd. I hat situation wil1 hcre he called .syslem Juiiurr. I h c  frequency of syitem failure 
uscd in designs of watcr systcms depcnds on the social and cconomic acccptancc thc effccts. 

In gencral. the frequency of systcm Pailure can he reduced hy an incrcase in system 
capacitics. Iluwevcr, other possibilities can also contrihute to such rcductions. Research 
shows that usually not al1 thc capacity availahlc is uscd at thc morncnt i ~ f  failure and that 
unused capacitics remain in thc systcm (Schilling, 1991). Scwcr-system engineering has 
shorvn that systcm failurcs can he lirnited considcrably hy installing control systcrns; which 
rcallr~cate availahle storagc and discharge capacitics hcfilre the moment of failurc. l o  
accomplish such subsystcm control, thc availablc capacities havc 11, he uscd ef'f'ectively in 
time. Scvcral ci~ntrol systems that apply this have hcen implemcnted fix scwer systems. 

Considering thc rcsults achicved for scucr-systcm control, it is of interest t11 know whethcr 
siinilar rcsults can he obtained in thc control of  entire regional water systcms. Suhsystems 
clfa water systcrn rarely fait at thc samc miment. 'fhcrcforc, thc tcmpi~rarily unused capacity 
o lonc  suhsystcin can he uscd in favor ofanother suhsystcrn. 

I3ccausc ofthc growing nurnher of interests, the nuinher ofrequirements that havc to 
he inct in water systems increases considcrably. Therefore, thc îrccdom of  control is 
bccoming smaller. Part of this prohicm can bc solved by additionally making use of the 
variahility of interest requirements through~~ut the year. For cxamplc, if an agricultural 
intcrcit rcquircs constant high groundwatcr levels only during thc sowing and growing 
pcri(1d~. gr(lundivaicr levcis couid he kcpt Iow outsidc thcsc periods, using the grl)undwater- 
storagc capacity to rcducc thc chance of flooding in an r~thcr location. 



1.3.2 ' I h e  Opera to r ' s  l<i~lf 

Iii i i i i d c r i i  i i i i i l i i i l .  r c \ c i ; i l  iiih,!\tciii\ : i ~ i i l  pri.lcr;ihl! I I ic i.ii1irc i i. i lci- . ) \ l c i i i  I-. i i i i i i l i c i i  
i d i ~ r ; i i i i  ( l i )  i l i I i: l X ) .  iiili~riii;i~ii~ii i111 Iiiiii ,;;tier-qii;iiiiit! ;iiiii i\;i1ci-i1i~.iIil! i.tri,ihlc, ;!re 
i i i i i i i i t i ~ r c d  c i> i i i i i i i < i i i ~ . l !  r I r c i l i r  i ~ .  l l i c w  ~I:il:i ;ui. g ; i i l i c r~ i l  liiiiii \ : r r io~ i> 

Iiic.;tliiiri-. iIi,il ;m p c i i i i ; i p i i i ; i l l >  , r p ~ i - l  ,iriil p i i i ic\ .cd i i i t i i  \ i i i : i l i l c  i~iIhirtii,iiiiiii Iii ilii, 



concept, the operator receives more inrorination about the behavior of the water system and 
the processes involved. He has to deal with more standards than when controlling one 
suhsystein only. The requirements of various interests that have to he satisfied in a water 
system are presented to the operator in the fonn of control ranges. These allow him more 
flexihility of control. To support his decisions, the operator has access to tools that enable 
hiin to evaluate various control options in advaiice. Such tools are, for example, models of 
the water systein that incorporate an accurate representation of the water system and the 
control structures prcscnt. 

In this modem control system the operator gains experience ahout the functioning of 
thc water system. On the one hand, he has more data to base his decisions on, hut on the other 
hand, his support tools enahle him to gain knowledge much faster than hefore. This is 
bccause he can 'play back' earlier system loads that resulted in extreme conditions and 
necessitated difficult dccisions. 

Another variahle which can bc of help to thc operator is a weather forccast, which c m  
be translated into a prediction of the water-systein load. This enables him to anticipate mnoff 
in case of rainfall «r drought. Monitoring and systein-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 currcntly changing over from traditional fonns of inanual control to 
various kinds ~Tautoinatic control. Autoination often means an increase in efficiency, hut 
not necessarily improved control. T o  really enhaiice the perfonnance of water systeins, 
automation should he introduced to execute operations that werc not done hefore. In general, 
water authorities start with on-line monitoring which includes automatic data gathering of, 
for iiistance. water levels and flows. 

A survcy among regional water authorities showed that almost al1 newly installed water- 
quantity monitoring dcviccs function «n linc (Lohbrccht ct al., 1995). An important rcason 
for this development is thc necd lor a more accurate picture of the water-systcm state, which 
can he used for operational water-management and planning purposes. 

Figure I .9  shows the results of a suwcy of approxiinatcly 8000 regulating structures, of 
which 900 ne re  polder and storagc-hasin pumping slati»ns. Thc figure shows that puinping 
statioiis are autoinated t o a  largc cxtcnt. 

Puinping stations of polder arcas that were previously attended and operated inanually 
during the day only, are now bcing autoinated. The continuons availability of puniping 
capacity eiiahles a more accurate suriacc-water-level control. At any inoment, even during 
thc night, puinps can he switchcd on if necessary, while operators do not need to he present. 
This is clearly dcmonstratcd in Fig. l .  10, which shows that the surface-water level in the 
I:lcv«p«lders, is tluctuating within a inuch narrower range after automation of two if its 
puinpiiig stations. The data arc irom two hydrologically coinparable years, 1987 (hefore 
autoination) and 1991 (after automation). 



In Iiilly arsas. w i r s  tirc bcing aut«iiiated t11 niaintain the higlicst surfiicc nater levcis possihle 
and prescrvc as iiiuch gr(!uiid\\atcr ah posihlc in suniiner. Ihroughi>ui thc )car. the 
autoination systcnis control up- or di~irii-sircain \\ater l a e l s  Uuring csccssi\c rainfall. ueirs 
are lowcrcd autoiiiaticnlly. whcrcas during pcriods of drought thc! are Iiiicd. 



1.3.4 The Evolution of Water-System Control 

Automation of routine tasks is one of the first steps towards improved water-system control. 
Ibwever ,  automation of routine tasks alom is nol 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 rolc. 

Three evolutionary steps can be distinguished that wil1 eventually lead to weighed 
control of a water-system (I.ig. 1 .  I I): 
1 .  local control, 
2. central control, 
3. dynamic contrul. 

Local control involves a single regulating structure in a water system and is cxecuted on the 
basis of monitoring data gathered in thc vicinity of that structure. Local control takes place 
on the basis of standards that have been set for each subsystem. 'lhis 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 basis 
of data h m  more than one location in the water system. Several subsystems can be involved 
in central control. Similar to local control, central control takes place on the basis ofpre-set 
standards. The advantage over local control is that, because a better picture is available of 
the water-systcm, the requircd 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 

Bi Kegulating structure r Local control loop - Dava exchange 

Fig. i. li. 7'hree s t e p  in the evolulion to &narnic crintrol (?fa wuter system. 



I>yriui i i i i  ciiritri>l i\ a \pccilic i i i ~>dc  i i fccntral control. i r i  i r l i ich control actioiis are 
hnscd r i i i  tlic i i i n c - w n  ing rcqiiirciiiciit\ 01 intcrcsts in ;i \rater \!\tein. i l i c  \iater-s! i tctn load 
arid thc dynaiiiic p rwe i ie \  in thc \r;itcr !,!stern. I>yiianiic c i~ntrol  incorpiiratci a nicchanim 
thet cnahlc\ ci i i i i i r iui iw ricighii ig i 1 1  i n te ro t i  prcïciit in il ic i ; i r i i i i i i  i i ihs~stc i i i \ .  I ; i i i ig 
d>iiairiic c~introl .  tiic av;iil;ihlc \)\tetri c;ipacitics caii he u\cd ~ipti i i ial l !  hoth uridcr iii>rinal 
aiid c x c c p t i i m  u m d i ~ i o i i \  1)uriiig cwcr l ic  Ii!drohgical c i r ~ u i i i i i m ~ c \ .  .,uhi!stcins d t h c  
\\eter \>i tc i i i  iiin) luil. 1:iiiig d!ri;iiiiic coritr,>l. h i l i i rc in cncli \uhi!iiciii i i  a\ i>idcd es iiiuch 
I i h  i I a i l h l c  r - i n  c i p i c i t i e .  l he \icighirig ii icctiani\ii i uscd. 

cri i i i rci tliai i f ' lai l i i rc c;iiiiii)t he pre\ ciitcd. Ihc I c i i ~ t  iinpi>narit intereiti lei1 l i r ï i  and the inost 
i i i i p ~ ~ r t m t  oiies Is\[. 

11 i t i i i i i ld he iiicritiriricd that tlic stcpi prz\ciitcd in l i g .  I. I I rarcl! csist i n  pure hm. 
A ii i ix 11111ical aiid ccritr;il cmtrol  is alread' l w n d  in \ar i~ iu \  \rater i ) \ tc i i i \ .  l)! naiiiic control 
i\ r i ~ i t y c i  applicd i r i  thc Ncthcrlaiidi. 11 i ï  c~pcc tcd  that d)nninic c~i i i t ro l  \ril1 he iritroduced 
gradu;ill!. I:$pcci;ill! in tlic hcginiiiiig. i1 \\i11 he i i i rp lc~nc~i tcd i i i iscd i i i t l i  central and local 

l i ~ r i i i i  o1 ciirilrii l. 
I t  s t i i~ i i ld he stre\sed tliat central aiid d>nainic c~intr i i l  do i i ~ i t  nccosaril! rcplace thr 

cí,iiirol actiims i11opcraiors. I3olli h n i i s  u l  coiitrd caii he u ic lu l  i r i  thc prnctical operational 
i i tuuti i ir i  i isiiig tiianual operations. I:«r i i i i tmcc. Iargc puiiiping i i ; i t i~~ i is  caii bc opcratcd 

in;inually. n h i l c  dcciiinris are iiiade «n tlic haiis ~ ) I ' t hc  i~utco i i i c i  u lcci i t re l  logic. 

1.3.5 Interest Weighing 

In  tlic Nctlicriaiid\. l i i i i c t i ~ i n i  are ;ii i iyiizd 10 spccilic 111catioris t r i  itic cri\ironincrit b i  thc 

govcrrimciit. A liirictiori iri t i i i i  rcipcci i, thc fiirinali/cd tirain intereit. I lic dcl i i i i t ioi i  i11a 
liiiictiiiri i i icliidci i\otcr-qii;ilii! \t;iriii;irii\. i \ I i icl i  dctcrininc ihc cii\ iriiriincntnl condit i~>n\ that 

h;i\c ti, he \;iti\licd 
I n  thi\ t i ic\ i i .  ijril> t111,ic iiitcrc\t> wil1 he considercd that are iriiponant f i x  ttie 

dctcrrniriatii>ii <,l ci~riir<,l \tr;itcgici urid d ~ . ~ i g i i \ .  I Iic intcrcst dcl i i i i i i i i i i  i i icl i idci hoth uatcr 
qiitiIil!- m d  \\alcr-qi~antit! rcquircri ici i t~ 



I'ahle I .  I .  1':xamples IJS interehts and possihlc associated objectiues and rcquircments 

Interest 

Water rccreation 
(sectoral) 

haturc 
(sectimal) 

Water 
management 
íiipcrational) 

Obiective Requirement 

IJrevent fl<ir>ding in 
rural and urhan a r e a  

- 
Kccp the land Maintain water in the surlace-water suhsystern 
acccwhle f ix  irrirntion 

Keep water levels in rural and urhan systems 
hcluw the set lirnits 

I'rcvcnt scouring r,Scanal heds and 
ernbankrncnts 

l'revcnt drwght 

I'revent pullutant 
inllux into surlicc and 
gruunduater 
Maintain hiodiicrsity 

Maintain optimal 
W>wint .  liir 
crops 

Keep surlicc-water- and groundwatcr-quality 
vririahlcï within ihc set limits 

Maintain sur ice -  and gniundwater levels 

I'rcvent undesirable water-system inflows 

preserve locutjon-specific water 

(;\c scwer storage optirnally before uvcrflow 

Kcep groundwater levels within the set range 

Keep soil rnuisture ci~ntents within thc set 
ranke 

iacilitatc transport un Kccp surlace-water Icvels within the set range 
vater K e e ~  Ilow vclr>cities within thc set r a n ~ e  

Ohjcctivcï \ct iilr intcrc\ts, exprcss thc prefcrrcd situationï in the water-systcrn. I h e  

Maintain goed 
iurhcc-watcr quantit? 
and quality 

Maintain sustainahlc 
ciindition5 I k  i l m  
and huna  

Minimize ,>pcratimal 
cosli 

rcquircmcriti interesti rcprcscnt the intrinsic ivatcr-systcm conditir~ns to hc  mct 

Keep surface-water levels within the set range 

Kccp surface-water-quality variahles within 
the set lirnits 

Keep groundwater Icvels within thc set range 

surfacc.water levels within ,he iet range 

Kccp surface- and groundwater-quality 
variahles within the set limits 

Minimize the nurnhcr snd duration (11' 
iiperatiimï 

Keep tlow vcloci t i~.~ within thc set range 

I t  should he kcpt in inind ihai in this thesis the main focus is operational control and not 
detcrinining thc Iaqout o f  water systcms. Ihcrci i>re,  intcrests are prcscnted and dcalt with 
imainly fiorn an operational point I I ~  v i c u .  I h c  rhjcctives o f  various interests may he the 
same, hut arc gencrully dillirent.  'Tahlc l .  I prcscnts some examples o f  intcrests distinguishcd 
in present-day water-i)stcin cmtro l ,  with possihle associatcd objectives and requirements. 
Ttie ordcr iri which thc cxainplci are givcn does nol rcprcsent a ranking. the table is only b r  
dcinim\tratii~n p u r p o x s .  



I he ucighirig ~ r ~ e ~ l i a i i i ~ i r i  uscd iri d)naiiiic ci~ritrol cnah lc  interest\ 111 dillkrcnt kinds to he 
comparcd. 1))riaiiiic ciintrol deierniiiie\ i i l i ic t i  iritcrc\ts are prelbrred aho\c oihcrs h! ineans 
d t h c  assigning ol'i icigtits. I lur ing ii[irinal ijpcrating c i~ndi t ioni .  thc rc \~ i l i i i ig  cnntrul ina) 
he ver). 5iinilar to ccntral forins o f  control i lr  cvcn to local ciiritri)l I!ndcr exceptional 
condit ims. l i l r  iii\iaiicc. duriiig esccsii\.c prccipitatii~n or drought. thc ;ictions o f  d)nainic 
cwitr id \h i l i  in f a \ i ~ r  of iritcrcsts that I iaic hccn assigncd thc largcst i ieigl i ts. Ilo\ve\-er. 
a\ciagc c<>iiditioiis iiia! also requirr dyiiainic c i~ntrol  to optiiiiall! incct tlie rcquireiiients of 
thc interest\ ciiiisidcrcd. 

I h i i  scctiim hricll! i i i i r~xluccï  thc dccis i in i r isk ing procc\ i  a currcntl! practiecd h! irater 
aiithoriiics \uch ;i\ iiaccr hoards. I he tcriiiirioliig! uscd filr thc \ari i i i i \  i~rgarii/.ati<~nal lc\cls 
i n  ttic ncxt chapicrs i 1 1  ihis thesis is iiitrodiiccd. I l i e  ml! purpose i s  to present the 
i~rgan"iati<in;il l ianic\\ork and ho i i  deci\iori\ ;irc inadc and nut t i l  diiciiss ttic proccdurcs of 
ttic dccisi<)ri-ii i;ikiii proccss itsclf. 

I w11 tcriiis are used 111 indicate the iirgani/atiun rc\pmsihlc l i ~ r  \rater iiiaiiagcinent: warer 
uu/hori/y trrid wuiei- motiager. The terin \iater autl i l~ri i) dcnotcs ttic urgeni/.ati»n \ ih ich is 
fiiriiiall) .rcip~irisihle'. \\hile the term ii;itcr iiiariagcr iiiiplics ttic pcrwri [ir group of persons 
wi ih in ihc orpariizatiiin wl in 'i inplciiiciit ' cimirol actii~ns. 



Within the organization of the water authority, three organizational levels can be 
distinguished with respect to decision making: strategic, tactical and control (Fig. l .12). 

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

The management verifjes whether the objectives are met, on the basis of information 
supplied by the tactical and control levels. ?'he 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 technica] boundary 
conditions h r  operational control of the water system are set. 

Infrastructural measures required are determined, incorporating the way in which 
control wil1 be executed. In the designs, excess capaeities are included, thus creating options 
b r  future extensions 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. I'rom the system-performance results, management 
information is assemblcd. Additionally, it is evaluated how wel1 the objectives are met, on 
the basis of results ohtained 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 controlhg the water system. 'lhey execute control 
actions, monitor water-system behavior and take corrective measures if undesirable situations 
nccur. 'I'hcy are furthermore responsible for maintenance of the various control-system 
elemcnts. f:.mployees at the control level should he ahle to unambiguously execute the 
operational rules that are developed at the tactical level. 

Genera1 knowledge «f 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 
ofthe 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 fo ra  long time. In water management, large-scale 
applications are found al1 over the world. In the USA for instance, entire rivers and storage 
reservoirs have becn controlled on the basis of the outcomes of optimization models for 
decades. In these projects, generally, various interests have t« be satisfied, such as hydro- 
electric power, agriculture that is dcpcndcnt on inigation, fishcry, etc. Usually, the ohjcctive 



AI prc\ciit. a gr<,\\itiy i iu~i ihcr 0 1  ~ ~ m c t i i i i c \  cml l ic t i t ig i i~tcrc\ t \  ha\ t,, he taken int(] 

considcriiti~rn in i i t i tcr iiinringciiiciit. li';itcr \!\tein\ developcd durin9 thc I i i i t o n  IJI land 
rcclaiiialion ;wc hnsic;rll) ri<,t dcsigncil to ii ici~rpi~r;itc ttic i \ i<lc rlirigc i j l  rcqiiircincrit\ and 
rcitr ict iori i  ;i\\iici;itcd ~ i i t l i  thc nci\ l) dclii icd iiitcrz\ts. 

l he cscess c;ip;icitic\ riiiriiiall! huilt irito ttic currcnt \iatcr \!steiiis has a l l i ~ \ i c d  
pij\tpimcriiciit o l 'cs lc i is imi l i i r  \ i ~ i i i c  ii i i ie. II»\\cver. tlic cnpacit! ii i i i its «f  iiiaii! o f  thcsc 

iriitcr \!item\ are rio\\ reachcd x i d  xlil i i i i i i i; i l iiieasiircs \i ill he n c i c \ i i i n  t« enahle a nater 
irianngciricrit. \ \ l i i e l i  iiiccts tlic rcqiiirciiiciit? o l ' \ u iou \  interest\ 

l iiii luiidniiicntall! i i i l ' l~rcr i t  r i c ; i i r es  een he ciiii\idcrcd. estending !$sicin 

~apucit ic\. pi>,\ihl! ciiiiihiricil \\i111 \cp;ir;iliiiri ~ l ' i i i t c rc \ i \ .  or i i i iprin iiig il ic p d i ~ r i n a i i c c  01 
thc cxi\tinc \\Liter \!itciii h! i i i ipro\cd i i i i i i ro l .  



dependent interests dcfincd and the water-system dynamics. This is called dynamic control. 
Various fi~rms of dynamic control have shown good results in water management in several 
countrics. In thc Nctherlands thcrc is no experiencc in this ficld as yet. 

I h c  main ohjective of thc  present study is to determine univcrsally applicablc methods for 
of regional water-systcm control, including both rural and urban arcas. The subject of 
improving the control of urban sewcr subsystcms has bccn studied cxtcnsivcly by others 
(e.g.: 1:infalt ct al., 1990; Ilartong & l.obbrecht, 1992). 

I'his thesis presents a new approach, in which al1 suhsystcms of a water system are 
controlled in an integrated way. This is based on explicit weighing of interests, possibly 
crossing thc borders of thc responsibilitics of different water authorities. 





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, systems that are designed to support thc water manager in controlling his water 
system. These systems are callcd Decision Support Syvlern.~ (DSS). 

In general, the term DSS is used f o r a  wide range ofsystems. 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-bascd system that helps decision- 
makers to utilize data and modcls to solve complex problems.' 

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

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

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

Finally, a DSS is needed to solve complex problems. The complexity can follow from 
the watcr system that has to be controlled which, lor instance; comprises many subsystem 
interactions, or the difficulty in satisfying the requiremcnts of al1 interests. 

In gencral, a DSS is needed if the water manager wants to obtain the best solution to his 
problcm and a logica1 and an unambiguous choice from various solutions to that problem 
cannot be casily detennined without a computer-based system. 

A DSS can he used at different organizational levels (see Sec 1.4). In this thesis, only the 
control and tactical levels wil1 he considered. At the control Icvel a DSS can bc used for 
real-time control, whcreas: at the tactical level it can bc used for analysis purposes. In the 
latter case, a »SS can be uscd to support the work of planners, for instance, in the water- 
system designing proccss. 



('onrrr,/ . s ys /e i~ i i  c m  hc dcliricd ;is \!itcirir that stccr pr~~ccsscs m d  ciirrcct discrcpnricies 
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2.2 Developments and l l se  

I he l irst 1)SSi I i ~ r  water s)\tci i i-c~ii i ir i>l i i c rc  deiclopcd in thc i i i id-\cici i t ies i l .ouiks.  
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A t  prccr i t .  u\cr-i~ricritcd. iriti.r:ictiic s>jtcin5 are c r í~ l \ i r i g .  ~ h i c h  cri;ihlc a direct 
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2.3 Levels of Control 

A gcncral ovcrvicw o f a  water-control systcm is givcn in Fig. 2.1. ' lhc figure is a Surthcr 
specilication o l t h c  modern control system as dcscrihed in Sec. 1.3.2. Thrce levels can be 
distinguishcd in a control system: 

decision-support level. 
central-contrí~l level, 
local-contn~l Icvcl. 

Control actions can be carricd out liom each r~fthcse levels. 'lhe person or dcvicc eventually 
taking thc operational decision, dcpends on the current status of the water system and thc 
risks which are involied in thc operation. Notc that the decision-support level and the 
central-control Icvel are locatcd ccntrally, in gencral at the Same location. I'hc local-control 
lcvcl is in thc water system. 

Oecision-support level 

r determination 

Water iyitcrn 

Fig. 2 i Prinripal leveis in water-xysiem control. 

2.3.1 Decision-Support Level 

At the dccision-support Icvcl; decisions are prcpared, analyzed and evaluated. The objectives 
Sor water-inanugemcnt ( i rm the basis in decision rnaking. I h e s e  ohjcctives should be 
filrmuiated in such a way that employees at thc tactical and control levels can base their 
dccisions on i t .  An cxarnplc for an arca ihat incorporatcs nature, agriculiural and recreational 
interests could he: inaintain conditions in which natura1 valucs can develop best as wel1 as 
agricultural production; prcvcnt flooding r~l'agricultural land as wel1 as poor water quality 
in rccrcatiímal waters. 



' l t ic  process i~ f ' l i~ r i i iu ln t ing ohjccti\es. ir i ipl iei a I»rm ofintcrc5t \veigtiing. Since i t  
canriot he k i io~vr i  in adviincc \vhcthcr thc ohjcctivcs stipulatcd \ \ i 1 1  rc i i i l t  in the \rater 
inanagcincnt intciidcd. cva luat i~~ i i  i\ ncccssan hcli)rc thc oh;ccti\ch can he epplicd in 
practicc. 

Thc dccision-support Icvcl can he uscd iri \arious \%a)\: planriirig. unal)sis and rcal-time 
c m t r i ~ l .  A n  cxainplc o l t h c  usc l i i r  pl;iiinirig purposcs is the design i11a \%ater \)stern. A n  

cxainplc o l t h c  ii\c in malysi i .  is dctcriiiinirig thc performance u l a  cont r~ l led systcin oi i  the 
hasis ol'thc i~h,jcciivc\ set. In case ot'rc;il-iirnc c<intrirl. thc dcsircd s~s tcn i  state i detcmiincd 
at the dccision-suppori I c \ c l  on thc hasi\ of actual data. 

I he dcsircd systcin shtc is gcncrally ~ihtaincd h) a crmhination i i l iqxrat i i ins ul'reguliiting 
structurcs. I h c  dcsiriihlc water-syjtciii statcs and regulating-htructurc ~ipcrations are here 
toriiiulatcd as serporn1.s. 1:xarnples of doirahlc systcin statcs tonnulatcd as setpoints are: a 
particular \urface-iratcr Icvcl: a particular groundhater level: a cliloridc concentration liinit. 
I:xamplcs i~l'dcsirahlc ~ipcrntions ~~I 's t ruc t i~res resulting l io in  setpoints are: ihc f l i ~ \ r   er a 
wcir; thc l l o i ~  through a \luice. etc. 

A \cquericc o i c ~ i n i r o l  actions s<mc time ahcad. which rcsult in ihc rcquired sisten1 
hehavior, is hcrc cullcd a conirolsiruregj. Ir1 the control stratcg!. a di i i i i ict ion caii he iiiade 
hetwcen 'husic setpoint\' and .time sctpoiiits'. L h i c  setpoints are ~ a l i d  lor  thc current 
inoinent. M hcrcas time sctpoints r c l l c ~ t  thc suhscqucnt rcquircd \)\tein i ta tc i  arid stnicture 
 pcra ra ti ons in tii i ic i l . i g  2.2). 

Oiicc a c i i i i t rd  stratcg) is dctcrrniticd. it c m  he applicd dircctl! f r ~ ~ i i i  thc cciitral locaiion. 
Such a c ~ ~ i i t r d  stratcg) can he in thc liirrii o f a n  advicc t0 opernturs. LVlicri tlicir opcrational 
actions arc hased ori that coritriil straicgy. thc contrd inode i calicd ~ t r ~ i n ~ i c  tn1111uuI 
conlrol. 

I he coritrid acti~iris rcquircd. can a l w  he scrit 10 thc Ioc;il-cimtrol I c i c I  dircctl). h) 
transiiiitting hasic setpoints. \\Ii ich are iinplcrncntcd ~ u i ~ m a ~ i ~ a l l ~ .  'l his IS called ~ i y u r n ~ c  
r iu lon~ol ic conrrol. 
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2.3.2 Central-Control Level 

At thc central-control level, uperati~rs of a water system take action to maintain dcsired 
water-system states. Various forms of central control exist, ranging from remote manual 
control to automatic control hy means of computers. 

' lwo forms of central control c m  he distinguished (Fig. 2.1): manual control by operators, 
hcrc called ceniral munuul conirol and automatic control based on logic rules, called centrul 

uuiomuiic conirol. In manual control, the required setpoints or control actions are 
determincd hy the operators in person. Central automatic control is based on logic control 
m l e s  I3y means »f these rules the required control strategies are detcrmined automatically 
fix the various circumstances accounted for. 

Both manual and automatic central control are forms of remoie conirol. This means that the 
 pcra rating commands are issued at another location than the regulating structures which have 
to he controllcd. In general, the cent:al functions do not necessarily have to he located at a 
single placc, but they c m  he distrihuted over several locations. For simplicity, the central 
location wil1 he considered here to a h  represent these other possihle situations. 

2.3.3 Local-Control Level 

At the local-control Icvel, the required control actions are implemcnted and monitored. If 
thc valuc ot'a water-systcm variahlc differs Srom thc current setpoint, local controllers take 
action to maintain the setpoint. These controllers wil1 he considered automatic in this thesis, 
while the setpoints are transferred t» them electronically. 

Monitoring both controlled and uncontrolled variahles in the water system is 
nccessary to cvaluate whether the implemented control strategy complies with the objectives 
set. In gencral, it wil1 nol he possihle to monitor al1 thc variables required to achieve a 
complete picture o f  thc water-system state. As wil1 he explained later, some missing 
variahles can he estimatcd artificially. 

In controlling large water systems a further hierarchy can sometimes he ohserved which 
distinguishes more lcvcls than the ones discussed ahove. In those cases the functionality of 
thc central level can he rcplicated at the local level (the dotted operator in Fig. 2.1) 

2.4 Control-System Functionality 

In thi? scction, thc main Sunctional clements of thc  three-lcvcl control systcm are discussed 
in more detail. Figurc 2.3 prcsents thc major elcmcnts and data f l i~ws in a control system. 
In addition to intcrnal data flows, data %om outside thc control system are generally 
neccssary. 
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7able 2.1. Naming cmventions in water-systcm contrnl 

Operation Control I Strategy I Control mode 
level determination 1 

Autíimatic 

l.oeal 

(:cntrdl 

Central 
Manual 

2.4.1 O p c r a t i u n a l  Cond i t ions  

I.oyic 

L.wal 

Scceral operatimal cmdi t i i~ns  can he distinguishcd, irrcspcctivc of thc control mode used 
tu manage the water system: 

standard operation, 
anticipated systctn Sailure, 
systctn maintenanee, 
etncrgency opcration. 

[)SS 

I.ocal Automatic Control 

DSS 1 I1curistic 

During standard opcration, thc control systein is Sully operational. I'rcdefined operating 
conditions are availahlc, each guarantccing safe conditions 01' the water systcm and the 
control systein. 'I hc rulcs that have  IJ he Si~llowed, have to he dcscrihcd in an «pcrations 
manual (Schilling, 199 I). 

In thc situation o f  anticipated system Sailure, thc control system is not fully 
opcrational duc ti, accidcntal or uncxpccted cvents. which, howcvcr, can he explaincd, e.g. 
breakdown OS a mot(~r  unit 111' a pump, c(~mmunication lailurc, etc. Anticipatcd failurc 
cmditions and the actions t(> bc taken by operators should be described in the samc 
r~perati~ins inanuai as standard opcration. 

]>arts o l thc  systcm that are closcd lilr maintcnancc cannot bc c~~ntrullcd.  Maintenancc 
should prckrahly bc carried out during pcriods whcn low systein loads are expcctcd. 

1:tncrgcncy operation occurs whcn thc systcin is not Iully operational but thc 
corrcsprmding siluation is nol covered by regulations Such Sailurc situations are not 
includcd in thc pr«ccdurcs Ior anticipatcd Sailure. Ihcsc  situati~ins gencrally require inanual 
cr>ntr~)l ol'thc water systcm. 

I>ynamic Automatic Control 

Uynamic Manual Cunirol 

I leuristic 

I h c  l int  thrce operatimal situations are included and furthcr discusscd in this thesis in the 
dcscriptioris ofdei ign and opcration ol'water systcms. In principle, I<>r thesc operational 

I.ocal Manual Control 

1.1igic 

l lcurisiic 

Ccnlrdl Automatic Control 

Ccntral Manual Control 



si tuat i~~ns. ttic I>SS cari he iiscd i11 iupport operators i n  dctcriiiining tlie heit coiitrol 
$tratcgics for thc \\aier s)htciii. 

I ' l ic in;iiri l i~c i is  <>f thc prcscrit stiidy is (in stratcg deterinination i m  the hii\is i11a IISS and 

i m  thc basis 111 hcurisiic\ Sir;itcg) dctcririiii;iiii~n oi i  thc hasi\ 111 logie r d c \  is r i i ~ t  discus\cd 
in detail. 

A l  thc dccisiiiri-\upport Ie\ cl. suiiuhic cor i t rd \tratcgic\ are dctcriniried \r i t l i in the 
l imit\ aiid <ihjccti ic\ o l thc  currcrit polie! aiid thc g i l en  water-\)\tein \tak. I he h c t  stratcgy 
possihlc. is cullcil tlic 'iiptiiiiul straks)'. I Iit. ciirirrol stratcg) c m  hc ohiaincd in t \ ro \ra!s: 

h? trial arid crror: 

in a single riiri. 

IFigurc 2.4 4io\rs tlie pririciplc 01 hotli i i i c t h ~ ~ d  01 rtratcg) detcriiiinntii~ri thái can hc applied 

ai  ttic crmtriil arid iacrical I c ~ c l s  in a ir:itcr nuthorit) (Sec. 1 .4)  AI thc coiiirol levcl. its usc 
is primari l ! .  l i i r  re;il-time coritriil. I r i  addi t iw.  i t  can he uscd lilr tr; i i i i i r i~ and ana1)sis 

purposcs. A t  thc tnciical level. i15 i i\c is pri i i ixi l !  l ì ir  ;iri:ilysis purpoie\. t11 detcrinine the 
\rater-s)stciii pcrli~rriiancc litr Ioiigcr pcriod\ and l i ir  planning pl i rpmci.  

I>eteriii inirig a c~i i i t ro l  stratcg! h! trial nnd error. reqiiirci a c;ilihrated s i inu la t i~~n 
i n d e l .  callcd u .Si~~i i i lu/o>-. \ i l i ich rcllcct\ il ic ht l ia\ ior  111'thc rca l - i i i~ rk l  ir;itcr s!stciri. WIicn 
thc siriglc-riiri i i i t t l i i d  is ~i iccl. a s?\iciii c:illcd thc .S~ r r i t e ,~ i  Rrioiicr r i c c d  ti, he run once 
(sec al io f;ig 2 . 3 )  Ibis syhtcin detcriiirries ttic iqxiin:il control str;itcg! on i l ic basis  IJ^ 
~ ~ h , j ï c t i \ c s  l i ~ r i i i i i l ~ t c d .  

I h c  control siratcg dc \~ r ihc \  a \ct iil i i i i i i r i , l  acti~ins siiinc tiinc :aliead. I he c~>i i i r i i l  \traleg) 
dcpcnds ~i i i  tlic rcipi ir iw tii i ic i i l ' \ \ntcr i)\terii iind ttic c~introl actiiiiis In  iratcr s)stcins \ i i th  
rapid r i inofi 'cl i : i rnctcri~t icï ;I prcdictiori i i f  tlic h!drological lood i\ gciicrdll! nccosan .  I n  
\vater \)sicin\ \ i i i t i  \l<,\\ ru i i i~ l ' l ' c l ia r ; i~ tc r i \ i i c i  a prcdictiori i\ iiot ul\i;i!, i iccc\>nn 
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' lhe period for which the control strategy h a  to bc detcrmined is called the control 
horizon. The control horizon can he seen as a time window that has a fixed length, which 
shifts in time. 'l'hc requircd length o f the  control horizon is to a large cxtent detemincd hy 
the runofteharactcristics of the water systcm. This wil1 be discussed furthcr in Sec. 5.3. For 
the moment, it is assumed that the length of thc control horizon is known and that, if 
necessary; a prcdiction of thc system load is available. 

I'he steps o f  strategy determination processes according to the trial-and-error method and 
the single-run method are shown in Fig. 2.5. 

Trial and error Sinzlc run  

L_(-] Overall evaluation,. i 
i I Strategy implementation'. 1 

Fig.  2.5 Merhod.~ 10 delermine u conlrol .slrulee: hy rr iul  und error 
und in LI single run. 

By Triul und Error 

IJsing thc trial-and-error method, lirst a set of initia1 sctpoints to control thc water systcm 
h a  to he selectcd Ior aparticular time span, e g .  one hour. Using thc selcctcd setpoints and 
the prcdicted water-system h a d ,  the water-systern bchavior is simulated f i n  one time step. 
Afier this step, thc pcrformancc i ~ f t h e  water system is evaluatcd against the ohjectivcs. If 
therc is a risk that thc simulatcd water-systcm statc deviates lrom thc dcsired one, some, or 
maybc al1 the sctpoints are adjusted bcfore simulating the ncxt time step. 7 h e  adjustments 
are determined on the h a i s  ofknowledgc and experience. Again, the water-system bchavior 
is cvaluatcd. This process continues until thc cniire control horizon has been simulated. 

I hc sctpoints choscn f í ~ r  thc various regulating structurcs during the control horizon, 
reflcct the attempted control strategy. I h i s  strategy is subscquently matched with the 
íhjectivcs, considering the entire control horizon. I t  should he mentioned that this overall 





thetnsclves determine whethcr and how to implement the control strategy. This makes it 
p~~ss ih lc  to incorporate spccilic situations <]r temporary changes in thc required system states. 
I l~~ \vcvcr .  the single-run mcthod als11 hes s11me drawhacki. l hese wil1 he discussed in 
Sec. 3.2.1 

2.4.3 C e n t r a l  C o n t r o l  Tools 

At the central-control level, operators can have various torlls available to facilitate their 
i~puat ions  (sec also [Fig. 2.3): 

an in f i~ rmat i~~n  systcm; 
a Iilgic controller; 
an alarm systein. 

Data are prr~cessed into information hy an 'information system'. I'rocessed actual and 
historica1 data can he made visible via thc information systcm. By means of interactive 
dialogs. the operator can rctricve detailed infirmation ahout tht: ongoing processes in the 
water systcm. 

In gencral, not al1 rcquired data wil1 he availahlc h m  on-line monitoring. Somc data 
can bc incasurcd inanually at rclatively long intervals, e.g. water quality data can be obtained 
lroin pcriodical mcasurements and lahoratory analyses. Such data have to he supplicd from 
i~utsidc. 

A rncthod co overcome a lack ofcontinuous monitoring data is to usc models, which 
sirnulate the water-system hehavior and attrihute valucs to missing variables. Such models 
rhould he calibratcd regularly. or cven on h e ,  to keep producing accurate results. An option 
i i ~ r  automatic calibration is the usc of a numerical filter that makes sure the model kceps 
resemhling actual monitoring data. 'lhis type of data processing, using b«th measurements 
and models is k n ~ ~ w n  as 'data assimilation'. 

lfhalanced water-systcm control can he ohtained by logic control mles, they can be applicd 
in a lo,yic conlroller. I h c  control mles can rcsult in flexihlc strategies, fully determincd hy 
the actual water-system state. or in a lixcd set of 'control rccipes', which cover al1 the 
cmt r i~ l  actions nccessary to ohtain thc rcquired water-systcm hehavior. Ifthc logic controller 
is used, thc íùnctionality of thc control system gcncrally allows automatic and inaniral 
sclcction olcontrr~l  stratcgics. 

Use ~ i l t h e  logic controller always requires matching the situations distinguished in 
ihe c~introllcr uith the actual systcm state. 'This f o m  ofdctcrmining acrmtrol strategy is also 
know a i  ttic 'vcrilication incthod' (Sec  32.1) .  

An opcrator is warncd ilundcsirdhlc i tuationï occur i n  thc water systcm. e.g. too low »r 
high water Icvcls, or too high pollutant c~mcentrations. l he alarm in that case is issucd via 
the informatiun systcm, whcrc such data are availahlc. 

One of the tasks of the central command unit is to monitor rcgulating structurcs, 
i~perated hy local control units. When one or more of thc control units or regulating 



structiirc\ i i  iiialliinctiiiriirig, a I i~cn l  alariii is issucd aiid sciit to thc coiiiiiiaiid unit. 
Suhscqucritlq. tlic rc ip i~nsihlc iipcr:iiiir is i\ariied. 

2.44 Cornrnand and Control Units 

Opcratiiiris ~i1rcguiati i ig i iructurci ure :ietivatcd througli instruciiori~. l l icic iriitructiiiiis are 
givcri h> u ~ i i n i a n d  arid coritriil uri i t i .  I lic ci~ritr i l l  systciii 111 l i g .  1 3 \hot i \  a ccntral 
cuiiiiiiand unit arid a I i u d  ciiriirol ~ i r i i l  In  gcricrril. tlicrc cari he scicral I i xa l  control units. 

nh ich  rcgul;ite siructurci i i r  ciitirc pri icciws. A Iiical ciintrol uiiit caii l i i i icrii i i i as a ccntral 
coiniiiarid iiriit Sbr iitlicr liical coritriil uriiti. I:ritirc hicrnrchical nci i \ i>rh\  o l c i~ i i t r i i l  units are 
huilt i r i  thi\ \ \ a )  Oril! i \ r i i  l cvc l i  arc di,ius\cd Iicrc: onc ccntral I c \ c l  ;irid onc I(icel Ic\c l .  

l'hc ccntral coiiiiiiaiid unit sliould he ieen as nn agent \ i l i ic l i  ciiirtr~,l\ pri>ccssc\ \ i a  local 
contri,l ~ i i i i t \  ;iiid ci iccki tlicir iipcrniiiiri. I.he ccntr;illy deteriiiiricd control itratcgy is 
transmiticd i r i  tlic l i i r i i i  i> l 'sc ip i~ir i t \  11, tlic local ciintrol units. I:priri rccci \ ing tliesc data 
thcsc l i i cd  ci)r i tr i~l u i i i t i  kikc care i i l t t i c  I<ic;il priiccsscs. I lic Iiicnl u i i i t i  are in i~ni t i i rcd 

ciiritinui~iisl). I1 ari iiri<lcsirahlc siiii;itiiiii occ i i r  i ir  i i i ic l i f t he  Iiical \! i tci i is IA \  10 opcratc 
pr(lperl!. ar1 alarin iiic\sngc is i\siicd arid scnt i11 tlic ~ipcrator. 

A iirodcrn control s!iicin g c n c r i l l  iiicludcs ai1 on-liiic ii i i i i i i i i iririg rictv.i~rk that 
autiiniaticnllj gatlicri il:iia In~iii thc \i:itcr i! ~tc i i i .  Iii general. Iiicnl cori ir i~l m i t s  are cquippcd 
n i t h  inori i t i~rir ig dc\icch. c g .  i ra tc r - lc~c l  iiicrisurcincnt cqiiipiiiciit. I lii\ic\i.r. nddiiiiinal 
inoriiioring Ii~c:itiiiiis inny he ncichsnry i 1 1  iihtein ihc rcquired picttire :ti i l ic ccritr:il l c ~ e l .  

I h c  contiii i ioii\ i i i i i i i it«ring i i f  iariahles i n  a \iater s)\teiii criuhli.~ dctcriiiiiiation o f  
thc nctuul i i i i ter-s!~tci~i itiitc. I hese iiriiihlcs i i l s ~  g i \c  1111 iridicatiiir lor thc 11pcctcd r i inof f  
i>r (jthcr pr i icc\ ic\ .  

I n  additii>ri ti i iniiniiiiriri: i;iriuhlc\ iiiiiiiii thc iratcr s!stciii. i i  iiia! he nri i>pti i in to 
i i i imitor thc i i jdri i l i>gical lijad iiii ilic ii;itcr s ~ i c ~ i i .  Siiinctiincs ririi i i ipnlii iri (i1 runo l f  <!r a 
lack UI' riiiiiifl: ciilianccs the \\;itcr-\!,tciii pcr1'iiriii;iiicc. Ir i  thnt in%.  i i i i~ni tor i i ig o f  tlic 
h~dr i~l i ,g icr i l  Iilrid u i d  ~ i i i i u l a t i i ~ n  i 1 1  tlic \\;itcr-\!htcir heliris ior. !icId> ;I prcdictiim ( 1 1  uiitcr- 
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system variables. This enables anticipative control actions, which is of special interest to 
those water systems that have rapid mnoff characteristics. 

2.5 Concluding Remarks 

A Decision Support System (»SS) can he used in water management aï a t001 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 thc analysis options o f the  DSS can he 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 strateb7 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 Resolver 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 Kesolver advises operators who implement 
control actions themselves or controls the water system directly. I f the  required control of 
the water system allows so, the control actions of the Strategy Resolver can he ahstracted 
into logic rules which can he implemented in a logic controller and implemented 
automatically. 

In practice, operators rnay have several other tools to support them in their work. If such 
tools do not function on-line, operators wil1 probahly not use them when extreme system 
loads require fast action. In such cases, the water system wil1 be operated on the basis o f  
operators' experience and knowledge. 

I lnintempted functioning of the entire control systern can never be guaranteed. A 
situation can always occur in which manual control is necessary, even for entirely automated 
control systerns. In such cases, the experience and system knowledge o f  operators is o f  
decisive irnportance to achieve the correct control. 

1'0 enhance the water-system knowledge of operators, the Strategy Resolver can be 
used as an off-line training tool. Such a tool can also enhance their work in m e s s i n g  
automatically implemented control actions. 

The operation o f  a water system is generally determined by thc risk involved in control. 
IJnder normal conditions, the Strategy Resolvcr or a logic controller can determine al1 
control actions, without operator interference. Under extreme conditions, however, the 
situation in the water system may hecome so critical that the control actions at least have to 
be supewised hy operators. In such critical cases, an operator can decide t0 use the strategy 
advised by the Strategy Resolver, the strategy of the logic controller, or if necessary, 
determine a control strategy himself. 





3 Problem Formulation and Solving Methods 

3.1 Introduction 

Dutch watcr systcins have traditionally been c«ntrolled by structurcs that have fixed setpoints 
or control ranges h r  the suininer and winter season. I:ormerly, thcsc fixcd setpoints wcrc 
obtaincd by weighing the interests prcscnt in a water system on thc basis of the output of 
each interest over an entire season or even several years. In thc past, when most interests in 
watcr systcms had an agricultural charactcr, this wcighing was a qucstii~n »f halancing the 
economie output o fan  area. 

As dcscribed in Sec. 1.3; this f(~rm of water-systcm control does not meet thc present- 
day objcctivcs nor thc futurc ones prohably. In thc prcscnt study, va r i~~us  optiuns to improve 
opcrational contri~l are prcscnted as an alternative to building extra infiastructural capacity 
in thc current water systcms. 

I'hc ncu opcrational control options should include the operational flexibility that 
cxists in thc currcnt water systcins, spccifically thc pcrmissihle fluctuations in groundwater 
IeveI~,  surface-water IeveIs and watcr quality. 

I he ohjcctivc ofthis study is to achicve a flcxible water management that incorporatcs 
the time-varying rcquircmcnts ofthc dif'ficrcnt intcrcsts that are prcscnt in a water system, thc 
predicted system Ioad and thc dynamic hchavior of the  water systcm. 

Meeting interest rcquirements can oflcn he exprcssed in terms of physical water-system 
variahlcs. In thc folli~wing, spccific examples of such cxprcssions are givcn for poldcr as 
wcll as fix hilly types ~ i fa rcas .  

Agricultural rcquireincnts can for instancc bc cxprcsscd in groundwater level, a soil- 
moisturc-content range. a minimum surface-water Icvel andlor a maximum salt concentratim 
of irrigation watcr. 'l he groundwater levcl and the soil moisturc cmtent dctcrmine the 
accessibility ofthc land fix machincry, thc erop-growing conditimi and in drought-sensitive 
areas. the necd S I I ~  sprinkler irrigation. Irrigatiun water c m  bc abstracted from the 
gri~undwatcr and from thc suricc-water suhsystcms. ' lhc latter requircs a minimum surface- 
wiltcr Icvcl. I.urthcrm<~rc, thc halt ci~nccntrati~~n of this watcr should nol cxcced certain limits, 
co prcvcnt reductioni in erop yields. 

I<ccrcati~mal rcquircments may he cxprcsscd in required surfacc-water levels, surface- 
water quality and limits to surf:xc-\vater velocity. Maintaining surface-water levels within 
certain liinits can bc 111importance to reereational navigation ( cg .  hcights of yachtjettics and 
hridges). SurFacc water which is used lor swimming, should mcct specific water-quality 
stilndards. Surlacc-water veloeities have to bc luw enough to allow swimming and 
navigation. 



Aquatic ccological rcquiruiients iii;i) hc an  iindisturhcd end stahlc s u r h c c  n a t e r  
quality and riiairit;iinirig a iniiiiiiiuiii sur l icc \\ater Ic\cl.  I:\pcciall! diiririg spring. water 
quality is o lcx t rc inc  irnp~irtancc. siricc I111ra and lauiia start t11 spring lip. I-liishing wrface  
watcr \hould he prcicritcd ;is rnuch as piiiiihlc. iii principle diiririg thc critirc !car. A prohlem 
is that. cspcciall! in drought-scnsitivc arcai.  c;inal\ nia) run d 5  i \ i th i~u t  cstcrnal u a t e r  
siipply. Ibis rnay ncccssitutc water i n k t  int11 such canals. I l e c a u x  U I '  ihcse prohlcins. 
weighing iiiay he required ui thin the aqiiatic cci~liigical interest. 

Naturc rcquireincnts inay not he \.cc \$cll-dcliiied. Siiriic pcople deiinc nature as the 
situatiilii that cxis t i  I I ~  dcvclops iiticri nrcai are Icft u n t ~ u h c d  h! huinnn\. In the highl) 
d c v c l ~ ~ p c d  Ncthcrlands tlicrc is hardl) ;i \qii;irc inctcr Icli that \atislic\ thi\ rcquircineiit and 
the qucsti<iii can hc aikcd whcthcr tlic natiirc thai niiuld develop. i í  ccrtein places in uur 
current environment wcrc Icli a l~inc.  is rc;illy tippreciated s o  inuch. 111 gciicral. thc opinion 
is that somc kind of  huinun intcrfcrence \ i i l l  continue to  he neccisan. in natiirc reserves. 
Naturc rcquirciiicnts expresscd in water-coritr~il variahles. are liinitcd 10 pcrniissihle ranges 
for groundwatcr and u r l i c c  ivatcr Icicls ond rcstrictions n i th  rcspcct 11) t iater qualit) 
Deperiding on tlic Iiicati~m end thc [!pc r 1 1  nature that should d c \ c l ~ i p  o r  sustain. thc 
requircincnts v a 5  I r ( m  ven. strict to rijt rcally lirnitcd. 

In rnunicipal arcas thc iriairi concerni are t11 inainteiii tlic witer-qualit! t a n d a r d  o f  the 
u r f a c c  watcr and to prcicnt  Ilix~ding. Maintaining a good \rater qiielit! i i i  thc iurface water 
subsystcin o f a  niunicipal arca riiay rcquirc rcgular tlushing and ci~ntinumi\ !r atcr mineinent  
to  keep oxygcn Icvcls ahrlic thc ininiiniirii liinits to prcvcnt 5tcnch. !v l i i rc tx r .  during and 
aiicr s a v e r  ovcrl11iir\ thc \vilter qualitb iiiay h c c ~ ~ r n e  rathcr poor. I l ik rcqiiires additional 
flushing. l .u r thcnn~>rc  ininiinuin and inauimurn gn~undrvaicr Icvcls ina! bc rcquired. M;ixiina 
a re  generally dcterinined b) tlic depth 111' ccllars that should nol tlood. Minima inay be 
deterinincd hy timbcr pilcï in i ~ l d  eitieh that rnay deca) undcr a c r ~ ~ h i c  coiiditiims. 

Navigaiirln íiir trmiportation purpo\ci.  requires ininiiniiin aiid inaxiinuin surface 
water levcl\. I I I I I  loir n i iatcr Icvel ma! caii\c a \hip to run agrilund. I o o  Iiiyh a \rater le iel  
ma! cau\c  a ship k i  tiit a hridgc. 

I 'he assuiiiptiiiri in this stud! is that the rcquircrncnts o f  cach iiitcrcst ctin he cxpressed in 
physical watcr \;iriahlcs o1 rural 2nd urhari \uh\!stcnis which cari bc dircctl) or indirectly 
controllcd. c g . :  

surlacc-water IcicIs. 
g r~ iundi ia tc r  lcvcls. 
s e u e r  lilling. 
watcr quality level. 

A m c t h i ~ d  is prcscntcd t11 \ o l i e  tlic i>pcr;itiiinal control pr~ihlcin i i I  tlic \iater manager. 
meeting thc requirciiicriti ~ > I ' a l l  intcrc\ti prcjcnt in a na te r  \)stem a i  \\cl1 a i  possiblc. I h e  
~ipcr;itional cimtrol probicm iri this ciiritcut is s i~lvcd h) detcrrniriiiig thc hc\t cmtro l  actions 
lor  the inoincnt and l i ~ r  s ~ ~ i i i c  tinir ahcad. oii thc basis o f  giicrr historical. prc\ent and 
predictcd s)itcin Ioads. A set 111control act i~ini  s i m c  time ahcad h ~ i s  bccri i r i t r~~duccd  a s  the 
coritrol \tritieg) (Sec .  2 . 3 1 )  iind thc pcrii~d iihciid as thc control Iiori/ori !Sec 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 ihat it makes it possible to determine control 
strategies in a single run. Fast determination of control strategies is of decisive importance 
in real-time control of water systems, where rapid operational decisions are essential. 

The method developed here uses the fiexibility 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 variahles and limits to variables 
defined. Mcthods for solving such prohlems are called 'methods for multi-variahle 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 prohlems 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 
dwing 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 glohal optimum. In optimization it is very important to be certain 
that the global optimum is determined and not a local optimum, since the latter may be far 
from optimal. 

l optimum l 
Variable 

Fis 3.1. Local andglobal optima in aprocess of minimizotion 



3.2 Solving the Control Problem 

3.2.1 Optimization Methods Applied 

Several inetli»tls are applicd to s d v c  opcratiorial control probleiiis. Llasically. al1 are 
optiiiiizaiion inctli«ds. In gcrieral. tlie :iiiii of applyinz these incthiids is to tind r l i t  best 
cunlrol strateg). l'he iiisiri iiietliods disctisscd Iicrc are: 

hroristic rtilcs. 
vcriiicatiori. 
iicural iict\v«rks. 
gcnctic ;ilgoritliiiis. 
inatliciiiatical optiinizatim 

Heuristic rulcs ;irc bascd on eupcriciice. I Icuristic mles describe ho\\ the uater s! stcin should 
he controlled to achievc a high wtcr-systeiii perfoniiance. This iiietliod has a n idc  range of 
;ipplicatioirs. It varies lioin siinple oper;iti«nal rules oii paper. io r~iles iinpleiiiented h) 
coinputeri~ed h o \ \  Icdgc-hnscd s! skins.  

Siinple lieiiristic riiles are successliilly applied iii rcai lik. Ihe! liinir the \.arie'. of 
possiblc oper;itiori;il decisioris. which is generall) considered aii ad\ant~igc.  Knowlrdge- 
hased systeins have heen proven t« he capiible of reproducin~ satisfiicton rcsults (Babovic. 
1991). Heuristic-rule-based systeins have t« he updated a5 sooii as «iic «r inore elrnients of 
the water s!steiii cliange. Tliey have the advaiitage. however. that tlic rcasoriing niechanisin 
iised. can he iiixle clear t» tlie end iiser. 

Veriticatiori is hased ori coinparing systi.iir loads and water-systeiii starts i n  h o w n  sitiiations 
witli iiew situations. Several veriticatiori iiicthods esist. Most poptilar is the iise of a 'decision 
trcc'. iisirig it'tlicn-clsc strtictures. \\liich can be set iip t« deal \\i111 a varieh of 
circuiiistiiiiccs. 

Ariotlier f imi  ot~verification is tlie niatchiiig iiietliod in \\liieli possible arid known 
water-systeiri states are listed and the state uhich best niatches tlic currciit state is idenritied. 
Tlic control stratcgy corrcspoiidirig to tlic best-matching state i \  chosen. A practical 
disadvaritare oí'tliis iiictliod is that it is difficult to inatcli actiial evrnts \vith kno\\n c\ciits. 

L 

l 'hc ad\aiitngc «fvcrilicati»ii iiietii«ds is that the possible control strategies can he 
dcteririiiicd i n  advaricc. usiiig dctcriiiiiiistic inodcls. Vcrification iiietliods are enera l ly  hst .  

Neiiral iiet\v«rks replicate tlie bcliovior «f thc brain by ciiitilatirig the operntions and 
corincctivit! «fhi«logic;il iictir~iis. Siicli iict\v»rks are ofien regarded as blsck hos  iiietliods. 
In a ncur;il nct\vork. ;i series ofcoiiiiectiiig ucights are adjusted iri  order to tit u series of 
inputs to uirother w i e s  «fkri«\vii initptits. Wlien tlic training set i f a  iicurtil iict\r«rk is large 
eiioiigh. tlie systiiii is c a p h l c  (11' reprodiicing ai1 output fbr a giveii input. if this input is 
includcd i n  thc origiiial range »f ~ ~ l i d i t y .  

I l i e  traiiiiiig period of  a iicur;il i i c t ~ o r k  is Img. wliile its responhe tiiiie is generally 
v e q  short. The range ofvnlidity of the trniiiirig set is of major iiiip«rInncc t« the application 
ofncural nct\wrl\s. Situations Ior \vhicli tlic iict\\ork has iiot heai  traiiied. e g .  certain water- 





3.2.2 M a t h e m a t i c a l  O p t i m i z a t i o n  

Without Surtlicr cxainining aiid cvaluaiirig the othcr incthi>ds. i r i  this thc\i i .  inatheinatical 
optimization \ ia\  i ~p tcd  l i lr .  I his i n c i h ~ d  has ad~antages. s m c  111'\\hicli ;irc rnis\ing in thc 
other nicihi~ds. \\li ieli are ~il ' dccisivc iiiipiirtancc SiIr tieter-s!stcin ciintrol. I he i i ia j~ i r  
adwritagcs uiniatlicrnaticriI ~ i p t i r i i i ~ a t i ~ m  ;,re: 

i t  i s  iiriivcrsall) applicahlc: 
it includcs dctcrininisiic iiiodcliiig: 
i t  is rohu\t: 
i1 cnshlci rclativcly ca\). inodcl huildirig: 
ii i s  ulrcnd' ividclk applicd. 

Wi ih respect 10 uriiicrïalily i t  can he iiicniioned that matheniatical op i i i n im t i i r  can he used 
t r ~  solvc a \ i idc  range o f  pri~hlcrirI.  Orice thc structurc of a water \!stern i i  kiio\rn. a 
iiiathcriratical in i~dc l  can he huili. uI ing standard ni i~dcl ing mles l i lr  pulder and hil ly arcas. 

Maihciiiaiical ~ l p t i m i ~ a t i ~ i n  i i  <Ictcrininistic. \\hich inakcs ihc uridcrl! ing pr~~ccs ics  o f  
l inding tlic i~pt i i i iu i i i  iindcritaiidahlc. A iiiaihcinaiical uptiinizati~lri pr~>hlc in can bc analyzed 
and the model hcliavior can he cxplaincd i i i thout having to solve the critirc matheinatical 
prohlein. I lncxpcctcd inodel hchavior can he traccd by analyzing thc \\a! iii uh ic t i  processes 
are iiiodclcd. I tiis optioii can cnhancc thc crcdibility f i ~ r  end users. 

I..xact r cp r~duc t i~ in  01 rcsuliI \\hiel] wcrc d m i n c d  prei  i w s l )  i\ r i t  g r u t  iniportance 
in water-syiteiii rn~~del ing l i ir  rcal-tinic cmtro l .  I he r<ibusincss ~11iiiathcmatical mcthods is 
the r c u l t  ~ ~ f t h c  exact li>rinulatir>ii ~ ~ f t h c  pruhlem hy means ofrnathcinetical rclationships. 

Mathciri;itical ~ ~ p t i i n i / . a t i ~ ~ n  pri~hlci i is can he casily huilt and ctlangcd hy incans of 
special s ~ ~ l i i i a r c .  Such s~~ l i \ ra rc  t110Is criahle ef lk icnt  modeling. usiiig prcdcliiicd structures 
lor  thc iarious clciiicnts o f a  \\ater iy i ic i i i .  I h i s  Ibaturc rnakeï iiiatliciiiatical rnwkls  easily 
cxtcndahlc ;is %cl l .  

AI nill hccoiric clcar iri thc nest \ecti<ini. mathcinaticul i~ptiini/.;ition is applied 
succcsslully f i x  v a r i ~ ~ i i s  prohlcins sirnilar to the m e  delincd i n  thc prcicnl  i tudy. Lhis was 
u~nsidcrcd aii iinp<>rlent criterion. siiicc i t  coinprises comhining and ciihancing state-of'the- 
arl ine ih~~ds.  i \h ich ciiahlcs iinpro\eincrit o f  pcrlilrinancc and rohustncii. 

I Iuwcicr. a dmrihack ofthc i i ic t l i~ id is that upcrutors at tlic c ~ ~ i i t r ~ i l  level of the \rater 
auihority, h a c  iii h;iic cimlidcncc in thc outcoinc ofopt imi/at i~~r i .  hcc;iiic ttic rcri\oning of 
thc i r ic th l~d i3 iii it a i i i q s  cntirely &ar in thc llpcrationai setting. 'I t i i i  prohlcni can he 
rcdiiced hy intcn\ivc ofl'line ii\c 111' i l ic incthod hy operators (e.g. in training). t« gain 
cmtidence i r i  thc outcoines. cïpeciall) iirider extreme conditions in tlic \\nier \)steln. 

In  descrihirig a ph!\ical \%ater s)itciii. ;i distirietion can he iriade hct\\ccn ii<i!c i.uriuh/es and 
control vuriuh/e.s. Stak \ariahleh dchcrihc the state ~ ~ f t h c  iratcr s)\tciii. c g i iatcr levels and 
pilllutant conccriir;itions. Corilrol vari;ihlci are ttic \ariahles that are uicd t i ,  ioi i tr i i l  thc \\ater 



system e.g., transport of water and pollutants through pumping stations. The gcneral 
mathematical form of the i~ptimization problein to bc solved is given by: 

Minimize: Z(?, u),  

suhjcct 10: g,(F L) i O 

x,,, i x, i X " , '  

U ,  k i U k  i U", k  

in which: 
Z (E u) : objective function; 
g, (X. U) : constraints; 
- 

X : vector of state variahles; 
- 

U : vector of control variahles; 
x,, , x,, : lowcr and upper limits of statc variables x, ; 
u .  u : Iuwcr and upper limits i~fcontrol  variahles uk 

'lhe objective function » f Z  in l iq. 3.1 represents the damagc to the interests in thc water- 
systcm. ' lwo types of variahlcs are distinguished: the water-system state and contrnl 
\,ariables, given by vcctors Tand i I h e  number of constraints to the problem is 1; the number 
of state variables m and thc number of control variables n. 

'fhe optimiration process consists of minimizing the oh,jective function subject to the 
ei~nstraints. Ihcse  constraints g,(%;) dcscrihc the physical relationships in the system, e.g.: 
continuity for thc surface-water subsystcm (mass halance). I h e  limits lilrmulated, represent 
miJst uppcr and lowcr values ofvariahics, e.g.: the minimum water level in a surfiice water 
subsystcm; the maximum capacity < , fa  pump. 

In thc problem defincd, a11 water-system variablcs that play a role in runoff and 
c i ~ n t r d  processes are included in Eq. 3 1  for an entirc eontr«l horizon. By solving the 
optimization problem, the statc and control variables are determined for each time step. 7he  
value of each control variablc represents the optimum cilntrol situation for the corrcspi~nding 
regulating structure during a time step. ï'he vector of al1 control variables represents the 
eontrol stratcgy. I i c h  state variable represents the optimal state ot'a watcr-system variable 
at the end o f a  time stcp. The vector of al1 state variables rcpresents thc cntirc watcr-systcm 
state during the control horizon. 

3.4 Mathematica1 Optimization Methods 

3.4.1 Types of Methods 

In this scction various mathematical optimization methods that are applied in practice are 
discusscd. 'l he objective is t11 givc an ovcrvierv of thc most important aspects that have 
inlluenccd the choice to usc a spccilic mcthod in the present research. 



1)iiririg i l ic  past li.\\ decadej. w i c r ; i l  i ipt i i i i i /ut ioi i  i i icthod\ I i e i c  hcci i  i i s rd  to deteriiiinc 
c im i r i ~ l  itrnicgics l i ~ r  \rater-rc\iiiircc\ \!\teilis. Yeh (1985) prc\ci i i \  ;i \inre-ofirlie-art r e i  ie\\ 
1 2 1  i í i i i i c  i j 1  t l i c ~  i i ic i l i i id i .  iricli idirig ~ i i i iu l ; i i ion (tr ial  aiid crr i i r j  and i irail icii iaiicti l- 
i ipti i i i i /uiiori iiii n \ i i iglc ru i i j  ;ippro;iclic\ \Viirhs 11993) p r e w i t \  a i i i i i rc recent re\ ie\\ .  l h i j  
\cction p r e w i l \  i l i c  r c \ i i l t i  <>I n \ur\c! 01 i i i i ic l !  ;ipplicii iii;iihciii;itic;il i~pi i i i i i / t i t i i i r i  iricttiiid\: 
i i i i iul;it i i ir i ;ippri,nilic\ nrc c ~ c l i i d c d  I r<>i i i  I l ic i l i \ c i i \ w i i \ .  

Ari  i i i t r~ id i ic t i i i r i  t i i  i l ic\c i i ic t l i i id i  i;iii hc l i i i i i id iri I i i l l i c r  & I.ichcriii;iii i I W O J  and \oi i ic 
;ipplic;itiim\ i n  111c l ic ld  (11 \\;iicr rc\oiircc> ;tii;d>\i\ i n  I.ouch\ ct al. i 108 l j Sitidie\ ,,l'r$aicr- 
rciourcc5 Iitcr;iltirc i i ici>rpiiratii ig iii;illiciiielic;il iipiiiiii/:dtiori \hoi\  thai i i i~i~i ;ipplic;itiori\ are 
I i i i i i id  iii tl ic I \ A  iVrcdcrihcrg. l W h :  Siiiahiiiuri. 1093j. 

Ir i  ndditiori iii i l ic  n i io \c  i i i c i l i od~ .  \ i iccc\ \ i rc  l incar i ' r i r~.rt i i i i i i i l i ig IS l . l J i  i\ 
d i ~ t i g i l i i  I i s c ; i i i c  III~IIII r I h i s  i i ict l iod i i  gcncrnll! i l; issitied as '1.1' i n  
I ~ I c r i i t l ~ r c  

I ir\rl>. i1 i l ioi i lc l  he ~p, \ ' , ih lc  i r i  iii(>ili.l t l i c  ~ l i ; i r ; i c i c r i i i i c i  01 l l i c  \! \iciri i i i idcr cim\idcr;iii<in 
i i i i l i  \ i i I l i c i c i i i  ;iciiir;iL!. \ i i icc ;t i i i t ~ l c l  i, ;t ~ i i i i p l ~ l i c d  d c ~ ~ r i p l i ~ ~ i i  0 1  rc;tlii!. i i i ip( r~; i i i t  
iri lí iri i intioii uh> i i i  ri.;ilii! iii,i> lhc lihl c l i i r i r i~  iiiidi.liii:. Wlici i  l i ~ i  iiiiiili i i i l< i r i i i n t i~m i\ 
i i i i i \ i r ig .  i l i c  \ i~ l i i t i i~ i i  iii Ihc ~ i j > i i i i i i / ~ ~ i i o ~ ~  j i r i~h lc i i i  i\ i i i l t  acciir;ilc ciir,ii;li i> r  c \ c i i  iii\;ilid. 

\cii,iidl!. i t  ~ l i o i i l d  he pi i \ \ ihic iii i i i i idcl !tic i~h;cct i \c\ iiiili \ i i l t ic iei i t  ticcurnc! 
Iii;icciiruc! i i i  i i i ~ d c l i i i g  i l ic  < ih jc i i i \ c ,  ;i1 , i i  rc\ulih iii ai1 iii;iciiii;ii i. \< i l i i i i i> i i .  





For eacli inetliod. tlic iiiodeliiig chxnctcristics are discusscd lirst. Siibseqticiiily a fe\v 
applications »f the iiictliod i i i  operatioii~il \\ater coiitrol found in litc~itiire are described. 
pibilig the inost iiiip»rt;int rcasoris liir clioohiiig tlic niethod in priicticc. Finall!. soinc 
advantages snd disadvantages of eacli iiictli«d are disciissed. Tliis section eiids \\itli a 
suininay of soiiic kc! katures «f tlic \ ~irious inrthods. 

In tlic discussi~ri. tlie terin ~i i t i i~ i~ .~iot i~i i i i i  is fiequeiill! uscd. I t  is iised IU descrihe the 
requircincrii ofcoiirpiiter resourees. c.-. iirciiion aiid pr~iccssiiig tiiiie fiir iiiodcl evaluatioiis 
of  a solvcr. 1)iiiiensioiinlit~ dcpciids 011 tlie niiiiihcr of variables (m t t i )  niid cmstraints (i) 
(Eq. 3. l )  m d  ori the level ofiionliiic;irit!. riimc»rivesit! aiid discoiitiriiiity i n  the «ptiiiiizatioii 
prohleiii. I:;icli solver iises diifereiit dain striictiires t0 represciit tlic i~ptiinirati»ii pr«blein. 
ivliicli rssiilts ii i  difí'crciit coinpiiter iiiciiioy rcqiiireirierits. diiiieiisioiiality therek~re also 
dcpeiids oii tlie solvcr aiid tlic ;ilg«ritliin applicd. 

I i i  general. diiiiciisioiialit! cati he defincd as a incasurc that relati.5 coiiiputcr resources 
of a solver t» tiie s i x  oi'aii optiinizatioii prohleiii and its Ie\ cl ofiionliiienrit!. iioiicori\-exit! 
arid discoiitiniiity. i n  wliich ihc sire of tlie prohleiii is iiicasiircd h! tlie nuinher of 
«ptiiiiizati«ii variables aiid tlie iiiiiiihcr ~~fc~ii istrair i ts .  

I i i  llie currcni prohlciii fonnulatioii tlic iiiiiiihcr of! ziriables niid ciiiistr;iiiits is detrriniiied b! 
tlie t!pe and iiuiiibcr «fsiibsystciris iiiodclcd niid tlic niiiiihcr of tiiiic steps iiieorporated in tiii. 
control Iiori/<iii. 

Ilic siiiniii~iy of iiieth«ds givcn i i i  ilie reiiiairider of tliis scctiori is ven  grnerd .  Various 
cornbiiiatioris of iiietliods are uscd i n  pr;ictice. I1 slioiild tliereforc bc kcpt i n  iiiiiid tliat thc 
~ippruach aiid resiilts of  spccilic subclasses ofiiietlrods and solvcrï iii;i! de\ inti. fioiii tlic «nes 
d isc~~ssed.  

Withiii ilic fiairic\vork of tlie ciirrciit stiid!. parts »f tlie hIl«!\i~ig sections Iia\e bcen 
publislied h) I .«bbrcclit K- Vredeiiherg ( l995). IIic discussion oftlic iiictli«ds npplied is kept 
brief: I'racticnl csaiiiplcs «f tlie problciii liminilatcd l iwe been norhcd out h r  thi. present 
research by Vrcdcnhcrg (1996). 

3.4.2 Network I'rogramming 

In general. iiet\v»rks are striictiircs that caii he described h! nrcs aiid iiudcs. h'et\vork 
Progrniniirinf inakes iise oïtliis spccinl striictiirc and thercforc i t  caii oiil! he iiscd \\lien an 
c~ptiiiiizatioii problein c:iir hi. \\ritten i n  iict\\ork li~riii. I l i ~ c v c r .  riot e:icli iir.t\iorA problcin 
caii bc solved hy NI'. 

It is iiiiport;irit 111 iiotc tlic diìfcrciicc het\weii tlic temi .iict\\i>rh' os uscd i r i  literature 
oii \rater-s!stciii sini!il:itioii imd i n  NI'. I n  siiniiIa~i«ii it is ~(~inni i i i i  prxt icc  111 divide ;i flox\ 
problein irito arcs arid nodes. i i i  \rliicli tlie x c s  represciit 11i1\\ clciiiciits and tlie iiodcs 
rcprcsciit storagc clciiicrits. Iii NI'. flou ~ I ~ I I I C ~ ~ S  arid storage eleiiieiits nrc hoth rcpressnted 
hy arcs i i i  tlie optiiiii/atioii prohlciii. l l i is  pliciioiiicii«ii \vil1 he fiirtlier described tlic 
reiiiairider «f tliis sectiori arid i r i  Sec. 6.2.7. 
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Network Programming poses the strongest limits on modeling of al1 methods discussed here. 
I h e  limits on an NI' problem make it easy to understand Lhoiigh, since there is a strong 
resemblance between the nctwork representation of a water systcm and the graphical 
representation o l the  corresponding NP model (Fig. 3.2). 

Fig. 3.2. Nerwork model /u) and graphicui represenlafion rifNehuark Progrornming /b) 

As shoun in ]Fig. 3.2, flows through structurcs are modcied by rrun.iportation u rcs  Water 
storcd in rcscrvoirs is reprcscnted by storuge a r a ,  sincc thc NP model only allows flows. For 
that reason an NP-based model is also called a nehvork-flow model in literature. 

In applications of NP, network supply nodes and demund n0de.s are distinguished 
through which al1 inflows into and outflows from the system are modeled ('s' and 'd' in 
l.ig. 3.2). 

Network Progamming requires a special structure of constraints. The constraints arc dcfined 
as: 

- - -  
in which the constraint vectordx,  u)  contains the constraint functions g(E Ü), f is the vector 
containing m state variables. F i s  thc vector containing n control variables, F i s  the vector 
containing I supplies and demands and A is an l x  (m+n)-matrix. Matrix A only consists of 
elements with values of - l ,  O and I ,  where each column ofA has precisely one value of - l  
and precisely one value »f 1 .  A is callcd the node-are ineidencc matrix. 



! : \cc  rii ir i r i  A rcprciciii\ u i i i ~ l c  i i i  ihc rcprciciiia1i1111 01 ihc SI '  i i i idcl .  \r l i i lc c i q  
LIIIUIIII~ rcprc\cni\ ;m i i rc  l lic i;iliic - I  iii ; I  ril\< iiidic;itcs ih;ii ;in wc Icnic-. tlic c(,rrciptmdirig 
notli.. \vhilc il ic \aIiic l i i ~ i l i c i i i c ~  ilii<i ;in m ;irr i \c i  i n  tlic c o r s c ~ p ~ ~ i i d i n ~  inodc. l . . \ c ~  \iate 
;mil conirol ur i ; i l i l c  i r i  tlic iri<>dcl rcprcsciih Ilic 11i)\\ tliriiiigli Ihc c ~ i r r c ~ p < , i i i i i r i ~  arc. 

A vsriaiioii »i] ilic iiandard SI' prrililcni ns i icxr ihed ahmi. i i  ihc i.ciicr~li/cd NIJ prohlciii. 
In  u ,pcricruli/cd % I '  priihlciii. i i ic ii i l iwcrii criirii., in il ic node-ari i i i~ idcr icc i i iuir i \  .A are nc 
Iiirigcr r c ~ t r i i l c d  i0 ihc \uluc\ I ;d I .  I l i l 5  1lii.ari~ ihat i.scli ;irc 1i;r l  ;i i i l i i i i ipiicr ;si  thc node 
i[ 1c;iici ;i\ i i c l l  u \  ;it ttic iiiidc 11 tirriic,. 5 ~ i ~ i i  i r i~ i l i ip l ic r i  iiiahc it p<>\,ihlc t i >  \ \r i tct i  ( n c r  
lr i i i i i  oiic \tiiircc 01 Ili,\\ i11 ;iiiiiilicr iibiircc i i i  ttic iuinc prohlciii e g .  i i i  \ ! I I IC~ Irom i\ i i tcr 
qi~antit! l lo i \  10 \\;,ter q ~ i a i l !  I lo\ \  <,r tv \!\iIcli I rmn \\;11i.r q w ~ i l i l !  llo!+ i o  gc~lcraicd 

clcctricit) (Rooi. I'JX:). 
Aiioilicr \;irinii<m im tlic iiiirid;iril \I' pri>hlciii i\ oii NI' priihlciii \\i111 < , , i ~ i i r r i i t ~ / i .  

I tic iisrid;ird SI' prolilciii oiil! ciiiiiairi\ i i i i i i i r i i i i i  c q ~ i i i i i o n ~  \ 1 ~ d c l i i 1 ~  ihc pIi)\ic;il 

rcl;itiiiiiiliip\ i i i  ;t i i ; i lcr \ i i i c i i i  iii gciier;il rcqii irci cqii;iiiiini i l ini do n<>i lil i11 t i l i ,  i ici lrork 
il(i\\ iiirii iei. Addiiii i i iul \idc-ci~iiiir;iiiii cqii;iiioiih. caii thcrcliirc he uddccl iii i l ~ c  i i c i \ r i~ rh  A i  
lorig a\ itie nuiiihcr o1 sidc iiinitr;iirils is Iii ir in coinpiiri\iiii III ihc c o ~ i t i ~ l ~ i i i !  construinti. 
special \iil\.er\ iiiii hc iised tlist iii;iLc iisc <ilSiIic predoiiiinsrit iicir\irrk \lriiciiirc ofir iotr ix A 
(Cg {uil ei ;ll.. l ' ) ' I í~ 



capahility to handle shortlalls in supplics due to drrlughts, iiiflow requircrncnts that may he 
violnted during droughts and ieasona1 reservoir target v~~luiiics. 

Chung ct al. 0 9 8 9 )  incrlrporatc an NI' prohlcm into a simulatii~n modcl lor ihc 
C:alifornia Aqucduct. I h q  usc thc NI' (iptiinizatirln prohlcin to cnhancc the mass halancc 
routirig prwcdure o l thc  siinulaiií~n inodel. 

1,obbrecht (1YY4b) uscs an NP prilhlcm in coinbinatii~n wiih a simulation inodcl, to 
dctermine thc optimal crintrol strategy fnr an rcgional water-res<mrccs systcm, dcscribing 
watcr quaritity only. l tic sirnulaiion inodcl calculatc stilrage Icvcls whilc thc optimum 
qs tcm flows are dctcrmincd h) solving an NI' prohlem. 'lhe simulation model is baïically 
uscd to calibrate ihc NI' problcni and ti)  prcvent thc accuinulatiim of'crrors caused hy thc 
lincarizaiions uscd in Ihc NI' prohlein. 

Nelcn ( 1  902) uics an NI' prohlcin iii  minimizc comhincd scivcr ovcrflowi in an urhan 
draiiiagc systcm during pcriodi of  high hydrological Ioads. I he Ilow pri~ccss through thc 
sewcr systcm is wlcly modclcd by continuity constraints during a control hurizon. Thc cost 
coeliicicnts o l  tlic ohjectivc function arc updatcd duriiig succe??ivc calculations to 
inci~rpr~ratc níinlincar damagc funclionr. 

As can he sccn iri I ig. 3.2; thc NI' prohlcm; in graphical tcrrns, cli~scly rcsernhlcs thc actual 
systein. lurtherm<irc, thc constraints in the problein are simplc continuity ci~nstraints. An NI' 
prrihlcin is thercii~re morc eaïily understood than prohleins based on othcr methods such as 
1)IJ aiid N1.I). During rnodcling this is a grcai advantage, sincc i1 is caiy h r  thc modeler to 
cnsurc that thc prohlern has a leuihlc solution. 

Coinputcr codes t« wlvc NI> prohlcrns are rcadily availablc and rncist oí'these codes 
are ver) Sast bccausc they cllicicntly usc the structurc of thc problcm to determine the 
optiinal sí~lutiíin. NIJ iolvcrs are ahout 100 tiincs fastcr than 1.1' codes íI3crtsckas & Iseng; 
1YX8a. 198Xhj. 

'i hc order ~~Sdiinensi<~iiality in NI' is lowcr than l / (m- n )  and wil1 usually he milre 
or Icii lincar in the numher i~freservoiri, bccausc thc riode-arc incidence matrix is extrcmcly 
pa r se .  

I h c  rnain disadvanVagci are a\sr~ciatcd ivith tlic accuracy ol thc  NI' prohlcm Cmïtraints are 
nol o1111 requircd 111 be lincar. bui alsu shnuld have a special continuity structurc. 
Furthcrmore, thc ohjcctivc liinctim has t11 he convex and piccc-wisc linear. 

Man? problein5 cannot he fiirmulatcd as an NI> prr~hlcrn without an unacccp~uhle level 
01' inaccuracy. I Iicrcliirc, grcat care i \  rcquircd during modcling t11 enhure that the sdulion 
h, ,is . . d p radca l  valuc. 



I tiert: is rio diruht that I.incar I'riigraiiiiiiirig is m e  o f  thc most siiccessliil rnatheniatical 
opt i in int ion incthods. I l i l l ier  & 1.ichcriiiari ( 1990) c ien  rank I.incar I'rilgrainming among 
thc iiiost iinponant icieritil ic ad\,aricc\ o f  thc inid-t\\eiiiticth centt ip. I n  tticir hook they 
dcscrihe thc siiirplcx nieili i id l i i r  s ~ h i i i g  1.1' prohleins. In  recent ! c m .  tlic interior-point 
incthiid tias pr incn t i i  he :i ciiiripctiti\c ;iltcrri;iti\c io ttie i i i i iplcx iiictlirid li ir large pri~hlcms. 
cspcciiiil) i ihcri inatris A ii iparsc. 

I n  I.inear l'rograiriining. thc ~ih.jccti\c luiictioii has thc sainc rt:\trictii i i i i a\ in SI'. I t  has to 
he convex piccc-i\i\c lincar iii the state aiid control variahles. In  contra\t t i l  NIJ ho\\e\er. thc 
constraints i n  1.1' are 0111) liinited h) hcing lincar. this cnablcs i nu ih  iiiorc f lex ib i l i t~  i n  
rndel ing.  I Iic ciiri\trairits ~ i l ' a i i  1.1' prohleili are \til1 g i u i  h> l iq  3.2. tlic clciiicnts o f  matrix 
A. tioiicvcr, are rio longcr reitr ictcd I t  shi~i i ld he iiotcd thut NI' i i  in I i c t  a ipcci;il case I,SI.I'. 

Noriliiicnr relationship\ caii he includcd i n  1.1' i i i d c l i n g  tIir(>ugh lincarized 
approxiriiatioris. Wlicthcr \uch linc;iri/ationï are allo\red. dcpcnds oii  thc h e l  o f  
nmIiricarit> i~ l ' t hc  origirial pliysical pr ixc i ics  in thc \!sicin iniidclcd. 

1,inear I'r~igrainiiiiiig is uscd hutti in deterininistic and stochatic lbnn i Yeh. IYX5). Thc latter 
l i i r in cari he iiscd 10 i r i i~dcl  uiiccflaiiitics iii tlic s!stciii Ioad cg . .  iii iiatcr-deinand and 
preeipitation prcclictirinï. I h c  dctcriiirni\tic iniidcling apprmcli does iiot iriciirporate 
unccrtaintics aiid a\\ii i i ic\ thc h!dri>li~gicnl-load predietions. il uwd. t i l  he truc. I h e  
itochastic approacti iricorpiiratcs uiiccrtaiiitics hy taking i r i t i i  a c c i m t  tliat ci i i i \ trai i i t i  have 
a ccrtain prohahilit! i>I 'hci i ig truc. Ir1 thc stiicIi;iitic approach n priihlciii oI'diincnsioiialit> 
rnaq a r i i c .  Stoctia\tic LI '  i, r i r i t  lui i t icr d ixus\cd ticre. 1.1' pruhlci i i i  rclkrrcd to are o i t h c  
dcteririiriistic t)pc. 

1.incar I'r~igraiiiriring has heen th<~ri>uglil! dc\crihcd bg I l i l l icr X 1.ichcnii;in í 1990) \\ho pa) 
special attention to thc siiiiplcu alg~iritti i i i. Iii-dcpth discussi~iiis o f  iritcrior point algorithms 
iirc g i \cn  h) 1'crl;rk) i 1996). 

Crawlcy X Ihnd)  i lYO1) LIIC Linciir Niinprecinpti\c (ioal I'riigr;iiiiining k i r  thc Adelaidc 
hcad\wirk\ drinkirig-water di\trihiiti i i i i systcin i n  South Ausiraiin. I hc  planning and 
~ipcrational piil icic\ ohtaincd aiiii at i i i ini iniï ing puiiiping c i i i t i .  i i h i l c  cniuririg \!stcin 
rcliahility h) iriaintaiiiing iiiiiiiiii~iiii targct itorage Icvcls in t l i c  Adclaid~. r c \ cno i r i .  I heir 
rcasuii S~ir choosiiig I .I' is tliat l i s t  ci>iiiiiicrci;il I.!' codcs mist  tliat c m  11;iiidle large prohleins. 
Sct \ r<~rk  I'riigraiiiiiiiiig c~ i i i l d  trot he u x r l  hiricc thc 5tructtirc o l t l i c  pr<ihlciii did nut permit 
soicly coritiniiit) c r i t r a i r t s  l i re )  \CC I I' a\ an d i r i t  ,iiicc i1 ciiahlci liuturc 
dcwlopincrit u1 thc iiiodcl. i r i c l ud in~  iiatcr-qualit! rnodcling. 
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Diba et al. (1995) use LP in the planned operation of large-scale water distrihution 
systcms. The LP prohlcm wil1 he used by operators to dctermine whether the existing mode 
of operation can he improvcd. Their model is a lm used as a training tool for operators to 
karn how to handlc competing objectivcs. 

As for NP, thcre are several readily available solvers for LI'. Although LP solvers are 
significantly slower than NI' solvers, they are still h s t  when compared to solvers that 
implement other optimization methods. Most LP solvers support the use of the Mathematical 
Programming Standard ( M R )  format ofthe 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 hecome 
available, they can bc tested with relativc case and subsequently be incorporated if required. 

The LP problem may not he as simple as the NP problem, hut a larger variety of 
water-control problems can be solved using LP. Because IJ' requires no special structure for 
the constraints, modeling freedom is greater than in NI>. 'lherefore, futurc extensions to a 
problem can be incorporated more easily than in NP. 

Deterministic LI' 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 
nonlinear inethods as DP and NLP. 

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

In comparison with NI', 1.P has the disadvanlage that matrix A is no longer guaranteed 
to he sparsc. Maintaining the highest level of sparcity is the reponsihility of the modeler. In 
general, in LI' 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 I'rogramming can be considered an extension to LI'. In LP, the 
linearizations used can lead to inaccurate or even invalid solutions. To avoid this problem, 
S I P  uses an iterative solution approach, in which an 1.P problem is solved at each iteration. 



Succcs\i\c 1,iric;ir I'riigr;iiiiiiiiiig i \  pri\ icrl i i l  I i i r  sol i  ing largc ii<>riline;ir priihlciiis. Siiriilar 
[IJ i i ic 1.1' pr i~hlc l i i .  ;i11 Si IJ priihlciii i i \ c i  l i i i car ixd  iippro.;iiii;iiioiii of' tlic noiilincar 
rcIatiím\hip~,. l I icic :ipproxiiii;ctioii\ in;i! occur in tlic ohjccti ic I ~ i i i c t i o i ~  ;i\ \\cl1 a\ in thc 
c ~ t r : ~ i r i t i  r lindiii: ilic p t ~ i i l  soluiiori t thc Iiiieiiri/cd p r h l i .  a n c i i  
approsiiri;itioii t i >  tlic rioiiliiic;ir rclatiiiii4iips i\ dctcriniricd at ttie iiptini;il \aiucs of qstein 
v;iriahlcs liiuiid. l ticri tlic iipdatcd l i '  priihlcin i i  sulicd. etc. I l i i r i i ig ttic itcrativc proccss. 
!tic liiicari/ntioni hcciitnc iniirc aciiir;itc If;ipplicd i i c l l .  thc proccss ciiri\crgc\ arid thc final 
linearimtion píiirit c l ~ ~ i c l !  iiiiitchc\ ttic liriul i~pt i i i ia l  s~ilution. 

1)cipitc tlic grciit rcwnhlai icc t i >  l 1'. 51.1' i\ usuall) i la \ \ i l i cd  ;i\ SIIJ in literature. 
Ili,\\cvcr. tlic priihlciii solvcd a i  cnch itcratiori in tlic 51.1' procedure is ;i pure 1.1' prohlcin. 
li is tlic i tcrai i \c ;ipproach ihat di\tirigiii\lies SI.1' as ai1 NI.IJ inettic~d. 

Martin (19x7) deicrihes a rca-t i i i ic eppliciition ot'a nonlincar prohlciii lin tlic operation o f  
iiirljcc-\,atvr s>itci i i \  01'ihc I.oncr I<io Grandc Sptern in Tcxaj. I 'SA. I tic prohleni is 
i i , l \ed hy I l m i  r~i i i t i i ig ;ind SI.1'. SI.IJ i\ i i x d  11, itcrativcli adjiist dail) r c w r i i ~ i r  releases to 
iinprovc ihc \ iater-\ j \ tci i i  pcrliiriiinricc. In ttic incihod applicd. itic opiiiii:il \olutiori ol'an 1.1' 
prohlciii i\ clliciciitl! Iíiiirid h! $tartiiig tlic \c;irch procedure l r m i  tlic Ica\ihlc x i l u t i m  í i f a  
prc\.icii!.! i !u; i t io i~ Iw,p, 

r pr i i c ip lc  l i r i g c i  l l .  r l r S I J .  I lo \ ic \c r .  thc inherent ii1:iccuracics 
rc\ulting In~iii liric;iri/uiii>iis iii LI'. uic i-cdiiccd t i >  a largc cstcrit. I Iic riicitird hccomrs v e n  
poiver1'ul il: i r i  \ i icic\\ ivc itcratioris. itic ~ i i lu t io i i  fi>urid in cach pre\ imii itcr;tti<iri can be used 
;i\ ;i startitig piiiiit lor i l ic iicst itcrntiiiii. th i i  i\ cellcd a i<urm siori .  I Iie ii!c i j 1  :i \iuriir start 
h) ;i i i ~ l i c r  gciicr;ill! rcdiicci tlic si,l\ iiig tii i ic drairiaticall) 

I l i i i  a p p r i d i .  c<mihiricd i i i t l i  ihc Iiigli spccd 0 1  1.1' w l \ c r \ .  iii;ikc\ SI.1' \ e n  
coii ipci i i i \c t i ,  piirc N I I ' .  



ï 'o make thc iteration converge to an optimal solution ufthe noiilincar problcm. ncar- 
uptimal valucs t(] lincarizc at, should he known with cnwgh accuracy. 'lhis may rcquirc 
many calculati~~ns oí'the samc timc stcp. 

A special form uf SLI', without thc majority uf the disadvantages mentioned ahove 
is uscd in the present study and wil1 be discusscd in detail in Chapter h.  

Many allocation and routing problems can be divided int« a sequence of subproblems. In 
nu pc rat ion al watcr coiitrol the cmtrol stratcgy can bc considered a scqucnce of rclatcd 
decisiuns in time. 1)ynamic I'rogramming providcs a systcmatic procedure for determining 
the optimal e~lmhination of these decisions. 

In Dynamic I'rogramming. cach time stcp o f a  cmtrol horizon is described as a separate 
suhproblcm. I h c  subproblems are connected through a recursive rclationship that is 
incorporatcd in thc model. l'he rccursive rclationship descrihcs the ohjective function for the 
time step undcr consideration ( r )  as a function ol the  ohjective function for the following time 
steps ( i+l;  .. , 7'; in which the control horizon T i s  rneasurcd in discrete time steps). 

I he time steps indicated above, are callcd 'stages' in IIP. Solving a DI' prohlem, 
mcans first finding the optimal solution for the last stage. This depends on the system statc 
at thc end of timc step T-l. ' lhc problein t11 bc solvcd is then gradually cnlarged by finding 
rhc currcnt ~iptimal solution liIr thc prcceding timc step. 'lhis process c«ntinues until the 
original pri~hlem is entircly solvcd, using the knr~wn initia1 systcm state as a starting point 
(Ilillicr XL Liebcrinan. 1Y90). 

Two types I I ~  Dynainic I>rogramming are distinguished. 'The first version requires al1 
the state variables to bc discrete and is callcd discrete 1>1'. I h c  second type uses continuous 
statc variahlcs and is called continuuus 1>IJ I h c  lattcr i $  not discussed further herc. 

I,ikc in LP, stochastie processcs can be includcd in DIJ modeling. 'l-hcse are nol 
di5cussed any Surthcr here. 

Dynainic I'rograinming should he sccn as a general approach to problem solving, thcre 
are no standard solvcrs that can he applied. Any solvers that have heen developed are very 
prohlcin-5pecilic. 

Ych (1485) aiirihutcs thc popularity and succcss of 1>11 t» thc h e t  that the nonlinear and 
stocha5tic fkutures which charactcrize a large numhcr of water resources problems, can be 
incorporatcd in a DP forinulation. Morc(wer, DP has the advantagc of cffectively 
dcc~~mposing highly complex prohlcms involving a large numher of variablcs, into a series 
~if\uhprohlcins %hich arc sdved rccursively. 



(:~>ii\tr;iints that rcstrici the siiliiti~m \pace, are a d v a n t a g c ~ ~ u s  iri dkcretc  111'. hccause 
they rcducc thc ainiiiirit ~11'cornput;itioris r iccc\ \ac t11 solvc thc pr~hlc i i i .  thi i  in contrast 111 

othcr o p t i i n i ~ ~ i t i ~ i n  iiiethuds such as NIJ, 1.1' and K1.1'. I h c  rcaioii lor thi\ ad! antage i\ that 
lilr cach possihlc s p t c r n  statc ;(z). an ~~pti i i ie l  control ;(r) has to he calculetcd. 13) rcstricting 
thc statc spacc. thc nuiiibcr ril 'pu\\iblc systeni states that have to  he takcn into account. is 
rcduced. Similarly. rc\tricting ihc  s ~ ~ l u t i i m  spacc reduccs coinputaiioii tinic. since í'ewer 
possihle s o l u t i ~ ~ n s  have to hc takcn in10 account. I h i s  leature of 111' a l l ~ ~ i i s  the ~~pt i in iza t ion  
p r w e s s  t11 start hy s~ i lv ing  thc prohlciri using a coarse discrctimti~in and thcn. \ \hen thc 
optimal solutii~ii i \  iicarly k r i i~un .  sol i ing [tic pr i~hìcm again usirig a iine diicrctization close 
111 thc ncar optiinal wlul ion.  

When applicd to multiple-rcsewoir systcins, the uscfulness o f  1)I' is liinitcd hy thc 'curse of 
di incnsi~~iial i ty ' .  In DI' the ordcr of'diiricnsiorialitq is exponential t0 thc nurnhcr o f  state 
variahles, e.g. r c s c r v ~ ~ i r s .  In discrete 1)IJ al1 possihlc comhinatirms 111. ~ a l u c s  o f t h c  state 
vdnubles have t r i  he taken intli account at cach stagc. Adding a state ~ari ; rhie .  inulliplies the 
nurnhcr o l p o s i h l c  conihinations hy thc nurnhcr olpossihlc ~ a l u c h  iilr tlic ric~r. state \ariahle. 

Crawlcy & I>arid) (1 993) rcjectcd I)IJ liir thc Adclaidc hcad\r.urk\ \)stern in S w t h  Australia 
hccausc usirig 1>1' ~ o u l d  iniwlve coiiihining r e s e n ~ ~ i r s  t rcducc tlic prohlcm of 
dirncnsion~lity. I I i i5  \vould rciult in loss ul'data that are ncccssan t11 dctcrininc the desirahlc 
\ct 111 reservoir itorage levels at various tinie5 throughout thc s)stcin. 

M a r i ñ r ~  Xr Mohaniniadi (1983) use a coinbination o f  1.1' and DIJ til rnaxiiiiize the 
annual hydro-clcctric energ) and anniial iiiuiiicipul and industrial wi tc r  r c l c a ~ e s  from a 
system o l  rcscnwirs. 1.1' prohtcins are s d i c d  li11 cach stage OS ~ i n c  rnonth in the DI' 
optimization. I he  ~ihjcct ivc 01 thcsc 1.1' prohlcins is (o minimilc  tlic releases Srom the 
rcscrv~iirs.  givcii a set <>S con\traints. I licic cmstraints  are ciintractcd !\ater and e n c r u  
\upplics. contiriuity cquations and hydrulogical process dcscriptions. 

D q n m i c  Prograrnining has soinc a d v a n t a p  ijver NI' and 1.1' I r i  p;inicular. 111' enahlcs 
nmlinear  arid nonconvex ohjcctivc and constraint lunctions t11 he uscd. I hi\ mearis that the 
complex nature ~ i l ' r c g i m a l  u a t c r  s)stenis can bc incorporatcd hctter than in KI' and 1.1'. 

A uscïul I:aturc ( i ldiscretc  IN' i \  that t r i c t  limits I I ~  thc solutiiiri spacc rcduce the 
niimbcr ~ i f s ~ s t c m - \ t a t c  c\.aliiati~in\ I hcrcliire. limits incorpiirated iiiiii n priihlciii. iinprovc 
the pcr f i~nnancc  ~ i l ' l ) I ' .  I i i  contrast. in NI'. 1.1' ;irid N1.P pr~~hlc in \ .  extra liiiiits <,n thc \du t ion  
p a c e  are e s s c n t i n i l ~  extra coriitruints ttiiit r cwl i  in cxtr :~ s c a r ~ t l  directiiiris \ ihich reduccs 
thcir perloriiiniicc. 

I t i c  most signilicant disadvaritagc o l l ) l '  i \  the curie  of  dirncnsionalit!. t cach stage o l t h e  
discrete 111' s ~ i l u t i ~ m  proccss. s c ~ e r a l  altcrriiitivc soluti»ns ha\  c 11, hc  geiiereicd ;ind cach al' 





I;iiti ol ' t l ic\c il:i\>c\ rcqiiirc\ tlic <>h lc i i i \c  fuiictiori aiid tlic coii\trnirii fiiiiciions to 
he ci i r i i i i i i i~~i is.  I IIC \CLOI I~  und t h r d  clas\. in ;idditi«ri. rcquirc tlic l i r \ i -  arid icciii id-urdcr 

partial dcrivotivcs 10 he cimtiriiioii\ rcïpccii \cly. 
Wliilc ttic rc\trictii]ris pii\cd im tlic prohlciri iricrcaw lr i i i i i  i l ic l i r \ i  t i l  the third clasc. 

v ~ l u t i m  tirrici dccrc;rx I Iii' i i  hc~;iuic iiiorc inlorination (in tlic riglit \c;irch dircctiun i\ 
av;iil;ihlc ivhicii caii he uscd diiriiig itic scarcli proccss I I ~ i i \ c \ c r .  il ic ii iciiior) rcquirciiicnt\ 

i r i c reax  siricc thc piirtitil d c r i v ~ i i \ c \  Ii;i\c 10 he i iorcd. 



A major disadvantrige of Nl.lJ i i  thc cr~mplcxity of the (lptimimiion prohlcm to dd inc  and 
solution mcthod. rh i s  makes application dillicult. In I.I1, the linearization of hasically 
nonlinear pnlccsscs may he diflicult when accuracy is rcquired, in NLP it is thc modeling 
itself Onc of the major prohlems is to dctermine continuous physical rclationships and, 
dcpcnding on thc tncthod uscd, alsu continu(~us dcrivatives «f  thesc relationships. Thc 
dctcrmination ilfthe model rclationships, gcncrally rcquires approximations ol'the physical 
relation\hips. 

l he large order uf dimensionality of thc N1.P prohlcm and the ofien long solution 
times, limiti thc size of thc prohlems that can he solved. This mcans that scveral assumptions 
may have to he inadc during modcling, which introduces the risk of ovcrsimplifying. 
I.urthcrmorc, thc solution proccss can slow down dramatically, close to the optimum. 

Most algorithms implcmcntcd in NI.1' solvers have the inherent disadvantage that fint 
a feasihlc point in the solution space has to he found hefr~re real prohlem solving can start. 
This is cspecially a prohlcm lor complex problems with strongly limitcd variahles. In 
addition. thc feasibility of thc solution can get lost during optimization. Special measures are 
huilt into solvers to return to a fcasihlc point in the solution space agdin, but this generally 
rcquircs many cxtrd itcrations. 

As is the case with I>IJ; the optimum hund is not always guaranteed to he the glohal 
optimum. A glohal optimum is only guarantccd ifconvex ohjective and conslraint Iunctions 
are uscd. 

All mathematical optimizatir~n methods discussed in thc prcceding subsections have 
advaniagcs and disadvantagcs. Advantagcs ofthc NP and 1.1' mcthods are thc possible large 
sizcs ol'the water systciiis which can he rnodelcd and thc solution speed in comparison with 
UIJ and NI.IJ. I lowever. NP and 1.1' are less accurate than l>!' and N1.P 

In the IiSA most wirk has locused on Dl'-rclatcd methods traditionally, hut more 
rcccntly on NI.1'-rclaicd mcthods. The choicc for these nonlincar mcthods is to a large extent 
U rcsult o1  thc important r«le of hydropower generation that is described hy strongly 
nonlinear functions. Maximization of hydropower is r~ftcn one of thc most important 
rhjcctivcs in thc control ofthe watcr systcms in thc IISA. According to the literature found, 
ihc íùnctions cannot he lincarized with enough accuracy t(] apply lincar methods. It should 
he notcd thuugh, that thc gcncral control horizons (months) uscd for thesc water-rcleasc- 
planning prohlcms are much Iongcr than ihc c«ntrol horizons uscd in theprcscnt study (days). 

In thc Ncthcrlands; thc cinphasis hai traditionally heen morc on NI'- and LP-related 
incthodi, mainly hecausc thc dcscriptions i~f'thc iinportant prilCesses in the water systems of 
thc Ncthcrlands are not prcdominantly dcscrihcd hy nonlinear rclati(1nships as is thc case in 
ihc IJSA ihydropowcr). In additim. thc »perational contr»l prohlems in thc Ncthcrlands 
rcquire m o d e l  with a largc nurnhcr of suhsysteins and rclatively small time steps to 
incorporate the systcm-load prcdiction accuratcly. I:urthcrmí~rc; thc control horizons involved 



in opcraiioiial c(1riirol are rclati\cl) \liort. which enahles coiitiniious correction OS 
inaccurac io  iri thc ciinirol stratcgic5 dcicriiiiiicd. 

S m i c  of  thc disadvaniagcs 01' thc nonliricx rncthods 01' I>lJ arid Nl.ll cari he reduccd 
considerahl) hy appl)irig SLP. Althi~iigli tlic undcrlying procesSc5 111'NI.P and S1.P are 
d i f i r c n t .  %I' i r i  het cari he c«ri\idcrcd n special Sorm oî'N1.I'. iiricc nonlinearities can be 
r n d c l c d  in s t a g c .  

I a b l e  3.1 suinniiirizcs iornc kc) prc>pcriici ol t l ic  optirnizaliori incihildr dcicrihcd. I h c  global 
optimum properi) shuwri in last coluinii o l t h e  tablc should be coriiidcrcd witli respect to  the 
optinrimtion prohlcrii ;i\ dcfincd 

l ahlc 3.1. Cieneral choiacrerisiics 1 1 1 t h ~  inntlicrnaiical ipi inirai i im niciliods dcscribcd. 

Solvable Solution  model Model Sulvcrs Global 
~ r o b l e m  size sneed accuracv cornulexitv available o~tirnurn 

1.1' 

SIS' 

3.5 Reasons for Choosing Successive Linear Prograrnniing 
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NIS' 

Sevcral critcri;~ are rclcvant and a l k c t  tiic chr~ ice  o!' inatheinatical optimiration mctlind to  
he uïcd in tlic currciit rtud): 

h j c c t i v c r  liave t i l  he accuratcl'. inci~rpi~rated in thc (~ptiini/atiori prohlcrn: 
systcnr ~Iiaracicristics have 10 he iiiodclcd with sufficienr accuracy  
alternative water-iyrtcm arraiigciricnts should be inodclcd ca\il):  
thc iiptimal ruliitii~n Iia\ ti> he dctcriiiincd iiiuch laitcr ihan rca- t ime:  
finding ttic giohal optiinuni o l i l i c  pnihlcin built sh i~u ld  he guarantccd: 
10 cn;iblc dciailcd inodclirig. large pr ihlcnis  should bc x>lmhli . .  

Ven. sniall V c y  slow l Iigh Iligh to So If Sunctions 
\'CT) high arc conbex 

Míidcratc SIOM Iligh Iliyh t i i  Ycs ISfunctions 
ver\ hicii are c<~nvcx 



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

Successive Linear Programming enables modeling of nonlinearities and therefore, in 
principle, nonlinear objectives and nonlinear water-system hehavior can be described with 
sufticient accuracy. To avoid instahle solutions and to speed up the search proccss of the SLf' 
method in general, in the application described in Chapter h, the ohjectives wil1 he linearized 
explicitly and used during successive iterations without modification. 

The accuracy gained with SLP may not be as high as wiih pure NLI', hut it is 
questionable whether accuracy improvcment in the cmtrol stratcgy found is very meaningful. 
As wil1 bccome clear in Scc. 5.3, the hydrological Ioad which is included in the optimization 
problem is basically not vcry accurate. 

Similar to NP, LI' and NLP, an SLP-bascd model can be changed or extended 
relatively easily. 

f<specially in real-time control, the speed of finding the solution to the optimization 
problcm is of great importancc whcn choosing a methnd. In Sast-rcacting water systems 
w'hcrc critical discharge times are of the order of minutes (scwer systems) to hours (rural 
drainage systems). thc automatic control system or the rcsponsible operator has to act Sast. 
'lhcrcfore, the time to solvc the problem should at least bc in thc same order of magnitude 
and preferably shortcr. 

?'o enhance thc SI,P method, a special techniquc, hcre calledforward e.stimuting is 
devcloped in the present study (Sec. 6.2.2 and 7.l.h), which makes it almost as fast as LP and 
almost as accurate as NU'. SLI' guarantees finding thc global optimum of the LP prohlem 
solvcd for cach stage. 

I he sizc of problcms that can bc solved by SLf' equals that of LP, which is large, 
generally one order of magnitude larger than N W ,  whcn thc same computer resources are 
availahle. 

N»t an explicit advantage of iS)I.I', hut still of importante to sulving the problem, is the fact 
that scveral readily availablc solvcrs can be used. These solvers have different charactcristics 
and some of them makc cffeclive use ofthe stnicture of thc optimization problem. Moreover, 
whcn modeling, the prohlcm structure can be easily adaptcd to the special features of the 
solver, increasing the overall solving speed. 

As in al1 mathematical programming methods described in this chapter, discontinuities in 
water-systcm descriptions are vcry difficult to incorporate in S1.P I;urthcmore, s ime  highly 
nonlincar proccsses are sometimes hard to capture by means 01' linearization, producing 
unstablc results in stage-wise Iinearization. 

These problcms can bc reduced by combining mathematical optimization with 
simulation. In that case, the optimization problem can include simplifications, while the 
simulation model accurately describes the processcs in the water system. This approach, 
which resembles the one of Mdys (1989), is uied in thc present study. A general introdoction 
to the mcthod is prcsented helow. 
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The input t11 the optimizatim module consists of data on the system statc at sirnulation 
timc L and a prcdictiw of thc systcm load during thc cmtrol horizon. 'lhis prcdiction is 
dctcrinincd hy the prediclion module. 

I h c  predictir~n rnodule hasically dctcrmincs thc hydrological load and thc loads to the 
itatcr slstcm which are includcd in thc siinulation rnodcl. hut not in the I?rmulatim ofthe 
optiniizatiiin prohlern. For thc lattcr purpose, the prcdiction module makes use of the 
siinulatiun ini~dule. 

The prcdiction rnodule can also he used if only sirnulalion is applicd, to determinc a 
control .;tratcg,y hy trial and error (Sec. 2 . 4 2 )  I his is rcpresented by the doued line in 
l i g .  3.3 hut wil1 nor he discusscd furthcr. 

At cach simulatirin timc step i. thc siinulation in~~di i lc  rcccivci the optimal control stratcgy 
i n m  the optiinizati<~n rn<>dulc and dynarnically calculates the systcrn statc ci~rresponding to 
thc basic setpointi d'tirnc i - I (Sec. 23 .1  j. Examplc\ i~í'variablcs that dctcrrnine the system 
itate are: surficc-water levels. gruundwatcr levels and concentrations of watcr quality 
variahlcs. 

Sirnulatiiin is mly  requircd lilr thc set ~ ~ l c o n t r d  actions assi~ciatcd with optirnization 
step I = l .  al1 suhsequcnt actions whcn I I are ignorcd. Fm cver). step, thc hydrological 
variahlc\ are predictcd again. Ily doing so. the c~mtrol actims associated with t l hecome 
ml re  accurate in thc ncxt loop. whcrc thcy are dctcrmincd again on thc hasis o[ updated 
prcdictions ( l ig .  3.4). 

' lhe \)stem state used by the optimization module. is updated at every optimization 
time step. to correct for the inaccuracics Ihat are thc rcsult of in simplilicd h m .  To cnehle 
sirateg? determination for h g  cmtrol horizons. in principle. many optimization steps would 
he requircd. l o  keep ;in i~ptirni~ation prohlcrn within wilrkahlc size; thc timc-step size used 
in optirnication (Ai) can he choscn larger than thc m c  uscd in simulatiim (Ar). Ilowever, lilr 
cach m o d c  huilt; a scnsitivity analysis should he pcrli>rmcd to check whcther such a 
diflerencc hctivccri Ai and Ar is alli~wcd. 

Fig. 3.3. ('urrent undpredided hl;drdogicul load 



I h i j  ctiaptcr prcscntcd thc gcricral l i~ r r r i~ i la t i~ in  111 [tic riiathciiiatical i~ptiirii/ation pnihlein for 
f inding thc optiirisl umtro l  strutcg? lor tlic gcncral iratcr \!\tein aiid \h<i i rcd thc incthodi 
which cari hc w e d  t i l  w l \ e  that priihlciii. I h c  niatheiriatical prograiriiiiing incthod o f  
Succcssiic I.iri~wr IJrogr;mrniiig ha\ heen ideritilicd a i  the i i i i~s t  priiiiii\in_p incthod. 9iiice i t  
c m  inc~~rporatc  rií~iiIincaritic\ \%itti ;I rattier high accurx!. a\ limg a\ ll ic i\;itcr-s>\tcrn 
pr<icc\\z\ inciirpiiriikd in tlic iiptii i i i/atii~ri priihlcin are nut highl! riimliiicar. I li? incthiid i\ 
i t  i r i  cornparimri iii nimliiicsr i ~ i c i t i i ~ d i  biicti a\ I>ynaiiiic I ' r~~ j ra i i i i i i ing  ;in* Niirilincar 
Prograrninirig Ttie spccd in tinding vi l i i t i i in to i~ptirni/atioii prohlci~i\.  is <lciiion\tratcd i n  thc 
ca\c \tiidic\ arid pcrli~rriiaiicc ;irial!sc\ iil (:lilipter 7. 

l r n d l  Iargc \\;lier \>stcrii\ iii detail. ;i iiicthod 01' si~l i i i l t i i r leo~ir >iriiulation and 
optiiiiiratiiin ii;is hccii cspccially dcicliipcd. I he nonliricur relatiimships »t tlic p r i u ï s s s  i n  
ttie Huter ! \ t e in  dcvxihcd hy thc \iiiiiilntion i i i i~dulc are presentcd iii C'liaptcr 1. I . incar ixd  
dc\cripiiiiri\ r>fpri icc\\c\. ivhicli c x  I i c  Ii;iridlcd h! thc optiiiii/.nIiix i i i i~dulc.  Lire prcsciited 
C'tiaptcr h .  

III he nhlc t i ,  d!riaiiiicalli rcullocatc c;ip;icitie\ iii thc \\titer \!\tein ;rnd t i l  anticipatc 
tiydrol~>giclil loads on tlic !\aier \!\tciii. prcdiction\ ~>Sh)droli~gicnl i nr iub lc~ arc simietiii iei 
riecdcd. C'h;ipter 5 dc\crihcs ho\% ti,  dcicriiiinc tliz li)drological Io;id i i r i  a \\liter \!\tem. 



4 Simulation of Regional Water Systems 

4.1 Introduction 

Regional watcr systems consist of  hydrological units, which interact via natura1 and artificial 
water flow paths. The cunent chaptcr describes regional water systems in which control has 
a major impact. Scvcral elcments ofwater systcms are described in detail, to show statc-of- 
the-art modeling. that is required to solve the general control prohlem of the water system. 

The introduction of control clements in a water system changes the original hydrological 
systeni and splits it up int« separate ureu.s, cach consisting of one or more subsystcms. The 
classification shown in f:ig. 1.3 (Page 2) is uscd to dcfine thc various subsystems, i.e.: 

urhan drainage, 
urhan surfacc watcr, 
urban groundwater, 
rural surliicc watcr, 
rural groundwatcr. 

Subsystcins intcract via dischargc structures; calledJiow e1ement.s. I%w clements can he 
divided into controllable flow elcments, here called regulating structures, fixed flow 
clcments; herc called fixed .x/ructure.s and free flow e1emenl.v. A regulating structure is 
dcfined as a structure that is operated regularly, either manually or automatically, adjusting 
the flow capacity. 1:xamples ofregulating structures are pumping stations and controllahlc 
inlets. An cxample o f a  fixed structure is a fixed weir. Examples of free flow elements are: 
vanals 2nd regional groundwater flow. 

A water systcm can he described by suhsystems and flow elements. The number o f  
subsystcms and flow elemcnts that have to he considered, depcnds on thc amount of detail 
needed t» describe thc corresponding proccsses. 

Thc hydrology o f a  particular watcr systcm generally cannot he separated completely 
from surrounding watcr systems. In the description o f a  water system this forms a special 
point of interest. In this thesis, interactions with ncighboring systems are included in the 
water-systcm description itself; by formulating the boundar). conditions that influcncc or are 
influenccd by the water systcm at thc water-.vyslem houndury. 

I.'igurc 4.1 shows a typical regional watcr system, including various elements 
mentioncd abovc. 



4.2 Hydrology of Subsytenis 

4.2.1 Surfare Types 

I 'crviou\ iurlacc, are pred<~ini i iai i t l )  ïourid i n  rural arcm and grccri helts i n  iirhan arras. 
I'rccipit;itt~iir i' l e l 1  oi i  tlic v i i l  arid \cgcinttori. I'art i i l ' t l ic prccipitatiim t \  iriicrccptcd h! local 
dcprc ïs i~ i r i i  end plant I ca l i .  2 l i>s l  i 1 1  it. h i n i c i e r .  inl i l t rate\ i i i to the soil 



I rom thc soil or othcr wet surfaces, water may evaporate directly. 7'he comhined 
eWporation from depressions, soil and plant leafs is called evapotranspiration. indicated hy 
E,. If water can Ilow unohstructed over thc land surliice, water from depressions may he 
dischargcd ddjrcctly to thc surlacc-water suhsystcm. 

A special type of pervious surlace is Sound in inliltration systcms in urhan areas. I hese 
surfaccs arc creatcd spccifically vcry perviw\ to enahlc the runoff liom roofs, roads and 
parking piaces to inlillrate into thc suhsurhce. In gcncral, such areas are crcated to keep 
precipitation as much as possible in the urhan environment, thus prcventing a toss from the 
urban subsystein hy allowing recharge of  the groundwater. 

In g~.ncral, scmi-impcrvious surfaces are lound in urhan arcas. This surface type comprises 
brick-puvcd roads, parking arcas and i~thcr pavcmcnts that a l l w  infiltration ofprccipjtation 
into thc soil. I>avcd arcas that allow inliltratiun are called 'open pavcmcnts'. Such pavemcnts 
can he cipccially c~mstructcd to recharge the groundwater. 

I'rccipitation that falls on semi-impcWious surfaces first accumulates in depressions. 
I.rom thcre, it may cither cvaporate (E,,). Ilow ti> surlacc waters or inliltrate intrl thc mil. In 
general, the inliltration rate is so high, that precipitation of a lom' intensity only infillratcs. 
Only whcn large ainounts of precipitatirin h11 on semi-impcrvií~us surfaces, part of it l l í~ws 
into scivcri or runs ofTto surtacc waters (Van de  Ven; 1989). 

Fig. 4 2 KunofJ from vur iou .~  surfure iy lm 



R o o k ,  bitunicri-co\crcd sirects and parking lots are i rnpenious surtlaccs. I'rccipitatirm « n  
such surl'accs accuiiiiilatcs tciiiporaril) in depressions and li~rrns puddlc\.  I h i s  irater !na) 
cvaporatc i!~.,'.) dircctl). Ilcpcnding on ttic qii;intity i ~ f  prccipitati~in and its iiitcnsit'. csccss  
\%aier f l ~ n i s  cither 11) ricighhoririg \ u r f x c  waters or into scircr \! stciiis. 

Wa\ic\re!cr t r i m  h~iiiie\ ;ind in<lii\tr) is dischargcd as \e irage i ia tcr  int11 scwer 
\)stenis.  A sriiall. and li~rturiatcl) c~iiiti i i~iouily dccrca\iiig aiiiuiiiit i ~ l '  \rasic iratcr is 
discliargcd dircctl) iiiitu surlacc iiafcrs. Uitli respect to \rater quantit!. tliis ;iiii<iuiit can he 
ncglected. With respect ti> i ia tcr  qualil). tliis direct discharge can he s i p i l i c a n t  hrcaiisc o f  
i t \  polluting cliaracter. 

A \pccial i )pc o f  iiiipcrvious s u r h c c  is thc surfacc occupied hy gla\sliouscs. I h e  total area 
c incrcd  h) glaïsliouics ii grrierail) liiiiitcd. hut ciliiccntratcd al spcci!ic Iocaiions iri irater 
s s t n s .  1:spcci;ill) in polder\. such gla\shi~iisc arcas can play ;in iiiipon;irit r o k  in irater- 
ys tc i i i  c~iritrol. 

'l his scciir~ii descrihes tlic iiitcractions hctiiccn thc scveral suhs)steiiis distinguishcd in 
l Sec. 4 . 1  'l he Iloii pri>cc\sc\ i i i  tlic iiii\aiiiratcd /onc are d e w i h c d  scparatcly in Sec. 42 .3 .  

l 
I k p e n d i n g  ori surfacc b p e  2nd prccipitatiori iriteiisit). irater in l i l t r~ tes  inti) (he soil. i rhere 
it cnicrs tlic u~isot i rra/cdrot ic  ( l i g .  4 .3) .  l lic iinsaturatcd zone i \  dcliiicd thc m n c  h c i u e n  
thc wil wrl;ice end thc gri>urid\iaicr tahlc I i i  thc unsaturatcd /í~iic. i iaicr is \torcd in thc 
piirc\ hct\iccn wil gr;iiii\. \V;~tcr in ihc iinwliir;itctl ~ o n e  is c;illcd \o11 iiioi\tiirc: its ratio to 
thc total soil io lu inc  is callcd thc s o i l  iriiii\iure content'. I h c  w i l  inoisiiire content can 
incrcaïc until thc licld capacit) is rc;ichcd Oricc the M d  cnpacit! i \  rcachcd. na te r  lr~irn the 
unsaturaicd m i i c  pcrcol;iic\ (I ' ,)  &i\iii\rard\. 111 reach thc ground\iatcr.  lri gcricral. tliis 
process raisc\ ihc griiuiidivatcr iahlc. 

Whcn ihc  soil irii>isliirc contcnt is hcloiv licld capacity. capi l lap I<irces in thc \oil 
prcvcrit pcrculeti~in aiid caii ci~ntrihiitc t i>  Il~iiv in an upirard dirciiiori. l iiis proccjs i \  called 
capillan. ri\c ( (  ;J. I . i a p ~ r a i i i ~ n  I r ~ ~ i i i  thc \ i i i l  and plant-root upiakc rcducc thi: soil iiii~isturc 
content and iricrcasc tlic capi l lap r i s e  C;ipillary risc ah\tract\ i ia tcr  froin ihc groiiiidiiater 
intc ihe unsaturatcd /(me. iii gcricral Iinicririg thc groundivatcr iahlc. 

I lcav) siiili iui t i  ;i\ cla!-. Ircqiicritl) Ii;i\c crack\.  1)iiriiig prccipiilition. crack5 in thc 
mil d low la\tcr I l r , ~  irito tlic siihsiirlucc arid. cmscquentl).  a I i w r  raisc ~ I i h c  groundiratcr 
tahle. Crack\ iii;i! rc\irict huild-up o i ' i i c ~ a i i \ e  prcssurc i i i  thc >oil. r~.huliiiig i i i  ;i reductioii 
0 1  capi1I;in risc 



Inlilirolion t T Seepugr 

Deep groundwater flow 

Fig. 4 .3 .  Subsurfacef[ows 

'l'wo other processes contribute to inflow int0 the subsurface: infiltration from semi- 
impervious surfaces and infiltration from leaking sewer systems. 

The zone below the groundwater table is called the aturatedrone. 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 
grounhuaterflow and deep groundwaferflow. 

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. 

ï h e  groundwater table may fall as a result of capillaiy 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 impe~iousness 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: 

in which: 
q : flow into or out of the soil (mis); 
Ah : difference between representative groundwater level and surface-water level (m); 
S. : soil resistance to soil inflow, soil outflow, flow via drains (s). 



Ikcau ic  t l i i \  cqi iat i~i i i  i\ liricur. it pcriiiits \iipcrpositiiiii. M'licii wpcrpoiitiori i\ applicd Sor 
each succcisivc tii i ic \iep iii ii d!n;iiiiic sirnulation. the currciit situatiori und iiic sinlulation 
tiinc-step si lc ilctcririinc thc iiiil o~ i t l l in r .  I he cquatii~n thw dcrivcd i\ Lr i i~ i rn  as thc cquation 
<,l'Ih Zcc~ i~+ i l c I l i ng ;~  ( I O i X )  ;~nd r c x l i .  

I he cquatiíiri ;issulnes h~~ri/.orital I;riiiiiiar tl«\i. Iii addi t im 11, dctcrinining horizontal flo\r.. 
thc equation is uscd s~icces~lul l )  to dctcnriinc the o u t f l o ~  fiorii s i~ i ls  i n  hill! areas. which 
h;iic i t r i ing verlical cí>inponcnts i(;riilcntraast. 1992). 

(irt~uridiiiiter-pressurc diilcrcnccs (in a rcgional scale rcsuit i r i  dcep ground\%atcr f iow 
hctirccn dccp s q u i l u i  and phrcatic nater. e.g.: inliltrution toiiards Ioirer aquifcrs and 
scepagc Ikom I< i i i c r  aquilkis. I his phcnornciion is v e n  coinrnoii in poldcr arca\. 

In  practiec. sh;illu\v m d  (leep grr~uridi\ater I l i ~ w  can exist logctlier in rcgií~nal \\ater 
\>sterns. dcpcridiiig í i i i  Iiic;il i i i i l  char;ictcri\iii\. drainage possihiiitic\ iind wil itructurc. 

I he ciiilihined seiicr s!stcin ( 1 )  disiharges scuage water t(~gct1icr isith esccss prccipitation. 
I h c  scwagc \\ater produced h) hoinei 2nd iiidustry is callcd dn-ircethcr flmi (DWI:). I h e  
c~ii i ihir icd ie\ \cr  systeiii ci~l lccts hotli I)WF and exccss prccipituiiiin. A conibined sewcr 
systcin I ia i  h i ~ t h  a diichargc arid :i \torlige fiinctioii. 1)U'I- nnd aces5 preeipitation is 
diict1;irgcd to sciiagc trcatinciit plarits ( S  IPs). uhcrc thc uatcr i i  trcatcd and iiiost pollutants 
are rc inoicd.  I he Ii>dr;iulic cnpaiit j  lil an S I I' is lirnitcd. c g. t i ]  0.7 inin h i~ur .  nh ich  i s  
relotcd iii ihc arca d i~ i l i i i ry i i ig  t i i  tlic \c\icr \!\iein. I h c  cllluciit (iI'S'1 I', ii diieharscd 10 thc 
i~irI; icc nater 

l t r c l 1 c ~ i h i i ~ d  r t i n  i I irnicd. c . .  to 7 i lr  9 rnin. 
í )utl;ills ;irc c<~r i~, t r i i i ic i l  ;i1 spccilic lr icati im~ 10 prcvcnt itrccts 2nd ;idi;iccrit i ircai lrom hcing 
Ilimdcd t>> pollutcd \raicr \ \ I i c i i  t t i c  ,ti>rnsc capacity is rcachcd in part «f «r i n  thc cntirc 
r i i .  I liis < i i c r l l u i i  i \  callcil c,,iiihiiied scwcr <i \cr l l i i i r  i ( ' S 0 ) .  S i~ i i i c  ourfnlls can 
he c<>ritii,llcd. hut i i i í i i t  iif thciii are l i c d .  I r i  cxccptimal i i tuat i~m\.  thi. di5churge capacit) 
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d t h e  scwer systcm to the outlalls may becomc t ~ o  luw. Scwers flooding strects may be the 
undesirable result olsuch undcrcapacities. 

The separate scwer system (2) involves separate sewers for DWI: and rainwater. Wastewater 
from hmncs and industry is discharged by special dry-weather sewers. The discharge capacity 
ofthese drywcather sewers can bc much lowcr than that ofthe combincd sewer system. Al1 
sewage watcr of'thcse dry-weathcr sewers is discharged t« S'l'l's. 

I;xccss precipitation water Srom impcrvious or scmi-impervious surfaces such as 
roofs, strccts and parking Iets is discharged to rainwater scwers. Kainwater sewers discharge 
thcir watcr onto the surface water, called separate sewer discharge here (SSD). 

I h c  scparate scwcr system prcvents dischargï of waste watcr to the surfaïc water, bul 
the quality of discharges to the surîace 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 to rainwater sewers are a 
continuous sourcc of surface-water pollution. 

The improved separate sewer systcm (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 seu,cr discharges to an S W  where the water is treated. 

Structures connecting the two sewer systems enable internal overflow of excess 
precipitation from the rainwater sewers to thc dry-weather sewers. Once the dry-weather 
sewers have reached their maximum storage capacity, the connecting structures prevent 
further internal overflow. Then, the rainwater scwers have to store al1 further precipitation 
until their storage capacity is reached as well. 

Once the storage capacity of the rainwater sewers is reached they overflow to the 
surlace water, as happens in the combincd scwer system. 7his overflow is called improved- 
sewcr-system overflow here (ISO). 

In comparison to the combined sewer system, the improved separate sewer system has 
the advantagc that its overflows are far less polluted. The advantage over the separate sewer 
system is that rainwater initially polluted by rook, streets and parking h t s  is flushed to the 

Subsurface 

Fig. 4.4. .ITwrr-.sysfemfiuws. 



dry-wcather seivcr\. Sriini where it i \  discharged to an S I I '  Ifapplied \iell. siirPacc waters 
are thus less p~illutcd. 

All types oSsc\%cr systcms may have flow intcractions with the surrounding soil as a result 
~ ~ f s e w c r s  Icaking. Ikpcnding on the sewcr hcight in comparison to tlic ground\ratcr tahle. 
infiltration int» thc soil (]r drainage Iniin thc soil may occur. 

' lhe surface-water suhsystem cdlects runi~ff as wcll as scvcral forin5 I I S  discliarge as 
described abovc il.ig. 4.5). Surfice water tcinpi~rarily stores discharged \\ater, ~ s h i c h  may 
also originate Srom othcr u r face  waters. 

TI] discharge water or Ictting i1 in. mrious flow structures arc uscd in praciice, such 
as pumping stations, weirs, sIuices. etc. ' I 'h~se  structurcs und thc ivay in \vhich they are 
controlled, are dcscrihed in Sec. 4.3. 

Surlace water may also interact with thc environment as a resulc of dcep groundwater 
íioivs. 'lhe intcraction dcpends on pressure dilfercnces bctv.een thc surlace-water level and 
the water levcl in thc phreatic aquifer or thc prcsurc hcight in the deep gr~~undwater.  Both 
inliltration from ilr secpage to surf:dcc water < u u r  and the direction o l  flo\i may change 
during a year. 

Precipitation t 0  and evaporation f r m  surface water in general has a limited impact 
on water-system control. 'These quantities are generally small in comparison to surface mnoff 
or discharge liom thc suhsurlicc and scu'cr systcms. 

In h~irticulture. god-quali iy water is cxtremcly important becausc pdlutants in irrigation 
water alfect the root uptakc hy plant?. I n  I w v  pdder  areas saline seepagc ma). occur. mhich 
resulti in surhcc water having a rathcr high snlt concentration. especially in summer. 



For that reason, glasshouse horticulture strongly depends on alternative water sources. 
Alternatives are drinking water or rainwater collected in rainwater basins. During excessive 
rainfall thcse rainwater basins 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 (E,) can be extremely high; 5 mm per day is no exception in 
summer. 

Surface-water quality c m  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 f o r a  
specific pollutant: 

dc - C C," Q," - C C Q,, + C R ,  
d t  V 

in which: 
C : pollutant concentration in surface-water subsystem (dm'); 
V : volume of surface-water subsystem (m3); 
t : time (s); 

Cm : pollutant concentration in inflow into surface-water subsystem (g/m'); 

Q,, : inflow int0 subsystem (m3/s); 

Q,,, : outflow from subsystem (m3/s); 
R : reactions (g m ~ '  S ' ) .  

The water-quality relationships described by Eq. 4.3 have also been used with success by 
Benoist el al. (1997). In this thesis, water quality focuses mainly on pollutants which restrict 
satisfying the requirements of interests. Of al1 the possible processes which can be described 
by Eq. 4.3, only the conservative and decay-related ones are taken into consideration. 
Conservative processes impose t e m  R to equal zero. For dccay, the following equation 
applies: 

in which: 

D, : decay rate ( s ~ ' )  



IJsing this rclatioii\liip. thc fnl l~nring riuiricrical cquation Sir \+ater-qiiulity derchpinen t  can 
he dctcrinincd IIII tlic ha\ i i  oSin I:q 4 .3:  

4.2.3 Unsaturated Flows 

I . l c ~ n s  in thc unwturatcd m n c  of' thc v ~ i l  ti;ivc been studicd and rcpiirtcd «n by sevcral 
au th l~rs  ( c g  l c d d c s  ct al.. 19x8 ;irid de l.aut. 1980). I h c s c  itudic\ generalli havc an 
agricultiirul tocus. I li)\$ iriuch na te r  is ;ivliilablc in tlic suil tliroiiglii~ut riic g r m i i i g  x u s o n  
is a prime concern t11 dctcrinine the prmving potential for cropi .  In peneral. thc time scale 
uscd in thc studies is ci~nsidcrahl) Iorigcr than thc one used in thi5 theiis í c . g  iiionths versus 
scvcral h i ~ i i r ï ~ d a y s ) .  

Hcrc, thc h c u s  is ori thc flor\ p r o c c i w  froin and 10 the soil Srum a hydrological point of 
vimv. I he  purposei arc. 

t11 prcdict ttic actual i i i~~is tu rc  cmici i t  in thc root m n e :  
10 prcdict ttic iratcr qu;iiitit! l l w i i i g  out o f t h c  silil inti, (tic \url'acc iratcr o r  r i cc  
\ c r i a .  

Figurc 3.6 s h m n  ttic tcrim iiscd i n  rcleiiiin t< ,  unvituratcd llini.  Iri tlic r i ~ t  ïiinc. plant roots 
t;ikc up iratcr l i i m  ilic i i j i l .  I lic l i c i~ l i t  i i f t h i i  m n c  i \  dctcriniiicd h! thc [!pc o l c r i ~ p .  its 
groir ing stage. \o11 texturc and ihc gri,~ind\ratcr Icvcl in spring. I Iinr pr<iccsics t11 and liom 
thc satu~it tcd m i e  havc hccn deicrihcd in Sec. 4 2 . 2 .  

/,r/ì!lru!,<,t, , AkLt,,,,>lru,,,,,,r',!,~,,> 

/'<,i<. 

.. - 
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Soil Moislure Content 

I he soil moisture content and thc water pressure in the soil determine whether plant roots are 
able to take up water from the soil. Thc soil moisture contcnt varies with the location in the 
unsaturated zonc. Just above thc groundwater table, thc soil is almost saturated and therefore, 
thc moisture content at that level is   al led 'saturation moisture contcnt' O,. In an upward 
direction, thc moisture content reduces, as is shown by the curve in Fig. 4.6. It should he 
mcntioncd that the exact shape of O(z) depends on whcther the groundwater table is falling 
or rising. 

At the groundwater table thc water pressurc cquals the atmospheric pressure. Above 
the groundwater tablc, thc pressure is negativc. 'lhis pressure, expresscd in water column 
units; is called 'matric pressurc' h,. 'lhe development ofthc matric pressure in time depends 
on : 

the abstraction of moisturc h r n  the soil by plant roots, expressed in the sink term S; 
cvaporation from soil with no vegctation; 
thc location in the soil; 
dcpth of the groundwater tahle below thc wil surface. 

' lhc relationship between the variables rncntioncd is given by Darcy's law (Eq. 4.6) and the 
continuity cquation ([:q. 4.7) lor unsaturated flow. The equations assume vertical flow and 
a homogencous soil. 

in uhich: 

Y : volumctric flux (crnld); 
K : unsaturated hydraulic ci~nductivity (cmld); 

hm : matric pressure (cm); 
z : wil  depth, measured from the surface, with upward positivc direction (cm): 
'3 : soil moisture content (-); 
I : time (d); 
.S : sink term ( d ~ ' ) .  

Combination of thc  two equatiuns, yiclds the Kichards equation (Feddes ei al., 1988): 

in which: 



In Eq. 4.9 ('(h,,,) rcprescrit; the soil inoistiirc capacity in c in~ ' .  or the slopc iifthe soil-inoisture 
rctention curvc. I he  S~irrnulatir~n of  [ (q.  4 .8  i \  valid for thc cntire Iloir region of  the soil- 
moisturc rctcntion curvc. including thc wturatcd zone. A rciison fiir expreshing the 
rclationship in teriris ofinatric pressiire h,,, is that this is a cmtinuous variahle « \ e r  the entire 
hcight o l t h c  suil profile. cven ibhcn la)crcd ioils are considcrcd. 

Scveral nuincrical mcthods have heen dcvcl»ped 10 s o l i e  Iiq. 4.8.  lixamples o f  
cmnputer applications are SWAl' l<l :  (Relinani: el al., 1983) and MIJSI iDe  l.aal. 1980). 

Van Ocnuchtcii i I Y X O )  dcvcli~pcd a inathciiiatical rclationship betiicen mil moisture content 
and matric prcïhurc which is now coininonl~ uied (Ilq. 4.10). and an cquation dcscrihing the 
hydraulic c o n d u c t i ~ i t y  in unsaturated silil il:q. 4.1 I ) :  

in which: 
O 
O, 
0, 
U 

m 
n 
i 
h", 
K 

K,  

mt~isturc contcnt (b): 
rciidual inoisturc content ( - j :  
saturation i i i~~is tu re  contcnt (-): 
paramcter (cm l); 
hclp paraincler: m - 1 - ' / n  (-1: 
paraincter (-j: 
paramcter i-); 
matric prcssurc icin); 
unsaturatcd hydraulic conductivity ( m l d ) :  
saturatcd h)draulic conductivity i c d d ) .  

In-depth studies have bccn carricd out to dctcrrninc Van Gcnuchtcn's pxmnctc r i  accurately 
(e.g. Wiirstcn ct al.. 1994). 

I.ield capacity i \  thc cquilihrium ;ituation in ivhich thc maximum quaiitit) o f  \vater is 
contuincd in thc unïatiiratcd /.,me hy c;ipillarq liirce\. notirithstanding thc l i m x  of  gravity. 
I he  ficld-capacit) iitiiatii~n is rathcr unstahlc \incc it rctlccts a s t a t i m a n  situation, withoui 
dowiiward or iipivard I l ~ w .  which iri practicc hardly ever occurs. The arnount i ~ f  \rater stored 
in thc soil at licld capacity also dcpcndi on the actual groundwatcr dcptli. I o r t h e s e  reasons 
the t e m  + ~ ~ l d  ml) he uscd to indicate a tcinporary situation as a starting point t(, describc 
subscqucnt procci ies .  



If infiltration into thc subsurfacc occurs and the unsaturated zone is not yet at field 
capacity, the soil wil1 absorb al1 infiltrated water. Then, a new equilibrium state dcvelops in 
which thc water in the unsaturated zone is distributed over thc entire hcight of the zone in 
accordance with the 8-h, relationship that is descrihed 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 wil1 flow down to thc groundwater, 
consequently raising the groundwater tablc. 

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

According to Darcy's law (Eq. 46) ,  capillary risc depends both on hydraulic 
conductivity and matric pressure differences. In the dynamic situation, the capillary rise in 
the unsaturated z»nc is generally not the same over the entire zone height. Ih r ing  droughts, 
for instance, morc water is abstracted from the root zone than can be replenished by 
groundwatcr. 

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

crop type; 
crop growing stage; 
plant cover of the soil; 
moisturc cimtent of the soil. 

The cvapotranspiration is givcn by: 

in which: 

E, : evapotranspiration (rnrnld); 
E,> : cvaporation from the soil (mmld); 
E, : evaporation frwn interceptions (mmld); 
E, : transpiration liom plants (mmld). 

In practice. cvapotranspiration of plants and soil are derived from crop coefficients (Feddcs, 
1987). C n ~ p  coefficients can bc detcrmined by lysimeter tests, in which ideal growing 
circumstances are maintained such as optimal soil moisture content iind groundwater depth. 

Figure 4.7 shows the basal 'crup curve' during thc various growing stages in one season, 
assuming dry soil conditions and an idcal amount ofmoisture available in the soil. In general, 
wet soil conditions rcsult fLom prccipitation or irrigation, which affect the total 



Crop c i~c l l i c ic i i i \  iirc a\ail;ihlc Iiir i nriii i i\ crilp I jpc \ .  iiicludirig ii ic g r m i n g  >tages 

at l ixcd iiiiiincrits i r i  t i l t  gril\< iiig icui i i i i .  I lic! rcllcct thc iiicuii curie\. at bict \oi l  ci indit i i~i i \  
and avcragc gr«\\ing coriditi«iis. I he \i\c 01' crilp tscti~rs cnuhIc\ dc tcr i i i inu t i~r~ o f  the 
pi~tcrit ial e\; ip~~trari\piruti i i i i .  

f.',, 'f,,, f ~ ,  (4.131 

in \vliicii: 

E,) : polciitinl c~:ipiiir;iiispir;~tii>ii iiiiiii d): 

IJ, : rclcrciicc ciupiiriiti im iiiiiii d): 

r,,, : iiicuri i r i i p  i i c l l i c i c i i t  l - )  

Accordiiig ti, lFcddc\ cl ; i1  i 1088) Icsi idctil sitii:iiii>ii\ \\i111 respect til thc prr.b\iirc in tiie root 
Lont ciin he i n c l ~ d c d  ci i ip i r ical l~ in tbc pltii lt-tri~n\piratioii c a l c i ~ l ~ t t ~ ~ i ~  h! tlic \ink lcrin 
\urisl)lc u 11 I?  4 X )  



inaximal. The curve betwccn h, and h, is considercd to be linear and dcpends on potcntial 
plant transpiralion. 

Assuming that thc uptakc oí 'wat~u by the rr~ots is equal to the transpiration and the 
root uptuke is distrihutcd cqudly over thc root zonc hcight, thc following equations can be 
dcrivcd: 

E 
Sih,,) - J ,  (4.15) 

l ! z,  I 

in which: 

b*;, : transpiration fi ím plants !mm/d); 

E,,,, : potential transpiration liom planis (mmld); 

E, : rclcrcnce cvaporation !mm/d): 
u : sink-term variable (-); 
z, : dcpth of thc  root zone (mm); 
S : sink tcrm (d j); 

h,,,, : averagc mairic prcssurc in the root zone (cm); 
: basal crnp coeí'licicnt !-). 

F'quation 4.14 useï thc basal crop coeíiïcient, which is the coefticient described by the b a a l  
crop curve of'Fig. 4.7. Ikware of thc  difïcrcnce betwcen thc basal erop coefficicnt and the 
mcan crop cocf'fjcicnt. As s h o w  in Fig. 4.7, the dií'fcrence betwcen thc two coef'ficients can 
he considcrablc, especially whcn the soil is only sparscly covcrcd. 

Mairic prciiure in lhc  roritzonc h,,, (cm) 

Fig. 4.8. Sink-ierm vur1uh1e a. 



4.3 Flow Elements of u Water System 

4.3.1 Types of Elements 

As inentioncd i r i  thc i n t r ~ ~ d u c i i i ~ n  10 this chnptcr tlie f i>l lo\\ ing t!pci 01' fl<>\\ cleincnti are 
di\t i i~gii ist icd iii u \<eter \ ) \ te in  

rcgul;iiiiig striicturci. 
l ixcd structurc\. 
l icc f l < > \ \  clciiicnt\. 

I he f lmv clciiiciits di\tingui\licd in thi\ tlicsis are listcd i n  l ablc 1. I .  O f q ~ c i a l  interest i n  
itic tablc arc thc clciiicrits \ \ l i i e l i  caii he rcgiilatcd: puinpiiig \ ta t i~~ i i \ .  \\cir\. i i i lch and sluicc\. 
Wcir arid irilct Ili1\1 elciiicriti can he ciiticr hc regulatcd or fiscd. I tic iii4jorit! o f  \\cirs and 
inlcts i n  thc Netlierlarids are o1 tlie tiscd t! pe. I liii irieans that the! arc iii;iriii;ill! adjustahlc. 
hiit iliat iidju\iinciit iiccur\ L c n  rdrcl!. c.p. i l r i l )  t \ \ ice ;i ! e x  ut itic trnn\itii>n lroi i i  the 
\ii i i i i i icr l i ,  tlic i i i r i icr  x ; i u m  tiiid \ icc i c r w  

Rcgulating Fixed Frce ílow 
struc1uw rtructure element 
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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 helow l m1/s for smal1 pumping stations up to 50 m1ls 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 mechanica1 or electrical part breaks down. T o  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 casc oîmanual control, the status of the pumping station is entirely determined by 
the operators, who switch the electrical or diesel engines on or off: IJnder normal conditions, 
without high system loads, these pumping stations are operated only during the day-time on 
working days. ï'he general operational strategy followed hefore weekends, is to pump out 
water in advancc to give operators some days off  The limited hours available for manual 
control, generally result in a simple way of operation in which the maximum capacity of an 
entire pumping station is used frequently. 

I'umping stations which are controlled automatically can he of the electrical or diesel- 
cngine-driven type. They are in majority controlled locally and operated on the basis of 
water-level measuremcnts in the direct vicinity of the structure. Automation is often 
associated with unattendcd operation, which means that in addition to the control equipment, 
warning systems with pagcrs are installed. The advantage ofsuch systems is that operators 
can be somewhere else and still be wamed when an alarming situation occurs at a pumping 
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 suhjects of controlled pumping stations are discussed. 
Automatically controllcd pumping stations are assumed. 

Fig. 4. Y. Uptreum-control led (u) u n d  downs/reum-contrulied (b) 
pumping .stution. 

In gencral, a Iocally controllcd pumping station operates on the basis of only the upstream 
or the downstream water level. Figure 4.9 shows these two types of control. In both types, 
the operation of  pumps is hased »n the actual water levcl measured. IZigure 4.10 shows how 



iiritching take\ p l ; i ~ c  in n puinping stnti<,ri n i t h  threc puiiipirig units. in caic  (11 doirnstrcam 
cimtrol. 1:ach i~l ' t l ic pumps <>pcratei iiri tlic hn\i\ ( ] f i t \  o u n  on- and iill'lcicl\. As  w o n  as thc 
i ia tcr  Icicl tiai rc;iclicd it\ <,n.leicl liir unit I .  thc unit is \\\itclicd lin. I I  the puinping 
capacity i i  iullicicnt. tlic iiatcr leicl I'alis. Oncc thc 01Clcicl i \  rcaclicd. thc unit is i \ \ i tchcd 
i ~ i t  I 1  tlic ciipncity 0 1  a unit i \  nol \iil'licicnt. a neut unit is \iiitcticd ori \\her] it., on-leiel is 
rcaclicd. l l i i \  procc\ i  criiitinuc\ a \  Iiirig i i i  i i i irc units are availahlc. 

In practicc. rc\triciiíins are irici~rporutcd i n  tlic ciintrd ~ ~ l p u r n p i r i g  staiiíiris. IJuinping stations 
that drain polders arid discharge to storage hltiin\ gciicrall) h a i e  extra c~iiidiiiuris gmern ing  
thcir ~lpcratiim. Onc  rcstriction is thc upstrcain na te r  IcicI in tlic \toragc hasin. I f th i s  water 
Icicl ha\ rcachcd aii uppcr limit aiid is still rl\ing. ;i milling s t i ~ p  can he iinposed h) thc iratcr 
manager 01 ilic storagc ha\iii. As  a coriscqucricc. puinping statii~ris i t i i~uld he \\\i tched olT 

In c a i c  thc piiiiips 01' a puiripirig itatiim are drivcn h) clcctrical ciicrg!. special 
inca\iircs iiiay he takcri 10 iiiiniiiiiïe eiicrpg c(i\t\ I i i  gcncral. thc niglit iar i l l ' l i~r  clectricit? 
is I i ~ u c r  tlinri tlic da) turil'l. In that case. eiiti~iiiatcd puinps ihould prelkrahl! operate during 
thc riight. ' I  o accoiiiplish this. Imver s\vitching-on and -01t level\ c m  he set h r  itie niglit. 

S i ~ i n c  clectricii! ciiiiipaiiics appl! additional high taritls l i ~ r  crierg! iisc duriiig ~ a k  
tioiirs. In gcricral. piiiiips arc switchcd otf  diiring these h o u r s  LIndcr cxtreine coiiditions. the 
\iater tiianager ina! still dccidc i«  usc tlicsc hi~iirs lor purirping. 

Ikrcquciit s ~ i i t c h i n g  oii and » t i  of purlip\ ii generally nol alloiicd bccause of the 
charicc 01' clcctrical oicr load and riiecli;iiiic;tl w a r  and tcar. I:spccially kir autoinated 
puinpirig \taiioiis. tliis is ii iiiattcr of' coiiccrri iind special incasurcs are takcri t« prevent 
ci~iitiriiii~iis iv,itcliiiip. 

Wcirs w c  u\cd in \\;tier iii;iriagcriicrit iri hotli pijldcr and hill) areiis. hut ilic) are iiiaiiil) tound 
in hili! areas. A u e i r  cari citlier I iuw a tiscd crL.51 Icicl nr an autmiaticiill) coiitrollcd crest 



level fl ' ig. 4.1 l). In the lattcr case, the water levcl upstrcain or downstream is controlled by 
means of a mechanica1 or clcctrical unit. 

In general, electrical controllers are used these days for weir regulation. This requires 
on-line water-level measuring. The mcasured signa1 is Sed to the cmtroller, which detennines 
the control action of'lhc wcir. ' lhe control action is clcctriinically scnt to the driving dcvicc 
o f thc  weir. This dcvice can adjust thc wcir in an upwilrd or downward direction. 

Fix 4.1 i Fixed /u), upsrreum-controlled fh) und down.srreum- 
coninilled (c) wrirs. 

I h  Huat (1x1 6) determincd a general w i r  equation l i ~ r  both submerged and unsubmerged 
wcirs, which was adaptcd and evaluated hy Friinke f 1970): 

Q* = w,, (AH + :I{,) AHh ' .  (4.16) 

in which: 

L?w : discharge uver the weir fml/sj; 

c.w : dischargc ct~eflicient, ranging from 0.60 to 0.65 Tor sharp crested weirs (m%); 

w, : width of the  weir (m); 
AH : water-level diflerenee (m); 

f f ,  : encrgy Icvel t« the crest downstrcam of thc  weir (m); 

14 : cncrgy level to the crest upstrcam o i thc  weir (m). 

I he hllowing  tut^ situations can he distinguished: 
i f the  downstrcam water Icvel is belt~w the wcir crcst, then Al1 = H, and H, = 0; 
if the downstrcam water level is ahove the wcir crest, then Af/ -H2 -H , .  

Ikviccs  uscd (i>r automatically cuntrdlcd weirs generally include controllers of the 
I'roportional-lntcgral-l)iSScrcntia typc (I'II>). Only the '1'1' actions of this controller are 
discusscd hcrc. sincc the 'I)' action in water-systern control may producc undesirable results, 
as wil1 he divxssed later. 



T h c  c r ~ r i t r ~ ~ l l c r  tric\ til cstahli\h a constant up- or di~\+ristrcarn \rater le \el  h which 
inccts a prcdclincd sctpoirit . s ,  I l i c  1'1 crmtriillcr accoinplishes this h) a prop~ir t i i~nal  offret. 
which rcprcscnts thc change in crcst Icvcl <in the hasis o t t h e  diffcrcncc (error) betwccn the 
actuul \vilter levcl and \+ater-level setpoint. I;urthcrinorc, it integrates that differcnce over 
tiinc. 

Accr~rding til Aitriiin & Witterirnark 11984) the output ihcrc crc\t-level change) o f a  
digital 1'1 conirollcr can he rcprcscntcd h? thc li>llowing cquatioris: 

iri which: 
u : crc\t Icvcl liii . r c l j :  
l : tiinc step i-): 

K,, : propr~rtional gain í-): 
e : error (in); 

T, : sainplc pcrird 1s); 
r, : intcgral uctiim time (s) :  
S!, : \\ater-lcvcl setpoint (in+rclj:  
h : ectual water I c v ~ l  (ni.rcÏ).  

I I:quation 4.17 i \  k n r ~ u n  as thc ' \clocity h r n i  o t t h e  digital 1'1 c~mtrol lcr .  It dctcrinines thc 
change in crejt  level rathcr than the crcst level itsclf'. I h e  c«ntri~l range 01 a \ \ r i r  is generally 
limitcd h) ai1 uppcr end ;i Ioiver crcst Icvcl. In thc \ e l w i t )  Sirin l:11 itic c~mtr r~ l lc r .  the 
res t r i c t i r~n~ io thc crcit-level nrrnciiiciit cari he iiiciirp~irated h! setting Ariir) O. at thc upper 
and lowcr liinits. 

T h c  t \ ro  parameters that dctcririinc opcratiim o f  thc erintroller are: the propi~rtional 
gain K,, and rhc iritegral ;ictiriri time T , .  'Ilicsc paramctcrs s h ~ ~ u l d  he dctcrmined carch l ly .  
sincc thcy dctcriiiinc thc pcrliirinancc r i l  thc cimtroller. c g . :  rcnctiim \pccd aiid stahilit). l he 
ci~ntrol lcr  parainctcrï dcpcnd i ~ n  scvcral prr~pcnies  ol ' thc cimtrollcd \\ater systein. e.g. the 
dimensions o l t h c  water c i~i i rse  in \vhich the \\cir is locatcd. I his suh.icct has been studied 
hy Schuurniaris (1997). I ranslatirm i \ a \ c s  rciulting from wcir ndjustiiicnt ina) rcflcct at 
specilic I<~catii~ris in a crmtri~llcd c ~ i i a l  aiid rcturn t i )  thc ncir .  n h c r c  ihc) are detcctcd hy the 
watcr-lcvcl inc;isuring cquipmcnt. I renslnti~m waves in a caniil caii lliu\ rcsult in ?)stem 
oscillations. ' I  tic u w  o l t h c  diffcrential ' I > '  action ol'the con t rd lc r  secin\ 111 cnlargc the risk 
r~Si~\ci l la t ion.  u h i c h  is a reaslm u h )  i t  is geiierally nat u x d .  



4 SIMULATION OF KEGIONAI. WATER S Y Y I ~ M S  85 

4.3.4 Sluices 

Most spil1 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 hy a sliding gate. The discharge of a sluice can bc descrihed 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 he 
distinguishcd to descrihe the f l i~w via a sluice stnicture are (Fig. 4.12): 
a. unsubmerged underflow and submerged gate outflow; 
h. submerged underflow and submerged gate outflow; 
c. free gate undcrflow and unsubmerged weir overflow; 
d. free gate underflow and submerged weir overflow. 

Fig. 4. I 2  Muinflow .situations dislinguished in a spil1 sluice. 

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

It is not thc purpose of this thesis to describe the discharge through a sluice in detail. 
This has heen done hy 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 
F .  4.12. In that situation, the discharge can he determined by the orifice equation. 
Neglecting 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: 



A cmtnl l lcd sluicc cari hc opcncd a$ vion as the upstreain iurl'iicc-naicr Ierel is higher than 
i k  d~i i in\ t rcarn iruicr Icrcl.  I ivo conirol situliii~~ris can he distinguidied: 

tlic \luicc i a l i rayi  upencd in case < , f a  posi t iw rvatcr-level dill>rciicc: 
the sluicc i \  opencd whcn a p ~ ~ s i t i w  \\:aier-level differcncc iicciiri and. iirr~reorcr. thc 
\rater Icicl i n i d c  ttie upstrciiin polder is <,r rrill hcc(1rnc t00 Iiigli. 

An autriinoiically operatcd \luicc rcquirrs rvatcr-level mcasuring on hoth sidcs o f  the 
itruciurc. In general. spil1 sluiccs t ia \c  ievrral gates which can he opcratrd separatel) and 
he fixcd ut i;rrious hcigliis. I hi\ indircctl? sllrnvs an operator rlr cimipiirrr ! r >  dctcrminc Ihe 
di\chargc. írradual , ~ i i t f l i ~ \ \  i $  gcricrall> iieccssuc to p r a c n t  sci~iiririg dor~ristrcain ol;the 
\triieture. Ii lurtlicririi~rc prc\criti  a \uddcii 1':iIl in water Icvcl irnincdiatcly upsireani o f t h c  
\tructurc. rc5ulting l r i m  incriia 111 iratcr i r i  thc suppi!ing \%ater c o u r x  

4.3.5 Inlets a n d  Outlets 

Irilct and w t k t  structurc\ Siinction i c ~  i n l a r  t s u i c s .  Inlet5 arid oiitlcts arc uscd fix 
\\ater-quantii! arid \r;iicr-quality c ~ i n t r i ~ l .  I lic functii~n of'inlcti and i~ut lcts  is v e n  siinilar 
iind thcy a re  t l ~ c r c l i ~ r c  11cicrihi.d iiig~iihcr in this thesis. using tlic tcrin in le i s '  m l ? .  

Inlcts nrc gcricriill! culvcrt-[!pc itriiciurcs thai can control tlic dii\\riitrcain or 
i ip\rruin surl;icc-iratcr lcvcl i 1 . i ~ .  4.1 3 ) .  liilci\ discharge h! grarity. I r 1  th i i  tlic\i\ thc inlet 
11ciiv clciiicni is used til dcscrihc liscd i r i  ijr outf l«n.  I l t h e  llo\\ \ in  ilic inlet drpends oii the 
rreicr l c \c l i  upstreain aiid pos\ihl) alii ,  drirvristrcain. the sluicc f l i~ \ i  cli.iiient should he used. 



4.3.6 Canals 

The surface-water flow in rcgirinal water systems can he representcd hy the one-dimensional 
flow equations of Saint Venant. These cquations comprise consewation of mass and mass- 
inomcntum descriptions, which can be solved numcrically. Various forms of the equations 
can be found in literature, using several simplifying assumptions ( e g .  Verspuy &i De Vries, 
198 l ). The equations are also known as the dynamic wave equations and for one-dimensional 
flou, through an open prismatic canal can bc writtcn as: 

in which: 

Q : tlow (m3/s); 
t : time (s); 
X : axis in the direction of flow (m); 
P : Boussinesq coefficient (-); 
A : cross-sectional area (mZ); 

R : gravitational constant (mis2); 
h : water depth (m); 

/ b  : bed dope (-); 
R : hydraulic radius (m); 
C : Chéry coefticient (m%), C =  18 '"log(12 R / k,,); 

k, : Nikuradse roughness coefficicnt (m). 

In Eq. 4.22, the first two t e m s  are callcd inertia tcrms and represent the influence of 
acceleration and velocity hcad; thc third and fourth t e m  are called pressure t e m s ,  which 
incorporate the influence of the surface-water gradicnt and gravity forces; the tifth term, 
callcd the friction term, represents the change in flow as a result of friction losses. 

Sevcral numcrical models have been built to mlvc Eq. 4.22 entirely or partly. In the 
latter case, inertia t c m s  and/or pressure tcrms are neglectcd. It is not the aim of the present 
study to replicate that work, hut to demonstrate that operational strategies can he fortnulated, 
including free ílow elements. A first-order approach is chosen and therefore, in the 
mathematica1 model built in this thesis, only thc last two terms are used, reprcsenting thc 
equation of Chkzy. 

This section focuses on regional groundwater flow which occurs over long distances, such 
as hetween polders or hctwecn water systems. Two hasic types »f groundwater flow are 



distinguished hcrc: uncurilined fluiv through phreatic aquifcrs and cunlined fluir ivithin 
aquifers hctwecn irnpermcahlc layers in the subsurface. Sccpagc Sroin and infikration into 
scmi-cimlincd aquikrs arc considercd constant during the control pcriuds of interest (hours 
t11 wecks). I.<ical groundwatcr flo\v has heen dcscrihed in Sec. 4 2 . 2 .  

(iroundwatcr Il<nv is determincd hy dillkrcnces in water potcntial hct\\ccn parts oí'the soil 
or acijacent surfacc watcr. According to Ilarcy's law. the saturated flou ttirough a soil can 
he descrihcd by: 

in which: 

Y : flow (in, s); 
X : x-direction (m):  

Y : y-direction (m); 
z : z-direction (m); 
K : hydraulic conductivity (m/\):  
h : watcr potcnti;il (m t rcfi. 

Whcn no water is ahstractcd Srom, or rcchargcd t11 the ground\vatcr 5) stcin. thc c<inscn.ation 
of inass lields: 

I he Darcl and nis\$ cquatims can he c~irnhincd in10 the Laplacc cquation: 

In the prescnt stud?, groundivatcr Ilo\r is dcxribcd i r i  oiic directivii ar a tiiiir aiid i i i  ttiat casc 
the solutim t» thc I.aplacc cquatinii is linear in s 1x.y, or z )  and )ieldi: 



in which: 

h,  : water potential in location 1 (m+ref); 
h, : water potential in location 2 (m+ref); 
S : direction of flow (x, y or z) (m); 
L : distancc between locations 1 and 2 (m). 

The situation described with groundwater flow in onc 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. ' lbe method can be further generalized, using soil-resistance terms as 
applied in the o i l  in- and outflow equation of Eq. 4.1. However, this approach has not been 
attempted in the prcseni study. 

4.4 Concluding Remarks 

'[he basic equations that describe ílow processes in water systerns and the equations used in 
this thesis for modeling have been given in this chapter. It should be stressed that the 
approach presented cnables incorporation of more or fewer modeling elements, depending 
on the rcquired detail. For analysis purposes, however, it is most convenient to restrict the 
size of models and generalize the water systern layout into a limited number of subsystems 
and flow elernents. This wil1 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 al1 elements of a water 
systern, the water-system h a d  and the required operations of the regulating stmctures. 
AQil~Rius  cnables deterministic water-system modeling and time-series simulation and is 
based on the theory outlined in this chapter and furthermore «n the mathematica1 equations 
given in Chapters 6. 





5 Hydrological Load 

5.1 Introduction 

'l'his 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 hasis ofprcdicted hydrological conditions. 

I h c  first pari of this chapter prcscnts an analysis of the hydrological time-series data 
which wcrc available to thc present study. 7he  purpose is to derive the necessaiy statistical 
information on hydrological Ioads. furthermore, periods with cxcessive precipitation and 
cvaporation are idcntificd. These extremes arc used to asscss thc performance of the control 
systems described in the practica1 casc studies in Chaptcr 7. 

' lhe second pari of this chapter fc~cuses on thc possible methods for predicting the 
hydrological load on a water system. 'rhe analysis and real-time situations are described 
separately, since they rcquire a different approach in using a prcdiction o f  the hydrological 
load in thc mcthodology developcd. 

5.2 Precipitation and Evaporation Analysis 

The analysis nfthe hydrological load is hascd on 30-year time series of hourly precipitation 
and daily rderence cvaporation data measured at thc I k  Bilt meteorological station. These 
time serics were supplied hy the Royal Netherlands Mctcorological Institute (KNMI). In the 
following. the 30-ycar time series o ï I k  Rilt wil1 he indicatcd by De Bilt time series. 

I he averagc ycarly precipitation in the Netherlands is hctween 750 to 800 mm. It should be 
rcalized that precipitation characteristics show ennrmous difSerences from ycar to year. 
Figurc 5.1 shows precipitation totals in the period of 1965 to 1994. The annual precipitation 
in this pcriod ranges from 5 5 0  t11 1 150 mm. 'lhe ycars 1965 and 1966 wcre extremely wet, 
whercas thc years 197 1, 1976 and l 982 were exlrcmcly dry. 

In this thesis; the rdercncc cvaporation dclined by Makkink is uscd, for rcasons explained 
bclow 'lhc variation in rcïerence rvapuration is far less than that in precipitation. Figure 5.1 
shows that thc annual rclcrcncc cvaporati(1n ranges Trom 500 to 625 mm. An interesting 
phenomcn~ln is that ycars with high precipitation show a relatively low rcference 
cvaporation 



' l h c  l i~ l lou ing  hidrological w x o n r  are dclincd herc and mil1 he uscd in thc rcinainder o f  this 
tticsis: 

Winter: I J a n u a y  - 3 I Murch; 
Spring: I April - 30 Junc: 
Suinincr: I Jul) - 3 0  Scptciiihcr: 
Autuinn: I Octohcr - 31 1)cccinhcr. 

Spring and wininer  togcthcr arc also indicated as the sumrner serrson. n h i l c  autuinn and 
winter togethcr are als11 indicatcd a i  tlic ii.inrc,r .ieo.con. 

5.2.1 Precipitation 

I'rccipitation i n o d y  occurï a \  rain aiid 10 a Iesser cxtcnt as snol!. de \ \ .  cmdcnsat ion on ice. 
f i ~ g  and S ~ I I ~ I .  I he  c i m ~ d s  froin which tlik prccipitation Ml\. con hc  suhdividcd into 
.stratif»rin' and 'coiiicctivc' forins (Klaasien. 19x9). Stratifonn c l ~ ~ i i d >  have an h i~r imnta l  
shapc iind are gcnerall) layered. I'rccipitation fiom stratil'orm clouds can persist I'or long 
pcriods, e.g. 24 hriurs or I~ingcr (Wartenia. 1989) and he \ridc spread. the rain falling in areas 
( ~ f s c v c r a l  huiidrcds ol 'kil<>inctcrï.  

C~mvcct ivc  c l~ iuds  have a rcrtical iiricntation and devclop a i  a rc\ult clfan unstahle 
atinospherc in ~ h i c h  \\arin air riscs. l tic rise is generali) a rcsult 01' ttic dif terencc in 
teinpcrature h c t ~ \ c e n  thc uarn ied  up lo\\cr laqers o f  the atino\phcre. c loie  to thc carth 
\urlacc. and thc rclativcl) c ~ i l d  highcr Iu).crs. I he strilnger ttie \ertical air minement .  the 
Iongcr and inorc intense thc cwi\cctivc prccipitation can hc. Ci>ri\cctivc prccipitation 
g m u a l l y  hlli uvcr ii liinitcd urea up I I I  ieveral kiloineters and can be \er! local hut o f a n  
cxtrcrnel) high iiiterisit). I he arcu 01 iiillucncc i \  gcncrall) liinitcd to a size 01' \cveral 



kilometers. Individual showcrs from convective clouds generally exist for short periods of 
an hour or even shorter (Van de Berg, 1989). 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. In 
general, convective precipitation falls mainly in summer, whereas stratifom precipitation 
falls mainly in winter. 

Figure 5.2 shows the 10; 2 5 ,  50, 75 and 90% percentile curves ofprecipitation over a year. 
To balance the effect of the numher of days per month, in the overall picturc, the unit uscd 
f»r precipitation is m d d a y .  Extreme evcnts are found t» bc more pronounced during the 
months July t« December. 

I'recipitation intensity on average slightly increases from winter to autumn. There is a distinct 
differente in intensity, which can he obsewed when Iooking at separate events. T o  study this, 
thc 30-year timï series of precipitation data is further analyzed. 7-he following definitions 
wjth respect to precipitation events are used: 

a 'precipitation went' is aperiod of precipitation, which may include dry periods up 
t o 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 of464 hours a year, distributed over an average 
number of 197 events. On average, therefore it rains in the Netherlands 5.3% of the  time. 

I.igure 5.3 shows that the precipitation intensity per cvent increases during spring, 
showing the highest intensities in the summer, aftcr which it decreases again in autumn. 
Ilsually, precipitation in summer is of a short duration. The overall picture, therefore, shows 
short and heavy summcr showers, resulting from convective clouds. 

Jan Feb Mar Apr May Jun Jul Aug Sep O c t  Nov Dec Jan 

.. .~ 10°/o - 25% - 50% - 75% 90%, 

Fig. 5.2. Monlhiypercenlilesf~rprecipi~ulion /De Bilt l ime  serie.^) 



'IC l i i i d  thc 111taI prccipitatioii quaritit) pcr cvcnt. tlie cstreriies o l t l i c  Ik l31lt time w i e s  \\ere 
l'uniicr an;iI?/cd. I i g i i r c  5 . 4  \hii i\; J3 cxtrciiic prccipitetion c\cnt \  that rc\ i i l tcd i n  quantitics 
over 30 inin o i c r  tlic 30 ! ex \ .  I l i c  l igure clcarl!. s h ~ \ i \  tliut 11ios1 e ~ t r e r ~ i e  p r c ~ l p i t i l t i ~ n  

cvcrit\ happcn at ti ic ci id i i f  \pr ing aiid iri uiiiiir1i.r. 



ï'ablc 5.1. Extreme precipitation events with quantitieï over 
45 mm (De Uilt time series). 

[start of event I Precioitation (mm') Duration ofevent íhr)1 

5.2.2 Evaporation 

All over thc world, various evaporation equations arc uscd. The one most commonly used 
is the I'cnman equation (Pcnman, 1948) or dcrivatives olthis equation: 

in which: 
h-,, : cvaporation Srom an open water surfacc fkg.m2.s~') ;  
fin, : outgoing long-wave radiation (W/m2); 

R,  : inconiing solar radiation (W/m2); 
u : Albedo reflection coefficient l-); 

E, : aerodynainic evaporati»n equivalent (kg.m~2.s-'); 
A : slope «f thc vapor pressure cuwe (klJa/"C); 
Y : psychomctric constant (kI'a/"C); 
h : latent heat of vaporiration (Jlkg). 

In thc present study thc Makkink cquation is uscd, which detemines the reSerencc 
cvaporation E,. l h c  original cquation of Makkink (1957) reads: 

in which: 

6 : rcfcrencc cvapi~ratii>n i k g m ? ~ . ' ) ;  
K '  : global radiation density iW/m2); 
C, : parameter í-): 



C'; : paraincter (-j: 
A : i lopc of ihc v;ipiir prci iurc  curve (kl';L"C): 

Y : ps)choinciric ci~riitant ikl'a"Cj: 
f. : latcrit ticat i~Siapori/ .ation i l  kg) .  

T h c  rcason liir usirig ihe Makkirik cispmit ior i  cquation i that al1 i\eatticr h u r c u s  in thc 
Ncthcrlaridi and thc crid uiers ol t i icsc d m .  c . f .  l irmcrs. usc i t  toa. In pr;icticc. these are the 
only data availahlc i i i  haïe  ~ ~ p c r a t i i ~ i i a l  coiitri~l stratcgieï (in. 

l he KNMI iieuthcr bureau gave ttie l i~ l lu i i ing  reason Sbr si\itchiiig fri~iii  tlic I'cnnian 
ciaporaiioii  t ~ i  thc Mekkink c i ~ a p i ~ r a t i ~ i n  in I987 I K N M I ~ C I I O .  1'488): 

thc calculati~ins iriililvcd in thc I'cniiiaii cquatilin are ci~iiiplcx: v a r i i ~ ~ i s  parameters o f  
the cqiiation w c  hard t11 detcriniire: 
a single. \taridardi/cd. c\api>raii<in cquat i~in should he uicd. initcad i i l thc  i a r ious  
versions »f thc I'eninan equation. in w e  al1 over thc irorld. 

I l i c  .Vakkink cqiiation h;isic;illy rcquirci only t i ro  iariahles: gloh;il r;idi;ition and air 
tempcrature. I'licsc variahlci c m  bi. iiic;isured u i t h  rclativc c a i c  In 1987 thc KNMI 
iritrrduced thc l l ~ i n g  Sorin 1 1 1  ttic blakkink cquaiion. iitiicli contains iinly m e  
d i inc i i i ion lc i  p;iratncter C' :  

' h e  cvaporati~iri calculutcd h) [:q. 5 .3  is iri iipprosiinately I .  I7 t11 1.3 1 tinie\ as high in spring 
and \uinincr thari ttic eiaporution calcul;itcd by the I'enninn cquution. I o r  opcri !\ater the 
ratio Makkiiih ciapiiraiioii 1'cnin;in c \  ap~mti l i i i  is approsiinatrl! 1.25. l his dift'crcncc has 
heen i n c ~ i r p ~ ~ r a t e d  in thc erop cocllicicriti uicd irith thc blakkirik c i a p ~ ~ r a t i o n  cquation 
duririg the groir irig sc;ison i l c d d c i .  19x7) 

1,igure 5.5 i t ioiib an cxainplc o l a  typical e i e p o r a t i m  pattcrn o i c r  s !cur 'l he  inllucncc of 
teinpcruture cun bc sccn clcarly: 11n\ c\aporetion ratcï in itintcr and hi$i c\aporation rate\ 
Ir1 i u i n i i ~ r .  



High cvaporation especially affccts hilly arcas that suffer from a water shortage in summer. 
Analysis of the I k  Bilt time series shows several periods of extremely high evaporation. For 
55 days a rcfcrence evaporation exceeding 5 mm has been found. l'ahle 5.2 shows thchighest 
extremes in evaporatinn. 

A remarkahlc period of extreme cvaporation occurred during thc summer of 1976 
whcn, I»r a consecutive pcriod of 11 days, the evaporation exceeded 5 m d d a y .  As can be 
wen in Fig. 5.1, 1976 indeed was a very dry year; the only ycar when the reference 
cvaporation cxceeded the annual prccipitation. 

Table 5.2. Extremcs in reference evaporation 
(De Bilt time series) 

Start of 
event 

2W6-76 

10-07-82 

28-06-86 

17-06-89 

20-06-89 

34674 

Maximum reference Number of 
evaporation (mmiday) consecutive days 

5.3 Prediction of the Hydrological Load 

In the control o lwater  systems that have rapid runoff characteristics, a hydrological-had 
prediction may he necessary for pari o f  the control horizon. In that case, a forecast of 
hydrological variahlcï is required. 

Sincc the prediction o f the  hydrological load is an cstimatc which involves several 
unccrtaintics, it haï to he updated rach time additional infi~rmation ahout the current 
hydrological variables becomcs availablc, c g .  precipitation per hour and evaporation per day. 
In real-time control, these variahlcs are forecasted hy mctcorologists of a weathcr bureau. 
Howcvcr. for analysis purposes; historieal data from a database are uscd for prediction hcre. 

In this thesis, a distinction is made hetween the 'prcdiction' of hydrological variahles and the 
'fi~recast' ofthcsc variahlcs. Prediction is uscd as general t e m  Tor a11 kinds of determinations 
ofhydr(~logica1 variahles fix the control horimn. 'lhc word forccast is used exclusivcly for 
thc hydrological variahles provided hy a weather bureau. 

A weather fi~recast i s  gcnerally compiled hy mcteorologists on the basis of measured 
numerical data, graphical data (e.g. satellite and radar images) and the outcome ofnumerical 
atrnosphcre models. Monitoring data uscd hy wcathcr bureaus are ohtained from world-widc 



inmitilring nct\rori\\. Sucli rict\rork\ ciiri\iit olrii~iiiiioring statirins al1 r n c r  thc c a n h  and in 
thc air and includc radar units and satcllitcb. Important variahles inonitiircd a r t :  teinpcrature. 
air prcïsurc. \\irid \ e h c i t > .  wind direction. and air huinidit!. 

In tiic liill~i\i ing. tlic suhjccts ~iI'\ic;itticr l i ~ r c c u t s  fix analbsis p u r p i ~ w  ;ind real-time contr111 
are discusscd icparatcly. \ incc thc) rcqiiirc principall) diïlicreiit appruaches. '&'rattier- 
l i~rccast  data w c  descrihcd only qualirati\ cl!.. i ~ i  g i \ c  an iiiiprc\si«ri i ~ l ' l i i ~ v .  forceastcd data 
caii hc incilrp<]ratcd in rcal-tinie corilri~l. A t h c o p  i d c ~ c l o p c d  thai a l l r~ \ r s  hasicall) 
i i i ~ c c u r a t e  I<ircca\tb t i ,  ~ t i l l  he inc~rporn tcd  intc rcal-tinic coritrd. iiiiii tlic loiicst risk of 
undc\irahlc rcsiilts in cmtri i l .  

l a h l c  5 3 l i i t i  thc ciirnbinetii>ns i ~ ï  pri~cc\s ing inctliods \ihich are applicd l i ~ r  thc 
analysis applicntioii 01 tlic inethiid dei  clopcd and thc cquii alen1 data \ourccs 111' I<irccasts in 

5.3.1 P r e d i c t i o n  f o r  Water-System Analysis 

Melhods 

I i i  tiic \\aier-sj\tciii aii;il!\i\ prciciitcd i i i  tlii\ ttic\i\. Ii!.droli~gical \ari;ihlc, are prcdictcd b) 
tlic p r c d i ~ i i i r  iiii~ilulc i11 tlic Striltcg! I < C \ I I I I C ~  irn tlic h;isii ~~I'l i!dr~iliigicaI data liom a 
d a t a h ~ s c  (sec I tg. 3.3. I'agc 6 2 ) .  I tic data S r ~ m  thi\ database are nscd t i >  \iiuulatc \ieather 
liircca\ts h! o \ic;itticr hurc;iii I:iv tlic tiiric-xric\ calculatiuns. these data arc retricvcd Srom 
ttic daiaha\c  i n  ;id\aiicc. \iinulaiirig I<ircc;i\t\. I he \iiiiiilatcd li>rcca\t> are p r i ~ c c i i c d  11) 
ii~dr1>l<igtc;il-loi1~1 prcdictiims l i r  tlic irmiroi Iiori/i>n. usirig tlic irictlii,d~ Ii\tcd in l ab lc  5.3. 



' lhe 'aveiage prediction' permits simulation of a forecast fora period which is longer 
than the optimization time-step size. e.g. the prediction of precipitation for every 6 hours, 
while thc optimization step size is only onc hour. 

T o  simulatc thc uncertainty encountered in real weathcr forecasts, the uncertuinly 
muitiplier is introduced for perfect and pcriod-avcragc prcdiction mcthods. 'Tbc unccrlainly 
multiplier is used to manipulate and reduce the values obtained h m  the database to achieve 
a realistic prcdiction of the hydrological load for thc control horizon in detenining a control 
strategy. ' lhc uncenainty multiplier dcpcnds on thc data obtained from the database and is 
generally smaller than unity. The prediction of precipitation for thc control horizon can thus 
bc determined by: 

in which: 

p, : precipitation used in strategy determination (mm); 
1 : time step o l the  control horizon f.); 
u r n  : uncerlainty multiplier i-); 
P d  : prccipitation ohtaincd from database (mm); 
t : simulation time step (G) ;  

T : control horizon (-J. 

Thc 'scenario prediction' is cspccially suitahle for pcriods for which generally no accurate 
predictions can be given, e.g. a period o f a  week. l h e  scenario prediction is based on the 
statistical analysis of historical hydrological data. Ilydrological conditions are clusified into 
the catcgories: 'extremely wet', 'wct', 'normal', 'dry' and 'extrcmely dry' with respect t» the 
tiinc ofyear. 

Thc gruphs in IFig 5.6 show examples ofthe basic data dctermincd in the statistical analysis 
and uscd for sccnario prediction. The cuwcs have hecn smoothened. The graphs clearly show 

I ahle 5.4. Sccnarios for prcdicting thc hydrologicai load. 

Scenario 

Ilxtremcly wc1 

Wct 

Normul 

Ihy 

1:xtrcrnely dry 

Percentile values 

Precipitation Evaporation 

90% 10% 

80°/ó 20% 

50% 511% 

20% 80% 

10% 90% 



that the \horter thc prcdietiin pcriod (cg .  a dak). thc more extrcriic thc predicted quarititics 
oí'hoth prccipitatiori aiid evzipmxion arc íthick lincs in graphs (h) and (c)). On ihe basis o f  
siii i i lar pcrccntilc data tlie sccnariw o f  l a h l e  5.4 w r c  dcteriniiicd. I r i  tlic application o f  
thcse sccnarim it i\ assumcd that high cvapciration is asswiatcd \i ith Ir>\\ precipitation and 
vice vcr\a. a phcnimcrioii. nh i ch  has hccn cxplaincd i n  Sec. 5.2. 

In  thc prc\cnt stud?. a coinhiriation ol'thc prediction r n c t h d i  presentcd i r i  l a h l c  5.3 i\ used. 
I igurc  5.7 s l i m \  ari cxainplc o f  h r ~ w  a prcdictim olprccipitation could look. using thc three 
prcdiciiori irieihods: prr l ix t .  pcriod-a\cragc aiid scciiario. A pro\isional uncerlaint! rangc 
i\ indicatcd iii the ligurc. I'rccipitation wed i n  strateg) detcriiiinatiiiri is cho,cn f iom that 
rangc. 

In  the cx;implc. duririg tlie lir9t dn). a pcrfcct prcdiction h r  s i r -h i~ur  i i i rcnak i? availahle. 
I he pcr l ic t  and pcriiicl-aierage prcdictiiiris caii he used in coiiihination \i ith thc uriccrlainty 
iriultiplicr. A tiinc-serie\ cxarnplc (11 thi\ ['pc i~Sprediction is prcwi tcd in Scc 7.1 3 .  I.or thc 
sccond aiid ihird p c r i i d  czich covering oiic day. a pcriod-a\crage prccipit:ition prediction is 
shimn. I lic hu r t l i  pcriod shoiis thc rc9iilt o l a  scenario prcdiction. 



I 2 3 4 5 6 7 

Time (dayr) 

Fig. 5.7.  Precipitutionprediction using three diflerent methods: 
perfect, period-uverage und scenario. 

5.3.2 W e a t h e r  Forecas t s  for Real-Time C o n t r o l  

Accurucy Cunsideruliuns 

I h e  accuracy of the precipitation and evaporation forecast determined by a weather bureau 
Tor temperate zones depends on several factors, some of which are: 

the type of wcather; 
the time ofycar; 
the size of the  area for which a prcdiction 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 he made between wide-spread stratiform 
precipitation with low intensities and convective local precipitalion in showers. Stratiform 
precipitation from cloud fronts occurs mdinly in winter. Convective precipitation from 
compact and vertically oriented clouds occurs mainly in summer. Convcctive precipitation 
can be very local, showing high intensities at somc locations in the water system, while at 
othcr locations no precipitation may occur at all. The two types of precipitation can occur 
simultaneously. 

I'recipitation can vary strongly during the day and the exact moment of precipitation 
is difficult to predict for long periods ahcad, especially in summer. The probability of 
precipitation falling in a specific area, depends on the sire o f  the area considered. During 
summer, local differences in precipitation prevail. High-intensity events are more difficult 
to predict accurately than low-intcnsity events (De Rooy & bngeldal, 1992). This 



pticiii~rncn~~ri i \  associ;itcd i r  itli thc ti~tal qii;intit) prcdictcd. e.g. a riiiristorin during irhich 40 
inin Ialls in liiur tiiiuri. c m  gcricrall! riot hc prcdictcd at al1 accuratcl! 

Sirnilar to ttic prccipitatioii l i~rcca\t.  tlic accurac) of the ciaporatiori li~rcc;ist dcpcnds m the 
type o f  icc;iihcr. I Iic i ~ i l a r  r;rdiati~in rcaching ttic carth s u r h c c  and air huiriidit!. are rhc main 
I';ict~ir\ thut dctcrrninc rel t rencc c\.;ipiiratiiin (Sec.  5.2.2). I.urthcrrni~rc. thc tiinc of  year 
strwigl> dctrrriiiric\ cwpurat ion.  In irintcr. erapuration is grncrall! r e n  lus5 to r r ru .  
\\lierca\ ;i refcrericc c iapora t i i~n  111'2.5 iiirn da) is not uiiusual in surnriicr. The variat im in 
c \ a p ~ ~ r a t i o n  l i i ~ r i r  da! t0 da) is gericrall) inuch sinaller tlian in prccipiiatioii. irhich inakes i1 
Icss dif'licult I I I  prcdict. 

On  ttic hasis ofttic accurac) ~~Il i i rcc; is ts .  n d i i  ision into f i ~ u r  preferrcd li~rccast iiicthods and 
aiiociatcd peri i~d\  can he iiiadc ( l i g .  5 .X)  Short-pcriod l i~rcca ï t s  ( e g .  up to t \ ro  hours) can 
hc  c impi lcd  i i i t t i  a rclativclj high accurac) using radar ~ ~ h \ c r r a t i i ~ i i \ .  po\sihly in 
iornhination i ~ i t l i  preeipitation mea\urcriicnts (Van dcri Asscrn. 19x9: Van der I k k c n .  1979). 

l ( recasts  liir pcriods up to m e  day eticad are most accuratel) dcdiiccd from numcrical 
rcgii~rial atrnoiphcrc i i i d e l s .  I'rc\cnt-da) iii<~dcls h a \ e  a grid s izr  i ~ t ' t h c  order 111niagni t~dc  
r~í .50 50 kir1 nrid usc thc rciulti  111 i iorld-i\idc ;itrno\phcric m r d c l i  ;is h o u n d ; i ~  conditions 
(Jildcrda ct al., li)<i5). 

I~irec; is ts  liir pcriods ul ' ic icral  da!i ahcad ( c g .  onc to f i \ e  d a ) \ )  becoiiic thc rnosr 
acciir;itc \\tien riiirld-iiidc atiiii~iphcric ini~dcls are uscd (l lalkenscheid. I9XX: .lildcrda e( al.. 
1905). 

l orcc;ists f i>r  \cicr;tl Oays i i i  i \ccks a h c d  are moit  accuratel' compiled h) 
stochastieal i i i o d c l  (I%uishand & I3randsiiia. 19%). 

Scvcral studies h a i c  heen carricd ixit t0 reril' the accurac) «f  l i~rccasts  tliat result liom 
dilfkrciit lorccnii i r i c th~~ds .  Ir1 thc liicr;itiirc Iiiuiid. ml) gcricr;ilizcd liirccnst data have heen 
uicd l i ~ r  thc pcriiidi ~iI'iiitcrc\t t i ,  tlic prc\ciit \tudy. 

Vcrilicati~in studie, ( c g  I>onkcr. 10x9) gciiciall) tind thai inc tc~ i r i~ l~ ig i s t i  tcnd t11 

undcrcitiinate prccipit;ition ii i  tIi~.ir l i rccai i \ .  a phcnoiilcrion irhicli incrcascs \ii ih the 
qu;iiitit! 1l1rcc;t~icd. i tiis \ril1 he qiinlitntircl! dcinonstratcd heloir.  I>;inn ( 1993) puhlished 



verification results of the KNMI, which show that the reliability of aprecipitation forccast 
strongly dcpends on thc time of ycar. I k  proves that the most inaccurate results are obtained 
for thc summcr scason. 'i'his is probably due to the mainly convective character of 
precipitation during suminer. 

Figure 5.9 tentatively presents thc reliability of forecasts as a function of the forecast 
period. Rcliability is dcfined as thc probahility that the actual quantity «f precipitation falls 
within thc predictcd range, e.g. O - 0.3 mm, 0.3 - 1 mm, I - 3 mm, 3 - 10 mm, , 10 mm. The 
gencral trend prcsentcd by the curve in the figure is that the reliability of a forecast for a very 
short period ihours) is relatively high, whereas the reliability decreases when the period 
incrrascs t, days I;or vcry long periods (e.g. months), the reliability ofthe forecast increases 
again. 

This phcnomenon affccts the dctcrmination of control strategies for various types of 
areas distinguished in this thesis. As wil1 be shown in Chapter 7. for polder areas, a 
prediction pcriod of zero up t« several days is generally needed, whereas for hilly areas, 
predictions of several days to weeks ahead may he necessaq 

Ri.sk-Busrd Approuch 

This scction presents a theory on how inaccurate predictions can be incorporated in dynamic 
control, kecping the risk of  undcsirable situations the lowest possible. 

Suppose a large quantity ofprecipitation is predicted to fall in a polder area and it is 
decided to pump out water in advance. I3y using thc risk-based approach, the risk of damage 
to intcrcsts as a result of pumping out water, while the exact quantity of precipitation that wil1 
actually fall is not known, is minimized. 



I t i c  har graph of l i g .  5 i 0  prcscnts w i i c  01' thc results uh ich  \ \m ohtaincd i n  thc 
vcritication study i11 a rcgional nuincrical turccast inodel. I h i s  stud) was carried out for th r  
KNMI h) I k  I<ooy b2 1:iigeldal (I9'92) liir tlic pcriíid ofrnid Jul) 1'9'9 l t i l  iiiid Januar? 1942. 
'l he horimntal  axis slimr3 thc qiimtit) i i f  prccipitation liirccs\tcd iiir fiscd intervals. l he 
vcrtical axi\ i h o w  ttie pri~hahilit)  i l f  thc iiicasurcd quantity uithiri eech o f  ihc Iorecast 
intcrvals. 

I hc hars h i i i  tliat fi~rcc;ist\ Ïiir O - 0.3 inin (IK] prccipitatioti) h a \ c  a rrlativcly high 
prhahilit!  ol hciiig ciirrcct. I Iie right-hand hars i, I O inni) s l i m  t h t  i111ric o l t h c  lilrecaïts 
Sbr .- 10 iniri caiiic truc. I tiis prove\ tilat cuircrnc precipitation rvcnts c;innot b r  I i~irccatcd 
accuraiely. Moreover. when ana ly~i i ig  the total nuinher ofcxtreriic cvent\ in thc data set of 
half a p a r .  thc iiuinher of' (Orrcasts liir I0 111111 is 4 0 %  Icss than thc actual nurnbcr i11' 

prccipitalioii incasurcriicnts o f . -  l 0  inm. 

A wcathcr I < w c ; i t  sliin~ld b;isically bc USA iii rcal-time cr~ntrol (11 \\ati.r s!\tciiis thai have 
relatively rapid ruiioIl'characteristic\. I he Iiirccastcd h)driilogic;il \ar ishlcs  h r  a period 
\rittiin tlie coritrol liiirizrin are ohtairicd lioin a wcaiher bureau. At present. \beather bureaus 
can i i ippl j  tlicsc data irith a siii;ill rcwliiti<~ri 01 '  Iractiiinï <i1 onc hoiir m d  updatc thcm 
sevcral time\ ;i day. 

Siiice a liirccast iriay incorp<>riitc s rathcr Iargc unccrt;iint). tiic r i k  01  contriil actions 
bascd o n  inciirrcct liirecaht\ \h»uld he assc\\cd and miniinized. hc l ix r  cuntrol actions are 
taken.  lisirig a spccilic coiiirril iiiodc. thc riik 01' daniagr t i l  tlic i n t c r c ï t  iii a u a i c r  systein 
d w i n g  the control h i m i  ciin he rcprcwrrtcd h ) :  



in which: 

R, : risk of damage (-); 
t : time step (-j; 
T : control horizon (-); 
f' : prohahilily (-j; 
1'" : precipitation to account lor (mm); 
p/ : precipitation forecasted (mm); 
j : interest counter; 
n : numher of interests in the water system; 
U : damage to an interest (-). 

In this cquation, the damage to interests is used in thc form that wil1 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 multiplier', which is applied to thc forecasted precipitation: 

p, : precipitation used in stratcgy determination (mm); 
f : time step (-); 

r ,  : optimal risk multiplier í-); 
p, : precipitation hrecasted (mm). 

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

r; - f(P,, i, D, CM, T )  , ( 5 . 8 )  

in which: 
- 

V : vector ofwater-system variahles; 
D : damage to water-system intcrcsts (-); 
CM : control mode; 
T : control horizon (-j. 

Figurc 5.1 1 indicatively presents the risk of damage to interests as a function of the risk 
multiplier. Note that a large amount ofverification data is needed to accurately determine the 
shapes o f the  curves. The maximum risk has been set at 100 for each time step, since the 
maximum dimensionless damage to al1 interests together is also set at 100 for cach time step, 
as wil1 hecome clear in Sec. 6.2.4. 

l 'hc dark curve in the graph shows that when a low quantity of precipitation has been 
forecasted, the risk of damage to thc interests is lowcst when no precipitation is accounted 
for in the determination of the control strategy (risk multiplier = O). However, in forecasts 
of extreme events, the risk involved when underestimating prccipitation can he so  high, that 
a risk multiplier larger than unity should he uscd. 



Thc cxaniplc gi icn in the ligure shr~uld he cnnsidcrcd indicatiic. ' Ihe subject rcquires 
lurthcr r t u d .  11 \ho i \ \ .  t i ~ ~ w c v c r .  that sirnpl? uring the forecast of's uea thcr  hurcau in 
detcrinining 11f.a control strategy. is gcncrslly nol idcal and inakcs thc risk oí'performing 
incorrect c o n t r ~ ~ l  actioris higher than n c c e s a r ) .  

l o rwas tcd .  
I (l nim 
~p 

u l 3 4 

l < i +  multiplier ( G )  

/<R. i I 1  Lkrrrmining rhe rick rnuiriplirr u.ssriciuted with rhe 1oicr.st rirk 
ofdumoye ro inrrrecrr /indicurive) 

5.4 Concluding Kemarks 

Historica1 records show a great difl>rcricc hetiveen hydrological cmdi t ions  in thc summer 
and winter sciisons. In nater-system analy\is. extrerncs that occur inlrcquently are especially 
important. sincc these typicall) inducc water-s)stcm Failurc. Scvcral extreme situations ~ i h i c h  
havc occurrcd in thc past. havc heen i n c ~ ~ r p ~ i r a t c d  in thc cxainples given throughout this 
thesis. 

Various clcmciits ul'thc prediction i i i ~ ~ d u l c  ol ' the Stratcgy Kes»l\cr have been discussed in 
this chaptcr.  l o r  rcal-time control. \ieather l i recasts  have t11 he ~ihtaincd l i i m  a weather 
hureau. In this theiis. the basis liir thc prediction module is a hydrnlogical database. 130th 
data ohtaincd from a i%cather bureau and from a database h n c  t ~ i  bc proccsscd and 
i n c ~ ~ r p o r a t e d  into tlic hydroli~gical Ioad <>n the water system in order 10 ohtain a rcliable 
control stratcg) that rriiniinixs damagc 111 intcrcsts. 

In g e n u a l .  thc rcquircd prcdicti~in rcliahilit) should hc  dctcrinincd f ix  cech spccific \\atter 
systcin and he bascd ~ i i i  a ri\k analysi\. In such an analysis, the ri\k 111 incorrect prcdictions 
is asscsscd. A siinil;ir risk aiial?sii lias heen carried out isithin the Irainc\v«rk « I t h c  currcnt 
stud) by Ih>ttcrhui\ (1'107) l i ~ r  thc I'lc\cniaard \\ater system. It \%i11  nut he disciissed fiirther 
in tliis thesis, h o n c i c r .  



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 practica1 case studies of 
Chapter 7. 





Optimization Problem 

6.1 Introduction 

In Chapter 2, the various tasks »f a control system wcre discussed. ' lbe Stratcgy Resolver 
was introduced for solving an operational control prohlem fbr a certain period ahead. Chapter 
3 gave a general description of the control prohlem and possihle solutions. Successive Linear 
I'rogramming was preferred as method. This mathematical optimization method enables large 
water-resourccs problcms to be solved rapidly. 

In this chaptcr, application of the S1.P method is described and some enhancing 
features are discusscd. Special points of interest in the discussion are the speed in solving the 
optimization problem and the case of understanding how to huild the optimization model. 
150th points are of great importancc for the practica1 use of the method and for further 
research into this topic. 

At thc end of Chapter 3 the various modulcs of the Stratcgy Resolver, which are uscd to 
filrmulate and solvc the control prohlem, were described in a general way. These modules 
and their intcractii~ns are s h o w  in Fig. 6.1 in more detail. During operation, the models 
successively use data from each other. This process is callcd simuliuneoui .simuluiion und 
oplimization 

' lhe simulation module determines the water-system state accurately. In practice this 
module could he replaced hy a monitoring network, if al1 the required data would be 
availablc. The optimization module has thc spccific task to dctenninc control stratcgics. The 
optimization prohlem involved consists o f a  generalized copy of the simulation model. In this 
study, the simulatim only uses the set of control actions that bclong to optirnization time step 
r - I, in accordance with the optima1 control strategy. 

ï h c  optimization module consists of two submodules called the Construint Manager 
and the Solver. All preparations for solving the optimization problem are executed by the 
Constraint Manager. During thc simulation and optirnization loop, constraints may vary, e g .  
thc availahility ofrcgulating stmctures, updatcd linearized process descriptions. l~urthermore, 
thc prcïcnce and weights ofohjectives may vary in the course of time, because conditions 
change. e.g.: thc growing season lor agricultural intercsts; weekends and holidays Tor 
rccreatii~nul intcrc\ts. I hese and othcr constraints are updatcd by the Constraint Manager 
each loop. 

This chaptcr fi~cuses on the prcparatoiy task of thc Constraint Manager in formulating the 
optimization prohlcm. The fnllowing oh.jcctives have bccn set for the Crmstraint Manager: 



the priihlcin sliiiuid he liiriiiulatcd in wc l i  a \+a! that i t  cari he si i l \cd rapidl!: 
tlic p r ~ ~ h l c i n  \Iiouid hc kcpt a\ ;rii;ill a\ pri\sihlc: 
tlie W~~~C~-;~\ICIII proccss docriptions in\olvcd sh11uld hc a h  accurate as pm\ible. 

I he ipced in \ i ~ I i  irig an r~pt i r i i i ïa i i i~ i i  priihlern dcpcnds on prohlciri liirniii1:ition aiid thc t y c  
i i l 's i~ lvcr uwd. I hc i i~i i thcniatici~l ii\pccts o l ' t t~c  w I \ i n g  iiicthod it\cIl ' i irc ~ u t \ i d c  thc sci~pc 
o l t h c  currcnt stud), arid iirc cliscu~scd iirily hriclly i n  Scctir~ns 6 . 2 8  nnd 7 5 .  

Kecping ttie optiirii/ation p r ~ ~ h l c i i i  ;is siiiall as possihle rrieuns i i i i~dcl ing ml! tliose 
processcs \\  hich c m  he ci~ritrul lcd dircctly or indircctl) h' inekins iitrcgiil;iting siructures. 
Uhc i i  this is applicd iri thc optiini/ati~iii iiiii<lcl. a \irnplilicd dcscriptiiin i~ f ' t hc  nater skstcni 
i s  al1 that i Icli. usirig thc uric~mtrollcd ll~i\\ to m d  h n i  coritr<illuhlc suhs!;tcrn\ a5 

houndiin. coridiiiims. 
Kecpirig thc p r i ~ c c i i  dcscriptiriri\ i r i  i~pii ini/ati im accurate iinplic\ th;it the S1.I' incthod 

clioscii reqii irci inuch clIoTt ti, acliicvc accurate l incariïation I liij \uhjcit i; d w x i b c d  in 
Scctiom 6.3 2nd 6.4 in dci;iil. 

I 6.2 Forniulating the Linearired I1rohlern 

6.2.1 The Linear Model 

In  Sec 3.3. itic I i i l l<it<i i ig gcricrnl iii:itliciii;iiicnl fiirin 01 thc i ipt i i i i i / ; i t i~r  priihlciii has heen 
i i i tr i~duccd: 



Minimizc: Z(<  C), 

subject to: g,(?, C) 0 ,  i E l , . . , l ;  

X , / i X  : x  
I " . l '  

j F ] , . . , m ;  

U,, i i ui< C U", k k E l , . . , n ;  

in which: 
Z (F, U) : i~hjcctivc Sunction; 
g, i% C) : ci~nstraints; 
- 

X : vector (~Sstatc variahles; 
u  : vector ofcontrt i  variahles; 
x,, . x,, : lowcr and uppcr limits on state variablcs x,; 
u, ,, u,, : lowcr and uppcr limits on control variahles u,. 

Lincar I'rogramming assumes a convex piccc-wise linear ohjective Sunction 
constraints g, of Eq. 6.1 to he linear. In linear form, Z a n d c a r e  given by: 

d the 

Thc (m-n)-vccturp contains thc penaltics corrcsponding to the state and decision variahles 
and p' dcnotcs thc transpose of this vcctor. A is a rcal-valucd i / (m-n)-matrix and the 1- 
vcctor 5ci1ntains thc extcrnal inllows and (~utf l i~ws lo and Srom thc boundarics of the water 
ystein over time at cach suhsystem. 

I'he basis Sor the model are the continuity equations h r  flow and pollution. I'he structure OS 
this Network Programming problcm yields a sparse matrix A in Eq. 6 . 2  'lhe addition of 
lincar side constraints resulting Srom linearized process descriptions, translomis this prohlem 
into an 1.1' prohlem. The matrix A however still reinains sparse. 

6.2.2 Forward Estirnating 

In lincar ini~dcling; much c f h t  is generally spcnt in dctcrinining an accurate reprcscntation 
ofnonlinear rclationships. Nonlincar relatimships have to bc linearizcd, preferahly in such 
a way that thc lincarization process does nut violate thc ilriginal nonlinear hchavior. 

In thc control prohlcm defined, it is most likely that the system state at the end o f thc  
cmirol  horizon is quite diSSerent lrom thc system state at the hcginning. ' lhercli~re, 





in which: - 
V : vector of optimization variahles; 

L : function of ; ; 
V : nabla vector; p" = [a/Jv,, a/&, , .. . Û/av,], 
' lhe principle of lonvard cstimating can hc used in the description of water-quantity and 
water-quality processes. An cxample of the latter is the transport of pollutmts between 
subsysteins, while the direction of flow is not known in advance. If the actual water-system 
b a d  does not diffcr h m  thc one prcdicted for the control horizon, the flow and its direction 
arc known exactly from a previrus cycle. In practice, thc system laad may change as soon 
as more information hecomes available at simulation time r. For this reason, forward 
estimating requires small and gradual changes in system load and thus a limited size of 
optimization timc step Ar. 

Forward estimaling rcquires initia1 estimates at thc start of the simulation and optimization 
loop (r - 0). Initia1 estimates can be set fixed or c m  be estimatcd hy usc of the simulation 
modcl during the time steps r F ( 0 ,  I, .. , T), using an estimate of the Control Strategy. 

Furthermore the foward results at the end of thc control horizon t = T are not 
availahle during successive forward estimating cycles, therefore the data of T-  l can he used 

6.2.3 In te res t s  Modeled in t h e  Objec t ive  Funct ion 

A water system can bi: divided into areas, structurcs and flow elements, ; is shown in F i g  6.3. 
Each area can consist of a numher of suhsystems e.g., groundwatcr, surface water, urhan 
drriinagc. Thc ohjective of water-system control is to satisfy the rcquirements of al1 interests 
prcsent in that water system. ï'he satisfaction of these interests, as described in Sec 3.1, can 
be exprcsscd in watcr-systcm variables such as groundwater levels and pollutant 
concentrati»ns. 

The rcquirements of each interest can he incorporated in the objective function Z(Eq .  
6.2) by damagc functions D of system state variables x. Each damage function penalizes the 
deviation ofthe statc which is requircd by an intercst in a suhsystem. ' n i s  approach is known 
as Nonpreemptive Goal I'rogramming (Sec. 3.4). Thc ohjectivc function for one time step 
Ai of the control horizon, can he written as: 



In l x .  6.h. U,,(x)  reprcsciits dairragc hnc t ion  j Sor isatcr suhs)\tciii I .  C'ocfiicient W,,, 
rcpresents the ivcigtit o f  an area in tlic objcctivc f u n c t i m  Cocllicicnt K,) , ,  cxprcssci the 
rclativc iinpi~rtancc ol'intcrcst j in Liater \uhs!stcm i ni thin a particuiar arca. 

Additional penriltic\ l i ~ r  opcrntiiiris are dcscrihcd h) tlic la\( part i 1 1  [q. 6 . 6  I h r o u g h  
cr~cfticicni\ W,, thc ii\e ofrcgulatirig \tructurci can be influcnced. I tiis option can bc uscd 
111 creatc a thrcstiold lor thc opcratirirr 111' \tructurcs and prevent iinneccssac operations. 
I he\c ci~cllicicrits ~ o u l d  he ii\cd ;r\ \\cl1 ti, dctcrininc opcratim;il scqucnccs o f  rcgu1;iting- 
structurc units. 

I he  valuc ~ i f  soiiic iritcrcsls i \  Iiard t18 dcierininc ~ihject i i  cl).  C~~i i ipar i son  111'thr output o f  
agricultiir~l produce arid thc Laluc i i f q u a t i c  lik in a \\ater iystcrii. p r c w i t s  ;i scrious rating 
prohlcm I i i  cnuhlc ireiyiririg ir ith~iiit Iiei iny t i ]  dclcrriiinc thc c i ~ i i s  i11 dainrigc cïplicitly, a 
dimcnsii>nlc\s ohjcciivc tunciioii ha\  hceii developcd. 1)ctrniiiiiiiig tiic daniage aiid th r  
wcighirig l i l  iritcrc\t\. is u prw.es?. itliicti is dr\cu\sed in Chaptcr 7 .  

Ilarnagci cuii he n\\igncd l i ,  kc\ ~ w i o h l c i .  c g . :  \\uter Ie\ els: pcillutaiit cmccnirations. 
iirupli (a, 01.1 tg. 6.4 \tioii, ;in cï;iiiiplc < > f  U dainagc lmctii>ri o1 a ii:ilcr-s!iii.iii kc! iariahlc 

x, 

O n c  or iriorc cl;iin;igc liiricti<>iis iaii hc  u\cd t i ,  rcprcicnt an intcrc\t. I tic darna-c fuiiction 
iricorpi>ratc\ n pcnalt) p i ~ r  a ncgatiic g:iin to thc overall ~ h i c c t i v c  01i1111tr0I. I h r  pcnalt) is 
x r o  ifii  \iih\!\tciri i \  in i t b  dc\ircd \ r ;~tc  ;irid i t  inercase\ irith d c ~ i a i r i ~ r i \  lroin thc dciired 
statc. 



KC) variablc q Waicr I cv r l  h 

f i g .  6.4 il.i,nlineur durnuge funcrion /u) und r1.r I ineur izedJ~rrn /b) 

l.ach damage Sunction incorporntcd in the oh,jective function ( t q .  6 . 6 )  has to be piece- 
wise linear and convex tn permit the usc oS1.P. Graph (b) of Fig. 6.4 shows schematically 
how a damagc Sunction can he lincarizcd t11 meet the required l i~nn .  Ikpending on thc 
requircd accuracy with which thc nonlincar-damagc fiinctinn is given, more or Icss line 
segmcnts in thc lineari~cd function are rcquired. 

In order to kccp the ohjcctive function dimensionlcss, penalties in thc ohjective 
function have the iniersed dirncnsion of  the key variables they are assigncd to. From thc 
damagc Suncti~in thc following rclatiimship can be abstractcd: 

in which: 

P : penalty ( c g .  m '); 
D : dirncnsionlcss damagc í-); 
xx : key variahlc (e.g. m), x, i [x ,.,,,, x ,,, 1 

Thc damagc Sunction reflccts thc h a m  tu; i ~ r  loss of a pnrlicular interest. l o  enahlc weighing 
dintcrc i t s ,  rcprcicnted hy damagc Sunctions, the damagc is considercd to have reached its 
maximum at onc of thc limits <IS a pre-dcfined range of a kcy variahlc (x, ,,, or x, ,,J. 
C~~mparisori ofunequal interests is furthcr cnahled by fixing thc maximum damage oieach 
interest at maximum D,,,,, which cquals unity. 

TI, cnable meighing OS unequai interests, a niechanism is used to determine the mutual 
wcights CIS intcrcits in a watcr systcrn. Coinparison of watcr systcms is possihle by 
introducing a maximum damagc l i ~ r  an cntire watcr system during one step of thc control 
h«rimn, which equals 100. In modcling this can he accomplished by the following equations 
(sec als11 l iq .  6.6): 



In 1 . q  6.8 .  c reprcscnts a \a luc  uhicli  c m  he neglccted coinparcd t i i  tlic nimn of 100. I h e  
valuc I I ~ E  is chiiseii SU iinall that rep la t ing  structurcs wil1 only he operutcd \\lien necesïary 
( c g .  0.01 j. I f w .  thc \tructurcs arc operilkd hc l i~re  any daniage can i u u r  T h c  optimization 
p r w c s i  thui cn iurc i  ihat thc iotiil dainagc 10 al1 intereïts prcscnt in thc ibatcr s js tc in is 
ininirnal 

I i g u r c  6.5 prcscnts iinaginan cxainples of piece-wist lincar d;irnagc tunctions Tor 
scvcral iiitercsts. I tic l incariat i im of a s t rmgly  nmlincar  daiiiagc íùnctiun can he 
accornpliclicd hy delining s x c r e l  lincar line scgments, uiider ihc rcstrictim that thc funct im 
is convex. 



6.2.5 Runoff Modeling 

The optimization model is hased 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 hehavior. 

Figure 6.6 shows the various flows to and tiom a groundwater and a surface-water 
subsystem. The combination of these suhsystcms can he used to model the Jive types of real- 
world suhsystems: urban drainage, urhan surface water, urban groundwater, mral surface 
water and groundwater (Fig. 1.3, Page 2). 

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

Groundwater suhsystem Surface-water suhsystem 

Fig. 6.6.  Groundwuter and .surface-waterf1ow.s modeled in optimization, 

The model incorporates the following directly controlled flows: 
flows via regulating structures: pnmping stations, wcirs, sluices and inlets (Q,) 

'The model furthermore incorporates the following indircctly controlled flows, resulting from 
differenccs in groundwater and surface-water level: 

groundwater flows betwcen the groundwater and surface-water suhsystems of 
different areas (Qxxa and Q#,,), e.g. regional groundwater flow and shallow seepage; 
surface-water flows hetween surface-water suhsystems of different areas, i.e. flows 
through canals (Q,). 

Finally, the model incorporates the Sollowing uncontrolled flows: 
percolation and capillary flows from and into the unsaturated zone (P, and C,); 
external groundwater flows t« and from groundwater and surface water suhsystems 
(q,, and q,,), e g .  deep seepagc or infiltration; 



rur io l f  to i i i r i c c  water i i i i i r i  \arious tjpt.5 u f  surlices (K,). c g . :  r t in~i fT l i om \?mi- 
irnpcrincahlc wr l ' xcs .  rur i i>ï i  l io i i i  i i i i cmtrd lcd s c w r  \! j tci i i i :  
prccjpitati i ,~ into ;ind c i i ipora t~ i~r i  Ironi w r h c c  iratcrh ( P  m d  I:,.). 

l he Iliiw i5hicl1 ;irc curitriillcd direct!! i ir  iridjrcctl). are incorpirutcd in thc ~~pt in i iza t ion 
prohlciii i i s  iari i ihlci. tlic uncimtrollcd intcrnol and cxtrrnal ilciirs are iriciirporated as 
houndan cimcliti~iris AI1 homdan. ciiriditioni are dcterinincd h! thc przdii t ion in (~du l r .  

6.2.6 Network Model 

As described in Sec. 4.1. a i ia icr  \ystcin can he reprrsentcd sclicriiaticall! h) a s!stcni o f  
arcas arid hmmlarics. ci~riiiccted h! flinr clcrncnts. I h i s  s)stcin can bc dcpictcd as a nctwork, 
in wliich arcai and houndarics are reprcicnted hy nwics. and f lmr cleinents are reprrscntrd 
hy are\. I igurc h 7 i\ s rcprcscntatioii 111 tlic cxarnplc rvatrr iystcnr in i i c l i r~ i rk  fi lm icomparc 
big. 6.3). For siinplicity. tlic arcs hctrrccn w r l i c c  and groundwatcr \uhs! sterns \rithin ai1 area 
are iiut slioi*ri i r i  ttic l i p r c .  



Timc nodc 
- F*:::; 

Fig 6.8. Wuter-.sysiem neiwork expunded in time 

In Fig. 6.8 the nodes at i - I are called husic node.s 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 successivc time steps are called time norles. 

At the hasic nodes, the initia1 stdtes of the areas of the water system are modeled as 
inflows, e.g. the initia1 filling oí'thc surface-water subsystems. 'The nodes are connected by 
tran.sportution urc.s within a time step and by storrrge arcs between time steps. The 
transportation arcs represent ílows through flow elements during a time step, the storagc arcs 
rcpresent thc storage in subsystems. 

Figure 6.9 prcsents the basic structurc of ihe mass balances for the time nodes. In the 
optimization modcl these balances are described by water quantity and water quality 
coniinuily conrtruinl.~, in genera1 format: 

in which: 
v : water-systcrri variable; 

V,, : inflow into a node; 
Vow : outfl«w fri~m a node; 
t : optimization time step. 

It should he mentioncd that the transportation arcs dcscribed above represent flows al a 
certain timc (time-independen/ frunsporiufion arcs in Fig. 6.10). 

In principle, it is possible to model arcs that include a time component in flow, where 
thc size o l a  time step dctermincs the timc required fot a wave to fluw from one subsystem 



til another. Sucli arcs are callcd iitne friin,i/~or/oiiot~ urcs hcrc. Optiiniïaiion niethods. using 
tiiiic tranbporlaiion u r c  h;iic hccri appiicd b) Ncugchuucr et al. ( I  991 j und Nclcn 1 1992) for 
\ c w r  ne t \wrks  

I iiiic transportation arcí  caii present m inticrerit prohlcin iSthc penaltiei assi-ricd t 0  Ilo\\s 
through these a rc i  are Iowcr ihan tlic pcn;ilties assigned t11 11»\\s iIir<,ugli i iorage a r c s  I h e  
prcihlcm cmcrgcs i i i i  particular r w t c  ihroiigti the nciwork Sriiin r - I 10 r T. c m  he chmen.  
u h i c h  conrists l i l '  tiinc tr:insp~~rtaiioii  arcs ml!.. Iluring s!stciii Inad\. \\hiel1 result in 
undcsirablc storagc u l c u c c s i  \rater (>r pi~lliitants in suhs)stcrii\. it i iri~ild hc ad\aniagcous 
in oplimization t i )  stccr iill exceís  storayc f111\\ \.ia time tranïp<irt;itiori x c s  inctead of via 
storagc arcs. I irnc triiniporlation arci ihus keep thc undcsirriblc s u b s t a n c c ~  in transit. in fact 
rc inwing  t h c ~ c  \ ~ i h s t i ~ r ~ c e s  lrom thc i n ~ ~ l e l c d  water i).stcin. 

A n  csaiiiplc o l s u c l i  a plien~iinenim ir a (\\<)-area watcr iystciii. u i t h  a ci~nnect ing 
puinping s tat im that discliargcs in m e  dircctii~ri and an i n k t  tliat di\chargcs in the oppmsite 
direciion. shrmn \clicinatically in diagram ( h )  in Fig. 6 .10.  The optiinal flo\vs through the 
nct\vork wil1 al i iaqs ctioosc ihc route \\ith thc lo\ tc í t  penalt). Iluring pcriods (~Srxccss ive  
ua tc r  ~r pullution irillm\. thc i~ptiini/.ation rcsult show\ the target storagcs in the suhs)stcins. 
c tmhincd  i\ ith a con\iant Ilciiv tlir~iiigh thc pumping station aiid ttic inlct. 

l>ecis ive Iilr thc phcrionicnm incntioricd. is krhcthcr thc optirni/atiori model includcs 
penalties f i ~ r  tr;trr\pi,rtati~~n arid \\ticther thcic are Ioircr than ihc pcn;iliicí lilr \ t i m g c .  In 
genual .  ihc pciialtiei lor transportation i ia structurer are inuch I ~ n \ c r  tiiari thc pcneltics kir 
\ioragc. siricc tlic wuctiirc', are speciliiall! iritendcd t i l  he uscd it iiridc\irahlc \uhstances 
enter the \\ater s) i tc in.  In pructicc. thc pheiioinenon nientioncd \ \ t i l  \ho\\ up \\lien nare r  
systcms that ciiritaiii hiith drainage urid \~ ipp l )  Wucturci  are i n d c l c d  I l i i í  situation csists 
in tlie iiiajoriiy i~ l 'wa tc r  iystcins in ihc Ncilicrlaiids. 

In c~incliision. tiiiic iran\prirt;itiiiii arci  can ml) he uscd in iiptiiiii/.atii)ri inodels (11' 
\\ater \)sterns il'thc tlinv is iirii-dircctií~ri;il. Siiine sc\rer s)\teins can he schcrna t i~cd  in this 
\va) i ~ r  actually cvcn t iwc  thc rcquircd I;i)out. I Ioucver. I~iopcd i i c t i ru rh~  cariniit he i n d e l e d  



using time transportation arcs. The present study focuses on the general water system and 
therefore time-independent transportation arcs have to he used. 

arcs 

I 1 + 1  

Fig. 6.10. Time-independent transportation ares fa) 
und time-dependent fransportation arcs f i ~ .  

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 incrcasing the speed in 
finding the optimal solution and for the flexibility available in modeling. 

In thc Constraint Manager, several mathematical modeling approaches for describing 
the physical water system can he used. In-depth discussion and performance considerations 
with respect to these approaches can he found in Hoogendoom (1996). 

'l'wo approaches are discussed here: a generalized network approach with side 
constraints, called 'generalized network' and a general-LP approach, called 'genera1 LP'. The 
following discussion focuses on building the network and how damage functions can be 
included in the optimization model. 

Ceneralized Netwnrk 

' n i s  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, al1 variables within a network must 
have the Same dimcnsions. 

Thc pure network-type equations follnw from the water-quantity and water-quality 
continuity equations fix each node: 



in n l i i ch :  

Al', : chmgc i n  \\eter wilumc in i i ~ idc  ti ( in'): 
: total inI lo\\ irito riode 11 (tr i3): 

IQ,,,,,, : t (~ ta l  ~ ~ ~ i t l l ~ i i v  lrnm iiode r7 í ~ n ' ) :  

1 : iiidcx Iur pollutanti. 
AK,,, : change in pollulani j iii i i ~ idc  11 (kg): 
EK,,,,,, : total i n l l ~ i i r  ~ i I 'p~ i l lu tar i t /  into node 11 (kg): 
LK,,,,,,,, : total outllo\v ofpdlutar i t  1 liim node n (kg) 

I:qiiatii in 6.10 is linear i n  i ~ i l u i n c  chan~.c. hut iionlinear \ \ h m  surtace-water le\cls are 
iubi t i t i i tcd l i ir  Al'".  hccauic the rclutiimitiip hetv.een iratcr levcl arid \ i i luinc i n  surface- 
\+uter iuhs)stcins i i  iionliricar. as \\i11 bccmric clcar in Sec. 62.9.  

I n  thc gencr;ili/cd net\r.ork a time-cxpandcd nct\víirk as sho\\n in l i g .  6.8. rhould bc 
c(~nstructcd h r  thc \%ater quantit! niiidcl and also fiir thc inudcl o l  cach iratcr-quali& 
variahlc. I 'ol lutmti arc inhcrcntly transpoflcd n i t h  ivatcr that f l i i i rs thruiigh net\r»rk arcs. 
I h i s  can bc inodclcd b\ rncani u1 'rictirork liriking' of water-quariiit) and nater-quality 
nctuorks. w i n g  tlic cquation\. 

i n  irt i ich: 

K; , : flo\v olpollut;int j througli are i (kg): 

", , : conccnir:ition <~I'pullutant j in are i ik&'inJ): 

(I, : iriiter qiiantit) I l o i ~ i r i g  througli are i (in'): 

c , , ,  , : crinccritratiiin ofpi~l lutar i t  j i r i  thc ;ihstractioii node o farc  i (kg  in'): 
i : are nuinhcr: 

i : index lor pd lu tanh.  

I t i i i  l inkiiig cquatiim ii quadratic iind tlicrcliirc a linearized apprmiiiiation ihould bc addcd 
ti) the iiptiini/aiion inodcl as a sidc constraiiii. A spccific prohlciii u i  1%. 6.12 is that i t  
dcpcndi iiii iar iahlei  ( i 1  \rti icii ttic het1;iiior has already heen dcscrihcd h) lincarizcd 
cqu;itirms ;tricl tli;it i t  rcquircs ;idditir>ri;il Ii i icuri/aii~in. Such lincarizatiírri c m  hc achicicd. hut. 
a\ pri i \cri  hy  Vrcdenhers i I Wh).  tlic i~~ i tco i i i c  o l thc i,ptirniïation pniccsi \ c n  iniich dcpcnds 
<>n tlic uccuriicj o l t l i c  prcdictcd i)>tcr>i l1,;1<1. 

I i ir ;ill \\;itcr-qu;uitit> ;md \\;ltcr qii;ilit)-\;iri;ihlci uh ich h;i\c 10 hc cmtrol lcd. a piccc\\ i ic- 
lincar c i in\cs dairiuge ï t i i i c t i i i i i  ha, t i >  11c dclincd i n  tcnns ol'\i>luinc or inass. c g .  a water 
Ic\c l  in thc iurlacc-i\;itcr ~ i i h i ~ s t c i i i .  Oiic cliiiiiagc lunctiori c m  hc i i i i p o d  <in cech itilragc 
are ( l i g  h l  I iii tlic i ict i i i i rk ii i i idcl. 





I t  shciuld he notcd tliat ttic decrcaiing nature u f t h e  f i r i t  linear linc \eginent implies 
that the pcrialty lor thii  sectiim is ncgat iw ( c g .  p, K O). A dariiagc lunctir~ri [hut has a 
tiiirizmt;il linc scgincrit prcscnts a w h x c  M rth a penalty o f  /ero. 

Generul LP 

In gcncral LI' thc inodcling rcstrictiim that cacli nctwork rariahlc has to bc csprcssed in the 
sainc type of  unit, eg.  voli~iiic. does not appl).  Iherefore.  in this approach. continuit> 
cmstraints can he li~rinulatcd in water lc\cls h. Ilows t) and pdlutaiit  cmccntrat ions r .  T h c  
tolloiviiig cqua t ims  are valid Sor cach nodc of  thc net\vork: 

in which: 

h,, : water level in node n (in): 
X h  : liinctioii lili biater-level change: 
Q ,  : total iriflo\i irito nildc n (ini!s): 

x(),,,,,, : total ~ i u t f l ~ i w  iklm r i ~ ~ d c  rr (in' i ) .  
i : index li11 in- and i ~ u t l l ~ ~ ~ r i n g  arcs: 

C * ,  : concentration ofp(~ l lu tan t  j in nodc n (rndl) ;  

R? : fiinctir~n 1<1r change in pollutant-concciitratic~n: 
c,,,, ,  , : int lou conccntratii~n of  pdlutant  j int11 node n \ i a  are i ( m g  I): 

Q,,,,,, : total inllow int0 riode n r i a  arc i (rn'Vs): 

l : index l i ~ r  pollutaiits. 

In gcnrral 1.1'. \rater-qiiiintity aiid iratcr-quiility iirt\iorks are linkcd b! incans o f  [he 
l i ~ l l o u i n g  cquution: 

in which: 

c , ,  , : ci~nceritration r ~ l ' p d l u t a i ~ t i  t r a n y n n e d  hy arc i to  its d c l i \ c e  nude (in- I): 
C,, , : c«iiccntratii>ii of pdliitant 1 in thc ahstraction nude o l a r c  i i i i ig l ) :  

i : iiidcx fiir polluiant\. 

Th i i  linkirig cquatioii i \  lincar and c m  he suhscitutcd in thc continuit) cquation h r  pi~llution 
([;q. 6 . 1 4 )  direct \>.  

I.or cach state iariahlc .x a picccivisc-lincar convex damagc function caii he dclined. Suppose 
thc darriage function o 1  l i g .  6 .12 has ;i target valuc o f x  - f .  I h i  daniage function can be 
dc\crihcd in a v c ~  Ilcxihlc \ra!. h! dcliriirig linc segment? onc tii liiiir zind impoiing thc 



solution of the optimization process to produce a water-level-damage combination which is 
above or on each of the lines. 

T o  apply this technique, an additional optimization variahle q is required in the 
objective function (Eq. 6.6) for each damage functiun D ( x ) .  The purpose is to force the 
solution to he on the damage curve. 

x,, 5 ,  x>= x x1 
%ale variable x 

Fig.  6.12 Generul LI' mtideling of upiecew~se-linear dumage Junction. 

The line segments of the damage function can he describïd by functions I, o f  variahle x, in 
combination with the restriction that the solution has to he above or on a h e ,  the following 
inequality is obtained: 

in which: 

'1 
: lincar function descrihing damage function linc segmentj; 

x  : water-system state variable; 

PI : penalty for damage-function line segment j; 

d, : damage at intersection of I, with the vertical axis ( x  = 0) ; 

l : index for line segments; 
11 : damagc variable (-), generally q C [O,  I ] .  

7 . h ~  optimization variable q should he scaled in such a way that it ensures a solution of the 
damage function and does not interfere with other variahles. For sealing purposes the 
weighing coefficient ofthis variahlc in the ohjective function c m  he set to the arbitraiy value 
of unity. lnterfcrence with other variables can he excluded by using the q-variahles for 
detcrmining the damage to state variahles only. 

Whcn a range is dcfined in the damagï function for which state variahle x kas no 
damage, a horizontal line develops. The constraint in the optimization model, which 
describes such a linc, is unnecessary and can thus he removed. 



6.2.8 Choice of Approach 

A ~ c i r d i i i g  t i >  I Iiio:ciidriiirii i I W h )  tlic i ic i \ r r~rh i i i i~dc l  tiiiti \idc i o i i ~ t r ~ ~ i ! i t ~  ctin he \rilred 
Ia,ter tli;rii i l ic -ericr;il I .I' ir i i~dcl. iisiiig t i i i  I l' si i l icr. Si>liiiiori ipccd \ir«rigl! depcrids i i r i  thr 
c I g r i t 1 i 1 1 1 .  t t i i ~ i i ~ l i .  l l i \  gcncr;iI i o i i ~ l i i ~ i ~ m  I\ that \oIvcr> i11  !\Iiiiti thc algi~r i i l i in 1s 
h a d  iiii tlic Iritcriiir I'iliiit iiictiiiid I I crl;ih!. IY'lh] perliirii i cm\idcrahl) hcitcr than síilverï 
i i l i i c l i  orc h;i,cil r i r i  i l i c  5iii iplcs iiicili i i i l i l l i l l i c r  t2 Iicheriiiaii. IO'JOI. liir hiìtti i i iodcliiig 
appri~;icI ic~. Speed iiiiprii\ciiiciii, h! ;i factor Iour are rcportcd lor  li itcriiir I'uiiit iiicthiids in 



coinparison with Simplex methods when applied to water-control problems. For this reason, 
an Intcrior Point mcthod scems thc obvious choicc. 

IS an Interior Point mcthod is uscd, the solution spccd of  a gcneralized network 
prohlcin is slightly better than that o f  general LP (approximately 15°/%). Combincd with the 
described difficulties in formulating an cfficicnt gcncralizcd nctwork, gencral 1.1' has been 
prclbrred in thc preicnt study. l a b l e  6.1 shows a comparative overview of the above 
discussion. 

l a b l e  h .  l .  Comparison o f t w o  approaches for building the optimization problem, 

Approach 

Type of optimization 
variahles 

I;nits 

Charactcristics optimizatiun 
matrix A 

1 ypcs of constraints 

U'atcr quantity and quality 
linking 

Sealing of variahles 

Scaling ofcqualiims 

lixtendahility of thc mmiel 

I'ríihlem solving spccd using 
m interim point mcthod 

Generalized network General LP 

Volume, rnass 

m' and kg 

Murc cr~lumns ivariahleij 
than rows iconstraints) 

Mainly equalities 

Rcquircs additimal 
linearizations; can producc 
unstahle results 

Complex, in comhincd 
miidcling of water quantity 
and watcr quality 

Complex 

As occur in process 
descriplions 

mm, mmlh, m, m u l ,  etc. 

(iencrally more rows than 
c<~lumns 

Mainly inequalitics 

Rcquircs n« additional 
constraints or linedrizations 

Can bc gcncrally determincd 

I,css complex, similar for 
water-quantity and watrr- 
quality modeling 

Ilclatively easy 

Slightly Iess Sast than 
@eneraliz.cd network 

6.2.9 Frequently Used Relationships 

In thc íbl l r~wing sections, somc relationships are used liequcntly. Therefore they are 
summarired and generally descrihcd herc. It should bc mcntioned once more, that modeling 
(]f scwcr systcms is not dc5crihcd cxplicitly, but is similar 10 surlacc-water modeling. 



I.'iyure 6.13 slioii 5 \c\cral propcriie\ o f a  surlicc-\rater w b s ~ s t c r i i .  i i iu r  fiinction, are  
uïcd t r i  dcscribc tlic reiaiilln5hip hciiiccii s~irlacc-\iater level. surfiice-iiatcr area and surfiicc- 
water v d u i n c  in ihc. ~ ~ p t i r n i ~ a i i ~ i i i  i i i i~ Ic l .  

I he  ' vdu i i i c  íiiiiction' f l í l ~ J .  iiliicli depend\ (in thc irater Icvcl li in a whs) \ t c in :  





A groundihatcr \)\tein coiisists ~ i l a  iai~irutcd arid ;in un\aturatcd mnc.  In i~p t i i i i i ï a t i i ~n  onl) 
tlic saturaicd n inc  i s  incorp~iratcd l h c  prcdiction inodei pri,\idcs nn cstimatc 01'  thc 
intcriictions het\iccn thc wturetcd aiid t l i t  uiisaturutcd zoric\. Iii thc approach chosen. i t  is 
a\surncd tliat tlic n i~i t i ie l  inllucncc hctnccii tlic\c mncs as a r e d t  o lc i~r i t r i i l  actions ml!. is 
sinall during tlie c imt rd  I i ~ ~ r i m r i  and c m  ihu\ he neglccted. 

I t i c  rcsiiltirig dillcrcncc hct\\ccri pcrciilatiiln I', aiid capillw! risc í', i s  takcri as thc 
hiiuii<l;rn c~indit ioi i  !<,r thc ~ o i i t i r i ~ i i t ~  c im\ l r i~ i i i i   fth he \uturaicd /O~IC I igiiri. 6.14 \hn \ \ i  the 
grixind\rutcr siih~!stciii as inodclcd i r i  i ip t i i r i i /at i~~n. Notc thet tlic grixiiidiietcr \iihs!stcin 
doeh rio1 t ia ic u hi,tt~iiri level 

l 
f 

b 

. j  .~~~~~ 

A 

'l , . ,  

In  ttiis scctiim. i l i c  iritcractioii hctiiccii thc gri>iind\\atcr urid wrlacc-\inter \iihs!stcnis oí'onc 
area a\  \ \c l l  a\ l l ic cstcrnal ii i- aiid i ~ i t l l i > i i \  \iill hc discu\scd. Scctiiiri 0 4 . 6  descrihe\ thc 
llii\i i. hcti icci i  griii i i idirnicr ziiid ir siir1;ice-\\;itcr iuh i )  stciris iii diI'ícri.rii arcas (Q,,),,,). 



Iattcr can be uicd to model physical drains in the ioil or to model surface runoff in rural 
areas. 

For cach groundwater suhsystem two types of constraints are distinguishcd: continuity 
constraints and side constraints. 

Confinuity Con.>lruint 

'1 he continuity cmstraint for the groundwatcr suhsystcm as s h ~ ~ w n  in Fig. 6.14 yields: 

in which thc liillr~wing are: 
optimization variahles: 

h, : groundwatcr level ím+reT). h, c (--,m); 
: gr~~undwater discharge (mJls), Q8 !, r--", m); 

xQX,,, : inlliiw via groundwater fl«\\: elcments frt~m other a r e a  (mJ/s); 
inodcl parameters: 
t : optimization time step (-); 
AI : sizc of oplimization time step (s); 
forward-cstimatcd parameters: 

pre : pcrcolation in thc previous cycle (mm'h), P, i [O, n); 

C,. : capillary risc in thc prcvious cycle ímmlh), P, C~ [ O ,  m) ;  

p. : cf'fcctive s t ~ ~ r a g e  cocflicient (-j; p' c (0, 11; 
time-series data: 

42* 
: unc(~ntrolled external flow t11 the groundwater subsystem immlh), QR, 6 (--,m). 

l f  thc ~ a t c r  Icvel in thc groundwatcr suhsystem riscs abovc thc soil-surface level, the 
effcctivc storagc cocfficient of the  soil is not valid anymore. l he continuity constraint Eq. 
6.23 prcscnts the change in water Icvc! and thcrefi~rc it can also be used to descrihe water- 
Icvcl changes ahovc thc soil surface. In that case, thc cf ic t ive  storage coefficicnt p is fixed 
to unity and thc cxternal houndary flows of percolation and capillaiy risc (I:ig. 6.14) are 
replaccd by precipitation and e\,aporation. This approach enables the formation of puddles 
on the surlacc, whercas impossihic riscs in groundwatcr Icvcl are prohihited. 

'lhc groundwatcr and surfiicc-water sirhsystcms intcract via the groundwatcr discharge. lf the 
groundwater levcl is bclow thc level ofthc drains, only slow discharge through thc soil takes 





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' a 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 In 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: 

in which the following are: 
forward-estimated parameter: 

E g  
: certainty parameter for direction of groundwater flow (-), cc, E (O, I j; 

model parameter: 

u, : accuracy parameter (m-'), u, E (O, -j. 

When the accuracy parameter a, is increased to infinity, the above equation acts as a step 
runction. If the accuracy parameter is set well, the equation yields a value of almost unity if 
the groundwater level is wel1 above the surface-water level. A very small value results if the 
groundwatcr level is wel1 below the surface-water level. 

The value of S,, can finally be defined as the weighted sum of the soil inflow- and 
outflow resistances: 

in which the following are model parameters: 
Sr# ,U : soil outflow resistance (s); 

,, : soil inflow resistance (s). 

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 

Wufer Quunfify 

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 to the bottom level, it is empty. 



1:iiipiy suhsystenis represent a xparn tc  type olproblcrn in iiiodclirig. In optiniimtion. 
water lcvcl i  h, ihíiuld ni>t M I  hc l i~ i i  thc hiittoin o f  1t1c whij \ tcr i i .  Iliis is c\pecially 
impi~rtant  in iiri~dcling urSacc-ibeicr qualil! 

As  uil1 hccilinc clcar \\hen dc\crihiiig thc ini~dciing i~l'rcgulating itructurc5 (Sec. 6.4). 
a situation inlay occur \\ hcrc niorc water i \  \vithdra\n liim tlie surtacc-\vater \tibs!stcrn than 
uvailahle. In t h o x  casc\. t i l  ciisiirc ttiai itic \rater dcpth /-l, d 0. addit imal  rneasures have to 
bc takcn. Ihcrc l i~re .  !he urlacc-\c;itcr iniloir variable Q,, is i n c l u d d  in thc model. irhich 
abstracts water fiiirn a virtual r c w r v ~ ~ i r .  I his v;iriable is addcd t« thc ohjcct i ic  flinction LJq. 
6.6. witti a largc pcnali). to rcstrict it\ iiic Io tiiose cases whcn no iitlicr iiptiiini are availahle 
10 prcvent ttie surllice-\vater levcl froiri i i l l ing hela\\ the suhs!stcin hotcoin ( H ,  ,' O). 

Scveral p h y s i ~ a l  I loi i i  ti, and liom tlic \urhcc-water  suhs)\teni can he distinguishcd: 
diichargc liilni ihc groiirid\vatcr whs!\tctn o l t h e  sainc area Q,: 
di,chargci Iri~iir iithcr areas via llinr clcmcnt\ (Q,) such as rcgulaiing structurcs Q,. 
cari;ils Q, and gruurid\\ukr lli~ic O,,,,: 
cstcrnal irillinih liilin nutsidc tlic iii<>dcIcd \\ater systcm y,., : 
runiill ' l ioin \;irious 15pcs i i1surl icc\  R , :  
prccipitutioii P and surfiicc-\\atcr c\api~ratiiin E,, 

I.ur the surfdcc-\\titer suh\ysicirr <ml) a coriiinuii) ci,ri\traiiit i i  rcqiiiri-d. 



in which the following are: 
optimization variablcs: 

h, : surfacc-water level (m+ref), h, F [O, m); 

QR : groundwater discharge (m'ls), QK C ( - m ,  m);  

IQ, : inflow via modeled flow elements (m3/s); 

Q U A  
: flow t« prevent the surface-water level from falling below the subsystem bottom 

(m'ls), Q,, t LU. -1; 
model parameters: 

A ,  : area of surfacc water (m2); 
l : optimization time step (-); 
AI : size of optimization time step (s); 
time-series data: 
P : precipitation (mm); 

EL : surface-watcr evaporation (mm); 
Y ,, : extemal inflow into the surface-water subsystem (mmlh). 

The left-hand sidc of this equation represents the volume change in the surface-water 
subsystem per second: AV, . This function is nonlinear and has t« be linearized by using a 
firsl-order 'f'iiylor approximation (Eq. 6.4): 

in which the following linearization constants represent: 

af" 
(h:(t), h:(/ - l ) )  = --(h:(/ - l ) )  = -fA(h:(/ - 111, (6 31) 

kh>2 - ah<( /  - l )  ah 

in which the following arc: 
function: 

A V, : surface-water volume-change function (m'ls); 
forward-estimated parameter: 

h,' : surface-water level in the previous cycle (m+ret) 



Wufer Quulifj 

I:ach water-qualit) r i h  iiicludcd. !irlds a separate continuit! cquation in thc 
optimization prohlctn. I'i~llutaiits are ci~tisidcred t11 be transponcd bct\\cen wrlace-water  
suhsystcms arid hctuccn thcsc \!sterns and thcir surri~undings. I'i~llutnnts can enter th r  
~ u r l ' a c e  n a t e r  h' i n f l o x  e.g.: pollutants liom coinhined sewcr o\crflo\rs: pollutants l iom 
agricultural drainage \iater.  

It is esscntial (IJ cms idcr  that thc conccntration of  water trarispi~ncd h! Ilo\i cleincnts. 
only dcpcnds on ttic cmcentration in thc area iroin ~ i h i c h  water is abstractcd h! those f l o ~  
eleinents (l:q h.  15). Il'a llow revcris. c g .  in a canal. the linked conccntration ihould alir.ays 
switch io  thc currcnt suhsystem froni whicli thc water is abstracted. O n  the basis « f E q  4.5 
(I'agc 74). thc l i ~ l l ~ ~ w i n g  cmtinuit! cimstraint l i x  \vater quality c;in he dctcrmincd lor cach 
suriacc-mater suh\ystcin: 

This equation can hc re\%rittcn Ior cach arca u. including the spccilic concentrations o f  each 
area lrom \\hich i i a t r r  is ahsiraclcd h j  Ilo\i c lctncnt \ j :  

in which t h r  liilloising are: 
opt i rniz~t ion variahlcs: 

CO,  
: conccntration ~ i f ' p ~ i l l ~ i t a n t  j in a s u r h c c - w k r  sub\) stcm ( n i g l j :  

h: : surlacc-\iater Icvcl in thc siihsystcm (m-rel)  
r?; : iriflow into tlic suriacc-\\ater whiys tcm via flo\\ elcnicnt/ (in' s ) :  

C,, : cmccntratiim 11fp1111ut;int j uipplicd by flin\ clcnicnt/ iing l!: 

g, : uncmtrol led intloii into thc \~ir lacc-\ ia ter  suhsystcni (ni"s): 
iniidcl parainctcri:  

D,, : dccay r a k  oI 'pr~l lutant /  i s ) :  

K : uiiconiri>llcd inf11>iv u1 poilutant j into surí icc- i ia tcr  ,uhi>stein ( k g  s )  
Al  : optiini/ation tinic step i s j .  



This cquation is highly nonlinear and should be approximated by a linear function. For 
linearimtion purposes, the foll»wing functions are defined: 

in which: 

Ka : pollution flux for area a (k&); 

K/ : pollution flux via flow element f (kgls). 

Substituting these functions, the water-quality continuity constraint (Eq. 6.33) can be 
rewritten as: 

J," 

(6.35) 
+ K I ( c o l t  Q + c l  Q = 1 Kul ( t )  

J," 

The left-hand side of this equation defines a new function of optimization variables ;called 
K(;): 

The first-order Taylor approximation of the function K(;) formi a continuity constraint in the 
optimization problem according to: 



,?K dK', uK 
k(11 r ( V ' )  ~ T ~ ( c c , ; ( [ ) . h > ' l ~ ) ~  , 1 , , ,  T ! i ~ g ; ( , ) . ~ ; ( ~ j )  ( 'C  

;K dK, 
k<i,~ - - ( V ' )  ~ ~ y . k , , . ( l ) . Q , ' ( ~ ) ) .  .!J," ~ C , , . , ( I )  CL' 

in n h i c h  thc li>lli~iving are filruard-cstiiiiatcd paranicters: ~-. 
v : vectiir ~11li1rnard-cstirnatcd optiiiiimtion variahles: 

C'$,, : c~>iiccriiratiilri o fpo l lu tan i j  in thc \urfacc-water suhs)itcin in thc pre\ ious c)cle 
(Illg'IJ: 

h,. : iurfacc-nater  Ic\cl in ihc prcvious cyclc ( r n ~ r e l ) :  

% : cmccii t r ; i i im I I I  pollutani j of  flilti c l e i n c n i í  which dc l i \ c r i  i11 the current 
iurfice-\\iitcr suhs)stcin in ttic prcvious cyclc (nigil); 

G!,. : discliargc of  Iloir clcnrent,J in thc prer ious cqcle (in':$): 
: uncontrdlcd inflr~iv iritrl tlic iurCacc-water whsy\tein in thc pre\ ious cyclc (m3's).  

I.or groundiratcr-flinr clcincnts. nater-quality triinspofl is o n l  includcd i f t l ie  pd lu tan t  is . 
c11nscrvatii.c. i \hich incanb that i t i  deca) ratc U, cquals z e r o  

6.4 Flow-Element Modeling 

Flan clcmcrits cimiicct tlic rircas ii i  ;i \\uter ')item and transpc 
grilups o f  f loi \  clcincriti caii he di\tingui\hed (Sec.  4.3.1 ): 
rcgulating structurcs: 

puiiipiiig ,iation\. 
i v c i r ~  
iIuicc\. 
inlcls. 





c i ~ u l d  als11 occur i l c x c c \ s  iiatcr Icavc\ a surl'acc-water suhsystcni \ i a  iithcr ll<1iv elcmcnts 
or h) evaporation. 

A special forin o f  1.1'. called Mixcd Intcgcr l . i n e x  I'rograinining (2.111'). c11uld circumvcnt 
smnc  ol ' thc probleins descrihcd. Ijhing MIJJ. variablc. c m  he detincd to h u i c  an integer 
valuc only. I his lkaturc eriahlcï puinping units of a pumping \tution to he sivitched 
iridcpendcnlly, whilc optimization would autoinatically require a unit to  he on or aft: 
I lowcver ,  a MII' prohlcm thus dclincd i r ~ ~ l d  rcquirc cach pump til he rcpresented hy a 
scparate variahlc. each olivhich \rould have IIJ occur in the ohjccti\c liinction vvith U \eparate 
penalty 10 h r c c  thc i~pcrational scqucncc. I his \iiiuld increaïe the pr i~hlein considerably in 
sizc and lead to a rcductiim in s ~ ~ l u l i o n  spccd. I herclore MIP has nol hccn considered hcrc. 

In case i~l 'clcctrical puinping s t a t i ~ ~ n s .  in addition 10 thc operational rc\tricti~,ns dcscrihed 
ahove, i1 may he neccssary to prevcnt operation ofpumps  during peak hours. I his is included 
in thc opt i ini~at i im prohlcm h! setting ttic iippcr and loircr limits [In l lou variablc Q,, til zero 
during those pcriod\. 

l.urthcrintire. kir clcctric;il piimping 5taticin5. dit'f'crcnt tarilfc h r  clectricit~ inay apply 
during thc day and at night. \ : \ e  ol'night tariffs is gencrally advuiitageous. sincc it rcduces 
thc running cost o l t h e  puniping station. I hc  prckrcnce Tor using night Iic~urs in <~pti i i i i~at ion.  
is arrangcd h! reducing the penalt) l i ~ r  operation ( ~ l ' t h e  puinpirif stations f i ~ r  these pcriods 
in thc ohjccti\e functiori. 

Q,,dcteriiiin~.d h) optiinizniioii 
f l i r i  = 2 

Determine available units on the 
basis of mimimum on- and 

off-periods 

w ~ t h  total capacity Q+ that 



6.4.2 Weirs 

Weir tlow elements can he either controlled or fixed. In general, a well-designed fixcd weit 
allows flow in m e  direction only. Controllable weirs have fixed upper and lower limits on 
the crest level. lf thc water level to he controlled exceeds this limit, the controllable weir 
behaves like a fixcd weir, until 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 nol included in optimization. However, if it 
should bc modeled, two weirs can be included in ihe model, with opposite flow dircctions. 

I f  the downstream water level is bclow the crest level, thc tlow condition of the w e k  is 
considered unsubmcrged, whereas if it is above the crïst level, thc weir is considered to he 
subinergcd. In the submergcd situation, both the upstream and the downstream water level 
influcncc the flow via the weir (Sec. 4.3.3). The general properties of the weit considered in 
optimization are shown in Fig. 6.17. 

Ahstraction area Weir Delivery area 

To descrihe both submerged and unsuhmergcd flow over a rectangular weir, the following 
equation and corresponding restrictions have been introduced in Sec. 4.3.3: 

AH z H, - H , ,  

H ,  = h,, - h', > 

f = h>o - h<, , 

in which: 

Q, : discharge over a wcir (mils); 

c,, : wcir discharge coefficient (mX/s); 

WW : wcir-crest width (m); 





in which thc Sollowing linearization constants represent: 

in which thc Solli~wing are: 
optimization variahles: 

s, : flow over a weir ím3/s), Q, E (--, -); 

h,, : surface-water level in abstraction area (m-rel), h,, c (-m, - 
h ,d : surface-water Icvcl in dclivery area (m-rct), h,, e (-m, m); 

h,, : weir-crest level (m+ref); h,, F (-m, m); 

forward-estimatcd parameters: 

hso. : surface-water level in abstraction area in the prcvious cycle (m+ref); 
: surface-water level in abstraction area in the previous cycle (m+ref); 

h,.,. : weir-crcst level in the prcvious cycle (m-rel); 
K, : binary wcir paramcter ti, prevent back flow (-), K, E (0, l ) ;  

K,, : binary wcir parameter lor submcrged Ilow f-), K,, i (O, l ) .  

In optimization, thc gcneral restrietion is included that the crest of both controlled and fixed 
weirs is restricted hy the adjustable limits: 

in which: 
h,,,,, : minimum weir-crcst level (mirel); 
h,,,, : maximum weir-crcit level (m kf) 

In case of a fixed weir, h,, is kept tixed by means of setting bnth the maximum and minimum 
crest level 11, the appropriatc crcst-level of the wcir; in Sact preventing it Srom moving. 

In case of a controlled weir, the limits on thc optimization variable h,, can bc further 
restricted hy means of forward estimating, to guarantee gradual changes in the crest-level 
height during the control horizon. 



Siinuiation l i>l lo\rs ttic criiitrí>l stratcg dctcrrnincd b' optiinizatiiin. ci,ritr<>lling cithcr crcst 
levcl or f l <~ iv .  I he laticr i s  preferred i r i  i l ic practica1 situatiori that thc \ ie i r  is contr~>l lcd b! 
incans 01 a 111cal 1'1 contri~l lcr (Sec. 3.3 3 )  siricc this contrdlcr c ímt r~ i l i  tlic f l~in iriorc 
accuratcl!. guarentecing a gcntlc ctimgc in hoth the flo!v iind the c r c t - l c i c l  hcigtit. 

6.4.3 Sluices 

Thc sluiccs involved in iiptirrii/ation are pririiarily spil1 sluices ttiat di\cli;irgc t i i  a bouiidan. 
L. g. thc \ca or ii rivcr \i ith a i iatcr Ic\c l  \rtiich is prcdietcd l i ~ r  ihc eimirol h i i r imn ( 1  i f .  6. l X). 
f [ ~ ~ w e v e r .  a sluicc can di« he uscd in n \\aier-qstcin i i i~ idc l  as a rcgulaiiiig striicture hct\vecn 
surlacc-nater \uhs~i tc i i i s  01 di l lkrcni arc;ri. 

S lu icc  can h u w  ic ic ra l  gate\ i r l i i ~ h  can bc opcncd and cloicd \cp;iratcly on thc basis 
o l a  delincd prcl i r rcd operiirig sequcricc. 

I h c  genera1 diieharge cquatim Ior a \luicc n i t h  onc or more sliding @c\ readi (Sec. 4.3.d): 

l t i i s  cquation a i \ i i i i i c i  ~iiil! thc i l id i i ig  gate\ rcstrict ~ h c  IIíiti i t i r~ iugl i  thc \luiec. 
Iurihcrrnorc-, uhi i icrgcd Ikii! 1iridc.r cqu;ill! sizcd sliding gates i\ ;i..uriicd arid n c~mtraci i~ in 
cocllicicnt p,,! uhich i\ iiidcpcriderit (11 tlic i i i i~ i ihcr o f  gatcs opcricd urid ttic opciiing hcight. 



In optimization a binary parameter K,, is uscd to prevent hackflow through the sluice: 

l if hsa > h,, 
= O othcnvise. 

The nonlinear sluice equation can he linearized. Assuming the flow through the sluice being 
ahstracted from an area and delivcred to another area, the following side constraint to the 
optimization model is obtaincd: 

in which the following linearization constants represent: 

in which the following are: 
optimization variables: 

Q,I : sluice discharge (m3/sJ, Q,,),, F (-m, .u); 

H,, : total gate opening (m), / iTl E [O,  m); 

fonvard-estimated parameters: 

h,' : surface-water level in abstraction arca in the previous cycle (miref);  

h,' : surfacc-water level in the delivery arca in the previous cycle (m+ref); 

ff,; : total height of gate openings in the previous cycle (m); 

%I : binary parameter to prevent hackflow through a sluice (-). 

In the linearization ahove, the sluice is assumed to discharge to a surface-water subsystem 
of an arca. If the sluice discharges t o a  houndary, the linearization constant k,, equals zero 
and h,, is made availahle to optimization by the prediction model via time-series data. 

The dischargc of thc sluice and the total gate opening are the only variables taken into 
account in the optimization modcl. Thc optimization result that is used hy simulation, is the 
total gate opening height. In simulation, the total gate opening height is distributed over the 
availahle numhcr of sliding gates, according to the preferred opening and closing scqucnce. 



IFurthcnni~rc. a iiiiniiriiirri opcriirig thrcihiild i> iiicludcd in ~ i i i i u l e t i m  111 preient tlic \ l iding 
gates l r ~ ~ n i  hai i r ig a \er? inia11 ~pcn i r i g .  

I n  pructicc. irnall errors rcsulting Iiiirn thc ;issuinptionï ;ihoiit a cims1;int cmtraction 
cocf'licicnt. iiiadc li11 thc i iu icc disch;irgc cqiiution l iq .  6.37. are correctcd uutoinaticall! in 
cacii suhscqucrit l i l ~ > p .  Whcri tiic <lischarge calciilated in ~ i p t i i i i i m i ~ i n  i\ 1110 large. an 
ir icrcasd lil1 iri \\;itcr Ic \c l  in thc ahitrnctiim arc;i i; nica\urcil C'iiri~cqiicriil!. tlic next 
~ p t i i n ~ s t i r i    pi la ti 1 p i n t c r .  Iliii corrccti\c ii icciisiii\m oni! 

applici il tlic crriirs are rcl;iiiicl! ;iii;ill ciiiiipercd to ttic ti>t;il <liich;ir:c. 

Inlcts tire c<in\idcrcd 111 liave a l ixcd rii;ixiiiiuiii capacit) \rli icli i i  iridcpcndciit oi'thc irater 
levcl\ up- aiid d~,irristrcaiii. '10 prc\cnt backflinr. tlic h i i ian paraincter K;! is includrd i n  

o ~ t i r i i i n t i ~ ~ i i :  

lii ~~p t in r im i ion .  oril! thc disdiargr variahlc c);, i\ iricludcd. \rtiicii i i  rcsirictcd beween aii 
~ipcrationel ttireshdd ;irid thc inasiiii i i i i i irilct capacii! 

'11, prcLcrii uriricccsiiin opcr;iliori. thc discharge variahlc 0, i, inclnded i n  ihc 
ohjcctivc Iiinctioii (l q 1, 11) \ \ i th onl! a \ c c  v i ia l l  pcnuli) c~~c l ' l i c icn t  / t ; .  u i  in iriodclirig o f  

a purriping \tstii in. 

Caiial; l i i r in a ipccisl categor! i>I'Ilii\\ clcincnt\. \incc thc) alii,i\ l io i r  i r i  t \ro direetions 
( l i g .  h.19). I hi \  a lkc ts  \\uter-quaniii! ;irid irntcr-qualil) iniidclirip. A \  inciitioncd i n  
Sec. 43.6. c<iriiiaiit l l i ~ \ r  througli a cuiiul. undcr spccific as\uiiiptiiin\. c m  hc described b! 
thc (:hé/! cqiiation. In  thi\ cquatii~ri. thc h!drniilic gradicnt i, dctcriii irici thc direction of 
l l i i i r  and csri he ricg;iti\c. I l i n i c i c r .  thc ('tic/! cquati~i i i  i i  ii i it iuiiuhlc h r  dctcriiiining 

ncgativc f lu i r .  l i icrcl~irc. tlic reicr\ i i ln l ic tor  .{ is iiscd: 

l thc l l o i \ - i c l i ~ c i i ~  cquntioii hecoiiic<: 



Ahstraction area L, 1)clivery area 
1- - -. - l 

4 

FIK. h /Y. 1'roperiie.s u / u  cunul/low elemenl u .  modeled in optimization. 

in which: 

v< : flow vck~city in canal (m/>); 
Y, : canal íiow rcver\ion Iactor í-); 
(~'' : ChC.zy ccocflicicnr (m%); 
R : hydraulic d i u s  (m); 
1, : hydraulic gradicnt (-J; 
k ,. : Nikuradse roughness coeflicient (m). 

For rural canal systems, the ChCzy coeflicicnt C, varics only very littlc. Thcreforc, the 
coeflicient is assumcd ro bc constant and equal to the cocffìcien corrïsponding to thc first 
optimization timc stcp, Ior thc entirc control horizon. 

I h e  Chély equatim dcpends on the water levels in thc ahstraction and the delivery areas as 
statcd in thc following cqualions: 



i n  ivhich: 

6 : ai'cragc nater dcpth in a canal l i l i ) :  
h.,, : surlacc-iratcr levcl i n  ah5tractiun arca (mrrcfi: 
h,,) : surlicc-iratcr l e d  in dcl i icr)  arca (m. rel); 
h, : abcrage caiial-h~iitlirn I c i c l  ~ i i i + rc f j :  
A,  : cr~~ss-scctional arca halLira) ;i caniil (m2): 

n, : total sidc slopc o f  canal i-): 
f: : i rc t  pcriinctcr o l 'a carial iiii~: 
w, : i r idth oicanal at its h l~ t to in  Icvel irn): 

L, : caiial lengih (m). 

I'o include tlic 11iiiv equatiori as a sidc conmaint i n  opt i in izat i~~n. a first-order l a ) l o r  ~ appr»ximatiori ii rcquircd. l he I jr i t-ordcr p r t i a l  d c r i w t i i c i  01' the ahoic f'unctions i i i t h  

I respect i o  ii,, and lil, are r q u i r c d  in ordcr i11 dctcrrninc thc lincari/ation of thc i c l l ~ c i t )  side 
conslraint: 

I h c  dcrivati\cs o l t h c  product i-(, / I  i. J nrc iiccdcd filr the lincarimtiiiri: 

I he dcriv;iti\cs 111 tlic averagc c;inel dcpth I / ,  are: 

I he dcriiativi.\ o1  thc cro>s-scctimal arcu A, are: 

i/> , , ()P< , . iP '?fl , , 

- l i , , . , , )  - - -  l . ,  l i ,  ' h , .  h ,  01: - I J - .  (659,  
l 

?h ,, i/7,<, ',Hc d,,, ! 



The derivatives of the hydraulic radius R are: 

The derivatives of the hydraulic gradient i, are: 

Finally, the linearization constants of Eq. 6.55 represent: 

in which the following are: 
optimization variable: 

V, : flow velocity in canal (mis); 
forward-estimated parameters: 
k. : surface-water level in the abstraction area in the previous cycle (m+ref); 

h,' : surface-water level in the delivey area in the previous cycle (m+ref). 

A relatively smal1 time step AI 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. 



(troiind\rater-llo\$ clcincni\ are u\cd t i )  iniiilcl ground\ratcr l i (>\ \  h c t ~ t c c n  dii'l'crent area\. 
I l i e  iritrractiim of gri,und\r;iter and ur l i i ce  \rater within a single area is d i v x s i e d  in 
Sec. 6.3.1 

<iri~und\iatcr-llo\r clcnicnts c m  hc uïcd 111 huild entirc gr i~undrratcr  net\\orks and 
dcscrihe suhsurfiicc t l o i v  oiily. Iloizcver, iii the present stud! the interaction betrvccn 
groundiciiicr I luu iind iiirl>icc-\e;iter 11o\i 1 5  ul ' sp~c ia l  interest. t i r í i i in~hr ater-llíiiv elernents 
cari conncct thc liilli>r\ing suhs)stei i i~ oidilfCrcnt areas: 

a gruuiid\catcr suhsystcrii \ritli anotlier grouiid\vatcr suhs)\tciii: 
;I groundrvatcr ~i ih>>\tci i i  irith a siirI:icc-v.atcr suhs>\tcin íl.ig. 0.20): 
a surlacc-water \uhsyitein witli aniliher \urface-rrater suhs!stern. 

Siriiil;ir 10 canals. gn)undrvaier 110\$ is nondirectional. Lhc  iiiodclcd me-dimensional 
grr~undis;iter-llim cquation o i  l h r c ) .  ilcrcrihetl in Sec. 43.7.  i \  iinc;ir and can t h w  he 
i n c ~ ~ r p o r a t c d  i i i  i i p t i r n i A o n  \$itliout linc;iri/;ition: 

in n h i c h  tlic l i~l lmeing are. 
o p t i n r i ~ a t i i ~ n  variahles: 

Y ~ J  : grouridiratcr Ilii\v in i '  s), Q,g c: (-v.. -.j: 

h,, : \vatcr Ie\cI in the ;ihstractiim area íni-rel), h,, C (--. 1.1: 

h,, : ivatcr Icicl  in thc delivei?. area (m-rct). h,, E i&-=. -.): 

modcl parameters: 

Ad : cr<i i \ -~~.ct i í in; t l  area 111 grourid\ietcr floir clement (in'): 

K,, : h)draulic soil conductivit! l i ~ r  gr«und\\ater 11(nc clcincnt íni s) :  

L:, : Icngth 01 g r in rd i ra tc r  Iluir clcincnt (in). 



6.5 Mathematical Model Summary 

This section prcscnts a summary ofthe mathematical optimization problcm. First, the overall 
ohjective function is givcn, followcd hy the continuity and side constraints. Each constraint 
is accompanied by refcrences t0 the equation it is dcrived from. At the end o f  this scction, 
'lable 6.2 (J'age 153) presents the modeling clements and the corresponding increase in size 
«f the optimization problcm. 

Overall ohjective function: 

in which: 
Z : objcctivc function i-); 
t : index lor optimi7ation time steps, t c (O, l ,  .. , P,; 
T : control horizon in discrete time steps; 
i : index for areas, pumping stations and inlets; 

m, : total number of areas; 
w,, : wcight of area i G), W, E [O, 1001; 

J : index for intcrests l damage functions; 

n,(!) : total number of activc damage functions in area i at time step t; 

R,, , : relativc importante « f  interestj in area i ( C ) ,  R, E [O, I]; 

q, t )  : damagc variable of function j defined for area i at time step t (-), q E 10, l]; 

P,, : largc penalty cocfficicnt for flow variable Q,, (sim'); 

Q,, , : ilow variahle to prevent the surface-water level in area i from falling below the 
hottoin of thc subsystem (m'is), Q,, E [O, m); 

: total numher of pumping stations; 

W,,, : penalty for flou, via a pumping station i (sim'), W,, E (O, c]; 

Q,, , : t h w  variable for pumping station i (mils); 

"',i : total numbcr of'inlcts; 
w,, , : pcnalty fUr tlow via an inlet i (sim3), W,, E (0, E]; 

L),, , : flow variahle lor inkt  i, (m'ls). 

6.5.1 Suhsystems 

(iroundwatcr subsystcm, variables and parameters as given hy Eq. 6.23: 



Suriace-riater suhsystcin. variahles m c l  parainetcrs a s  given h) f x .  6.20 and 6.3 l : 

Surláce-watcr quality. variahles and parsinetcrs as given hy Eq. 6.38:  

I>ainage functiim5 shi,uld bc delincd piccc\vise lincar and convex. I-«r each linc segment j 
an q-inequality sidc cmstraint  Sir variahlc x rhould he defined. e.g. f ix  \\ater Icvel h: for 
pollutant r .  Variahles and parainctcrs arc s iven hy I(q. 6.16: 

Soil ouiíioii .  variahlei and parameters as givcn hy Eq. 6.26:  

6.5.2 Flow Elements 
l 
l 

1 Weir side cí~nstraint.  variahlcs and p a r m e t e r s  as given h) Eq. 6.45:  

l 

l Y - l ,  - i . kw3hc,,  + k " , .  



Sluice side constraint, variables and parameters as given by Eq. 6.50: 

Qsi = hsa + ks12h5, + 4 1 3  HI + 5,. 

Canal side constraint, variables and parameters as given by Eq. 6.62: 

vc = kcl + kd h d  + k& 

Ciroundwater-flow side constraint, variables and parameters as given by Eq 

Adkd (h" - h, )  
r?,= 

Lx, 

Table 6.2. Modeling elements that determine the sire of the optimization problern 

Modeling element 

Boundary 

Arca Surface water 

Quantit) 

Quality (for 
each variable j )  

Groundwater 

In-loutflow 

Pumping station 

Weir 

Sluice 

Inlet 

Groundwater flow 

Darnage Each function 
functions 

Each line segment 

Jumber of Viuiable Number of Type bf 
variables name equations equation 

O O 

2 h,, C), l Continuity 

l c! 1 Continuity 

I A, l Continuily 

l Q, 1 Side constraint 

l Q," o 

2 O.. . h.. 1 Side constraint 

2 P,! . ffs> 1 Side constraint 

I e,, O 

1 al 1 Side constraint 

I O 

O I Constraint 



6.6 Concluding I<emarks 

In ttii\ chaptcr iiri iiptirni/ation inodcl t11 c ~ ~ n i r ~ i l  ;I gencral \rater \>\teiii 1h:ii heen d c c r i h e d .  
Special attention has heen paid i11 iniidclirig apprmches.  I h c  gcricral 1.1' approach \ ras  
clioieri hccausc i t  is Ilc.viblc. ri.latiicll e;is! to iinplcmciit und maintain. and can hc  scalcd 
c .  I 'hc detail\ i~l ' t l i i .  lattcr arc ~ iu t \ idc  thc scope d t h e  currcnt stud!. hut ccrtainl! of 
iniportarice \\hen ci~nsidcring the speed irith Lrhich thc optinitil wlutirin c m  he found h? a 
\iilvcr. In a t~c l l - \ ca lcd  opt i ini ïa t i~in prohlcin tlic optinial ra luc\  o f ~ a r i a h l c i  are al1 u l t h e  
saine order o l  niagnitude. \rhich rcdiiceï the chancc of nuiiicrical instahilit! during 
optimi/;ition kind prcicnts  long itmitiiin iiiiici. 

I he  i i i lut i~~ri  speed is íiurthcrrnorc depcndcnt on thc s o h c r  uicd.  I i i  tlic present stud) 
11ic Iritcriiir I'iiiiit iiictlic~d is clioscii liir xilviiig p r~c t ica l  optiriii/iitiiiii priiblcin,. I lii\ inrthod 
hiis p r m e n  t 0  he tlic inrlst suit;ihlc l i ~ r  the gcncral [.P prublcm dcicrihcd hcrc. 

Filr tlic various t)pcs r~l'structurci rvhich can he distingiiished in ;I \ tater systern. the 
cquat ioni  that \hiiuld he incorpiiratcd in ihe uptimiration pr~>hlc in  h a \ c  been derived. 
Niiiiliiicar rclatii~n\tiip\ h a r e  heen liiiceri/.cd using hs t -order  Ta> Iilr approuiiiiations. 

In Ctlapter 7. thc genera1 ~iptiniizatiiiri prohlcni dcscrihcd herc is applicd in i e ie ra l  practica1 
case\.  1-iirthcriiiorc. ar tlic ciid of tliet chaptcr. considerations v i th  r c y x c i  to tlic speed o f t h e  
siilviiig p r w x  \ \ i 1 1  he  g i rcn .  



7 Case Studies 

7.1 Introduction 

7.1.1 M a i n  Object ives  

I'his chaptcr presents the application of' the mcthods dcveloped and dcscribed in thc 
preceding chapters. All calculations have heen made using the Decision Support System 
A ~ i ; ~ r < i t i \ ,  which has been developed as part of the present research. 

The sclected casc studies are rcprescntativc h r  the majority of'rcgional water systems 
in the Netherlands. 7hc locations of the areas described are indicated on the location map of 
J.'ig. l .  l .  I:r«m a survey among l I water boards (Lobbrecht. 1994~1,  live practical case 
studies have bccn selccted and carried out in cooperation with other researchers, who did 
their work ivithin thc framework ofthe present research. 'lhree ofthese studies are described 
in this chapter (Ikllland, I k  Drie Ambachten and Salland). Some interesting results of the 
two others fI.levcrwaard and Mark en Weerijs), are only hricfly discussed in the concluding 
rcmarks of this chapter. 

I 'hc lirst case study desr ibes  thc practical situation in thc Delfland area, which 
includes a large nuinbcr of polders that drain into a storage basin. Of special interest is the 
combined functioning of ihe polders and the storagï basin, to satisfy the main interests in the 
area: Ilood-prevention, ecology, agriculture. recreation and navigation. Hoth water-quantity 
iind water-quality aspccts play a r d c  in controlling the Delfland water system, depending on 
the maion and the hydrological load. 

I'hc second casc study c«mpriscs a water system which is part of the De Drie 
Ambachten area. This is a geriily sloping water systcrn which drains by gravity to a tidal 
rivcr. Recrcational interests prcvail in and a lmg  the surface-water subsystems of this water 
system. Strictly maintaining thc surface-water level is of utmost importante since it entirely 
determines whcther the requirements (IS the recreational intcrcsts along the beaches of the 
crcek are satisficd. The watcr systcm is  ontroll led hy water authoritics of both Belgium and 
the Nethcrlands. 

I h c  third casc siiidy involvcs a hilly and sandy watcr system in the Salland area. In 
this area. the hydraulic ~onductivity o l t h e  soil is relatively high. As usual for this type of 
area, over-drainage by m c a n  of cxtcnsivc canal systemï has taken place. Water shortdges 
occur as a rcsult of low groundwatcr levels, cïpccially in summer. For this area the 
combination of agricultural and nature intcrests rcquircs watcr preservation and supply oT 
dien  waicr. 



T h e  ohjcctivc o f  tlic case studies is 10 \heir and cornpare thc rcsults o! \ a r i ( ~ u s  alternative 
control rnodci.  with u inxin heus on d!narnic control. I'hc potcntiai ol'd!narnic ccmtrol is 
asscsscd in \ a r iou i  tbpc\ o f \ r a t e r  systciris. w i n g  time-series analysi\ .  Within thc scope of  
this thesis ii is ii«t possihle til show al1 aspccls o f  dynaniic control. O n e  of  thc prohleins 
inherent ti> dcscrihing a dynainic p r (~cc \ s  is that thc perccption ~ ~ I ' i n o \ c m c n t .  s o  essential in 
dyriainic control. i \  lost in print. 

Thc l i~ l lo i \ ing  inodcs i ~ l c o n t r o l  Iirc di\tinguiihcd in thc casc studics íScc 2 .4) :  
I.ocal Mariual. 
I ,wal  Autornatic. 
1)ynainic Munual. 
1)ynamic Autoinatic. 

In m i n t  d t h c  n a t e r  \)\tem\ studied. iocal-inanual and local-autoinatic c o n t r d  modes are 
practiced. In inodcling thc water \>sterns. thcsc two modes are compared. I.»cal inanual 
c m t r d  is u s u i n c d  to he thc regular rniidc in al1 models huilt. In cr~mparison to local manual 
cuntrol. local aut imatic  control geticrally p r o c n t s  an improvcincnt in satisfying the 
rcquircnients ol'intcrcsts in a water s)stcrn. In al1 cases, fiirthcr irnpro\cnicnt can br achicved 
by d y n m i c  rnanuai and d\naiiiic autoinatic control. Centrul control nrodcs are not cxplicitly 
discussed in thc casc studies. 

I h c  casc studics have hccn sclected in ruch a \VU). that the opiions of \\ater-system control 
can he sho \ in  in vnrious f i~r ins .  'Iablc 7.1 s h w r s  thc rnain lilcus o l t h c  case studies. 

'Iahlc 7.1. Llain heus o f t h e  case studies. 

Delfland De Drie Ambachten Salland 

Ilural suh\)\tcrns Yc\ Yes Yc\ 

I!rhan \uhs)strms Y c, 

Water quuntitj contrul 
s u r l c c  \sater YW Yes Yes 
groundi\airr Yes 

M';itcr qliidii) contri>l Yc\ 

Y c\ Yes 

7.1.2 D a m a ~ c  F u n c t i o n s  a n d  Interest W e i g h i n g  

Ilamuge lunctioni h a \ c  becn con\triictcd liir thc varioui intcre\t\ di\tingui$hcd in thc case 
studies. A s  dc\crihcd iii k c .  3.1. c;ich iiiterc\t is rcprescntcd h) one  or i n i ~ r c  ke) variahles 



of the water-system. Figure 7. l shows examples of simple damage functions. As described 
before, these damage functions are used to steer the strategy determination process and 
thercfore do not necessarily represent economical damage io interests. 

I:or the functions in Fig. 7.1, the ranges in which damage is absent or very low, have 
been indicatcd by arrows. These ranges are here calledprefirred ranges, which indicates that 
the requirements of that interest are satisfied within the range. Outside the range, the 
requirements are nol satisfied and the interest and the water system are considered to fail 
under these circumstances. 

Nature Aquatic eculogy 
l 

Ilccrration Horticulture 
r ~ - v  r- 

c 
Pr+rred ranye 

Surfdcc-water level lm) Chloride ( m u l )  

Fig. 7. i. Exun~ple damugeJi~nction,s, showing key variahles andpreferred ranges. 

During low syslem loads, which may occur most of the time, local automatic and dynamic 
automatic control may produce similar control sirategics. I:or somc water systems it is 
therefore not always necessary to continuously use dynamic control. An optinn to switch over 
fr«m local automatic to dynamic automatic control and vice versa, is thereforc included. 
Choosing the right moment for switching from local to dynarnic automatic control is essential 
to the success of dynamic control. Anticipdting imminent high system-loads is one of the 
important features of dynarnic control. This is why it is ncccssary t r ~  detcrminc the right 
moment for switching very accurately. 

Switching between local automatic and dynamic automatic control takes place in 
various examples of the cases dcscrihcd. The moment for switching is detcrmincd by 
simulating the water system in local automatic control mode during the control horizon. I f  
during that control horizon the total damage to interests at thc present simulation time step 



rises abovc a spccilicd liniit. dyiiaiiiic co i i i rd  i \  :iutoinaticall! activatcd. Thc daiiiagc l i i i i i t  
spccilicd i called tlic <htiiimic umtr(i i  t / ~ i c . ~ l r o / d  
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As indicaicd in I ahlc 7.1. tlic icr i \ i t i i  i!! 01ihc prcdiction acciirac! til tlic rcsuits old!narnic 
control is lunher arialyzcd in siirnc pr;ictical case itudics. I'igurc 7 . j  \h»\ \ \  hou an excc~s ivr  
prccipitatiilri c icr i l  01'50 min ciii i ld hc prcdictcd. using thc incthiidi d i x u i w d  in Chaptcr 5. 
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I> i l ' lc rcncc~ hct\\cci i  diiia i i i i ir i itorcd ii i id c;iliiilatcd ha\c hccii oh\cr \cd iii tlic culihrution and 
vcri l ical ioi i  pr i lccw,.  lil gciizr;il. t l ic ic  diIlcrciiccs cnri l i ;~ \c  tlic I i ~ I l í i \ \  i i ig  couw\ .  

rriodclirig tri~iccurucic\. 

r i~c i i i i i r i ng  i r l i i~c i i r i ic ics 

at the Start i i i ' t l ic c \ c i i i  

I r i  geiieral. ttic &iio ii,ziI i i i thc riiodcl\ \ \crc iiot c<,llcctcd \pccilicnll! 111s i i \ c  iii \\atcr-\!\tein 
r i i i~dcl ing.  I hcrclorc. acciirac! aii i l r cv i l i i i i (m ;rrc gciicrail! iiiii up i o  ihc rcquircd srmdard. 
1 (Ir cxai~ ip lc .  \\aicr-qu;iIit) ~ i ic : i~ i isc i~ ic i i t ,  t;ikcn t\ \ icc a inontti. c ~ x ~ l d  hc ;i\aiIahlc I r i m  <me 
I o ~ a t i o n  iii ;i p i~ ldcr .  i r l icren\ li>r ;in ; t ic i i i :~tc ial ihrat ioi i .  dail) iiicLi\iirciiicrit\ are iiccded at 
sci.cr;il locotiuni. Z\ r c c o r d i ~ ~ g  error in ,iiili ;i \iiii.lc rncui irci i icni.  caii I iut c diiabin>u, cl lkcts 

iiri ttic acciirac\ í i l  tlic i i i rxlcl  iulihr:itcrl. 



' lhc calibration data necessary, can gcnerally be obtained Tor only very few locations 
in the water system. Preeipitation and cvaporation monitoring generally takes place outside 
thc water-systcm area. Local precipitation eïîects have a major impact on runoff. Local 
precipitation as mcasured in rain gages ma? only rcsult in local runoff; while in a model it 
could bc assumed that the samc prccipitation fel1 in the entirc water system. ' n i s  effect can 
he limited in Iargc water systems hy using more than onc measurement. However, 
gc»graphically distributcd data that have tht. rcquired time rcsolutiim, are olien nol available. 

Control altcmatives have heen li~rmulated and aisessed, on the ha5is of ohjcctives of control 
set by the water authorities respunsible for water management in the water systems studied 
(I(~wer part »f I'ig. 7.4). lixtra alternatives have somctimcs bcen added, which were of 
interest from a research point of view. 

Expectcd liiturc dcvelopmcnts in the water systems have been combincd in 
development icenarios. 'These scenarias have bcen calculated, using various present and 
iuture cmtrol alternatives for regulating structures. On thc basis of these results, thc most 
advantageoui modes of control have heen determined. 

7.1.5 Assessing Dynamic Control 

Scvcral parameters are uscd to evaluatc thc cfScctivcncss of conuol modes, the most 
important onc is thc per/brmoncr index Thc performance index is used t» determine thc 
relat ix perhrmance olwatcr-system control for long periods, using a single control mode 
or a set ~ ~ f c o n t r o l  modes. 

'I he pcrSormance index is defined as thc total sum ofdamagcs in a water system over 
time in a refercnce situation, divided hy the total surn of darnagcs when wing an alternative 
set of control modes. l he perfi~rmance index is a gencral cvaluation value, suitable to 
cornparc thc eflictivcness of control for al1 types of water systcms. 'lhc performance index 
is determined by: 

in which: 

p, : pcrliirrnance index f«r an altcrnativc control stratcgy ( - J ;  
D , ,  : sum of water-systcm damages in a relerencc situation ( C ) ;  

CIS,,, : sum of water-system damages resulting frmn an alternative set »fcontrol modes 
i-J. 

It should be rcaliïed that dynamic contrd as intr~~duccd in this thesis detennines control 
strategics for pcriods «f huurs to days. '1.0 evaluate whethcr thc requirements of some 
interest5 are satislied. longer pcriods may simetimes be needed, e.g. the total duration a 
requircment is not sati~lied in m cntire year. Such data cannot bc incorpmated easily into the 
control ctrategy. simply bccause the control horizons used are too short. 



lil geiieral. d)riniiiic c[intrirl \ril1 Ir! t i )  sati\l' thc lorig-tcriii reqiiirenicnt\ ofiiitercsts. 
11 lorig-terin cf'iLcts should he incurprmtcd. ;i long control huriïon. c . g  sc\cral inonthi. is 
nccdcd. I h i \  appriincli een hc f~ i l l o i r cd  tr, ilctcriiiinc thc rcquircd ii:iicr \!sicin conditions 
lirr long pcriods. hul iiot lor da)-ti>-dak nater coiitrol. I hercforc. an appr~rach is l~rI lo\\ed. 
in \ \ l i ic l i  iridirect rcquirciiicnt dcfi i i i l ioi i i  are u w d  whicti are cvnluatcd h) ttie I i ~ l l o \ \ i ng  
parailicter\: 

thc Sailurc l rcqucnc~:  
ttic I'tiilurc duration. 
lhc l l u ~ h i n g  I i c l ~ r :  
ihc prcseriatiim l ict irr. 

i i i c  iailurc iicqiicnc) i' a r;iriablc iid i<i a l r o s  thc pcrfiirrriaricc i i l ' i i ic !!liter >)sicm uridcr 
cxtrciirc coiiditi~rri\. tli:it Ic;id t i i  \iiii;itiim\ in nt i ich thc rcqiiirciiicnti 01' <mi. <ir n i i m  ul'thc 
intere\[\ are \iolalc<l. 

A \  explairicd hclirrc. thc rcqiiirciiiciii\ 01' intcrest~ are csprcsxd in tcr in i  u f  uatcr 
s)strin \ariahles. callcd kc!. \ariahlc\. I Iie d;iiiiafc to an interest f i ~ l l o t i s  iroi i i  thc darnage 
functims dciincd fur iiiur iritcrcst. li ;i kc) \uriahic is uutsidc tlic piclcimcd rarige. tliari tiiiit 
r c u i r c i ~ i c i i t  i coiiiidcrcd 10 I i a w  hccii riolatcd. Whcn a dciiricd cornhinatioii of 
rcquirciiicnt\ i'ail,. ilicri itic ii itcrcit i\ ~ i i r i \ idcrcd t11 ha\c i i i l t i r cd  d;iinngc. I f  m e  irr inrlrc 
intcrcsts ha\c hccri dniiiagcd. tlic ciitirc water i!itcni is c~in$idcrcd t i l  hu\e l i i l cd .  !%i\ 
sitiiatiori is called ;i .v r~cnz i i i i i i i r ï .  

i tic \iti iaiiririi r l i t i t  c;iii\c a \)\it.iii iailurc cari diflkr cmwlcrahl! uiid tfie c f t c t s  íif 
these fai l i i rci can also di l fcr i i i i i ih  l (,r in5tancc. l i i l i r i g  tu iiicct itrc rcquircincnts < > f a  
cor r i i r i~~r i -god iiitcrc$t. \uch as i l ~ ~ i d  prc \c i i t i~~ i i .  i\ generail! cr~i i i idcrcd iiiurc iiiiportaril than 
M i n g  to iriect tlic requirciiiciiti í r i  ;i icctiir;il iritcrcit. \ticli a\ natcr rccrcatiiiri. 1 l o w i e r .  th i i  

ii nol  a prcrcqui\ite i11 tlic i i i c t h i ~ < i ~ h ~ !  de\clopcd. 
II ic l i i lu rc  Ircquciic) is dctcriiiiiie<l in tiinc-series ca i~u l~ i t i« i i \ .  h) rccording thc 

nuiiihcr (>i'i:iilurcs in tlic pcriiid calculatcd. I i ic rcquircd calculai i (m~ orc corricd out uïing 

thc i i iodcli  huilt in tlic ca\c \tiidics 

Ir1 edditiírn tii tlic h i lu rc  Ircqucric!. tlic duratiirii o f  a s!\lcrn fiiiliirc cari he c~rriiidcred 
irnpíirtant. A i i  esmiple ii thc duratioii iif a poirr-\\iitcr-qualit! situatioii in an urhan area 
rcsultiiig iroi i i  ~i ciiinhiiicd x \ \ c r  c!\cril(,\r 

\ W h  respect Iii v.atcr-qiiulii) coritriil m d  \atisi)ing the rcquirciiicnt, 111 eculog!-rclatcd 
intereiis. IIic qu;iiitit! ~ ~ f n l i e n  \\uter Iet iiito a nater \)stcin or a siih~!siciii can he iiiipirnant. 
'i<> detcrrriitic tlic quaiitit) of water \\Iiich is rcquircd I»r \\ater-qiinlit! ii,iitrol. thc l / i i i / i~ i i ,q 
/ucr<ii. is iiitr(iduccd. 

l he i l i i s l i i r i ~  ioctiir g i \c \  tlic r:irii, i i l i i a t c r  n l i ic l i  15 l l i irticd tlir<>iigh ilic \Later i!itcin 
c d r r - q u i i  i i r l  : i  t r i c c - r  o l u i i i c  at i r c .  I h e  
i l i i ih ing l ic tor  i\ i i icd t i i  a\\c\5 tlic qiiuntit! i i ial icri  Iet in li)r irntcr-qu;ilii! cinitrol a\ a rcsult 
o l ' iar i i iu\  coiitrol optiiin\. If tlie l l i i ~ l i ~ r i g  tai lor i? ïcro. the \!\tciii is iii~i flui l icd Iirr nater 
qu;ilit)-coilirl~l: 



in which: 
F, : Ilushing factor of the surface-water subsystem (dl); 
Q , , ,  : inflow to maintain water quality (ml/d); 

v,, : volume of surface-water subsystem at target water lcvel (m3). 

Water preservation in hilly arcas is considercd 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. 

'1'0 assess the effect of preserving water, thepreservation factor is introduced, which 
determines the success of kecping as much water in a water system as possible over a 
particular period. The preservation factor is delined as the ratio of the quantity of water used 
and the total quantity abstracted from the system. In this respect the abstracted quantity is the 
sum of. watcr flowing out of the water system (e.g. by flow elements) with addition of thc 
quantity used by the interests in the water system (e.g. total evapotranspiration). 

P, = 
C Q",,, 

1 Q,,, + 1 Q,,,, ' 

in which: 
p, : prescrvation factor (-); 
Q : quantity of watcr used by interests (mi); 

Q,,ur : outflow fiom a water system (m3). 

7.1.6 Forward Estimating Example 

Forward estimating has been introduced in Sec. 6.2.2 as a method to overcome the 
disadvantage of linïarizing nonlinear water-system bchavior in optimization. The key feature 
in foward estimating is the iterative use of the previous optimimtion results in each fonvard- 
estimating cycle according to Fig. 6.2 (Page 112). 

In the following, fonvard 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 fixcd 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 subsystcm, and the weir-discharge equation are both nonlinear. 

Thc water level in the Area is always higher than that ofthe Doundary. The weirs have 
different crest-levels. Thc lowest weir is called 'Weir L', the other 'Weir H'. In the initial 
situation, the crest of Weir I. is below thc surfacc-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 ofthe Arïa rises 
ahovc the crcst of Weir H, which should then also discharge. 



N ~ i t c  t t h i  rio rc~.i i lat ir ig stru~tiirc, iirc i nc~~rp~ i ra tcd  iri ihc cu;iiiipI<i-wa!cr $!stcni. 
I hcrcl i~rc. tlic lincnri/cd priihlciri limniil;itc<i. lid) containi coritiriuit! urid hidc constraints. 
'I h i i  i i  dorie i l r i  piirposc. ti, \ho\\ thc Iincnriïatioii rcsults »i'iucc<issi\c iiiriv:ird-estiriiating 
c)clcs. I n  pririciplc. il ic prohlcrn coiild bc i o i i c d  h) incaris ~~lc.l ir i i in: i t ion. 

Figiirc 7.6 shoirs Iw i r  grapti\ ivtiich cimi;iiri >liadcd frarricb l i i r  prcdictiuri and i ip i i r r i i~at ion 
rciults. i i i t h  a tinic stcp Ar o l ' t i \ o  t i i~ur i .  lor a control horizon duratiiin o l ' t u ~ ~  days. (iraph 
ia) sho\is {in cxircriie prccipiiatii~n Ioad i11 i0 mm. I:or Gmplicit). a p c r i k t  prcdietion o f  this 
hydrolugical I í~ad  i\ esiriiricd i i i i h  iiri uriccnuint) multiplier olunit! 

Iii thc i r i i i i o l  iitu;itiiiri. r111 data ori thc developrnent o f thc  wriacc-trater level in the 
Arca are krioiiri. l Iiereliire. in thc tir\t c!cle (simulation tinic step : = O). tlic ii i it ial surface- 
~a1i.r l c \ c l  iiI O I 0  t i i  , r r i ' i >  iiscd iri l inc;ir i~ir ig thc siirfacc-ii;iicr ;ind i rc i r  cqiiati~in; (1.q. 
6.29 arid I q .  f1.41) I i lr  tlic critirc c i~ r i t r i ~ l  t i i~r i / . i~n.  

(;rapli i b )  \ t im i \  that l lmv i\ detcnnined hy the optiiiii/:atii~ii in i~dulc for Weir L 
during ihc critirc c<iiitrul Iiori/.im i i r i  tlic hu\i; o f  tlic initia1 i ia icr- lc ic l .  Xo flmi can be 
deicrinincd i i ir  M'cir 11.  fhcsc rcsiilti tirc iihtaincd b) l incariling tlic i r c i r  cquation I i l r  Weir 
I. with an o \ ~ . r l l u \ ~  hcii.tit (110. I 0  iii l<ir tlic cntirc contn~ l  horiron. \\'cir I I i s  cïcludcd liom 
thc ~ ip t i i r i imt i i~n prohlciri in th i i  c)clc. hccauic on thc basis ol'thc i n l i ~ r ina i im  availahlc prior 
t11 tlic firht c)clc. it caririot di3ch;irgc í l :q  h 4 1  2nd 6.44) Thc rciult o i  tlie iirst cyclc s h o w  
u clcar i i a t c r - l c ~ c l  r i c  abuw thc crc i i  01 M'cir l 1  during scvcral time stcps of'ihc control 
Iii~ri/.on. I h i i  iriliirrii:itii>n i\ uscd in ttic \cciind cycle. 

I r i  thc w c m d  I<>ri\ard-c\tiiiintitig c!.cle. Xvhich repreierit\ thc time t \ \<)  hours later 
(siiniilntii>n iii i ic stcp : - I). tlic Liatcr I c \ c l i  calculated in thc l i r i t  c)clc are uicd as the h u i s  
lor thi: l ir icari/ati~>ii\ .  I -or  hiith i rc i r \ .  tlic f loir cquatim\ arc dctcriiiiricd l i ~ r  cach time step 
~ I ' t I i c  c<>r i tn~l  t iorimn. Again. i i t h c  \\ater i t . \cl i r i  thc Arca !\as prcdictcd t<] 11c I>rloiv thc 
crcit o f  \Vcir II iii tlic prciii i i i, c !~Ic.  tlic cirrciponding cqiiatii~ri i, c ~ c l u d c d  from the 
optiirii/;itirm prohlciii. i,thcr\r i;c it i\ iricludcd I l ie  rehult o f  tlie optiii i i/.ati~iii rriiidulc on the 
h;isii ol'thcbc I incori~;it iui i \  i> i h i i \ i n  iri p i p h  ic ) .  



The last graph (d) shr~ws the rcsults which arc ohtaincd if the procedure described, is 
continued for two days. The results of sirnulation Tor these two days are shown in the Ieft half 
of the graph. These results are ohtained hy using the full nonlinïar surface water and weir 
equations and show that the estimatcs for watcr levels and flows over the two weirs 
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dctcrmincd in the sccond lorward-cstiin;iting c)clc (graph c )  using thc liiicari/cd rnodel. \ \ere  
liirly accuratc alrcady. 

T h e  proccdurc dcscribcd, starts at ;imulation tinie T = ll. at which ml) the present data on 
water levels are availahlc lilr Si~rward estiinating. After one c?clc. thc l'í~r\rard-cstimating 
procedure alrcady cnahlcs accurutc calculations fix watcr-level and Ilo\v. I 'he accuracy 
improve\ u h c n  the proces5 procecds, bccausc alicr cach cyclc. thc lincarization of 'nt~nlincar 
water-system relationships l i ~ r  each step of  the control horizon can be cxecuted more 
accurdtely. 

' l h i s  incrcasing accuracy i \  uscd in tlic implcmcntation o f t h c  niethi~d.  h! applying 
several initial runs (e.g. three) solving thc optimization problein \i h i k  keeping the fonrard  
estinlating proccdurc lixcd at thc initial \irnulaiion time step ( r  - O) .  A p a n  Irilm iinproving 
thc accuracy of  Ilc~\vs via structures. this incthod also yiclds inipri~ved water-qualit) 
calculati(~n which, siniilar t0  thc wcirs iii the ; tbwc examplc. requircs an cstirnate i i f  thc flii\r 
through al1 structurcs in thc mater \ \ s t e m  to produce accurate rcwlts .  

7.2 Delfland Case Study 

7.2.1 Introduction 

I 'he IkIHand Arca i \  locatcd in tllc wcstern part ~ f t h c  Nethcrlands. 'I he area is hordcred in 
thc west hy thc Niirth Sca and in thc s ~ ~ u t l i  h) the Nieuwe Maas and thc Nicu\ \c  U'atcnvcg 
(sec I:ig I . l ) .  I>cllland is a t)pical polder area. where a large nunihcr 01iridependcnt water- 
level areas csist\ .  I h c  authority rcsp(~n;iblc for v.ater management is Ik l l l and  Water I3oard. 

' l h e  arca is includcd in the present stud! since it demonstrates hoi\ dynainic control 
cari he uscd to rcducc undcsirahlc uatcr-s) \ tc~i i  hehavior during cscc\ \ i \  c precipitation or 
pcriods d c x l r c i n c  dnlught. I 'he c a w  stud! furthcr shoirs  hoir esi i t ing puinping capaeities 
can bc usu!  hcttcr to  reducc or a io id  x h e d u l e d  futurc capital in\c.stnierit. e.g.:  the 
installation (11 cxtra pumpiiig capacit! in existing pumping stations: huilding cntircl) ne\r 
puinping ;taii<ins: biiildirig cxtra sturagc licilitics. A special point o l in te rcs t  is ihe use of. 
retention rc\crvi>irs iri thc x c a .  \\liieli \ e n e  til temporaril) w r c  cxcc \ i  water during 
exccssive precipitation events. 

7.2.2 Water-System 1)escription 

Ucllland coir ipr ixs  i 7  p<ildcrs ci,veririg a tutal surfacc ofappnixiiiiatrly 40.000 Iia. lirbari 
and gla;shouic areas oecup) 35% i i f thc  area il.'ig. 7.7). 1hc;c areai  are iriipcrmeahle or 
semi-iinpcrnicablc and thus have v e n  rtipid runoffcharucreristics. I he city o f l h e  I lague is 
locatcd in ihc niirth-ircstcrn pan  i11 1)clllurid. the city ofl<ortcrdani i; partly outside thc area. 
to the si~uth-cast.  I tie largest glas\hou\c area o f  the Netherlands. tlie 'Westlarid'. occupieï  

.. . 
thc \rc;tcrn part i j l  ttlc area 



The main surface-water subsystem is the üïlfland 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 inio 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 storagï 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, wherïas the highest is NAP + 1.40. Storagï-basin land is the area along íhe 
storage basin that directly drains into tbe storage-basin surface water. 

The main interests present in the arca are: flood prevention, ecology, glasshouse 
horticulture, pasture agriculture (cattle farming) and navigation. These water-quantity and 
water-quality interests somctimes come into conflict. 

Excess water is pumped from low-lying polders to the Delfland Storage Basin by 1 l O 'polder 
pumping stations', with a total capacity of 48 m'ls 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 m3/s, into the North Sea, the Nieuwe 
Waterweg and the Nieuwe Maas (Fig. 7.7). 

i Urban areas G l a s  house areas o Pasture land 

6 Storage basin 1 Main pumpmg station 

Fig  7.7.  The Delfland Area @nly the muin reyulrrting sfruclures have been indicaled) 



(;l;isshiiusc horticulture iri thc 1)cllland Area rcquircs a large qii;iiitit> <,l' fic\h \rater 
l i ~ r  irrigatiori pu rp i lw .  cspccially in wii i i i icr l'rccipitation is c~~l lcc tcd I r ~ i i n  tiic ~ I I I I ~  o l the  
glasshi~uscs and l o r c d  in rainiratcr h;i\iris (I.ig. 7.8: sec alsi] Sec J.?. I j. I h i i  \inter i i  uscd 
k i r  irrigatirlii in tlic ylasilii~uscs. Iii suirriiicr. thcsc rainwater ha i in i  inti) l;ill d?. I r i  that caic. 
i u r l i c c  v.eter aiid drinkirig wi ter  :lrc i i iei l  l i ~ r  irrigiition. winetiines i n  combination. 

I n  agricultiiral arcas sucli a i  paitiircs. \\here cattlc Sarmin? i s  prcdwiiinant. iprinkler 
irrigation i\ soriiciiinc\ applicd in siiiiiirier. Yurfacc-water use in gcricrnl. rcquircs thc supply 
~ ~ l i r a t c r  f r m i  the st~irugc-hasiri t ~ i  tlic piildcri. Ihcrcliire. \rater i s  let iiito thc Ioir polders via 
a Iargc niiinhcr i ~ f i i i l c t  itriicturci. I he iri;(iority rifthese in lct i  i \  i inal l  aiid is not licqucntl) 
ci~ntrol lcd. Water can he clcvatcd up t i l  thc high-lging poldcrs h! polder purnping stations. 

I i1 iiiaintain tiic target iratcr level and thc right water qualii) in tlie stilrage hasin, a 
suppl! purnping station irhich haï a c;ipacit) i i f  4 m ' s  can he uicd. I his puinping station 
abstracts i iatcr  l io i i i  thc Ihiclsc ivlccr ( l i g  7.7) Another Iargc suppl) puinping station is 
Ii~cated oi i  thc northcrn hiiiindary iif I>clllarid. I t  can let in iratcr Irni i i  tiic Rijnland Storagc 
Hasin and l ia i  1i capacity 111'8 in3.s. I r i  thc past. this purnping statirln \ i a \  thc only locatiiln 
i ~ h e r e  water ciluld he lct into Uelllaiid. A t  present. thc puniping it;itiori in the riorth is rarel) 
uscd. hcciiusc tlic qiiality i11thc nater ii iuppl ic i  is les\ suit;ihlc tlien tliat of thc I3riclse Meer. 

I n  suininer, thc qualit) o l thc  surfacr \\titer cari hecomc poor as a rciult olsalinc secpage and 
drainage water Inliri glasshouscs. I 'hc  \\;lier qiialit) is controlled hy licquciitl) I lu ih ing tlic 
cntirc i i i i tcr  i ~ s t c i i i .  OIIC i i f t l i c  purp~ i ics  i, lil keep thr chloride c«ncciitration belinv thc 
i l l l i c ia l  lirnit (11200 irig'l f i x  irrigatiun i n  gl l i~ihouscs. 1)cpcnding ori the t!pc olcr( lp.  the 
p r~c t i ca l  h i t  nia! hc loivcr. 

l he w t c r  Icvel i n  thc Uclllnnd Storiigc 13aiiri ihciuld he kcpt hcloii N A P  - 0.23 In. I h i s  level 
i i  callcd thc 'iriilling-stop le ic l .  

I hl: rc\ist;ince in !he i i i~ragc-h;i\ i i i  c;in:ils. ;i<lditii~nal i<in<l set-up ;ind \raves rnay 
rci i i l t  in iratcr Icvcl i  that are up t i j  0 .3  iii higher than average at spccilic Iocati~ins. Since the 
hcight i i l t i i c  cinhnnkiiicnti aliing tlic \ t i m p  hasin is N A P  + O. l in. th i i  situation can alnimt 
Iead t i i  Ilooding. 

I)uring cxccsii ic prccipitatioii tiic diichargc li~iin the piildcr.. erid thc stiiragc-hasin 
land int11 tlic \toragc hesin i i  higher t l im  tlic capacit) o f  thc niaiii drainage purnping stations. 
I hcrcliirc. thc wrl;icc-nater I c i c l  iria) r i i c  ahovc niil l ing-itop I c \ d  at w n c  Imit ions i n  the 
itoragc hnsin. I l ' t l ic \\ater Icvel cxcced\ thiz lirnit. the Water I3oard c m  iinpose a ni i l l ing stop 





water systcni c x  he l i ~ u n d  in Stccrihckkcri i 1996). 

I a h l c  7.2. Ucltland. data x m m a r > .  

Subject 

l u t d  nrca 
rnain land U K  

I'uldcr pumping \tati<in\ 
pumping into t,> thc 
htoragc hx\iri 

Llain puniping slutii>ns 

Supply punipiiig stations 

I'r~ldcr irilcts 

C'hli~ridc cimcmrrxtion 
limit filr hiirticulturc 

7.2.3 Water Management 

Current P ructire 

72'% Iiiwliing polders. 6% high-l!iiip pi>ldi.rs. 22'% 
5toragc-hniin land 

tlood prc\cntiiin. cc<ilogy. glashouse horticulture. 
p a m r c  agriculturc. recrcatim. na\ tgation 

I l 0  draiiiing Iin-lying pi~ldcrs; tutal c;ipacit) r i l 4 8  n i s  
I I dmiiiiiig high-l)iny polder\: totul capacit) of 1 . 5  i n ' \  

thrce dicwl and three clectrical. h i ih  a ti>tnl capucit! 01' 
54 rn's isituation 1995) 

ci)iitr<>llcd and uncuntrollcd. total explicit! 
approsiriiati.l> 1 0  ni'ls 

:ipprouini:itcl~ 7% conihincd and ISu.;, scpuratc 

N.41' - O 40 ni 
%,\I' - 0.23 m 
vuric\. ii>i ciirnpariwn purposm. NAP - ZO!J ril 

All pi>ltlcr-puinping statii~ri$ in thc 1)clllarid Arca arc. i iutí~tnatcd end opcratc (in thc  ha\ is  ol 

l 
\ \ater-lcvcl setpoints in the  polders.  I hcrc is n o  ccntral facilit) a s  ) c t  to  control al1 these 
puniping s ta i i~>n\ .  I tic inairi puinping itaiiims are  al1 inanuall) c o n t r ~ ~ l l c d .  l l ' thc  i i a t e r  I C \  cl  



in the storage basin becomes too high, these pumping stations have to he manned. Sometimes 
operation of these pumping stations is also required during thc night and in the weekend. It 
is coinmon practice for the main pumping stations: to pump out water from the storage basin 
in advance. This creates an excess storage capacity and reduccs the chance of having to 
operate outside office hours. 

As shown in Fig. 7.10; the target water level of NAP - 0.40 m in the storage basin, is 
not maintained accurately at present. 'fhis is the result ofthe described practice 10 pump out 
water in advance. The graph shows that the largest water-levcl falls occur during and after 
periods of prccipitation. This is ptailialiy the result of hydro-dynamic effects in the storage 
basin that occur during drainage, bul also a result of overrcacting 10 the hst-rising watcr 
levels in thc storage basin during and aftcr precipitation. 

Fig. 7.10. Wuler level measured in /he L)e@md Sioruge Bu.sin al Schipluiden. 

'1.0 maiiitain thc right water quality for irrigation purposes, ílushing the watcr system is 
practiccd frcquently in summer. Many of the inlet structures to polders are manually 
controlled or kept open during the entire summer season. l'hus flushing is continuous, 
possibly to a Iowcr extent, but even during precipitation. It is thc general opinion that as a 
result of this practice, the total quantity ílushed is too large. Thc storage basin is flushed 
entircly, refieshing the surface water. This water is subsequently Iet in to the polders to flush 
them. The flushing rate tor polders is generally larger than that for the storage basin. 

I'hc Water Board is currently reconsidering the design of polder systems. An important 
reason is the incrcasing urbanization, Tor which scparate sewer systems are used, resulting 
in a Iaster runoff The current policy is that surface-watcr storage and polder pumping 
cdpacity wil1 have to be updatcd. Polder pumping stations that have too low a capacity, may 
requirc the huilding of larger pumping units, extension oSthc pumping station or an entirely 
new pumping station. Another option considered, is widcning canals to crcate a largcr storage 
capacity in the surface-water subsystem. All thesc measurcs are very costly. 

Furthcrinorc, the capacity of the storage basin and its mdin pumping stations are 
reconsidercd. At present, main rctention rcscrvoirs are under construction, which wil1 
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Aim ofthe Cuse Study 

The case study aimi at dctermining thc oplions Inr cnhanced water-system control in the 
Delfland water system, in the present situation and in the Suture. Of special intcrist is thc 
method lilr rcducing the numbcr of prnblematic events resulting kom extreme hydrological 
conditions, which should reduce the need fnr costly capacity enlargements. 

lurtlicrmore, thc study aims at dctcnnining the quantity of inlet water, required to 
maintain thc desircd watcr quality. Special points of interest are increasing chloride 
conccntrations in surlice water during summer and wrl ice  watcr contamination resulting 
Srom coinbincd sewrr ove r l l~~ws .  

The idca o f t h ~ .  study is that, hy balancing thc somctimcs ctmflicting intercsts in the 
watcr systein. the cxisting rcsourcrs can bc used better to meet the various enntrol objcctives. 
In thc present case study, the fi>llowing ohjectives for control are set: 

t11 prcvcnt Ilooding hy water from the storagc hasin; 
10 prcscrve the ccolngical valucs in thc surface-water systcm as much as possible; 
to maintain required condition fix horticulturc farrning; 
to inaintain required conditions for pasture agriculture; 
t(, maintain required conditions fix rccrcatim; 
t11 minimize r~pcratinnal coits. 

7.2.4 Water-System Analysis 

I'urumeter Determinulion 

1)etailed modcling ofthc Delfland water system requires detailed data on the many polders 
and rcgulating structures, h ~ ~ w c v c r ,  these are not availahlc at the moment. Therefore, thc 
ch~iice kas heen made t11 ohtain thc nin~iffcharactcristics ofthe polders in thc Delfland watcr 
system by mcans of dctailed analyses ol' two typical polders: a mainly rural poldcr (the 
1)uifpoldcr) and a mainly glushousc poldcr (thc Woudsc Droogmakerij). ï'he Sollowing 
dcscripti~ms \hould he seen as cxarnplcs of thc results of the calibration and verification 
prc~ccdurcs described in thc introduction 11Sthis chaptrr (Sec. 7.1.4). 

For hoth polders, monitoring data havc been gdthered to determine thïir behavior. I'arameters 
that inllucnce thc runollcharactcristics ofrural arcas havc bccn dctcrmined using a model 
of thc Duif oldcr. I'aramctcri that inlluencc the watcr quality behavinr in glasshouse areas 
havc bccn ohtaincd liom a model ot'the Woudse 1)roogmakerij. 

' lhc I)iiilpoldcr is an alrno\t eniirely rural polder; in which land-usc, drainage capacity and 
wil texture are charactcristic for m o t  pasture a r c a  in Iklfland. A summary of data h r  this 
poldcr is listcd in l ah lc  7.3. Mcasuring took placc in October and November 1994. 
I'recipitation and cvaporation data wcre rccordcd at Naaldwijk inrtcorological station, which 
is close ti) thc 1)uifpoldcr. 



Ix i~ i r l !  p rcc ip~tu t i i i i i  tirid c iuporot i i> i i  data l r i i r i i  
\ : G ~ & I I L  ~ ~ ~ s m t < n i n g  \t;jtion: h,wl> w r l ; ~ c - ~ ~ ~ i c r -  
l e i c l  r i i c~ i~ i i i c i i i c r i ts  at u r cp rcw i ta t i \ c  I i i ~ a t i < i r i  in lhc 
piilder: niaiiiiall! rcpistcred punipi i ig Iiiiiir,  



falling water levels indicatc the actual capacity of the pumping station. These were found to 
match. 

Furtherrnore, graph (b) clearly indicates that the total quantity of water pumped from 
thc system and the moments of pumping, corrcspond very wcll. llowcver, when a water 
halance is drawn up, it can he proven that the flows measured at the pumping station are 
slightly too low. The differente bctween calculations and measurcments could he due to 
several errors, as discusscd in Sec. 7.1.4. 

From the calibratcd model, runoff parameters, such as soil resistance (Sec. 4.2.2) 
have heen determined for the Duifj>older. It tumed out that shallow gullies in the mral 
pasture areas give rise to very rapid runoff, once the groundwater level reaches the surface 
ínot shown in the graph). 

' lhe Woudsc Droogmakerij is a typical glasshouse polder. This specific polder has been 
choscn f i ~ r  water-quality simulation, because it almost entircly lacks saline seepage. Such 
secpage would affect the changes in water-quality, resulting from leaching from the 
dasshouse subsurface. 7he  g l a s  surfacc and thc sizes of the rainwater basins have been 
determined on the basis of detailcd maris of the area. l'able 7.4 lists imnortant modeling 
details i ~ f  the Woudse Droogmakcrij. 

'I ahle 7.4. Woudse Droogmakerij, data summary 

Subject 

Ir~tal  area 

Main land usc 

I'umping-station capacity 

Inlet capacity 

Time-serrics data 

Properties 

90 ha 

28% rural, 10% urban, 55% glasshouse, 7% other 

0.27 m'ls 

approximately 0.0'1 m'ls 

stations: weekly chloride nieaïurements in storage basin 
and thc d d c r  

Graph (a) in Fig. 7.12 presents chloride concentrations measured and calculated for the 
W«udsc Droogmakerij, fora  period with low precipitation and high evaporation. Ciraph (b) 
shows water storage in rainwater hasins. 

During the period calculatcd, the chloride concentrations in the storage hasin were 
used as boundary data. The inlets were kept open during the entire period, to enable dilution 
of polder water with watcr from the storage hasin. 

The general pattem of chloride development calculated for thc Woudse Droogmakerij, 
closely rescmhles the actual measuremcnts. The measuring data and the model calculations 
show that the water-quality limit of 200 mg1 for chloride is cxceedcd. 



I tic cxaiiiplc 01' tlic Woudsc I)r i~oginakcri j  deinon\tnites that during periods of 
droiight. tlic uutcr u p p i )  lrii iri tiic rliiiinatcr hasins runs i i u t  I r~ i i r i  Ihat iiiíimcnt on. fiirincrs 
start to u w  large qiiantiticï o l \ u r h c e  nuter. l ia ter  \rithout chloridc c\aporates. \ \h i lc  thc 

ct i l i~r idc Icactics hack to Ihc wrfacc nater. I i i i s  cauics tlic chloride conccntratii~n in thc 
polder to rise. 

Whilc iiiterprctiiig the rcsults. it i t i i ~ u l d  he kept in inind that thc calihration is hascd 

<i11 ver> I k i i  c l i l i~r idc rnca\iirciiiciits 'l hc, inc;iwrcmcnts \ho\\ chlriridc cmccntrations at 
spccific !nonierit\ at il i ic Iiicstiim iii tlic pddcr. \ \ h i k  thc inodcl dcxrihes the axeragc 
coricciitratii~n i r i  thc ciitirc wrl l icc-i iatcr i i i h \ !w in  111thc polder. I hc t \ i i ,  ~ a l u c s  shuuld 
thcrcl«rc hc c ~ i i i i p x r d  u i t l i  c a c .  

I iic grapti\ iiiukc i t  clcar tliat preeipitation )ia\ quitc a Iurgc iinpact (in thc chloridc 
coricciitr;itiriii in ttic ,~irliicc-v.ater suh~!slciii Al ler  cach prccipitatiori cicnt. tiic c h l ~ ~ r i d e  
c(~riccntrati~m clcarly lal l \ .  11ic ciilculatcd cun'e does nut exactl! l i> l lo i \  thc ineasurcd 
chloridc ci~nccntrati~ir i .  Ol'\pccial iiitcrcsl arc the coiiccntratim\ in~xsurcd on 2-X-90 and 
X-X-00, \\hich turn iii it tu hc tlic wirie. I i ir ttiat pcriod. the iiiodcl ciilculated a rise. l i ~ l l o \ i ed  
hy ;i l'all i r i  coiiccritr;ition. I tic rcawii I l ir  niit i i icawring an) change in tlic x t i i a l  chloridc 
cwvxiitratiiin. i ttic prccipit;itii~n thnt liAI ort 0-X-90. in hct\rccii tlic riiimcnts oirncasuring. 

Calihratirig tlic iiiiidcl. pnrainctcrï that detcriniiie changes i r i  \\ater quality in thc 

\urlacc-iratcr w h s ~ ~ t c i i i  i i c rc  ohkiiricd. c g . :  tiic LIK ol'drinkirig \iater lor irr igati<~n. thc 
quaiitity i i I ' \ iutcr Iet in: tiic Icacliirig lk i i i ior i  i r i  glassh(~use irrigatiilii (Sec. 4 Z . I  und 4.2.2). 



'lwo rnodcls of Dellland havc heen huilt to sirnulate the water systern and its various modcs 
ufcrmtrol (I.ig. 7.13 and 7.14): 

a detailed model: 
a gcncralizcd model 

'lhc dctailcd rnodci is used to accuratcly dcscribe the various subsysterns and structurcs of 
the water sustein; including the gcographical distrihution of water-system elements. 
Ilowevcr, pddcrs  that havc similar characteristics havc heen comhined in thc model. 

1 he modcl has heen verilicd using measurcd water-levcl extrcmes of 1990 and using 
data coinpiled lioin thc  perat at ion of inain puinping stations. Using this model :he water- 
management practicc IJS I989 and 1990 has hecn calculatcd. Surfacc-water dynarnics have 
heen included in this model to cxainine the effects oswater-level fluctuations as a result of 
operation o f  thc rnain pumping stations. The rctcntion reservoirs were nol uscd in thc 
verification pcriod and therehre thcy havc not heen included in the detailed modcl. 

The gcncralizcd mildei is uscd specifically to analyzc the varioui combinations of controi 
modcs l i ~ r  thc various structurcs rcgulating thc water system. l h c  reason for the 
geiicralizati~~n is to keep thc optiinization model t o a  workable size, whilc nut violating the 
charactcristici ofthc ~alculatcd mnoll'processes. 'l he generalized modcl includes retention 
reservoirs Sor the storagc hasin and thc low-lying poldcrs I h e  gcographical distribution of 
water-system elemcnts is neglccted; the storage-hasin canals have heen modelcd together as 
ilnL. large rcscrwlir. 

In thc gencrali7ed mrldel, a distinction has heen made hetween three types of low 
polders with typical runofl characteriitics: rural polders, urban polders and glasshouse 
pulderr. I h e  high-lying polders have hecn combincd int» m e  polder. 

(icncral data of the two rnodcls are listcd in fahle 7.5 (sec Chaptcrs 4 and 6 for details ahout 
the modcling ~~fsuhrys tcms  and structurcs). 

l'ahle 7.5. (iencral data ofthe Iklfland water-iystem rnodels 

Arca3 and Ihundarics 

Subsystcrns simulaiion 

Suhsystc.rns iiptirnizatim 

Kcgulating structurcs 

l.incd structurcs 

Canal elrmcnts 

Detailed model Generalized model 
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. , Polder 

I he y e w s  1978 til 1993 h a ~ c  bccn ;iri:tIy/cd in detail tn dcteriiiirie rcprcwni;iti\-c pcriods to 
uïc  in water-s'\iciri \irnuIatiiiri and \crilicatiim (1.11hhrecht. l<W3h). I Iic tn:iin cori\iderations 
in selecting h ) d r ~ i l ~ ~ g i c s l  pcriod\ t i l  u\c \\crc: onc pcr i i~d \i hich csliihiti a \  cwgc  Ii!dr~~l«pical 
ci~nditi(xii:  arid enuthcr pcr i id  iiiiicli h d  a iict spring and a ~ i i b ~ c q i i c i i t  i c n  d r ~  suinmcr 



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 1990. 

First of al], the monitored data were verified generally, followed by an overall calibration of 
the models, using water balances. By means of these water balances, overall inflows and 
outflows have been detemined fiom the only availahle data, being the total quantity of water 
pumped from and int0 the storage basin (Steenbekkers, 1996). 

'l'he detailed and generalized models were further calibrated on the basis of net 
drainage data from the storage hasin. Ih i s  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 aclually measured net drainage 
from the storage basin and the net drainage deiermined hy 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. 

Huilding 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 availablc. For this reason modeling 
inaccuracies are inevitable. 

Local precipitation effects around monitoring stations may cause large differences in 
actual runoft'and modeled mnoff, especially in large areas in the summer season. 

l'he draining capacity of main pumping stations is detemined on the basis of mnning 
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 

Meaiured -- Dctailed model - Genrralircd model 

Fig. 7. IS .  Net discharge from /he Storage Busin per duy, ha.sed on rnunuul control with 
yuantilies meu.sured und local auiumaiic conlrol; wiih quaniities culculuied using 

(he detuiled und /he generulized De!flund mode1.r. 



Sea. the h' icunc Watcrircg end i i ic Nic i i \ rc Zlaaï. 
1-urthcrrn~~rc. in l i g .  7 Ij. re\ult\ 1i1iii;iri~i;il c imir i~ l  are ciimp;ircd i i i i h  rc i i i l t i  iiSIr>cal 

aut~~niat ic c~ i i i t r i ~ l .  Iiccuiisc i i l t t i c  Iuiid;iiiicnt;il difircnccs het~rcen thesc i i i~>dc\  I I ~  control. 
thc rciu1t.i 1m1? i c n c  gcricral pl irposc. li, gct a rough jmprei i ivn o f thc  cfl'cct i> l i t i>ragc- 
hasiii drainage arid inlet d 'a l icn tbater. 

Uccausc (11 tlic diilL.renccs in coritrol rnodec be twen  thc inodcls und rcality. thc 
rcsults s h o w  in ttic ligurc could ml) he ic r i l i cd  in general terins. chccking thc moments o f  
peak dischargcs erid ilic total w t c r  halance. I311ih provcd ti> iriatcli r c n  \r c11. qxc ia l l !  a l icn 
considering thc Iact thet imly tlic condition\ at the \t;irí o f  siinulatioii Ltcrc predetemincd and 
no ci~rrectioris \iere i i i x ie  during thc iliic-)ear time-series calculatii~n. 

I.igurc 7. I O shinrs tlic watcr-level Iluctuati~,iis i n  thc m r a g c  hasin ;i\ a result « S  local 
autiliiiatic coiitri>l lil thc iiiain p i i rnp in  ituti~lns. I h c  ligurc sh i~ i \s  \iater Ie\  cl\ calculatcd filr 
ihe Vicstl:iiid region. at soinc distancc Ihin tiie main pumpiiig \ t a t i m i  and lor Vlietlanden. 
which is cl!iscr t11 a rnaiii puinping statioii i j cc  l i g .  7.7). 

I n  c~iiiip;irison \ \ i th the ineasiircd water le\cls rciult ing froin in:iniial cr~ntrol (sec 
l i g .  7.1 O ) .  thc c;ilcul;rti~m rcsults shii i i  a riiorc stahlc water levcl in thc \tilrage harin. This 
is inairily d u t  t<> the 11ic;il setpilinti ~)St i ic  inain piimping station\. which cauie thc purnping 
ciigincs to \v,itcli <iII as \im a i  tlic target I c ~ c l  in thc suppl) c;inal t ia i  heen rcachcd. A\ a 
rcw l t  ofIi)dri,-d>nairiic e f lk ts .  thc \\aier Imc l  Huctuatcs more. tlie clii\cr ti> a inain purnping 
station. 

Anothcr interc\ting Icalurc \ ih ich can he ohien.cd in l ig. 716. i \  thar high water 
Ici.cl\ iri Ihc \ V c . ~ f l s ~ ~ d  mgion occur l o r  longcr periods fhan i n  Vljctlandcn. l i r i t  o fa l l .  the 
r u n o l l  l r i ~ r n  ilic large glasshc~ii\e hi~niculture area i n  thc Wc\tl;ind. is \ c c  rupid. 
I iiriiicnriorc, ttic discli;irg~. frí~i ir thc iiiniri piiiriping station ncar th t  L\'c\tlarid rcgion ii irnall. 
i th i lc  thc ciipacit) ot'tlie \tiir;ige ha4n-caiial\ that d i d a r g e  111 otlicr iiiairi puinping stations 
is liinited. Ihcsc c l l i c t \  espiain I\ h!. surliicc-\\atcr level iri thc Wc-btlaiid rcgioii riscs h i t  and 
renrains high liir lori- pcriod\. C:on\cquciitl!. thc Westland shii i i \  thc highclt ahsdute \rater 
level i  o l t h c  eiitire siiiragc hasiri alicr prccipitation. 



Several interests are considered fhr the Ilelfland water system: the comrnon-good interests 
of flood prevention and ecology; the scctoral interests horticulture, pasture agriculture, 
recrcation and navigation, and operational water-management interests. 

The following key variables are distinguished in controlling the Dclfland watcr systcm: 
surface-water Ievel, 
chloride concentration; 
BOD concentration. 

Surface water levels play an important role in controlling thc Delfland water system. As 
indicated abiwe, especially in thc areas along the storagc-basin canals, flooding problems 
may occur whcn the surface-water level rises too high. '1'0 evaluate high watcr levels, the 
milling stop level of NAP - 0.25 m is used. Exceeding this level is here defined as 'storagc- 
basin failurc'. 

' lwo options can be distinguishcd which offer an improvemcnt in control in general. 
'The first option is to make bctter usc of the retention reservoirs. Of utmost importante is the 
exact moment to start pumping int0 these reservoirs. If pumping e x c e s  water starts too late, 
too high water levels may occur, while the reservoirs are not even full. However, as 
mentioned befare, 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. 

Intermts 
I tlood prevention 

, I Ecology 
I lloniculturc 
I Pasture agriculture 
I Kecreation 

i l Operations 

, ' Ai Gruundwater level 
: Surface-water level 

Locations 
I Sioragc Barin Glasshouir poldcrr I I'oldcr relention 

l 2 Iligh-lying polders R u n  polders 
.i IJrban poldcri I Main retention 

Fig. 7. i 7 1nrere.sr-we~gliing rhort for /he D e i f l u n  woter rystem. 



' I  he iccond ~ i p t i ~ i n  is to pump ilut iiatcr irhcn cxtrcnie prccipitutiim i \  c\pcc~c<I. Water 
is puinpcd out uftlic polders int» thc storagc hasin and liom therc. out ~ i l ' t h e  water systein. 
I his crcatci additional i torasc ciipacit) in thc s tmagc hasin. 

In addition RI i l o d  prcvcntir~n. tlic ria\ igdti~in interest dcpcnds oii \url'ace-iratcr level 
contrui in thc i toragc basin. 'l his a p p l i c  to  h11th commercial and rccrcation31 naiigrition. 

l o o  high chloride coriccntrations have disaitrous effects on honiculture. In [he cuncnt  
control practicc. t l i c ~  d i sas t rou  c l l k t s  are prcvcntcd hy implcmcnting high liu\hirig I jc tor i  
for the polders. I I i ~ i r c i c r .  ilic Water 130ard aiin\ at miniiniringthc inlet olal icn water. u h i c h  
can ml? he acci>mpIiihcd il Iliiihing is r c 4 c t c d  to  thc mininium r i c c e \ w n .  In d'namic 
control. it is a i m i i c d  that ihc limit 1iS2í)O in& l should n111 he cxcccded. I Iicrcli~re. this limit 
lias hccn includcd ir i  thc surfacc-water daniage hnct ions 111'tlic sturagc hasiri. the glasshouse 
polders and thc rural piildcn. I:scccding ihc limit i \  here defincd as 'gliii \h~iuic-area failure'. 

I h c  currcnt practicc 111'iicqucntlj Ilustiing thc \\ater s)stern. h a  thc adbaiitagc o l removing  
undesirahle pi~llutanrs such as 1301) lroin the na te r  system. This is i inp~~r tan t  during and alier 
comhincd scircr w c r l l m i s .  c\pcciall) in winmer.  I h c  BOL) intcnded in tliis stud' i callcd 
'diliuse I3OIj.. 111 indicatc its dilliiic s<~urcc \ .  l h c  deca) lictor w e d  li11 this t!pe o l 1 3 0 l >  is 
0.5 d ' . I Iir capiicit! u l t h c  irilcts i i  sri largc that tliis p~~l lu ta i i t  can bc I l u h c d  atra) beforc 
natura1 deca) ha\ rcduced thc polliitant Ioed t 0  an acccptahlc l e ie l .  

11' tlushing thc iratcr sjsiciii i \  unly practiccd on thc ba\ i i  111' tlic chloride 
c~~nccnt ru t iun .  p ~ ~ l l u t e n t s  such as 1301) i i i l l  reniain Imgcr  in tlie iratcr i!,tein. l o prevcnt 
thi\ undcsirahlc siiuation. tlic dilliisc 1301)-\ariahlc is includcd ni dctcrniining d!namic 
contrul stratcgies. 

I'rcdictirig thc ivatcr-qualit) dciclopinciit in s u r h c c  iratcrs ;i, a rcsiilt ol'cornhined 
s e w r  overflinr. and \eparate s e w r  out l l i~iv is ven difíiculi. I l i i s  prohleiii h a  nol het hccn 
s i ~ l \ ~ x J  accuratcl) íNWI<W. IYX9j. I lcrc. l i x  ou t l l~ i i i s  ~ ~ f c ~ ~ i n h i n c d  w \ c r s .  a concentration 
of' 500 rng'l 1301) snd for separate w r c n  250 iiig!l R011 has hccn a ~ s u n i c d .  T h e  
concentr;ition that \hoiild nut he cïcccdcd in the wrlacc-\r;itcr i)\tein ha, hccn dclined ;is 
20 ingll in thc dainagc lunetion liir urhnii p~ilders. Iixcecding thi\ limit i \  dclincd hcrc as 
'urhan-arca l i i lurc '  

Figure 7.17 s h u b ~ i  iihich intcrcsts are ci~risidcred and how these intcrests are iveighed. 7 h e  
liguw i h o u s  tilat thc coinmi~n-gu~id interest\ acc~lunt  for hal luf t l ic  totel ircight. al1 thc uther 
intcrcsts togcther liIr Ihc uthcr li;iIl. As  in rc;ilit). thc main task 111'thc Water 1311ard is 10 
iatisSy al1 iritcrests iri tlic \Loter s>\tcin. irhcrcas operational intcrcits rccci ie  thc iinallest l 
iiciglits. Intcrc\ts in thc \\ater s!sicin are rcllited 111 locations h) inexis  o f  kc! u r i a h l c s  in 



Glasshouse polders: surface-water level (flood prevention), chloride (horticulture), 
diffuse BOD (ecology); 
Rural polders: surface-water level (flood prevention), chloride (horticulture) and 
diffuse ROD (ecology); 
k t en t ion  reservoirs: surface-water level (operational). 

Figure 7.1 8 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 whcn 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. 

I'unction (b) presents the damage to ecology, here related to diffuse BOD 
concentration and mainly resulting from combined sewer overfiows. The limit of the 
permissible level of 130D is 20 mg/]. Above this value, damage to the interest occurs, 
increasing with thc concentration. 

Function (c) presents the damagc to the horticulture interest. This interest is related 
t« chloride ~oncentration and is considered to be seriously damaged if the concentration is 
over 200 m g 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 tbe water falls below the lower level of the range, there is a risk of ships 
running aground. 

I> i i tuse BOD ( m u l )  

Hort icul ture  Navigation 

Preferred 
range- 

-u 3 -0.25 0.1 
Chloride (mg/lj Surfacc-water Icvel (m+NAP) 

Fig. 7.18 Exumplr shupes of dumuge funciion.s u.red 



M'atcr-syiicm perìbriiiancc in Ikl l lnnd lias heen asseiscd h) \itiiulatino_ the results of 
itnplcrncnting \ar ious inildc\ o f '  c ~ i n i r ~ i l .  I 'he fi~llmcing ini>dc\ are distinguishcd l i ~ r  
c i ~ n t r ~ ~ l l i n g  tlic rcgulating \tructurc\. in ;i11 pmsihle permutatii~n\.  

I I I C ~ I  rnanual c ~ m t r ~ i l .  
local au111in~tic  cimtriil. 
dynariiic rnanual cimtri~l.  
d)nariiic aiiroiiiatic c i~ri t r i~l .  





ti(~\v thc proccss ol la i lurc  \vork\ and ho\\ i t  can he preventcd h? iiicens l i l  d!ri;nnic control. 
thc cxtreinc prccipitaiiun CIS I 9  Jul! 1966 icrvci  a \  an exainplc i I ahlc 5.1. Page 95) .  Ih; i t  
day. a total i1l4X.I inin prccipitation Ibll iri ml> live Iiours (grapli ( a )  in l i g  7.19. Page 186). 

Grapt) ( h )  i n  l i g .  7 .10 \ho\ \s  thc calcdatcd water I a c l  and druiniigc rcsults. using 
I<~ca l  autoniatic c i ~ r i t n ~ l .  As can bc cxpectcd, vcry s o m  after tliat prccipitatim event. thc 
surface-water Icicl starts L I J  risc. Wilhiri a ik\\ hours. tlie wr lucc  watcr Icicl has r i x n  that 
high. that thc wil surfiice Iloods and tlic s)\tein fails according to  th r  Dcllland rtandards. 

Grapli (c) in l i g .  7.19 show\ ttic wrlacc water-I~xcl  and draiiiagc result$ \rhich could 
he obtained using d!riaiiiic control. In this particular cxample. dynainic cmtro l  takes action 
t11 prevcnt systcni lailiirc, puinping appr~iuiiiiatel) 0.12 ni \rater kim thc \urfacc-water 
suhsystein in advancc. I his turn? out to he j u t  cnough to  prevent I l i~oding.  

I))iianiic c o n t n ~ l  an t ic ip tcs  \yitcrn lailure as a c~~nscqucr icc  <iiprccipitation loads on 
the \vater systcin during the control hor imn.  I l o \ ~ c v c r .  in general. tlic w a t h e r  forccast 
availahle i \  not \ul'licicritlq dctnilcd [o  prcdict such s n  extreme. and prohahl! ml! local 



precipitation event as the one of 19 July 1966. To include inaccuracies in prediction, an 
underestimate has heen used in the example, by an uncertainty multiplier o f0 .4 ,  in fact, 
simulating a forecast of 20 mm. falling in I0 hours (instead of the actual 48.1 mm in five 
hours). 

l «  demonstrate thc results of dynamic water-quality control, the model of the Woudse 
l)ro«gmakcri,j, dcscribed above, has been used. 'ïhe purpose here, is to demonstrate that the 
amount of water Ict in can he reduced and still the chloride concentration can he kept below 
the limit of200 mdl.  using dynamic control. The summcr season of l976 has been selected 
b r  thc analysis. This year was exceptionally dry (see Fig. 5.1, Page 92) and the summer 
season had a continuous, extremely dryperiod (Tablc 5.2, Page 97). The upper limit for the 

, , , 0 . 1 0 1 - - 1  
1-4-76 17-5-76 2-7-76 17~8-76 2- 10-76 
i Fixcd open i n k t  -*Puldcr Pumping Station 
: Curitrolled inlet 

Fix 7.21 0plion.s fur controlling chloride concentrution in glur.shou.se polders: inleis 
permunently closed ( 2 ~ ) .  inletspermanenlly open 12hl. dynumic control/ 

inlets opened when reyuired f2c). 



cliloridc cr i i icc i i i r~t i~ i i i  in ihc I lcl l lai id Siiirngc I ja i in  has hccri kcpi l i l c d  nt 1 3 1  irig I. \\hiel1 
i i  ihc avcragc valuc in u d r j  siiiiiiiicr. 

I he ciitirc irilci c;rpucir! (\cc l nhlc 7.41. l i a i  hccn ip i i t  int11 i103 iii' i tbr irilcib thui ;irc kcpt 
open c~ir i t i r i i iousl~ tliroiigtioiit s~iiii i i icr. irrcspecti\c o l thc  ciiiidiiiiiri\ i r i  ihe s!stciii. ;iiid ii.06 
n '  s i c r ~ t r i l l h l c  i r i c s .  I r i  ciiirihiii;iti«ii \r i t l i  thc pcririariciiil! open i i i lc i i .  l i i r  thc 
coriiriilI;ihlc iiilcts thc l i i l l iw i i i g  ~,piii i i i, c m  he diitirigiii iticd i r i  i l ic \ii i i i i i icr ic;r\i>ii: 
;r. c ímtr~~ l lah lc  irilcts c l i ~ ~ c i l :  
h. c i~r i t r i~ l lahlc irilci\ ilpcii: 
c eontriillahlc irilct\ iipcii i i l i c i i  rcqiiircd. 

I he result\ III thc t i i i ic- icrici e;riciil;iiiiiii~ ;irc prcicntcd in thc gr;ipli\ iii I i:. 7 211 arid 7.21 
A \  i h i ~ \ \ i i  in grnpli i l a ~  (11 l ig. 7.211. ihc cliliiridc conccn1r;ition rcg~il;irl! c\cccd\ tlic l imi t  
o l  200 m g  I. i t l i i e  c i i~nt r~~ l lsh lc  i i i lc t i  ;irc hepr clr>wd. (irspli (?;i) i ~ l ' l i g .  7.11 shin\h ihai. 
dcipi ic t l i c  drouglit. tlic puinpiiig ii;iiiiiii lreqiienil! disctiargcs t i j  itic itorage hasin. \ i l i i c l i .  
ci)ii ihiiicd i i i t h  tlie 11peii i i i lc i i .  i i ic ; i i i \  the siirl'acc-\iater \uh\',tciii is t luJied e l i i i i ~ i t  
cont i r~~ioui l !  

I hc curreiit practicc iii I>clll;i i i i l is ti! hccp iiiosi in lc l i  opcri pcriiiniiciiil! thr~~ughuut 
thc u in inc r  \casiIn. criiuriiig \~ i l l i i i c i i t  ilii41irig t i>  kccp tlic ctilori<lc coricciiir;rlii~ri hcii>ir thc 
lii i i it. Sliglitl! csni.gcroicd. hui clcnr lor i ici i i i i r i \ trai i~~ii  purpoics. pr;ipIi, í l h l  arid (?h)  ,hili\ 
thc rcs~i l t  <>I thi\ practicc. cimtiiiuiiuil! uiirig ilic critire inlct capucii!. A i  prc\cnicil in p p h  
i I hl. cliloridc ciiricciiiraiiiirii rcinuin \\cl1 hclo\i tlic l i init.  

( k i p t i  i / ; r )  i t i o \ i ~  1ti;it (in l i \ c  í i c c ; i ~ i i i r i ~ .  thc cti l~ir idc ciiiiccritrntiiiri l i i i i i i  \ia 
cxcccdcd. I hir i i ig tlic\c pcriodi ;rppxcriil!. extra Iliishing i i l t l ic  iiirl;icc-\\ater siihs! i t e i n  \<;i\ 

rcquircd i<> hccp tlic clilirridc ciiiiccritr;iiiori hel«\\ the liiiiii. l Iiii i \  cuc i l !  \ \ l ia i  d!iiuinic 
ciii itrii l acci i i r ip l i~ l ic i  in ilii> ipcci l ic  \ i i l io t i~~r i .  er ctin he iccn in griipli l 2 c )  Wlicn thc 
cti l ir idc ciiriccriir;iti~iri i \  ;iliiiiiii rc;iclicd. tlic ciiiiiriillcd i nk t  i i  i~pciicd. udditii~rinll! f luihing 
ihc wrl;rcc-\\;ricr iilhs!iicin ;III(I ciiwri i ip thirl ttic ci~iicciitraiiim ,I;$!\ helm+ tlic Iiii i it diiriiig 
thc droiigtit 

lil itic d!riaiiiic ci>iiirol i,ptií>ii ilcicrihcd. u cinitrol t i ir i / i , i i  í i l  12 hoiirs i i  uicd. 
r ~ i i g  a r ti)cIri>lrigicul-litad iccii;irii i iScc 5.3) .  flril! tlic cí~r11rolI;~hlc inlet i\ 
ci~iiirí,l lcd il~ii;iiiiic;ill!. i l ic piii i ipiiig itntii iri I, conirollcd Ioc;ilI! 

I t i i i  c~a inp lc  s l i i i n i i  i l i ; r i  d!ii;iiiiii iori ir i i l  ;icliic\ci u cim~idcr;ihlc rcduciiim i r i  lctii i ig in dien 
ii;i icr. IYd!ii;iiriic i<ir i ir i i I  i, ;ippIicil. thi. qii;iiilii! 0 1  \\;sier Iet in l i i r  ir ; i lcr- ipi l i t !  ciinirol i\ 
iiiil) 3 I'::, i i l l l i c  qii:iiitit) iIi;il i\iiiilii 11 ; i i c  h e m  let in. i r i  l l ic ciirrciit pi;ii l icc. 



Now the effect if  dynamic control has hccn shown in two small-scalc examplcs, the cntire 
water system olDellland wil1 be discusscd in the rcmaindcr of  the fbllowing sections. 

'1'0 compare local and dynamic control; a period o f 3 0  years har been calculated, using thc 
I k  Bilt time series l i r  preeipitation and evaporation, in time steps »f l hour. In the local 
automatic control mode, ali puinping stations are contrnllcd locally. Large and controllable 
inlcts are kept permancntly closcd in the winter season and permancntly opcn in the summer 
seawn. Small inlcts are open throughnul the year. Weirs, draining the high-lying polders, are 
of thc  lixcd typc. 

In dynamic eontrol mode, al1 structures that are controlled locally in local automatic 
control mode are assumed t« be controlled dynamically. Furthcrmore, large inlets are 
controlled dynamically. l'his situation wil1 he called the 'basic altcrnativc' helow. Minimum 
operational periods are set t« 6 hours for half the storage hasin drainage capacity, to represent 
manually applied dynamic control. 

A control horizon of 24 hours has hccn used, applying timï stcps of two hours and the 
following prediction scheme: 

O - 4 hours: period-avcragc prediction, uncertainty multiplier 0.6; 
4 - 8 hours: pe r idave rage  prediction, uncertainty multiplier 0.6; 
8 - 24 hours: pcriod-averagc prcdictim, uncertainty multiplier 0.6. 

'1.0 spced up the calculation proces, a dynainic-control threshold has heen wed  (Sec. 7.1.2). 
IJsing this tcchnique, it turns out that dynamic control has to come into action only 6.6% of 
the time. 

I'ahle 7.7. limc-scries calculation results of  local automatic and dynamic control oT the 
Dclfland water system. 

Performance Storage Basin Polder Glasshouse Urhan area 
index failure events flushing area failure failure 

(-1 (y.') l total factor duration duration 
duration (hiy) (d-') (d'~) ( ~ I Y )  

I he most important results ohtaincd assuming I«cal automatic and dynamic control are given 
in Tahle 7.7. Because ofthc great variety of interest.; included in the model, thc prrformancc 
indcx has hccn uscd Ior comparison (Sec. 7.1.5). 

Firsl of dl, Tahlc 7.7 indicates that the current numhcr of storagc basin failures is 
0.13, which is slightly abovc thc critcrion o f0 . l  set hy thc Water Board. Furthermorc, the 

1.ocal Automatic 
Cimtriil 

Dynarnic Címtrol 
(hasic altcrnatiuc) 

I 0.13 / 1.27 0.043 7 l O 

1.69 0.03 10.07 0.021 8 10 



tahlc sho\rs ttiai pcrli~riiiaricc i i i iprm ciricrit ii\irig d!riainic coii trd iri\tcnd o f  liicol aiitiiinatic 
cimtrol is 69'>:,. 

I he niiinhcr aiid durutiiiii 01' \ t i i r ; iphu\ in  fdilurcs cari he rcdiiccd usins dknainic 
cimtrul. \rli ich incans itiat ihc surlacc-\\titer lc\.el i n  the storagc hasin i, bcttcr iiiairitained 
hc l i i i i  the ni i l l ing ,top I c ~ c l  diiring cxtrciiic prccipitatiilii c\crit \  'lIii\ rc\ult l ias bccn 
accoinplislicd u i t l i  a rcducri i~i i  i r i  in;iiri rctriitirii i r cwr i i i i r  u ic froiii 0 X 3  a !car uï ing local 
uui(imatic ciintri>l t(i O h 0  U i ca r  i i i i r ig d!riiiiriic criritrril inut sh i~ i \ r i  iri itic 1;ihlc). 

'l he c a l r i i l a t i ~ m ~  lurthcr h r ~ u  tIi;~l tlic t i ~ t ~ i l  qu~intity ~11'watcr iiscd ]br I l i i h i r i ~  tlic polders. 
cari he rcdiiccd h) iiiilrc Ihnri 5OC?:,. l h i \  rc\iiIt is oht~ i incd~ u i t t i  adniittcdl> :I \light iiicrciise 
iii thc- d u r ~ t i i i n  <>l glas\t i(~i i ic f i i l u r o  Irrii i i i c i c r i  to ~. ight  da!, a ' c a .  i l i c  rcauiri lor t l i i 5  

plicniiiiicniiri i s  itic liict that in d>iiniiiic coritrol ci ini i~iui iu\ l l i i ~ l i i r i g  i r i  i i i iri iricr i\ n i ~ t  
practiccd. as i t  is i r i  I i i c i i l  uut~~i i i i i t ic  ciiiitrol. I>yrianiic coiitriil c i~ i i i c \  i i i io action irhcn thc 
chli~ridc coriccritraiii,ii rcaclic\ i l ic liiiiit. hut iindcr c t r c inc  ci indii im\. ttiis i i  iipparcritly tor, 
latc. H o i i c ~ c r .  \iater-qualil! conlriil in tlic iirhiiri arcas di>c\ iiot \li i i ir 311 increa<c in thc 
duriitiim ol'i irhaii-xc;i l ;~i lurc\, ttic diiratiim rciiiains lil da>s a >car. 

Wlicn cmiparirig tlic rci i i l t \  prc\critcd i r i  1-ahlc 7.7. it \Iiíiiild he kcpt i r i  iriind thar oiil! 
thosc lailurc c ~ c n i i  and duratiorii :irc I i \ icd that rcpracnt cxtrci i ic-~!stci i i - l r iad situiiiions. 
I t ic  pcr1imii:incc iiidcx inci~rp<iratci el1 ctinditii~n\ ill'thc u;itcr s!itciii diiriiig cach tinic \tep 
calcuiaicd. iiicliidiiig ihc iiiajority i i lpcr iods t r i lh  lil\\ s!\tciii had \ .  Ilii\ iiicanh that. \ i l i i lc  
thc cxtrcnicj o f  i i b i i  pii\\ih!c ultcri iut i \ci iiiii! he ciiinpiirahlc. ttic o\i.rnll pcr1iiriii;incc iris! 
di l lkr .  A liisher pcrlorinuiicc iiidicatci thut ttic urcragc coiiditiori\ ;m \ati\ l icd hctter. 

I'iildcr pimiping \ i a i i < i r i \  

Basic Keduccd Water-quantity 
alterlialiv~ alternative nitcrnative 

i ) (  I I)(~ I>(' 



of structures locally, the two alternatives presented in Table 7.8, have been exarnined. 
Alternative (a), called thc 'reduced alternative', describes a situation in which the 

nuinber of dynarnically controlled structures is reduced. Half the main pumping station 
capacity is controlled locally, thc other half dynamically, while the polder pumping stations 
supplying thc high-lying polders are c«ntroiied locally. In this alternative i1 has been tried to 
ensure good systern performance and handling of extreme events. 

Alternative (b), called the 'water quantity alternative', only focuses on water-quantity 
control. ï h c  purpose of this alternative is to detcrmine whether the improvement in water- 
level contrul in the storage basin and the polders changcs whcn water-quality control is 
ncglected. It is similar to the baiic alternative, buk the main supply pumping station and large 
polder inlets are locally cr>ntrolled. 

I h e  rcsults of dynamic control according to these two the alternatives are given in 
Table 7.9. 

?he reduccd alternativc (a) shows a less favnrablc performance index than the basic 
altcrnative. I his is duc to the fact that half thc rnain pumping stations' capacity is controlled 
locally. Furthcrmore, the numbcr of storage-basin failures does nol 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 alternative. 

'The water-quantity altcrnative (b) shows only a very smal1 rcduction in performance index 
in  cornparison to the basic altcrnative. Since no conflicting interests are incorporated in 
control, dynamic control results in no storage basin failurcs during the 30-year period 
calculated. 7hc  flushing factor, however is as poor as when using local automatic control. 

lahle  7 .9  lime-series calculation results «f dynamic-control alternatives of the Delfland 
water system 

Performance Storage Basin Polder Glasshouse Urban area 
index failwe events flushing aïea failure failure 
(-) (y.') 1 total factor dwation duration 

duration (Wy) (d-') (dy) ( a ~ )  

ihasic alternativc) 

Dvnamic ! I.ocal 
ia; reduccd) 

Ilynamic ! I ~ c a l  
(b: watcr-auantitv) 

1.48 0.03 10.27 0.022 8 10 

1.67 0.00 10.00 0.043 6 1 O 



l d > l c  7 ,  l i l .  l i i i~c-+cric ,~ ~ : i l ~ u l ~ t t i ~ ~ ~ ~  rc , d l \  01 Io~iiI mloindlic m d  d)ii: i i i~~c  ontrol ii>r l \ \ , ,  

ilc\;.l<ip~rirrii ,ccii:irii,, iriiiirjiiir:iiiriz pi,,\ih!i: Iiiiiirc c\p;iri\ii,ri> in 1)cIfI.iriil. 

I'cr1imn;ince Siriruge l h i n  IJolder Olasrhiiuse Crhan arsa 
iridcx I;tilurc cvcnts flushing arca f i l u r c  failurc 

( - 1  i v  ) 1 total factor duration duration 



'J he duration ofglasshouse-area failurcs in thc future sccnarios is shorter than in the 
current basic alternative ( lahlc  7.7). I his is duc to thc incrcasc in runoflliom urhan areas 
aticr prccipitation cvents, which contrihutes to flushing the surfacc water. 

' lhe numhcr of urban-arca f'ailurcs incrcases in al1 future sccnarios, as can he 
expccted. ' lhe total quantity of pollutants discharged to the surîace water, wil1 increase as a 
result of the separate sewcr systems. 

l o  lind out what rcsul t~  can he ohtaincd hy applying dynamic control Ior thc cntire water 
systcm, this suhsecti(~n prcscnts dctailcd time-series calculation results. Thc results of local 
and dynamic control arc presentcd Sir an extreme situatiun: a heavy rainstorm, causing 
extrcmcly high water levels. I h c  winter rainstmm o f 2 6  Novcmhcr 1983 (sec Tahlc 5.1, 
Page 95) has been selectcd for the purpose. 

An irnp(~rtan1 reason for sclccting this particular cvent is ihc probkm which the Water 
I3nard hccd thc ncxt day: 27 November 1983. During and shortly after the event, the Water 
Board had ti> impusc a milling stop Tor sevcral polders and to switch oSf some polder 
pumping stati(lns, t0 prcvcnt stl~ragc-basin iaiiurc. 

I'hc rcsults dwater-level calculations during thc cvent have heen vcrified on a genera1 scale. 
For the time-scrics calculations prcscnted here, precipitation and evaporation data measured 
at Valkcnhurg and Kotterdam Airport meteorological stations have bccn uscd. ' ïhe total 
prccipitation wai 49.0 mm, which kll in 21 hi~urs, almost as much as recordcd in De Rilt 
during that sainc cvent ( I  ahlc 5.1). I'hc preccding prccipitation event had caused the soil to 
bc saturatcd and thc rainwater hasins to he lilled. 

In 19x3, thc main retention reservoirs were nol yet present in Ihe rklíkand water 
systein. f lowcvcr, Ior dcmonstriition p u r p o ~ s ,  thc main rctention reservoir is uscd in the 
exainple. The polder retcntion reservoirs are, on purpose, not wed.  

'1'0 prevcnt 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 ohserved in gmph (b) of l i g .  
7.22 (Payc 196); during the precipitation event, the rural polder-pumping stations are 
switchcd (]ff: as a rcsult o f a  milling s t ( ~ p  (6 hours on 27-1 1-83). 

1:urlhcmr~re. thc inain rctention rcscrvoirs (d) are uscd, trying to av«id the water levct 
to rise ahí~ve thc milling-stop Icvcl. l'hc watcr-level curves (c) show that the storage-basin 
failurc la\ts alinoit an cntirc day in thc calculation. I:urthermore, Ihc water levels in the 
polders on averagc risc to 0.25 in abovc their targets. 





Dynamic Control 

In dynamic control, the prediction scheme for precipitation as presented before has been 
used, including an underestimate 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, i1 can he obsewed that al1 pumping stations 
start to operate slightly earlier than in local automatic control mode. Furlhermore, it can he 
seen that dynamic control autornatically applies a milling stop for the mral polder pumping 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 
25-1 1-83 27-1 1-83 29-1 1-83 1-12-83 3-12-83 
i Drainage Urban polders -*Drainage Storage Basin rnanual - Drainage Cilasshouse polders -*Drainage Storage Basin automatic 
r 1 Drainage Rural polders 

25-1 1-83 27-1 1-83 29-11-83 1-12-83 3-12-83 3 
- [Jrban polders -*Storage Rasin 
- Glashouse polders -- Rural polders 

-3.00 4 . . . . . . . . . . . . . . . . . . .  1 -15.0 
25-11-83 27-1 1-83 29-1 1-83 1-12-83 3-12-83 
- Watcr level Main Retention i * l n i ì o w  Main Retention 
-*Drainage Main Retention ( C )  

Fig. 7.23. Time-series calculafions for dynamic control dwing fhe rainstorm 
of 26 and 27 November 1983. 



stations, c i c n  when thc failurc Icvcl in tlic stwagc hasin has not heen rcaclicd !ct. I h c  rrason 
ior this stnitcgy is t11 prevcnt t o i ~  high ne te r  lcicls in the stc~ruge hasin. \\hilc tticrc is en~iugh  
siclrage capacit! Icfi in thc rliral pi~ldcrs .  I tiis rcsult could he expcctcd. considering the 
ivcighing o f  tlic s111rage hasiri aiid ttic rural polders, prcicnted in the chart (11' I . ig  7.1 7 
(IJage 1x3). 

Itic prccipitaticin prediction iiscd. I x k \  thc ziccuracy to start punipiiig ncl l  in adiancc.  
I h e  water Icvel in thc storugc hasin is lilivered jus1 befbrr  the precipitation e len t .  hut only 
vcry litllc. 

I tic te1131 r a n g u i l '  Iluctuati~iri ol ' thc stilrage basiii v.ater Icicl is iiiuch Ieis than that 
ohtained by local a u t ~ m a t i c  control. I \r<, causci can be nientioned tliat resultcd in this cffrct:  
starting thc rnain purnping statiilns in time arid keeping more \rater in the rural polders during 
the cvent. I he  rural polders thcrcfilrc \h(]\\  an approxirnatcly 0.05 i i i  higher u a t c r  level on 
average. tlian in thc local autoinatic control mode of the \sater systcin. 

I h e  ~wcral l  picture u h i c h  can he ohlaincd f'roin thc time-series calciilatim example. is that 
dynainic cilntrol is i~ ipcr iu r  til local autiimatic control because i t  niakes bcttcr usc o f  the 
availahlc syitem rcsourccs. I hc extrenie precipitation is handled hcitcr. without even nceding 
an accurate prccipitatim prediction. 

I he  incrrasc in iinpcrincahlc arca. as ;i rcwlt  u i  incrcascd iirhanization ;ind expansion o f t h e  
glasihr~iisc arca. 1iircc.s tiic lk l l l and  h'atcr Hoard 1 0  rccmsider ttic currcnt \ ) i tem capacities 
and the u a )  in which these capacitics are used. In principle. al1 prewnt and iuture prohlems 
rclated til a lack o I ' \ ~ s i c i n  capacity. t a n  he sol ied hy increasing the iu r f icc  area of the \sater 
hodiei. hy enlarging thc \ti~ragc-h;i,in ciinali. hy huilding ncir puniping \tatii>ns and iirnilar 
measure\. Ilo\vevcr. w c h  iiicasures are ver). costly. T h c  present casc stud! prescnrs a inuch 
chcapcr alternatiie: iiiuking hcttcr ~ i s c  i~f'sll cxisting uatcr-systeiii rwiurccs .  

' l  h e  casc \tudy stiu\ri  clearly that tlic s t i ragc  capacit) currcntly available in the Dcllland 
water s)\tcin ha\ rcnciied its liinit. hut i t  can he uscd hcttcr i ihen d)n;iiiiic control is applied 
in tlic cntirc <,r ir i  part 1 1 1 t h ~  wntcr \)stori.  

I t i c  3 0 - ) e x  time-serie\ calculations dernonstratc that u\iiig d!narnic control. a 
significaiit rcductiim in thc nuinhcr li1 cxtrcrirelq high \vater Ic ic l i  in the stilrage hasin c m  
hc  achicvcd. hy ui  iniich as 75?4 I > ~ r i m r i c  control can thus he  isc cd ti, enhancc the currcnt 
nater-syitciri prrliirinancc. hut also 10 iiiaiiitain the safety of thc \corage hasin. espccially 
i ihen luturc expan3ions o l t t i c  urh;iri xc ; i  or i ~ t h e r  de \c lqxncnt \  in I>clll;irid causc evcn 
liister ruiioll'. 

In tlic glassti~iiisc pddcr \ .  tlic iiiiinher and 5ize olrain\ \a ter  haiins pla) an  impi~rtant  
rolc in ttic lrcquciic) 111 high \\ater Ic\cl \  ;ind thc iiuinhcr i ~ i  i)iterii h i lu rcs .  l i  these 
rcscrviiiri \riiuld he ah<ili\licd in liitiirc. thc Water h a r d  wil1 h a r e  10 take acticln, in order 
ti, at Icait iiiaiiitain tiie currciit lrcqiicticy oI ' i )s tcni  failurc. Onc i i i  tlic op t i i~ns  is to use 
d!naiiiic c i ~ r i t n ~ l .  



Depending on the weight of the interests present in thc varic~us subsystems of the water 
systern, dynarnic control will satisfy thc requirements of these interests. The high weighing 
«f the storagc basin, as incorporated in the examples of this casestudy, shows that during 
heavy rain storm?, priority is givcn to Ilnod prevention in thc storage basin; actively using 
the rctcntion reservoirs. 

'The wcighing of water-quality-related intercsts present in urban, glasshouse and mral 
polders, implies that when using dynamic control, the surface-water suhsystems are only 
flushcd ivhcn necessary. This would reduce thc tofal quantity ofa l im water inlet by 50% on 
average. 90th in local and dynamic control modes the chloride concentration standard of 200 
mg11 would he violated during extreme drought. 'i'his is due to a lack of fresh water to flush 
the water systems and a lack ofinlet capacity. 

In case of surlace-water pollution, resulting fiom comhined-sewer overflows and 
separate-sewer outflows, dynamic control would nnly tlush the surface waters in urbanized 
arcas aficr thc overflows occur. In these particular cases. and for water-quality control in the 
Delfland Arca in general, nopredictiun of thc water-system load is required, since control 
actions would he taken as soon as the water-quality variahles violate the standards. The 
results ofdynamic control and local automatic control are the Same in this case. 

' lhe rcduction in letting in water to the polders during thc summer results in a general 
reduetion in polder-water purnping. 'lhis wil1 contributc tv lower running costs for the 
electrical poldcr-pumping stations. 

Dynamic control can he implementcd in the Delfland water system in several stages. As  
demonstratcd, in the reduced alternative, nol al1 regulating structures have to be automated 
tv obtain an improvement in water-system performance and reduce the number of water- 
systcm failures considerably. 

ï h e  currcnt automation configuration in the area already enables central data 
gathering vf water Ievcls in the polders and the storagc basin and compilation of operational 
data of pumping stations. 

'The main elements ofthe water systcm that should be included in dynamic control are: 
large polder pumping stations, large polder inlcts and three main pumping stations, 
representing appruximately half the entire pumping capacity. For the current, larger polder 
pumping stations thc option should he created to switch Srom the rcgular local automatic 
control mode to rcmote control by a central control unit. 

Ihree  of'the six main pumping stations, could he controlled locally as described. 'The 
other threc could still be controlled manually likc they are at present. In these manually 
controlled pumping stations, dynamic control could he applied, introduced as dynamic 
manual control in Sec. 2.4. In that case, the operators should interpret and follow the control 
strategy detcrrnined by thc Strategy Kcsolver. 

In thc various examplcs 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. 



7.3 De Drie Ambachten Case Study 

7.3.1 Introduction 

I h e  Drie Ainhachtcn xci i  is located in thc ioiith-western p a n  o f  thc Netherlands. d o n g  the 
Io\vcr reachei ~ l ' t l i c  Wcitcrschcldc rivcr f i c c  I'ig I I ) .  I he  area is hi~rdcrcd in tlie north h) 
thc Westerschcldc. iii thc s i ~ u t h  by Iklgiuin and in the cast arid \\est b) areas with 
cimpariihlc water-managcrnciit ch;iructcristics. Thc authorit! rciponiible filr \ \ater 
inanagenient i \  thc Watcr Iloard . I k  I>rie Ainbachtcn'. 

' l hc  area ii includcd in thc present stud) since i t  dcinonstratcs scvcral nater-control 
p r t ~ b l e m s  ~ i h i c h  are typical l i ~ r  gravily-drained polders d o n g  [he coast and in tidal river 
dcltas. A spccilic prlirit o f  intcrcst is thc cri~ss-border dischargc oS cuccss water frnm 
Iiclgiuin. 

7.3.2 Water-System 1)escription 

I 'he area o f l k  I h i c  Anihachtcn ciiiiipriss threc independentl) c~iiitrullcd districti. u i t h  a 
total s u r l i c c  i11 24.000 ha (Fig. 7.241. I..xccss \i.atcr fruiii tlic area is divdiargcd ti l  ihe 
Wcsicrschcldc via t \ \ o  systeini o f  crceks and canals. I hese s!stems arc separatcd hy the 
'Kanaal vair ( ; a t -naar - I  cr i icu~ci i ' .  \\hicli is aii iiiiportant siiippiiig r w t c  lioiii Rrlgiuiri to 
thc Wcsterschcldc. 1)istrict I i \  iituatcd \reit  ofttic canal; Districts Z aiid 3 cait  111'thc canal. 
1)itrictr I and 3 rcccirc cross-hordcr iiatcr frum I3clgiurn. Lsccss  na te r  ìr<iiri upstrcarn and 
liom Ijistrict t is discliargcd ti1 the Wc\tcrschelde \ i a  the Iiraakinan Sluicc. I 'he discharge 
o f  this l u i c c  is entirel) gravitj  d r i i cn .  

District 3 dischargcs brater t i l  1)iitrict 2 via a large \\eir at thc village o f  Axel. 
1;pstrcam 2nd exces5 \\ater k o m  District 2 is dischargcd via the O t h c e n d i c  Sluice. a sluice 
which is equipped ivith puiiiping iinit\. I hese units are uscd duriiip pcriods \ \hen the 
drainage ut' cxccsi  n a t c r  b! grai i t )  is iriipmssiblc. bccausc the ivuter level o f  the 
Westcrïchcldc is tw high. 

Watcr inaiiagcrnciit in (he arca around Ilic liraakman Krcek 1I)istrict I j i \  tlie rnain subject 
of this i i i c  stiidj.  I t i i s  area is deliticd as thc .I<raaktnan Area' .  l t i  surfacc area is 
approsiinatcly 5.lJlJfj h a  I he 13raaknian Area does nol includc thc Kanaal van (icnt-naar- 
Icmciiï-cri ;ind tlrc ciinal psrailcl tu it .  iiliich huth dischargc to thc U'ci tcrxhcldc h! scparatc 
sluiccs. f h c  I3raakrnan Arca iI(1pes gcntl!. and coinprisei a systern u l ' w c r a l  pi~ldcrs. \\ith 
;ippr«xiiii;itely 30 diSIkrent \\ater-lcvcl icciioni.  ~ r h i c h  diich;irgc cYce\i \ \ater io  thc 
Llraaknian Krcek \ i a  a surfiicc-bater \)stern of in ia l l  canals. wciri arid a piirnpirig station. 
l o r  cach p i~ ldcr ,  target Icvcli have hccri dcfiricd f i ~ r  thc suinrncr and uiriter s c a i i ~ n s .  

'I  he  wi l s  ~11'ttie Rraakrnan Arca ci~riiist  olsilt) .  cla) and sik! linc graincd hand  Thc 
I o ~ c i t  p d d c r s  h;i\c a wrldcc Ic\cl o f  NAP . 0.1 in. In thc caitcrn par7 i ~ l ' t h e  area. thc 
surfacc lcvcl is up t i ,  NAIJ , 2 ? in: ;i ianil! area. 

I tic I3rriakiri;iii Area ha\ prcdoiiiirimtl~ agriculiural intcrciti  farnhlc Iiriiiing and 
horticulture). ~ c h i l c  iritercits i~lr ia turc.  rcc rc~t ion  ísiviinrning. sailirig arid l i4 i ins )  are prcsent 
in aiid adjacent tíi the Iiraakinan Krcck. 



The water system that drains tv the Braakman Kreek is located for the larger pari in Relgium. 
In this Relgian area, rural drainage water is collected in the Leopold Kanaal, which can 
discharge via a sluice near Heist, or via thc Isabclla Pumping Station, locatcd 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 Bradkman Kreek. On an annual basis, this represents 65% of the total discharge into 
the Braakman Kreek. 

A minor pari of District l dischargcs into the Leopold Kanaal. For simplicity, the 
cntirr area discharging info thc Lcopold Kanaal is callcd the 'Belgian Area', although pari 
of it is actually in the Netherlands. 

The target surface-water level in the Leopold Kanaal is NAP - 1 .O0 m. ï h e  target 
levels in the Braakman Kreek are NAP - 0.90 m in the summer season and NAP - 0.40 m in 
the winter scason. The prevailing interest in the area discharging into the Leopold Kanaal is 
agriculture. 
Agricultural and nature areas in the eastern pari of the Braakman Area suffer from drought 
in summrr. This problem is dealt with in two ways: irrigaation using water from the Braakman 
Kreek and irrigation using alicn water. The effect of this irrigation is relatively small, 
however. One of the problcms is that, givcn 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 nol considered. 

Fig. 7 .24.  De Drie Ambachten area (only the main structures have heen indicated) 



Westerschelde 

Fix 7 25. l i i . r c h u r ~ ~ f r o m  rhe Leopidii Ku,~uul viu [he .s/i<ice n w r  flci.ir utiù viu riir 
Rriiiikrnun .S/iiicr. 

7.3.3 Water Management 

Currenl Pruclice 

' l h e  Water I h a r d  has fc \ i  incati5 Sor contr i~l  in the Hraakman Area. I h c s e  are:  manual 
adjustincnt o l \ rc i r s  in thc polders: opcration o r t h c  1,ovcnpolder l'uniping Station: opcration 
o f t h c  Ikaakman Sluice. IJndcr normal conditions the w i r s  are adju\t~.d innnual l~ at thc turn 
o f t h e  season. Only in case « f  extrcrnc nater-systein loads thcy are occasioriall) als« adjusted 
in the middle oí'a s c a w n .  

Isahella IJurnping Station is conirolled h> the Iklgian water authoritic\. It is opcrated 
autumatically on thc hasis ( ~ f i b a t c r  Icvcls in the 1.copold Kanaal.  I loncvcr .  the currcnt 
practice is to lrcqucntly switch thc puinping units oí'thc puinping s tat im on or ol lmanual ly.  
I h e  operat i i~n of Isahclla IJuinping Station has a large impact on \ \a ter  levels in thc 
I j raakman Krcck. I 1  this puniping s t a t i m  is operatcd at inaxiinuiii capacity hetween two 
pcriods o f  rcgular d i d a r g e  h) thc I h a k i n a i i  Sluice. the water Ic\.cl in thc 13r;iaknian Krcek 
riscs uppr(~ximatcly 0.2 in. A s  wil1 bcc(1nic clear later. each time the I3raakrnan Sluice cannot 
dischargc during a tidal pcriod, thc ii;itcr Ic\cI in the 13raakman Krcck rnay risc iiiorc. 



Tahle 7.1 1 .  De Drie Ambachten, data summary 

Subject 

Water-system arca 

Main land usr 

Soil-surface levels 

Polder watcr levels 

'lidal range 
Westerschelde 

Hydrological seawns 

'Target surface-water 
levels 

Drainage system 
general 

Isabclla Pumping 
Station 

1 imc-series data 

Data Srom the Braakn 

Properties ' 
Brakman Area: 5,000 ha, gently sloping; Bclgian 
Area: 1 8,000 ha, flat; Braakman Kreek surface: 150 ha 

75% rural, 5% urban, 4.5% surface water, 15.5% uther 

NAP t 0.1 m to NAP + 2.2 m 

NAP - 1.4 m to NAP i 0.9 m 

NAP - 2.04 m t« N A P  + 2.03 m 

summer: 1 blarch to 30 September, winter: l October 
to 28 Februav 

I h a k m a n  Kreek: NAP - 0.40 m in summcr, 
NAP - 0.90 m in winter 
Leopold Kanaal: NAP - 1.00m 

tield canals: 1 m wide; discharge canals: 4 m wide, 
approximately 30 fixcd weirs; Lovenpolder Pumping 
Station with capacity 2.9 m3ls 

4 openings: 24 mi total area; miter gates and sliding 
gatcs; maximum discharge capacity approximately 
60 m'ls 

6 pumping units, total capacity 13.2 m31s 

water-levcl measuremcnts of 1992, oncc a day; 
nrcci~itation totals Der dav, measurcd at I'hili~nine; . . . . 
monthly discharge tolals of Isabella Pumping Station 
i Area, if not specified. 

' l h e  fixed wcirs in the Liraakman Area are set in spring at the high level and in autumn at the 
low level. I h e  purpose is t o  prcserve a s  much water as possible during sumrner and have 
sufficient s tomge capacity in the canals during winter. 

Lovenpolder Pumping Station is controlled automatically o n  the basis o f  its upstrearn 
surface-watcr level. 

T h e  Liraakman Sluice is currcntly operated by remote manual control of thc sliding 
gates. Miter gates close the sluicc when the water level o f  thc Wcsterschelde is above that 
í1f thc Ikaakman Kreek (Fig. 7.26). 

In general,  in summcr the evaporation cxcecds thc precipitation and therefore the 
Braakman Sluice may be closed for long pcriods to preserve water. In such periods, deep and 
shallow saline seepagc, causc the chloride concentration in the Rraakman Kreek to  rise. 

A n  automatic water-quantity and water-quality monitoring nctwork is currently under 
constructiíin. 'l'hc purpose is t« gathcr data about the water-systcrn state to iinprove watcr 



managenienl. Oiic ol'lhc stud. topics is ulicthcr infi~rmation lioin tlic Iklgian Area can and 
should he incqxirated in thc nionitiiring s)\tcrn. especially data m opcration i ~ f  the lsahclla 
I'uinping Statiori. 

Prohlem Forn~ululiun 

I l i c  various intcrcsts present in and aI<ing thc I3raakman Kreek al1 require a stable surlace 
water Icvel. Bccausc the slope of thc shorcs along the Braakman Kreck is scry gentle, at 
sotne Iocations. srnall variations in water levcl greatly aí't'cct the aLailahle rccreation area. 
fligh tvuter Icicls reduce thc width of thc heuch strips. Yacht jc t t io  ma) flood as a 
consequencc o l t m  high watcr levels. 

'l he liahclla IJurnping Station is cntircly controllcd by thr Iklgian authoritics and 
there is no coinrnunication m its operation with the Water Board at ail. If necessary the 
pumping station is sirnply s\% itchcd oii. 'I his can cause scvere prohlcms. especially when it 
is not possihle to dixhargc via thc Hraakrnan Sluice. f h i s  situation occurs during continuous 
scvere s t o r m  ori the North Sca. during \\hich the low-tidc water levcl of thc Westerschelde 
s t q s  t110 high t11 cnahlc gravit) discharge. Since therc is no othcr means to discharge cxcess 
water. ihe witer level iri the liraakman Kreck continues t11 risc until a sufficiently positive 
mater-lcvcl dilierencc occurs. I-igurc 7.27 shows an cxamplc uf this prohlern around 
70-1 1-1 992. 

Iurrhermiirc. rnanual cr~ii trd ut tlic Ijraakman Sluice causcs large fluctuations in 
watcr Icvcl. Sliding-pite openinps are generally fixcd for several hours or days. depending 
on thc actual nater-\>stem riinrlll: l>c\pitc adjustment o f thc  sliding gates, manual control 
does nol cnahlc accurate \\ater-levcl control. 

'l he Water Ijoard ainis at meeting ihc rcquircinents ol'agricultural. nature and recreational 
intercsts a\ well as pmsiblc. hy rnairitaining surface and groundwater lcwls  at their target 



levels. At present, the number of'automatically controllable stnictures in the area is that low, 
it is not p»ssihle to preserve water in the higher polders in dry summcrs. 

As a result of stagnant water and saline seepage, water quality in the Braakman Krcek 
hecomes poor during dry surnincrs. 

- Watcr Icvcl  Hraakman Kreek -'Total slidc openint. $luicc gates 
- Watcr l eve l  W~sterschcldc 

Fig. 7.27. Exrreme warer levels in rhe Wesrer~chelde /hu/ restricr .sufficicieni 
dircharge via the Bruakman .Sluice. 

Aim uf fhe Cuse Siudy 

In this case study the options for improved water-lcvcl control in the Rraakman Kreek are 
investigated. ' lhc genera1 idea is that the Uraakman Sluice can be controlled, anticipating 
runoff'liom the water system. Ihe objcctive formulated f i~r  control, is to keep the water level 
in the Uraakman Kreek as stable as possible in both the sumincr and winter scasons. 

In thc summer season, recreational interests prevail. I lowever, operational interests 
have to he satisficd in that scason as wcll. In thc winter scason the flood-prevention interest 
prevails, while the i~pcrational intcrests are still present. 'Ihc flood-prevention interest 
requires muintaining the winter target water level accurutely, ensuring a safety margin Ior 
periods during which discharge via the Braakman Sluice is restricted or impossihle as a 
consequencc (J[ high water levels in thc Wcsterschclde. Water coniing hom the Isabella 
Pumping station should he storcd in the Ihaikman Krcek in this situation until discharge via 
the sluice is possihle again. 

Discharging water via the Braakman Sluice into ihe Westerscheldc is most often 
restricted in winter. 'lhcrefore, this period imposcs the largest rcstrictions «n water 
management in the area in gencral. 
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7.3.4 Water-System Analysis 

'lhc Iiruakinan Kreek plays a ccntral rolc in the discharge prwcss of the water system. I'he 
Iiraakman Kreek acts as a reserwir that collccts water fi»m its environment. Maintaining thc 
water level in the Ijraakman Krcck has a limited ef'f'ect on groundwatcr and surface-water 
levels in othcr park of the watcr systcin. 

I WJ inodels of the 13raakman water system have hccn built to simulate runoff 
processes and  ontrol (I.ig. 7.28 and 7.29): 
I .  a detailcd modcl; 
2. a gcncralizcd model. 

I'he lirst modcl dcscribcs thc various suhsysteins a d  structures of the watcr system in delail. 
The model has been verified using water-level mcasurcments o f  1992 and information 
compilcd about thc operation o l  the Isahella Pumping Station. TJsing this modcl, various 
systcm parameters have bccn determincd, to describe thc currcnt practice ai wel1 as possible. 

'l'he sccond modcl has heen used to analyze thc control options. ' lhe reason for 
gcncraiization is !(J keep the optimization model t» a workablc size, while the characteristics 
ilfthe calculatcd pro~csscs  are nut vidated. 

<;eneral data of the two models are listcd in ï'able 7.12 (see Chapters 4 and 6 for details on 
modeling of subsystcins and structures). In both models the m i n  controllable stnictures are: 
Isahella I'umping Station, l.ovenpolder I'umping Station and the Hraakman Sluicc. 

Currrnf I'ructicr 

I<unoff has heen vcriíied, using thc dctailed modcl r ~ f t h c  Braakman water system for the 
average hydrological ycar of  1992. Only a genera1 water balancc could he made, because nc 
data m thc Iiraakman Sluicc dischargcs and only genera1 ge pc rat ion al data «n thc Isahella 

Tabie 7.12. (icneral data of the Ihaakman models. 

Arca und h~ inds r i e \  

Suhsystems sirnulation 

Suhsystwns riptimization 

Kegulating struciurcs 

Fixed siructurcs 

Detailed model Generalized model 

1 1  6 

25 12 

7 

5 4 

5 l 



I'urnping Statiiiri are ;i\uili ihlc. Sl i i i ic  dikcli;irgc\ haie hccn i c r i l i cd  riiughl! iising iratcr- 
Icvcl iricawrciricnts Irr>iri thc Iìriiiihiiiiiii Krcch iuid thc M.cstcrscheldc iiiid h) a generd inodcl 
ol ' thc sluicc \triicIiirc (Sec. 4.3.4 ;irid I : i r i h ~ c i i ~ .  l(l94). 

Figure 7 3 ( 1  i t i i r \ \s tlie I1uciii;itiori iii uutcr Icvcl in the Ura;ikiiiari Krcck. based «n 
iiicasureinciiti aiid :tccordirig to [tic itci;iiled in i~de l  calculations ai i i i i i i ing liical auroiiiaric 
ci~ntrcil o l a l l  rcg~ilatiii; siructurcs. I lc ip i ic  tiic Iaci itiai thc t\ro c i i r \ c i  m prcicnied i n  one 
ligurc. it sh~i i i l i l  he kcpt i r i  iiiirid thui \<titer le ic l \  ohtaincil are inci~iripnr:ihlc hccau\c thc 
rni idci , i f  ciiritriil ;are ci~iiiplctcl! dillcrcrit: iii;rriual címtrol of hoth t l i ~ .  I\:ihclla I'uinping 
Stati~iri arid tlic I%r;rakiirnri Sliiicc. \ c r i i i \  Ii,c;rl autimatic cmtr i i l  i , f t l ic t ir i t  strircturc\. 

Sciernl ii itcrc\tii ig cti;iractcristic\ cati hc ohseried in thc Iipurc: 
9 tlic strorig lluctuatioiis i11 ir i i icr lci~cls: 

thc gcritlc rikc in \\titer level i r i  i1;irch: 
thc \iiddcii l;ill iii \\uier Icvcl nt il ic end o1Scptciiihcr. 

I he ir i i tcr- lc\cl Iliictii;iti<,ii\ are caiiwd h! di\cliargc\ ol'tl ic Isah~l la  I'uiiiping Statioii t11 the 
1lr;r;ikiri;in Krcch. c>pcci;ill) diirii ig pcri i idi i i l i cn  discharge \ i a  tlic I3ranhiii;in Sluicc is not 
poisihle. A scc~iiid ~ t iusc  i s  th~.  iiiaiiu;il ciii itrol of thc Ilraakinan Sliricc slidiiig gates. Soiiie 
over-reactioiii iii iipcr;itiiig tticsc p r i e \  culi he »h\encd: iiiiincdiatcl! nlicr a high \\ater level. 
thc galm \icrc \ii i i iciii i ics opciicil l i i r  Ii ic I i i i i~.  I l i j \  rc\ullcd i n  ti10 Iini \ ialcr Icvels. I n  thc 
iii i>dcl. tlic l i u r  i l id i i ig  gatei :irc ciiritriillcd li~cull!. i5hicli cii;ihlc\ itic target level to bc 
iiiaiiiiaincd hcttcr 

I r i  i i n c i i i h c r  iirid Ikcci i ihcr.  t l ic  i i;itcr I c i c l  iii tlic I3rnakiii;iii Krcck stancd 10 r i \c 
cvcri iiiorc. irt i i lc rio cstrciiic prccipitntiin iicciirrcd. I his risc in ir:itcr I c i c l  \ \ a i  ihc rciult 
01 t«« I i igl i  \iater I c \ c l s  iii ttic V'c\ti.rv.li~ldc ri\.cr. \rhich ratr ictcd grilt il! di9char-e (sec 



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 reachcd. 

The gentle rise in water-level in March is the result of switching from winter to 
summcr target water levels. During that period the Braakman Sluicc was kept almost cntirïly 
closed, to preserve water. 

The sudden fall in water level at the end of September is the result of switching from 
summcr 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 availahlc as a daily total. The measured precipitation is included in the calculation, 
assuming that it was the same over the entire water-systcm area. It is well-known however, 
that local precipitation measurements are generally not entirely representative for large areas, 
especially not in sumrner. For this reason, it is very likcly that while sevïral local 
precipitation events wcre monitored, others may have heen missed. 

fii: 7.31 Cumulutivefrrquency d~strihutir,n.r of woler Ieve1,s in [he 
Braakman Kreek using manuul control a monilored la) und 
usmy loco1 auiun~utic control culculuted hy /he deiuiled (b) 
und ,qrneru/ized /c)  model.^, for the winter months qf1992. 

Figure 7.3 1 shows the cumulative frïqucncy distribution of observed and calculated water 
levels during the winter rnonths of 1992. The periods used are from 1-1-92 to 28-2-92 and 
tiom 1-10-92 to 3 1 - 1  2-92. Thc figure shows a diffcrcnce between the water level measured 



and tlic \\aicr I c i c I  e i t l ~ i i l a l ~ d .  usiiip I ~ i i i l  aut(matic c ~ n t r o l .  I;xtrciiicl? high water l a e l s  
i u u r  I c i i  l icqi icr i t l~.  irhcri Iociil ;iutiiiii;itic i imtrol i\ u w l  than \\licri iri;iiiiial c i~ntrol  is uscd. 

ï'hc hcttcr \riitcr Ic\c l  coiitriil i s  tlic rcsult i ~ f  cliising thc gatcs at thc c lming \ctpoint 
i>l ' I \ 'AP - 0.95 iii. usiiig local auii~iiiatic c i ~ ~ i t r o l .  I h c  largcr \\ziter l c \ c l  can he inaintaincd 
iiiurc accuratcl? h' iipcriirig thc gate\ 10 thv rcquircd Iciel. so that cnou$ii \inter i i  disciiar& 
iroi i i  thc Hra~kini i r i  Krcck. hut mit tiio IIIIIC~I. 

Iri this c i i i c  stud! iiri l! tlic iritcrc\ti in tlic c~i i i i rd lahlc pan i j l  thc nater s)\tciii are 
considercd: tlic c i i i i i i i i~ i r i -p i id  iiiterc\i I 1 1 d  p r c \ c n t i m  tlic  ctm mil iniercjt recrcati~in and 
~ipcrdt i i~r i i i l  \\tiler-iiiailngcrnciit intcrcsti 

l i g i i r c  7.32 i h i i \ \ i  \tic \.;iriiiii\ irilcrcst\ distirigiiishcd and iiiiu tiii.\c. intcrcsis are 
riiutuall) ucighcd. I he Ili iod-prc\cntiii i i iriiercit togcthcr i i i t l i  ihe rccrciitioiial intercit 
r e i  a r c l t i e l  r e i g .  l Rc i~pcratiimal inrercsts rcccibc a rrl;iii\.el! m u l l  \\eighl. 
I h i i  iiicairs tiint tlic rcqiiircincriti iiI tlic laltcr intcrc\ts ciiii he \ i i i latcù \\lien r i c i c i \ ac  t i >  

\at i i l> tlic r cqu i r~ i i~e i i l \  of Ihc l i r i l  t i \ , ,  intcrc\t\. 



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 
rnaintain enough storage capacity t» cover two tidal pcriods during which Isabella Pumping 
Station is at full capacity, while the Rraakman Sluice cannot discharge. ï h i s  damage function 
implicitly includes the situation that the Isahella Pumping Station is controllcd manually. 

Surfacc-water Icvel (m+NAP) 

Flood prevention (winter) Operations (winter) 

Safety l i rn i t  
C I'refencd 

Preferred range 

-O.Y -0.85 -0.95 -0.9 -0.85 
Surface-water levcl ím+NAI') Surface-water l e v e l  (m+NAP) 

Fig.  7.33. Exumple .hape.i. of dumage functiun.~ used 

Control Alternutives 

The following control alternatives are distinguished in assessing the performance of the 
f3raakman watcr systcm: 

manual control, 
local aut»matic contrd, 
dynemic automatic control. 

'fhe current practice is rcmote manual cuntrol. 'l'he manually controlled gates and the 
difirencc in water Icvel bctwcen the Braakman Kreek and the Westerschelde determine the 
discharge of the sluice. 

Local automatic control involves automatic operation of thc sliding gates on the basis 
of watcr levcls in the Hraakman Kreek and the Westerschelde. Two conditions have 10 he 





Water Ievei írn+NAP) 

Fig. 7.34. Cumulative frryuency di.vrributions of the culculuted water 
level in the Brookmun Kreek, using local automatic control la) and 

dynamic control, excluding (bi and including (c) the Isabella 
Pumping Stution, /or the winter season of 1974íI975. 

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 stnictures is 
applied, excluding the Isabella Pumping Station (b). The improvement is once more of the 
same order o f  magnitude as the improvement caused by switching from manual to local 
automatic control (compare Fig. 7.31). Curve (c) in Fig. 7.34, shows a furîher improvement 
of results. It presents the situation in which Isabella Pumping Station is also dynamically 
controlled. 

The associated performance indices for the curves in Fig. 7.31 are: 1 for local 
control (a), l .8 for dynamic control excluding the Isabella Pumping Station (b) and 2.3 for 
dynamic control including Isabella 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 h t s  the results of dynamic 
control, including Isabella I'umping Station, using an uncerlainty multiplier of two, in fact, 
ovcrestimating the hydrological load by 100% and using an uncerlainty multiplier of zero, 
in fact. incnrporating no hydrological load at all. 

In addition, the performance index for the water system during the period calculated 
has been detcrmined, as wel1 as the number of times thc flood-prevention interests were 
failcd. 



I h e  perli~nnaricc indices in l a h l c  71.3 \h»\\ ttiat i111 average. dyiiaiiiic cr~ritrol i i  prefcrahle 
<>\e r  111caI i i ~ t ~ i n i i t i c  coritrol. irreipccti\c ( 1 1  thc ~ICCUTUC) u i th  \\iiich tlic l i>dr~i l i~gical  Iuad 
is prcdicicd. 

lising an uriccrtairity multiplier o1 zero ih»\%s thc heit rcsulti  with respect to  thc 
avcragc condilions rnaintaincd in thc \\titer sysicm. indicatcd h) the pcrl i~rrnance index. 
I I o ~ e v c r ,  extrcriic situati~ins cannut he anticipatcd and thercl i~rc tiic range of  nater-level 
fluctiiati~ln i i  largcr and higher water levels occur than irith an ~inccrtainty inultiplicr of  
iinity. 

I h c  relaiive numher of tiines the prcfcrrcd range kir the Ilood-pre\ciitioii intere\t \ \as  
cxcccdcd. ;is ihiiirn in thc third cdiiriin iil'tlic tahlc. is thc same l i ~ r  al1 unccrtaint) inultipliers 
applicd in prcdiction lilr dyiiainic cmtrill:  pcrfcct prediction (multiplier I )  an o\crestiination 
hy 10il%, iinultiplicr 2)  arid prediction of i io  hydrological l i d  (inultiplicr O).  7 his is hccau\e 
thc na te r  ys tc rn  h;is i l ~ n s  discharge charactcriitics iiith long dcl;i)i in runoff in ci~mparison 
with thc ct~ntrol  horizon. 

I l i~ i icvcr .  the cstrcnie \\ater Ic\cls reached in the analg/cd d!numic crlntrol situations 
dil1i.r. l he iitu;ttion with ;i perfect prcdiction iunceriaintq multiplier 1 J. show\ thc best 
results: the rarige o f  Iluctuation throiighout thc winter season is 0 .16 in. which is clearly 
smaller thaii ttic ranges with prcdiction error and n o  prediction. 

Uuring cxtrenic cvcnts. ;i gooil prcdiction o f t h e  uatcr-sy\teni I w d  prcwnts  dynainic 
c i ~ n t r ~ ~ l  takirig iric~irrcct control ac t ims .  I .:<arnplci 11Ssuch inc~irrect actiurr\ lor thc Rraakman 
Sluicc are in casc o t a n  ovcrestimatc: urinecessap dischargc of  \\eter in a d ~ a n c c :  or in casc 
o f n o  prcdiction: prcvcnting diichargc tii p r c x n e  \r;iter. \ ihilc ai1 cstrcinc reinstorm is 
approaching. 

I a h l c  7.11. I:xtrcmcs analyiis kir 1i)cal ;ind dqnamic c<intri)l and scnsiti\iiy a n a l p i s  ot 
s)steni Ioad prcdiciion iwintcr season 1974IO75).  

Control mode and 
uncertainty multiplier 

I.11cu1 uu1om:iti~ control 

I>!rianiic control 
unccnuint? niulliplicr I 

I)ynamic w r i t r i > l  

unccriairiiy r>iiiltiplicr ? 

l)!r~aniic c1mlr11I 
uriicriairii) r~iuliililiciO 

Performance 
index 

(-j 

l 

2 . 3  

2.3 

2 7 

Duration of interest 
failures 

< K A P  > N A P  Total 
-0.95 m -0.85 m 

j,;;, 23% 27% 

?'!A l 3 "  

2'%, 1 1 1 1  -111 .c, , , 

l ,  2 %  3 '  

fixtremr water levels 

Lowesr flighest Range 
(m+NAI1) im+NAP) (m) 

-09X -071  0.27 

-0 V7 -0 X 1  U 16 

O 1)'1 . ? X  0.21 

I -0.77 0.19 



An analysis similar to thc one for the winter season of 197411975 has been pcrformcd for the 
summer season of 1992. 'lhc results ofthis analysis show that during that summer, using the 
hasic prediction scheme with an uncertainty multiplier of unity, the performance index for 
dynamic control hecomes 3.5, a considcrable improvemcnt in comparison to local control. 
The performance indices obtained hy using uncertainty multipliers of zero and two, prove 
again that, on average, the availability of an accurate prediction of the  hydrological load is 
nut really necessary for the Rraakman water system. 

Continuously high water Icvels may occur in practice in the Westerschelde, which does not 
permit sufficient gravity outllow during low tide. ff a prediction of such periods is not 
available, dynamic control on these occasions is not a suitable option to improve water-level 
control. 

However, once accurate predictions of high water levels in the Westerschelde become 
availablc, including the effect of wind, thc situation may improve strongly. In that case the 
anticipating effect of dynamic control wil1 force the Braakman Sluice to discharge water in 
advancc, even behre  the runoff from thc water system has reached the Braakman Kreek. 

Exfremes Culculution 

'1.0 give an impression of how the dynamic control phenomenon works for the Braakman 
watcr systcm, Fig. 7.35 presents thc results of time-series calculations. The runolf'in the 
period ofthe severe rain s t o m  ofJuly 1965 (Table 5.1: Page 95) has been calculated. In this 
case the summer season h a  heen chosen because thc average surface-water level is already 
high in summer, which makes thc water system sensitive to a further water-level increase as 
a result o f  extreme hydrological loads. The groundwatcr levels just before this rain storm 
were high as a result of precipitation in the prcceding period. 

Tor demonstration purposes, the graphs of Fig. 7.35 present a ver). short interval of the cntire 
period calculated, which covered 1-1-65 io 19-6-65. Table 7.14 lisis the results of the 
extreme watcr le\,els obtained in the calculations. 

I.ocal automatic control of the Braakman Sluicc and the Isabella Pumping Station (a), shows 
that there is a time lapsc of sevcral hours before thc runoffto 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 tidc. 'The highest water level in the Braakman Kreek 
during this evcnt is NAP - 0.22 m; far above the upper limit of the preferred range (NAP 
- 0.35 m). 

In thc option applying dynamic control oí'the Braakman Sluice and local automatic 
control of the  Isabclla I'umping Station (h) the possibility to discharge watcr in advancc to 
thc Westerschelde is utilized. Water is discharged from thcBraakman Kreek, even beforc the 
water level has risen above the local setpoint for opening the gates. IXscharge from the 
Belgian Area by the Isabella Pumping Station, however, takcs placc during the period that 
no water can be discharged via the Braakman Sluice. I:or this reason, the water level in the 



I3raakinan Krcck still r i x ï  ahcivc the iippcr limit of the preferred range: to NAI' - 0.33 m. 
'Tbc water Icvcl in thc Bclgian Arca shows exactly the same rcsult \\hen local auiorniitic 
control d t h c  cntire water systcm is applied. 



7'hc option of dynamic control of the Braakman Sluice and the Jsabclla Pumping 
Station (c) presents thc best results. The highest water levcl, NAP - 0.34 m, is still outside 
thc prcferred range, hut lower than in the other Iwo options. Moreover, the range of water- 
level fluctuation is only 0.1 l m. In addition to discharging water to the Braakman Kreek in 
advance, water is cspecially pumped by the Isabella Pumping Station around the periods that 
the gates of thc Braakman Sluice can be opened. In fact, water is pumped into the Braakman 
Kreek and shortly aftenvards discharged via the Braakman Sluice. The dynamic water-system 
control option, shows the best results in the Braakrnan Area as wel1 as in the Belgian Area. 

'l'able 714.  Calculated water-level extremes and fluctuatiuns as a result of 
local automatic control (a) and dynamic control excluding (b) and including (c) 

lsahella Pumping station, in the period 16-6-65 to 19-6-65 (surnmer season). 

a. Local automatic 
control 

b. Dynamic automatic 
control excluding 
liahella I'umping Station 

c. Dynamic automatic 
control including Isabella 
Pumping Station 

Lowest water Highest water Range 
evel (m +NAP) level (m + NAP) (m) 

-0.44 -O 22 0 22 

Since it is important to use a balanced form of control, the situation in the Belgian Area 
should not hecome worse as a result of dynamic control. This has further been investigated 
for the winter season of 197411975, Figure 7.36 shows that the water level in the Belgian 
Area in that period remains within the preferred range in hoth control options. 

7.3.5 Conc lus ions  

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 levcl better, which is the only controllable 
variable in the Braakman Area at the moment. In addition, this result can be further improved 
hy dynamic control of th ï  liraakman Sluice. Further enhancements can be obtained by 



djnamie  c<introl of the Isahclla I'uniping Station, which is prcsuniahl) operated on the basis 
~ S i h c  water level in ihc I.copold Kanaal in I3elgium. 

Coniidering thc currcntly aiai lahle  systctn capaeities. d)nainic contri11 CIS hoth 
liraakman Sluice arid Isahclla I'umpirig Statiiiri, i1fti.r the best c h m c c  of  iriipro\ ing water- 
systcm perl i~nnance.  in thc Iklgiari Area a i  u c l l  I h i i  o p t i m  rcquirc\ thc 1)utch Water Iioard 
arid thc I3clgiari \\aicr authoritici 111 juin l i~ rccs .  

When thc h)droli~gical-li~ad prediction is nol ver\. accurate. i1 turn; out 10 he hcticr 10 cilntrol 
the watcr syslcin dyirainicall~. wiihout h)drol«gicaI-load prcdicliiiiii. I he situation ~ r i t h i ~ u t  
predictiorr \ho\i.s alinost thc sainc rciults as the one n i t h  prediction. Durin8 extreme 
prccipitation. Iiowrver. p red ic t i~~r i i  i u p p o n  a more balanccd di\churgc o f  \vater via the 
Iiraakman Sluicc. 

In the prcicnt-da! sitiiation. thc f3raakrrien Sluicc is nut cquippcd irith puirrpirig units. 
I herelorc. \\ticri thc n a t e r  Ic ic l i  in tlic Wc;tcrscheldc are tmi high. a i  a rcsult < > l '  a 
ci~ritinuing storm. p r o h l m i  in thc Iir;iaknia~i Krcck r r i l l  rcinain. l l ic \e  pri~hlciiii  rrill 
increase in tlic I3raakinun water s!stcnri. i l t i ic  a ic ragc  \ca Icvcl rihch. In i i i n i l x  i ) \ t cms  
along more upsircain tidal r i icr  coiirscs. ;i riw i i l thc Ic\cl ol'thc river hcd ina) havc ;i i a m e  
cllkct. 



The tidal fluctuation of the Westerxhelde is known in advance, but at present no accurate 
predjction o f  wind effects on thc water level is availahle 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 continuous 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 thc Braakman Kreek can he 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 I'wnping Station during periods that the Braakman Sluice 
cannot discharge. If  the Isabella 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 l and 2 (see Fig. 7.24, Page 201) has a great 
potential. 7here the results of dynamic control wil1 probably he 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 he operated during periods when gravity 
discharge to thc Westerschelde is not possible. Dynamic control would use these pumping 
units only if necessary to maintain a good water-system performance. This wil1 be the case 
if gravity outflow via thc sluice is not possible for a long period andlor after high 
precipitation 

Further research 

The current layout and structures in the Ijraakman Area limit the options for groundwater- 
level control to satisfy agricultural and nature intirests. 70 improve control, it would be 
necessary for local weirs to be automated. The soil conductivity most likely enahles water 
preservation. Ilowever; the effect of shallou, seepage should first he determined, to estimate 
the amount of water which can be preiewed in dry periods. Autornation of wiirs may be 
costly, hut probably the only option to limit the inlet of alien water. 

Once the water quality in the Leopold Kanaal is known Srom a monitoring network, dynamic 
control of the Draakman water system could include the option of combined water-quantity 
and water-quality control. During a dry summer, the water quality in the Braakman Kreek can 
be maintained by flushing it with water from the Leopold Kanaal. This option can only be 
applicd, ohviously, if that water is of a better quality than that of the Braakman Kreek and, 
moreuver. if sufficient water is available. 



7.4 Salland Case Study 

I h c  hilly arca oISallaiid is situatcd in tlic caitcrn pun 111'thc Netherlarids ( w e  I'ig. I .  I). 'I he 
total area covers 5U.000 ha. I he altitudc difli!rcnces in Salland are tip ti> I I m .  I 'he majority 
o l t h c  arca s u l k r s  froin drought in sumiricr and l i ~ r  that reason n a t c r  supply n o r k s  are 
carried out hy Water I3oard Salland. ttic rcïponsihle authority. Water mariagement in thc area 
rclies on approxirnutcly 350 iicirs aiid \\atcr-wpply purriping stations. The \rater systcms o f  
Salland w c  gcncrally cmsidcrcd  thc ni(>t dillicult ones ti> control in n a t e r  management, 
hecausc the highlj pcriiicahle s i~ i l s  rcïtrict thc possibilities o f  watcr prciervatiun and control. 

I ' he  watcr \)stern descrihcd in thc present study is thc Luttcnberg Area. \+ith a lotal 
sur l icc of 3,700 ha. ' I h t  1.uttcnbcrg Area is b ~ ~ r d e r e d  to thc south and east hy thc hills o f  the 
Hellendoorn\chc I k r g .  to  the nrr th hy thc O\cri.issclsch Kanaal and ti> the west by the h i k  
~ 1 1 t h ~  I.uttcnhcrg ( l i g .  7.37). 

T h c  Water I311ard is planning t 0  construct nciv water-supply pumping stations ( 1996) 
in (hc I.uttcnherg Area to prevent the surlicc-\vater subsystems fiom running dr) in surnmcr. 
lt  is essential ti) detcrininc thc nccd f i ~ r  these supply rvorks and. il'the) are neccssan.  the ivay 
in which these \\ark\ can he c ~ ~ n t r o l l e d  optirrially to  best satisf> thc rcquireincnts of the 
agriculturt: and nature iritcrcsts thUt are present. 

7.4.2 Water-System Description 

I h c  hills that horder ttir 1.tiitcnhcrg Area in the east and the \vest have highest altitudes up 
to NAP i Jh  ni and NAP . 32 iii .  'l he  \alle) he tucen  the hills slopcs g ~ n t l )  from the south 
to the nonh .  fioiii an altitudc IISNAI' . l 0  m (o NAP + 6 m over a distance of  9 km.  l'he 
suhsurlacc of' the arca alinoht cntircl! c~irisiits o f  sand formatims.  I 'he phreatic aquifer 
reaches do\\ri froiii thc wil surlacc 10 %Al' - 20  m. At  that level i inpcnious clay formations 
exist. 

l he rnain inkrc\ ts  in thc I.uttcnbcrg Area are fluod prcvciitinri. agriculture and nature. 
I lardi) any rcsidcntial arcas cxist in this Circa. Agricultural activitics are f i ~ u n d  rnainly in the 
valley. I he hills are c<iccrcd h! dcc idu~lu i  and evergreen forcsts. 

In thc p a t .  lloodirig licqucntly ixcurrcd in \vinter 2nd hpring. I his made farming in 
spring v e n  dillicult. I i ~ r  that rcasíin thc Water [ h a r d  has built cxten\ivc drainage n o r k s  in 
thc sixties i (>  diicharge cxcess water iailer Irom the area. E x i h g  n a t e r  courseg ivere 
dccpcncd and i\ idcncd arid n c u  carial\ \ \ e re  cwntructcd.  At prcwnt  a s!itein uf rclativcly 
siiiall canal j  exiits.  rii Lvhich liucd \\cirs have heen placcd to prcvcnt too high flou 
vclocitics. 

I hc pcriiicahilit! ( ~ l ' t h c  sand) s(>ili  is cxtrcrnclq high: 40 ii1.d I I ~ I  a \cragc (Werkgroep 
I l j d r ~ ~ l ~ i g i i c t i  Oridcr/ock Ovcrijiscl. 1976). I his high pcrmeahilit! rc\ults in Past infiltrati«n 
into ~ h c  gríiundiistcr aquilkr und sha l lo i~  wcpage bcloi\ wcirs (priiiciplc s h ~ i i t n  in Fig. 1.7. 
Page 10). 



Fig. 7.37.  The Luitenberg Area within Sallund. 

After the drainage works wcre huilt, the flooding problcms in spring were solved, however, 
groundwater Icvels have fallen 0.5 to 1 meter on averagc, during the past thirty years. Water 
shortagcs in hoth thc agricultural areas and parts of the nature reserves are one of the main 
problems in summer. ' lhe weirs installed hy the Water Board prove nat to be suitable to 
prescrvc water during dry pcriods. 

For drinking water production, 5.5 million m' of groundwatcr is abstracted a year at 
Nijverdal, on the tlellendoomsche Berg. This amount accounts for approximately 7% of the 
water halance of the l.uttenberg Area. Additionally, farmers commonly use a large quantity 
of groundwater for irrigation purposes in dry periods. 

' íhe above mcntioncd effects result in such an overall water shortage, that canals are 
generally dry for more than 100 ddys 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 
mcans of sinall pumping stations (Salland, 1995). l'he water of the Overijsselsch Kanaal 
originatcs from the IJsscl (via thc Iwentekanadl) and thc river Vecht (Fig. 7.37). 

In the remaindcr of lhis section the water systcrn of the l.uttenberg Area wil1 be discussed, 
which thercfore is called the Luttenberg water system. Details of the water system are listed 
in Tahle 7.15. IFurther details can he found in Schuilenburg (1996). 



I ahlc 7. l 5  S:ill;in~l. data siirnnxiq. 

Subject 

I otal aicx 5sli;ind 
Iuttcnhcrg uatcr s!sterri 
main land ii\c SJIand 

l i d  

7.4.3 Water Management 

I tic ml) ineiin\ o lc i~ i i t rd l i i ig  iire 1.iittcriherg i ia tcr  s)stcin is inanual ;iJjiiitincni í ~ l i i c i r s  
at thc rii~~inciit .  Miiiiiial acIiu\tiircnti are iiimicd out h! tlie Waicr Honril in yxing and autiimn. 
Duriiig suinriicr. ihc i i c i r i  are uscd t11 p r e w i e  ihc masiniuiii quaiiiii! o1 i ia tcr  pí~\s ihlc .  
wtiilc in v,inicr tbc! are l í~ \ \c rcd  t11 permit higher di\ciiargcs ;ind pre\cril tloilding aficr 
cxccs i i \ c  prccipilniiiin 

Wcir i rcst i  are g c n c ~ u l l ~  hcpt iippri~.xi~natcI) 0.3 in heliin ihc li)\< ~ . > i  i i~ i l -wr lace  lc icl  
iii iunrincr urid 0.5  i r i  o r  mirt bcl~i i i  tlic i u r l i c c  iii \ \ inter.  i i r l a i c - i i u t c r  qualil! in thc 
arcii and in tlic iuppi!ing \)itciii\  pcricr;iil! iiiccts t!ic standardi ;irid i i  ihu\ i i i i t  considercd 
ar1 i s u c  in c<iiitri>l i>l'tlir \i:itcr \y,tciii h) tlic Water 13i)ard ai tlic iii<>riirnt. 



Problem Formulution 

The groundwater tahle 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 highcr groundwater table 
and better satisfj 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 wil1 require the crest levels ofweirs to be the same 
hcight as is current practicc, mainly detennined by extreme preeipitation, which should nol 
result in flooding of agricultural lands nor areas d o n g  water courses in general. 

Aim of the Cuse Study 

'l'his case study aims at finding thc best control mode for the Luttenberg water system, trying 
to meet the following objectives: 

to prevent flooding along water courses; 
to prevcnt flooding in agricultural areas; 
to maintain water in surface-water suhsystems for irrigation; 
to preserve location-specific water and minimize external water supply; 
to raise groundwater levels in agriculture areas; 
to raisc groundwater levels in nature reserves. 

Within the scope »f this thesis, the main focus is to find the best control solution meeting the 
flood-prevention, agricultural and nature intcrests. In the options studied, the present fixed 
weirs are also assumed to be controllahle, which is not planned by the Water Board at 
present. 

7.4.4 Wate r -Sys tem Analysis 

Modeling 

Modeling and associatcd calibration of thc Luttcnhcrg Area has been studied and reported 
hy Schuilenburg 0996) .  Fig. 7.38 shows a schematic representation of the water systcm, 
including thc supply pumping stations as currently planned. 

The natura1 systems of the hills that border the water system are schematized hy 
groundwater suhsystems. 'These areas are called the Luttenherg, the Hellendoornsche Berg 
South and thc Hellendoomsche Berg North. No water courses exist in these hilly areas and 
thcrcforc groundwatcr is the only means of flow interaction with other suhsystems. This 
results in a groundwater submodel (indicated hy light gray flow elcments in Fig. 7.38). The 
groundwatcr abstraction for drinking-water production is located on top of thc 
I Icllcndoornsche Berg South, at the border of the water system modeled. 



I<urir~ff froin thc hills Ilows 10 tlic wuthcrn and t11 the ceniral and rionhcrn p a n  of  the 
vallcy and thercl i~rc thcsc arcas are culicd: Southcrn Area. Central Area 2nd Nonhcrn Area. 
In practicc, scvcral ~ r c i r s  cxist in ihc iratcr crlurscs in thcsc iircaï. I hese have heen 
schcrnaticall) rcprcicntcd h) threc \r.eiri. I <i incorporate thc effect 01' s h a l l ~ ~ i i  sccpagc, 
grounduatcr  tlow elciricnts connecting up- and d~lwnstrearn surlicc-\\-ater suhs)stcins are 
rnodelcd pardlcl  t11 thc wcirs. 

Similar 10 thc v.cirs. ihc actuiil groundwatcr Ilow pattcrn is iririrc c i~rnplcx u i t h  
w c p a g e  and inliltratiim icctiori\ iri\idc ttic ercai  distingiiiihed. t l i~ivcvcr .  lor the present 
ivutcr-c~~ntr i>l  sttid!. u schciriiit i~atii~n irito scieral  largcr ground\iuit.r l lon  clcrncnts is 
considercd iufticicriily accurate. 

I.xccss water Ica\cs  tlic \ratCr \ ) i t em in ihc nonh.  and 1111iis inio thc O\.eri;sselsch 
Kanaal.  I h c  inllucncz 111' thc grouridiiatcr potential ar thc ~itlicr \idc o f  thii  canal is 
inc~irpuratcd in thc iii<~del through thc hotitidan. called (iround\rater K o n h .  

I.luctuating inl111ni and « u t l l i n \  during thc surnrner and \\inter seasons in the south 
arc also inodeled h) b«uiidaric\. ia l led (;rriund\rater Soulli and (iround\vater 
I Icllcndimrnsch~. licrg. 

In thc \%ater-suppl) altcrnativc\ \tudicd. iiatcr is pumpcd tip in thrcc \tagcg frotn the 
O \ w i j i x l i c h  Kanaal. \ i a  tlie Nortticrii Area and thc Ccntral Arca to thc Suuthcrn Area. In 
cach ~ ~ f t h c i e  arcas. water i \  used <)r l l i ~ i r s  away \ i a  ihe groundiratcr and t h c r e h r e  the 
purnping capacitics dccrc:isc Sroiii nrirtti io  south. 

I ahlc 7 .  I O prc\cnts ihc siihs)\tcrii\ and IIII\\ elcincnts diitingui\hcd in thc rnodel. 
iricludirig thc groiindiiotcr llilii clciricrits. ii,gcthcr l i~r ining the gr~iiiridir;itcr \ t ih rn~~dcl .  

1 Overijsselsch Kanaal 

< criIr.il Area 

Hellendoomsche 



ï'able 7.16. General data of the Luttenberg model. 

Areas and Boundaries 

weirs and pumping stations 

l 0  

Suhsystems optimization 

Reguìating structures ' 
Iixed structurcs l 

In modcling a sloping area such as the 1.uttenberg water system by subsystems, special 
attention should be paid to incorporate the effects of surface slopes and slopes of water 
courses. In the modeling presentcd in Chaptcrs 4 and 6, surface-water and groundwater levels 
are assumed horizontal. 

Figure 7.39 presents the principle of converting the sloping propcrties into flat ones. 
In the model, average conditions of soil elevation and the canal botiom level are used. 
Average Icvrls of surfxe-water and groundwater subsystems are calculated. When 
interpreting thc results, it should he noted that the water levels at the highest and lowest 
locations within each area generally determine whcther drought or flooding occurs. 

Espccially groundwater levels may show considerable variations within one area. I f  
the shapc of the groundwater table has to be calculated more accurately, a numerical 
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e. 7.39. The principle of model in^ u sloping ureu. 



groundwater inodcl ciii i ld hc inaclc v.liieli uit\ the siirl'aci.-\\;\ter I c i c l \  ~ i i lculutcd b? thc 
\iinultanc<iiis siiriulaiiiiii kind iiptiii?i,alioii inctliod as input. 

I [ i r  thc agricultur;rl iriicrcsti. u s l i ~ l i t  prclcrciicc i\ g i w i  ti) grourid\iatcr control ahow 
surface-\\titer c~ir i tr i>l. '1 his cari he i)hrcr\cd iii lhc chati h! tlic hatchcd scclors in thc \ aririhlc 
ring. l he groiiiidu;itcr-relaicc1 wctr i r i  nrc ;i littlc iargcr ttian ihc \iirlncc-\\ati.r-rcl;ited imes. 

On l j  1111:: ! \~ i tc i  rcqii irci i ici i t~ of'tlic iiatural valuch <)i thc Iriiipc$ (11 lhc nulurc reienes 
can hc ~II~~LICIILC~I lh! iiiciiiis ~ I ~ c ~ I I I ~ ~ I I .  l hi\ i \  hcciiii\c ihc grouiid\\ i~tcr tahlc inorc up hi l l  



is so far bclow the soil surface that a separate and disconnected water subsystem develops 
in the topsoil of these hills. 

Flooding of thc fringes of the nature reserves on thc h i k  cannot occur even during 
extreme hydrological conditions, hecause these fringes are relatively high compared with the 
agricultural arcas in ihe valley (i.e. the Northern, Central and Southern Area) 

Flood prevention 

Surface-watcr Icvcl Groundwater level h" 

Agriculturc Nature 

\ v e n g e  
undwaier 

Surfacc-watcr level he' Groundwater level 

Fig. 7 41. Grnrrul .shupr.s ofdarnage funrtions u.sed 

Figure 7.41 shows the general shapes ofthc damage funciions uscd in thc model. Function 
(a) rcprcsents the damage to thc nood-prevention interest. Ilamage to this interest occurs 
whcn the surface-water level is above the lowest location in an area and reaches its maximum 
when the cntirc arca is flooded. The water system is considered to fail as soonas the land 
dong  the water courses noods. 

I'unction (h) represents the damagc t» the groundwatcr-rclatcd agricultural interest. 
?hc graph shows that a prcfcrrcd range ofthe groundwater level c m  be distinguished. Within 
this range the growing conditions lor the erop are optimal and no lo hardly any damage 
occurs. I h e  range of approximately 0 . 5  m is dctermined by the lowest optimal groundwater 
level in the high locations and the highest optimal groundwater level in the low locations. 

Function (c) reprcscnts the damage t« surface-water relatcd agricultural interest. The 
starting point for thc introduction of this function is the option of irrigation with surface 
water in dry periods, avoiding irrigation with groundwater, whcn ihc groundwater table 
(function h) hecomes too low. A range which prcfers at least 0.2 m of water in the water 
courses is uscd. 1:unctions (b; and (c) are hoth relatcd 111 thc agricultural interest, which 



rncans thc) are ir iutudly i icighcd i l . ig .  7.40). I h c  inaxiinum darnagc t11 the agricultural 
interest ~ ~ c c i i r \  i ihcri ttic grc~undiraicr Icvcl has l i l l en  h c l o ~ r  thc prefierred rarige and thc 
surlicc-water Icvcl ha\ li i l lcn h c l ~ i i i  ttic I c i c l  al i ih ich  iratcr can he ahitractcd hm the 
s u r l c c  watcr l i l r  i r r igal i~ in.  

IPuncti~in i d )  rcprcscnts thc darnagc 111 thc gr~~undivatcr-rclaIcd nature interest. The 
avcragc gr~iiind\\atcr I c i c l  a i  dctcriiiiiicd lor thc original situatim i\ indicated i n  thc figure. 
I h c  darnage to tli i\ iritcrcsi incrcascï ii ith n l inier groundiratcr Icvcl. c\ ciituail) rcaching the 
niaxirniirn dainagc \\hen thc groundir;itcr I c i c l  lalls nieter\ hclo\i  tlic aicrage. 

(;ivcri ttic present laywt,  l ive alternativei can he distingui\hcd t i l  c~i i i t ro l  thc Luttenherg 
watcr s) i tem: 
1 .  Iocal nieriual contrill of t t ie i icirs: 
2.  I11cal auti~in;itic control o f  thr  i ie i r i :  
3 .  local inanual control of the i i e i r i  and local autornatic contrd of thr  supplying 

puinping stat i~~i is:  
4 .  local auti~iriatic contr«l «i' tlie i ic i rs arid lilcal automatic cimtrol 111' the supplying 

puinping st;itiiiris: 
5 .  dynairiic a i i t~~i i i i i t ic  coritrol «f thc \\cirs and d!naiiiic aut~~iii;itic control of the 

puinping ït;itii~ris. 

l tic lirst altcrriutiic represent\ ttic currcrit situatioii u i t h  l ixcd i icirs. ( 1 1  u l i i ch  thc hcight is 
adjiistcd at turn o l  ttic scasi~n. i.c. ori ttic lirst o f A p r i l  and thc l i r \ t  o f  Ockihcr. 

I he w c m d  alicrristivc rcprc\criis thc situaticin in irhich as inuch iratcr is p rc i cncd  
as pi~ssihlc. u\irig upstrcain ciirilriillcd i icirs. 

I he ttiird a1tcrn;itive rcprc\cnts tiic sitimlion currcntl! planncd h) tlic Water I%~~ard .  
cornprisiiig l ixcd ~ i c i r s  arid diiiiri\irc;iin-controlled puinping itatioris 111 suppl! i i a t r r  
uhencvcr riccdcd l hi$ altcrriutiic irnplics siirljce-water setpoints \ \ l i i c l i  are 0.2 in higher 
l i Ir ttic sumiiicr \c;ivm ltiari ttic i \ ir i tcr \clpi1int5. 

I tic l i iurth ;rltcriiatiic i s  siinilar t ~ i  thc third. hut adds cmtr111l;ihlc u c i r ï  t11 i t .  using 
l ixcd \ctpi l int i  lor thc \iirl'acc-water I c i c l  iipsirearn the i i c i r i  

I h c  l i l i t i  ultcrriaiiic i n i ~ i l i c s  d>ri;iinic automatic control i 1 1  hoih thc ireirs and 
puinpirig \tatii~ris. In  ttii\ ;iltcriinti\c tlic interest\ as ireighcd u i d  ttic condition\ i n  thc i iater 
sy\tcni dctcririiric tlic c~introl  ofrcgulatiiig itriicturcs. 

1.11cal ;iiit<iinatic c ~ i n t r i ~ l  is eueciited cuclu\i\cl! r ~ n  thc h a i i i  (11' wrl;icc-uater leicls. 
I > y n a i i i i ~  c ~ i n t r i ~ l  i\ hescd i ln iritcrcït rcqiiirciricriti. thc iati \ laci i í i i i  ~ i l \ i l i i c l i  i s  dctcrinined 
hy hotli \url;rcc-\ratcr arid grouiidnetcr li.\cl\. Sii coinhiriatiiin\ (11 d!riainic autciiiratic and 
l i ~ca l  auti>iriaiic c i i i i t r~ i l  are considcrcd. s i r icc important inhririatii iri i>ri groundiiater le\.els. 
u h d r ~ i i i c  c n t r ~ l .  i i a a i h  i ~ c i l  c ~ n t r .  I h i \  c i~ i i l d  rc\ult iii c~~ i i f l i c t i ng  
ci lr i tr~i l  aci i~ins l i ~ r  \\cirs und puinping st;itiiiiis duririg cxccptimal \\ater-,!ster conditions. 



The control horizon applied in dynamic control is 48 hours and comprises perfect, average 
and scenario types ofprediction, which together form the standard prediction scheme used: 

O - 8 hours: perfect prediction, uncertainty multiplier 0.6 for precipitation and 0.8 for 
evaporation; 
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 wil1 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 series of De Bilt. Table 7.17 presents the results obtained and 
discussed below. The setpoints for the regulating stnictures of the vanous control alternatives 
have heen determined and were set optimally for the various control alternatives. This has 
been done to allow a well-balanced comparison behveen the control altematives, al1 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 

2. Weirs LA 
PSs - 

3. Weirs LM 
PSs LA 

4. Weirs LA 
PSs LA 

5. Weirs DA 
PSs DA 1 

' Average rise in groundwater level valley, relative to alternative 1 
Z Average rise in groundwater level hills, relative to alternative 1 



Tlie current situatiori in ttie witer systciii. ~rltcriiativc I .  lias heen iised to dctcriiiinc thc long- 
term cvaluation par;iinctcr of ttic pcrli~riiiaiicc iiidcx. Tliis alternative cmiprises three fixed 
weirs in the inairi water courscs. In thc higlicr parts of the water s)stein. \\ater courso  are 
nmnally dn. fix iriorc thari 170 d a y  a )car oii average (nol in  tlie trihlei. ho\+c\er. irrigation 
is not pos"hle diiring 223 d;iys a !car. 

Alternative 2. in iihich the \icirs are autoiniited. shows no iinproveiiieiit in performance in 
the long t e rm I h e  iniain reason is tliat aut~~iiiatically controlled \wirs can onl! reduce the 
watcr-s>stcin i~ii t l l i>~r f in  \er)  sIi~>rt pcriodk: days to wecks at inilst. N hilc thc ivirtcr ci~urses 
reniain dr). liir ven  Iiiiig pcriods. I ' I J ~  that rcasori thc agricullural intcrcii is still vi~ilatcd 2 14 
dais  a ycar uiing this alternative. 

Altcrnativc 2 prcscrvcs c(~nsidcrahly rriore water than aItcriiati\c I .  I lic prcscrvation 
lactur is dcterrniricd hy I:q. 7.3, u\ing thc tmil quantit) abstractcd lioiii tlic slstem. Ih i s  
quantity is the surn olc\~ap~itmnïpiration. ouilloiv via groundiiatcr to acljaccrit !\ater systerns 
and outf l<~\v  over Wcir Nurtherii Arca. I he prcscrvation factor has increased fiom 0.67 to 
0.91. I his clfccti\cnc\; rcsults Iroiri thc liscd \icirs having Iowcr crcst levels than ihc 
sctp~lints I J I  thc coiitrollcd ucir; and ihc cilritr~~llcd ueirs prcbciiting unnccessan 11utflow 
whcn thc iipitrcarn ivatcr Icvcl 1i11s hcli~ii thc ietpoint. I he alerage groundnatcr Icvcls in 
h ~ ~ t h  thc agriciiltural arca; end thc riutiirc rcicrvcs rise 0.05 in a\ a rc;ult of installing 
upstrcain-ciin1rollL.d \$eiis. 

In altcrnaiivc 3. thc ircirs are a p i n  lixcd. hut iupply pumping stationi are added. irhich are 
automatically controlled on the basis of iheir downstreani water-le\el setpoints. In this 
altemntivc. the perhnnance index iriakes a hugcjuinp froin 1 t« 13.1. l'liis is niainl) dur to 
the agricullural interests not being violatcd anyinorc. 

In general. enoniious iinproveinent in performance can hc espcctcd wlieii coinparing 
almost uncontrolled water systeins with tully controllcd ones. f »  coiiipensate b r  this effect 
in thc followiiig coinparisons. the perforiiiance index has again heen reset t« unit?. 

'Thc punipiiig stations supply large quantities of water t0 the 1.utteiiherg \vater s)stem. 
tv ing  to inaiiitain high surface-water levels aiid corresponding higher groiind\vater levels. 
As can he read frorn thc last t\\« coluniris ofthe table, the average ground\\atcr le\cls in the 
agricultural arcas and nature reserves risc by 0.54 and 0.71 ni rcspcctiidy. Ilov.ever. it 
should he riotcd that the aciual rise ina! var). significaritly within an arca. I l ie  rcsult ohtained 
is important in vit\\ ol'hctter satisfying the intercst rcquircments of ayiculturc and nature. 
However, ttie disadiantagc is that ttie natura1 groundwatcr stordgc capacit! i n  !he soil. \+hich 
develops in surnrncr uïiiig alternatives I and 2. is considcrahly rcduccd ii i  aItcrnati\e 3. f o r  
that re;ison durinp prccipitiitii~n. iiiilre \\;itcr is dischargcd liom llic unier s)\tein than in . . 
altcrriativci I aiid 2.  

I h c  prc~crvatiím I;icti)r is dctcriiiiiicd irrc\pccti\ c ~ ~ f ' t h c  i~ iurcc  of ttic i\ ntcr Il~iwing 
out (ifthc v.eier \)itcni and tlicrcli>rc 81\11 iiriiiicd natcr supplicd h) puiiipiiig i; incorpilrated. 
I i ~ r  ihiit reuviii tlic prcicr\atiim liciiir dccrcnscs t11 OhO. 

Aii addcd adb;irit;tgc 01 '  altcrriati~c 1 m c r  alicriiati\c 3 i \  that thc nci r i  are upstrcain- 
u ~ n i r ~ ~ l l c d .  l o r  tlint rcawri tlic slirhcc \iater-level cari he hcpt Iiiglicr im a\cragc. 
I iirtticrin<irc. tlic n\cr;rgc gro~iridirnicr Ie\ cl, iri thc agriciilturel nrcns urid tlic ri;iiiirc reien.es 



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 
hetter (factor 0.7) in this altemative 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 heen used. The performance index of this altemative in comparison to 
alterative 3, incredses by 1.54. This result is primarily due to better satisfying groundwater- 
related requirements in times of drol~ght. Consequently, the groundwater levels in the 
agricultural areas and nature reserves rise to 0.70 and 0.86 m on average. 

Despite the improvements in performance and groundwater-level 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, al1 alternatives that further improve on the rise ofthe groundwater table, wil1 have 
a Iower prescrvation factor. 

To demonstrate the genera1 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 forînight 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 Northem Area results for the entire period. The groundwater level is nol 
controlled explicitly and therefore it rises above the preferred range, which is up to NAP + 
7.30 m. 

In graphs (h) the weir crest is controlled on the basis of the water level in the upstream 
water course. The right graph clearly shows that the PI controller used for upstream control 
is very wel1 able to rnaintein a stable upscream water Icvcl. However, using a lixed winter 
setpoint of NAP + 7.20 m does nol prevcnt the groundwater table from rising clearly above 
the upper limit of the preferred range of NAP + 7.30 m. 



tiraphs (c) show thc rcsult of dynarnic control of the water system. Here, not only the 
surface-water requircinents, bul also groundwater requirements following from the interests 
play a role. In this spccific casï, the rcquircinents of the agricultural interest. related to the 
groundwater subsystem, are violated. '1.0 minimize the darnage to that interest. the weir is 
lowered 0.55 m in three days. ï h i s  effectively results in a fall in surface-water level by 
0.20 m in hvo days and a subsequent outtlow from the soil and fall in groundwater level. The 

Watcr level - Ground\iatrr h e l  - Flan Wrir  Central Area 
Crcst Icvel 



control of the weir in the Central Area thus results in a lowering of the groundwater table by 
0.10 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), i t  bccomes clear that the fixed weir cannot prevent the 
groundwater tablc 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 (nol 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 areas with highly perrneable soils such as in the 
Luttenberg Area, control of surface-water and groundwater levels by fixed weirs only is 
viríually impossiblc. Watcr 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 
production, 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 wil1 
become unsuitable for agricultural purposes. However, natural values can again 
develop. 

2. Kestrict 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 constmct water-supply works. This wil1 allow 
both agriculturc and nature interests to be satisfied better. However, relatively large 
quantities of dien water wil1 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 



cmcludcd thcit tlic lil1 in \rater Ic\cl \<liicti rciultcd l i ~ i i i i  thc in ten i i \ c  drainage 01 thc area 
tlic past k\\ dcclide\. cein he rc\ttircd tii a large cxtcnl. 

Even heller resulis can he uhtaincd h) d)ncirnic control o f  tlii. suppl) \vorks and the 
inain ricirs iri thc \rater \)sicin. Ihc  grixmd\\atcr Icvel in ttic sìi~pirig area rises h) 0.70 in 

and in ttic hili! urc;r\ h! 0 . X h  iii i ~ r i  a \  cragc. 

I he additional riic in groundiratcr tahlc hy approximlitely 0.1 5 m. ~vhcri d)naniic control is 
applicd, result\ lioiii thc lact that thii  cmtro l  inde uscs h ~ ~ t t i  \urlacc 2nd groundnater  
\ a r i a h l s  11) dctcriniric thc hcst control \tr;itcg). I&narnic control contiiiut,usi) tric\ to  keep 
thc g r ~ ~ u n d i i a t c r  Icvcl as high as po\\ihlc. hut takcs p r rvcn t i \ r  i i ira\urrs tu uhtiiiri thc 
requircd discharge capacity iri water cuur\es ifrequircd, e.g. h) autoiiiatiiaily luivering the 
ivcirs. 13) doing \o. d)nariiic c ~ i i i i r ~ ~ l  prc\erits flouding situations in q r icu l tu ra l  a r e a .  

l 

C:r~risidcriiig tlic iib.;ectiic\ set lor cmtro l  o f  thc water systcin. it c;iii he concludcd that 
altcrnativc 3. iiicluding li~c;ill! c ~ l n t r d l c d  \r;itcr suppl) \iorks and f i w d  \ i e i n .  presenis \q 

l 
goed result\. With rcipcct til thc ri5ing grouridwater tahlc, \tr<iriger iiiipro\crncn!s can he 
uhtained h) dynainic c i ~ n t r ~ i l  01 riater iupply w i r k s  and ivcirs. I I~>\ rc \c r .  \rater is ilightly Icss 
\vcll prsserved in this iiltcrnati\c. i incc thc high ground\ratcr tahlcs al50 incrcasc the 
ground\vatcr i~ut l l inv l i ~ i i i i  tliis water i)stciii t11 acijacent \+ater s!btcin\. 

7.5 Performance of the Method 

I h i s  scction dcicr ihci  thc pcrliiririaricc (IS thc sirnultancous \irnulatii,n and optimization 
rncthod d c i c l ~ i p c d  and dcscrihcd in Chaptcr h .  I h e  rncthod has hecri iinplcinentcd in thc 
Uccision Suppi~r I  Systcrn AvI:ARI~!S. olivhicli  thc results wil1 he p r o c n t c d .  The Strategy 
R e s d v e r  u1 A o i : ~ ~ i t : s  consisis o (  !nu suhinodulcs which have hccn introduccd ;is the 

l C~instraint  Manager and ttic S o h c r .  

l 
I h c  Cmstraint  Manager haïicnlly huildi tiie optiini~atioii  pr(~hlcin. h! c m \ c r t i n g  thc xarious 
cquatiiins of coritinuit). dairiagc I'tiricti~ins and intrinsic ua tc r  s)striii rclationships int» 
cl~nstraints.  I he  structurc iil lhat pr~ihlciii I S  huilt at thc hcgiiining 01 cech time-sericï 
calculation 'l he optinii/atioii pr~ihlcrn i deliricd in 1.1' liiriiiat. h) ii inatriz in nh ich  the r m \ i  
reprcscnt thc conitraints eind the columns reprcscnt the water-systcin \ariahleh inodeled. 
I lur ing thc succcssi \e  sirnulation and iiptirnizatiim runs. thc ciicI'licicrit\ in thc matrix are 
updatcd. I his is donc l i ~ r  thc linc \cgiiicnts i~lcI;iinagc fiinctions. \\iiicIi tiia! change as a 
rciult of tinic-iatyirig iritcrcit ri.qiiirciiicrii~: l i rcmt inu i t )  cquatioirs. iiliicli iiicludc thc tloiih 
\,ia rcgulating structures arid \vhicti c m  he a\ailahle or nut: and Sar thc side ciin\traints. 
bvhich dcscrihc tlic lincarizcd f111\r prw.cises via Iliiiv elcriierits. 

I tic iiiatriu c ( ~ c l l i c i c n r  oI'liricari/;iti~~ni are iicquentl) tipdatcd nrid 11111) dcterrnincd 
h? lijnbard cstirriatiiig. In thc trilul updatins pruccss. dctrriiiiiiiiig tlir liricari/atiun coristants 
is cxpccted to  he time-consuining and tlicrcfi~re it is evaluatcd \cparatcl) helm\ 



The solver implcmented in AOUARIUS is UPMPD, which uses a prima1 dual interior-point 
method (Mészáros, 1996). In a comparative study, this solver proved to be the most efficient 
one availahle to include in the DSS (Floogendoorn, 1996). BPMPD communicates with the 
optimization module « ~ A O U A K I I J S  viaa1)ynamic Link Library, which makes communication 
most eflicient. llowever, other solvers can he incorporated in the DSS as well, using 
communication via files. For that type of communication, the Constraint Manager 
automatically huilds files in MPS format. 

The BPMPD solver can bc 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 w a m  start. The results of the w a m -  
start option depend strongly on whether the solution found in the earlier iteration, is close to 
the optimum for the current iteration. 70 prevcnt these uncertainties from influencing the 
results, the wam-start optinn has not heen used in the analyses described, bul is separately 
evaluated. 

For analysis purposes, gcneralizcd models were used in the case studies, which wil1 be called 
'basic modïls' here. Cicographical names are used for thc hasic models: the Delfland model 
(Delfland case study), the Braakman model (De Drie Ambachten case study) and the 
Luttenberg model (Salland case study). 

Calculating time series for thc basic modïls, took l to 3 seconds for each simultaneous 
simulation and optimization loop. In thc approach followed, time series 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. Tt took several hours to days to calculatc 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 spccial analysis has heen perfomed to determine the applicability 
ofthe DSS with respect to solution-time requirements. In real time, the intervals between the 
successive runs ofthe Strategy Resolver wil1 he 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 huilt, the time needed for simulation was negligible in 
comparison with the time needed for optimiration (Iess 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 I0 minutes has heen 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 A p p r o a c h  

The modcls built for the three practical case studies have been extended to create larger 
prohleins. Model extensions have been included in the following ways: 

replication of the water-system model and simultaneous running o f  separate models; 
extending the number of  time steps in the control horizon; 
extending the replicated models hy connecting them via extra flow elcments. 



Thc iirst tb11 ~ ~ p t i o n s  can he expectcd t i ]  yicld c~~inparahlc rcsults. since the Constraint 
Manager replicales thc cntirc model \triicturc lr~iin the h a i c  nodcs int11 time nodcs (Fig. 6.8. 
I'agc l 18). Iliis is d«nc as inany times as oprimi/.ati~~n time steps fit in thc control horizon. 
It can bc expcctcd that dcspite the sinall differcnces in thc matrix structurc. iinding the 
solutiun t11 an ~~pt imimtion problcm ol'a inudcl uhich is cxactly t\%icc thc sire of the  hasic 
model. yieldh a pcrlormancc similar t11 thc single model which uws t\%icc as inany 
optimization time i k p s  in thc uintnil hciri~on. 

Keplication 11l'thc hasic rnodels haï heen chosen as the prcfcrrcd \ra) to cxtend practica1 
prublcms. This approach has the aduntagc  that realistic and calihratcd m~)dels develop, 
nhich. fiom iin hydrohgical point olvicw. represent larger water s)stcrns. Obviously. these 
largcr water systems are nut connectcd. 

'1.11 assess the scnsitivity 111 thc \%a) in which water systems are cxtcndcd h) rcplication, the 
Luttenbcrg water systcrn is a Iw  cxtcndcd hy groundwater t l o ~  clcrncnts betwcen ths 
suhsysteins of cach next replica of thc haiic model. 

7.5.3 Resul ts  

'Tahlc 7.18 present.; the analysis results ol'the inethod of replication ol'the hasic inndcls of 
the casc-studies. I he tahle indicatcs thc numher r~fvariahlcs and constraints included in the 
optimization pruhlcms. 

The size oioptimization prohlenis huilt can he detemincd from Tahlc 6.2 ( P ~ g e  153). 
Strictly following the undcrlying dcscriptions. yields several constraints iihich. in principle, 
are unnecess:iry in  thc hrmulation r~t ' thc optimization problcm. Ixamples are: inequality 
cguiitions 101 horizontnl linc segmcnts of damage functions. which yield 11 O (Eq. 6.16); 
and cuntinuit) equations fix weirs which cannnt discharge bccause the water level is hclow 
thc crcst, which yield Q, - O (K, - O in [:q. 6.44). 

I h c  unncccssaty constraints are rcmovcd from rhe original optimization prohlem. This 
pri~ccss is callcd 'Ijltering' hcrc m d  is svmctimes also indicatcd in litcrature as 
'prcpr~xessing'. I.iltering ol'\wiahles \ras considercd impractical, sincc it changes the size -. -. 
11l'thc optiinal solution vector ( x  . l i  j. \rhich is supplied hy the sol\cr cach mn, and thus 
dcstroys thc structurc rcquircd t11 usc the warm-start option. Filtering vut unnecessary 
ci~nstraints rcduccs in thc numhcr oSci~nstraint\ hy 25% to 40% in thc models analyzed. The 
rcduccd nunibcr U I  constraints is indicatcd in Tahlc 7.18. 

I hc main c v ~ l u a t i ~ ~ r i  pararnetcrs nccdcd t11 dctcrminc thc perfr~rmancc CIS intcrior-point 
solvcrs are the \parsity ~)l ' ihc cmstraint inatrix and the diagonal structure »f thc prohlern to 
solve ('lerlaky. IilYh). I h p i t e  thc iact that solvers generally implenicnt thcir own 
prcpr~~cessirig rncthods. which afScct thc itriicturc o l the  comlraint matrix. here ihc vriginal 
p r~~h lc in .  as tr:in\l'crrcd i11 the solvcr. i \  anal'/.ed. I h c  way in \vhich the optimization 
prr~hlcms are huilt iri thc nicthi~d dcvcliipcd is the rame fix al1 tbpc\ ol' niodels. trying to 
obtiiin the sinallcit Ividth in thc diagonal d t h e  cunstraint matrix. Thc nidth of the diagonal 
can increasc in si/c by thc iiuinber ufvariahles i n  ~ \ V I J  time steps of the cvntrol horimn. This 



results from the continuity constraints for water quantity and water quality, in which both 
variahles of the current and the previous time steps are included (e.g. Eq. 6.23). 

'The overall structure of the diagonals in the constraint matrix varies relatively little. 
'l'herefixe, the sparsity «f the original constraint matrix wil1 he considered primarily in the 
following evaluations. 

In optimization, sparsiiy oí'matrices is also indicated by the numbcr of matrix coefficients 
unequal to zero, called 'nonzero clcments'. The ratio of nonzero elements and the total 
number of elemcnts was found to range from 0.3 to 1960 in the models used. 

7he  last columns of Table 7.18 indicatc the time required for forward estimating only 
and the total time required for optimization including fonvard estimating. The results have 
been obtained hy a regular present-day Pentiurn 133 MI Iz PC with 48 MB internal rnemory. 

First of all. 'lahle 7.18 shows that the sizes »f the optimization problems, indicated by the 
numbcr of variables, constraints and nonzero elements, increase ncarly linear with the model 

'lable 7.1 8. I'ri~blcm s i ~ c  and performance of  íiptimizatiím 

Ileplication Variablcs Consiraints ' 
factor 

>elfland ' ( T =  12 stcps; Al = 2 hours) 

l 948 020 

10 9480 9220 

5 O 47400 46250 

I (J0 94800 92400 

kaakman ( T =  36 steps; Ar = 0.5 hours) 

l 972 837 

l 0 9720 8370 

40 3XXXO 33480 

8 0 77760 6h'lhO 

.uttenberg ( T =  12 strps; Ar = 4 hours) 

l 588 68 1 

10 5880 6810 

50 24400 34050 

1 00 58X00 68 100 

lotal time 
optimization 

(S) 

3 

51 

418 

1548 

Nonzero 
elcmcnts 

2479 

29606 

148600 

296900 

[!nnecessary constreints filtered out 

2333 

23330 

Y3320 

186640 

1 980 

1 9800 

99OOO 

I98000 

Time forward 
estiwdting 

(s) 

0 

4 

27 

63 

0 

5 

22 

79 

O 

3 

14 

79 

4 

48 

209 

817 

2 

31 

185 

753 



r c p i a ~ o i .  I l i c  tiinc rcqiiircd I i jr  I i r n a r d  c\tiinatirig alinost iiicrcascs lincar i r i th  thc 

prohlein hiïc for thc riii~dels ihat ivere rcplicatcd 40 i« 50 tinie\. l l i i s  r c d s  l io in  thc nuiiihcr 
(11 l i n c a r i m t i ~ ~ n  iiction\ rcqiiircd h ; i t  incrcaw linc;ir h! ihc nuiiihcr 0 1  \idc cilii\traints I hc 
iot;il time riccdcd l i ir  l i i n t a d  c5tiiii;itirig i, Lcricrall) 5 t i )  10%. ol'tl ic ii ital tiinc rcqiiircd l i v  
<pt i i i i i ïu i ior i .  

I-igurc 7.47 4iii!i\ tlic tlircc coiiipimciit\ [liat togctticr inakc up tlic i i i t i i l  t i i i ic nccdcd 
to r i l i c  tlic optiirii/atiiiii p r (~h lc i i i  l itr thc hii\ic and rcplicatcd I)clll;iiiri i i i i idcl\. l he m u l 1  
contrihuii i~ri «f I i i r i iard c\tii i iatiny in i l ic tiital tii i ic rcquircd ti> sol ic tlic I lc l l land 
optiirii/atii~ri prohlcrri\ cali hc 11hscricd clcnrl!. i\ri(ither iritcrc\tiiig pliciii,iiicrioii c;in he 
(~hser i cd  in tlic pr;ipli ncar l?O.ílOí~ i i imïcri i  clciiicrits i r i  tlie ciiri,tr;iirit i i intrix. I r o i i i  tliat 
v;iluc onnards. tlic i i i i ic  rcquircd ior ii iatris updales incrcuws coiisidcrahl!. I iiis is c a u x d  

h: tlic li i i i itcd i i i i i~~ i i r i t  i~l ' i i i tcri iul coiiipiiicr i i iei i ion availahlc. I'he i i ic i i ion rcqiiircd l i ~ r  large 
iipliiriiïati(in prohlciiis i inpii \ci tlic grc;itc\! rc\tricii(iris on thc pcrliiriiiaiicc ol'tl ic Conmaint 
hl;iriagcr. I lrcqii ircd. tiie prograili extciiii\ ils ineinor) b! crcatiiig aiid iisiiig i irtunl iii~.iiior! 
on c l i k  i ih ic i i  oh\ iiiii\l! rcquirci additimal priicc\$irig tiinc. l f a  wi i ip i i tcr  \ \ i t l i  h l  MH 111' 
intcrniil i i iciii i]r> i s  i id  tlic kirik i r i  tlic L i i r ic  \ ia \  l i ~ i i n d  t11 iiccur ;i1 ;i tiiglicr riuiiihcr O S  
rionzcro clcinerilh. 

I l i c  curve\ in li;. 7.44 \ i iou ;in incrv ic i i  i>l'ttic rc\ult\ prc\cntcil irr I ;ihlc 7 I K  m d  i~thcrs 
l he c u r i a  \ho i i  ili;il tiic iricrcnic iii 1fiI;il i>ptiriiiï;ilion iii i ic l i r \ t  l o l l o i i i  nii sltiiost linear 

lurictioii and I.; suh\cqiicritl! iiiore si ir i i lx i c i  n posrcr li i i ictioii r ~ r t h c  prrihleiii \i/c. cxprc\\cd 
in thc ~ii i i r ihcr of tion/cro ~ICIIICII~I in 11ic coii>triiiiit iiiatrih. 



Delfland basic 
model 

Braakman hasic 
model 

Luttenberg hasic 
model 

Delfland. without 
watcr qualily 

Delfland, with one 
water-quality variable 

Delfland, extcnded 
control horizon 

Luttenberg, complcx 

FIX. 7.44. %/ai time usrdfor uptimization as a funcfion of /he oplimizarion-problrm size, 
expressed in nonzero e1ement.s in  /he con.struint malrix. 

Reading thc problem sizes which can be solved at the Y-axis value of ten minutes 
(600 seconds), the numbcr of nonzero elcments proves to range from 150,000 10 180,000, 
l 'his  result corresponds to 750 to 1500 subsystems in optimization, 1000 to 1500 flow 
elements and I000 to l500 damage functions that togethcr use 4000 to 6000 line scgments. 

In the remainder of this evaluation, the sizes nfthe models in optimization are also included 
Tor coinparison. I h e  following model sizes have heen defined (Fig. 7.44): 

generalizcd (basic) model: approximately 10 subsystems and 15 flow elements; 
mid-sizc model: approximately l00 subsystems and l50 flow elements; 
large model: approximately 1000 suhsystems and 1500 flow elements. 

7.5.4 Sensitivity Analysis 

The results ohtained in the previous section are analyzed furthcr by canying out additional 
runs with models, which include thc following characteristics: 

variation in the numbcr nf time steps in thc: control horizon; 
variation in the numhcr ofwater-quality variahles in thc optimization model; . incrcased model complexity. 

I h e  results of the scnsitivity analyses are prescnted in 'Iable 7.19. The first analysis is done 
to dctcrminc the scnsitivity to thc length ofthe control horizon. To do so, the hasic Delfland 



rnodcl has heen uscd. hut iintead o l the  24-hour h i r izon including 12 steps (112 hours. 4X 
;iep; of 0.5 Iiour \\ere choicii ( A i ,  J) arid n 120-liour hor in in including 30 step; o f  2 hours 

í T , / 5 ) .  
I ' h c  rc;ult; of ~ I i c  aiial)sci are indicatcd hg thc i i i o  di~t; in l i g .  7.44. I he tirnc 

rcquircd t11 o l v c  tlic optiriiizatiiin pr<ihlciir in h i ~ t h  cases i s  coniparahlc 10 thc time rcquired 
to siilvc thc rcplicatcd baïic rnodcli. 

I he u\c «l a nater-qualil) dcicriptioii in tlic optimization prohieiir generall! ) ieldi a raihcr 
larf'. incrcaïc i r i  hotli the nuinhcr III variiihlcs and constraints (around ?O'!,, for hoth i n  thc 
I)cl l land iiiodcl). I l i c  haiic I)cIilarid i i i i~dc l  includcs t \ w  nater-qiiiility iar iahlc i .  ' l n  
detenninc thc cftcct ofwater-quality iiiodelirig »n thc optiini/atiiiii tiine. a sciisitivit) linalysis 
h a i  hccii pcrli>riiicil. cxcludirig iinc end t i i i i  !\;itcr qualit) iar iahlc i  fiiiin tlic hasic inodcl. 
'1 he rcsults ;irc prcsciitcd in Iah lc  7. I 9  As c m  bc rcad l'roin thc tuhlc. tiic iirnc r c q u i r d  for 
optinii/.aiiiin is reduccd h) I 8% in !\ater-quulit:, inodcling ~ is ing oiic \ ariahlc 111 8 versus 311 
sccorids iit a rcplication lactor ol'5O) iirid h) ;is iiiuch as 52% \\ ithout \\;iicr-qualit) rnodcling 
(418 icrsus 200 seciirids). I 'hc o\cr;ill c(iiic1uiion i; that nater-qiialit? ii iodcling in ihis case 
iricrcaies ttic priihlciii sizc h> ? í M  irhcrc;i\ the tirnc rcquircd Sor <ipiiiiriï;ition incrcascs h) 
approxinialcl) l llO'V;, 

Ttic diisticd Iinc in l ig. 7.41 prcwi ts  thc rcsiilis ohtaiiicd \\hen \\ater qiialit) is 
cxcluded l r i m  t l i c  I)clll:irid ii iodcl. Surpriiirigly. the s i ~ l i c r  liaridlcs thc prohlcin including 
water qualil!. inorc cfficicntly than uithout. l h i s  prohahl? rcwlts Ir i i in thc rclatively 
adviiritagcous diegon;tl jtructurc tti;it dc\c lopï  as a result al' ttic coritiriuit) ci~nstraints 
inv~ilvcd. i \ l i ich ca11 he 1i;iiidlcd i i i t l i  r du t i i c  ca;c h) thc solvcr. I hi< i \  imcc more rtrcsscd 
in ihc graph h) thc rcctaiigular point. \\Ii ich is located in-het\\~.cri tlic othcr cur!cï of thc 
I)cllland riiiidcl arid stio\\; thc rci i i l t  iricludirig iml! onc \\;itcr-qiialit) Jariahlc in thc i i i d c l .  

A \  incniiimcd u h i ~ i c .  tlic rcplicatiiiri inctiiiid rcsiilts in sevcral i i i ~ I c l i  \\l i ieti are not rnutually 
coriricctcd. 111 dctcrmiric irlictiicr rcplic;iti i~ii i a n  he uscd t i l  dctcriniric tlic pcrl i~rinancc o f  
largc inodeli. tlie I.uttciihcrg hasic i i i i ~dc l  liah heen cxtendcd hy rcplicatiiiri and suhsequent 
linkirig i ~ f t h c  icpariitc ii iodcli. cach h! riiiic c t r a  gri~uiid\\atcr-l l i~\< clciiicnt;. I h i i  incrcascs 
ttic corriplcsii! 01' tiic r i i d c l  arid. iii(,rcoicr, prcse i i i  a imxc realistic struciurc o f  the 
optiini/aiion problciii thaii l i>uiid h) rcpliciiti i ig hasic i i i ~ l c l s .  Ttic ii iodcl ~ i i t h  a rcplication 
f ic tor  of '  16 l ' lahlc 7 l O )  rcprc\ciit\ a hi l l)  ;arca o f  approsiiiiatcl) híl.OOO lili i \ i t h  208 
iiitcrconncctcd sul>i);tcins arid 3 3  1 lIm\ clcinents. 

Apart I r~ i i r i  i i icrca\iiig thc cimiplcxit) h) this opcratiim tiic \izc o f  thc prohlcin 
iiicrcasci n, \ \c l l .  I ahlc 7 l 0  end tlic s i m  in I . i g  7.43 prcscnt tiic resulti i ihtaincd Thc stars 
i n  thc ligtire iliini tiiat the ciiiiiplexii! o f  t i i c  prohkin ilightl! inereaies the optiii i imtion tiinc 
rcquircd. I l i c  ritiiiicricel rcitilts indiiutc hl iiic iiptii i i i/;itim tiriic rcquircd t i l  sol\c thc 
extcndcd and incirc c o i i i p l c ~  I.titicr~hi.rg prihlcir i .  i\ approxiiriatcl! 10"<1 Iiiiigcr. 

I he an;il)iir ahi i ic  dciriiiri\tr;itc~ tlial a g i i i ~d  iinprc;iii~ri o l  ttic total solut im time of a 
ciiiriplcx iriodcl. c i i i i i i i t ing i j 1  hiiridrcds i i l~ubs)stc ins.  can he uhtained h) first huilding a 
rcliiti\cl) ;iii;ill iiiodcl witli o rcprc\ciit;itiic ratiii i~fsuh\ystcri i \  arid daiii;igc Sunctions. and 
suhicqiiciitl! ci,rrcct lor  i i / c  ;irid ~ i m p l c i i t ' .  l his sliould he dime i i i t i i  care though aiid 
prclerahl! oii t l i c  h;iii\ i ~ l ' t l i c  \i/c 01 t l i c  opiiriii/.atioii priihlciii. 



Despite the dií'ferences between the curves in Fig. 7.44 described above, the general 
conclusion of al1 curves together is that, especially for small to mid-size problems, the 
solution time fo ra  new model can be cstimated rather accurately from the graph. 

A last scnsitivity 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 fonvard-estimation method 
(Sec. 6.2.2), the optimal solution of the prcvious 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 optimiiation time step and 
the accuracy of the predicted hydrological load and ranged from O to 50% reduction in 
solving time. These results can be explained by the fact that the warrn-start option, in 
principle, requires that thc solution of the previous optimization run is very close t0 the 
optimal solution for the current time step. If the optimal solution differs too much, the efforts 
of the search algorithm when starting its search from the previous optimum are similar to 
those whcn starting from scratch. 

'I able 7.19. I'roblem size and performance of optimization, sensitivity analysis 

IJnnecersan. constraints filtcrcd out 



7.6 Concluding Kemarks 

I his iccti i in \iiiiiiii;iri/c\ tlic iiiniri cimcluwiii., i i f i h c  ihrcc pr;i~tic;il c:iw itiidic!, ;ind thc 
cl l icicnc) o f  tlic siiriiilt:iiicii~is si i i i i i lut i i~i i  ;iiid optiiiii/.ati»ii iiicttiod prc\criii.d in the 

prcccdirig .cctiiiri\ ~ i l ' i h i \  cliuptcr 

Varioui ciintrol i i i ~ i d c i  aiid cimhiii;itiiiri\ i > t c i ~ n t r i ~ l  iiiodcs liave hecri investigatcd i n  tlic case 
stiidiei. Spcci;il ciiiiip;iriii~ns \\ere iii;idc i~fiii;iriuul local coritrol. loc:il :~iitoiiiatic control aiid 
ilynniiiic cimtriil. l tic iii:iriiial dynaiiiic ci~ritrol inodc i\ ml! siiit;ihlc t r i  pruciicc i l a  Iii i i ited 
iiiiinbcr [>I rcg~ilati i ig \tructiirc\ i s  iiicludcil. hccauic «pcratiir\ tin\ c 11, iniplciiicrit tlic control 
\tr;iteg) dcicriiiiiicd h! tlic 5tr; i teg l<c\ol\cr III thc !)SS thci i i \c l ic \  Iii uil i ~ thc r  cases. 

:iiitoiii:itic d)nuiriic coiitriil i\ tlic <ml) piii\ihlc optiiin i11 i i\c t l i i i  &d i  :iiiccd i i i i~dc i i l ' c~ i i i t ro l .  

Ori thc hn i i \  «t'tlic r c w l t j  <ihiaiiiuJ. i1 con he cimcluded thut pilldcr urcos caii gcncrull! he 
cimtri~l lcd hctier t1i;in l i i l ly ;irc;is. hccnii\c tlic priiccïics tliut priiiinril! ilcicriiiiric thc i i i c c c \ ~  
i>Ic i intr i i l  caii he ir i l lucnicd heticr. 

I n  hill! ;ircai ;iiid cspc~i;ill! tlic iiiic; \ i i th U highl! periiic;ihlc suh~iirlacc. thc iniain 
~ ~ m i p i ~ i i c n t s  ol'ttic \\atcr h ;~ I ; i i i~c  are: ihc 111itl11~\~ tip :id,jacciit \ \ ; ikr  \!\tein\. in l i l t rd i i~m intc 
li>\\-lyirig ;iquifcr\ niid ili;illiii\ \ccp.tgc tliri,iighoiit thc \iater \)\ ici i i .  irli;illii\v xcpagc can 

he coii tr i~l lcd to soiiic eutcnt. li i>\\e\cr. il ie t \ r i ~  iitlicr coiiipi>rieiit\ cariiiiit. I in tlirse rcawns 
iii iprinciiicrii iii \i;itcr-i!itciii ciintríll i\ iiiiirc d i l i i iu l t  t11 i,ht;iiii in hili! arca\ iii :cricr;il. Onc 
i 1 1  thc iipriorii 11, iiicrca\c ttic ciiritriill;ihiIii) i i 1  thc hi l ly \i;iicr s )~ tc i i i \  i ,  iii iiiircn,c tlic 



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 area which can be influenced by a regulating structure. For 
that reason relatively many regulating stnictures are nceded to control the water system in 
bath the lower and higher regions of hilly areas. Fortunately, these structures are relatively 
simple and gcnerally need to have low capacities only. 

Control Horizon Required 

The control horizon used in dynamic control is detcrmined by the mnoff 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 anuther case study of Fleverwaard, a control horizon of 12 hours proved to be 
sufficient t« effectively control the polder area (Rotterhuis, 1997). 

IJsing the techniques dcveloped, very slow-reacting water systems such as the 
Braakman water system (De Drie Ambachten) may also requirc relatively short control 
horizons. In those systems, the length of the control horizon ismainly 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 he expected to require a longer control horizon. 

Dynamic control of the Luttenbcrg water system has been analyzed using a control 
horizon of two days. This was found to he sufficiently long. Another case study has been 
performed for the hilly area of De Mark en Weerijs (Versteeg, 1997). Ih is  water system has 
a much less pemeable 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. 

The practica1 case study of Iklfland has shown that dynamic control enables a combination 
of water-quantity and water-quality control. Water quality can only he influcnced 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 he generalized and is not only valid for the water-quality variables chloride 
concentration and BOD concentration, hut alm for other variables. 

Implemenlution of Dynamic Control 

Dynamic control rcquircs a centra1 computer-bascd system. I f the  local automatic control 
systems are tuned well, it is not necessaq to continuously control the regulating structures 
dynamically. In practice, the dynamic control mode may only he required for short periods. 



The neccssit) ~ i fconi inuous dynainic uintrol  dcpends on whethcr cml l ic t ing rcquiremcnts 
have t11 he iatislicd. I f  tlie i ic ighing incchariism includcd i n  dlnaniic control c ~ i n t i n u ~ ~ u s l y  
lias ~II balaii~.c tlir i~prrati i i i is lil rc~u la t i i i g  structures, tlic dyiiarnic coritrol inodr should he 
used al1 thc time. 

I he Strategy I<csdver. \rhich runs iiii thc central computer. rcquircs a precipitation 
prediction to detennine whethcr puinpirig statii~ns should he s\+itched fiiiin local to d!namic 
control. As sh~ i i t n  i r i  the 30-year tinic-series c;ilculati~ins o f  the I k l l l a n d  casc 5tud). optiinal 
c i ~ n t r ~ ~ l  o l t h c  i iatcr s~stc i i i  c~ iu ld  he ohtaincd hy sititching 111 dynainic ciintriil ~ i n l y  6 6 %  of  
the tirnc. using tlie dynarnic-control thrcihold. I h i s  result \ras ohtained lilt coinhincd water- 
quantity and iiatcr-qualit', c ~ i n t r d  l f t t i c  Water L3oard opts lor iiatcr-quantit) control only. 
dynumic contml i5 nccdcd only a liaction ~ i f t h i s  t ime  I l o u c i c r .  in thc Ik Drie Ambachten 
and Salland cascs. c~iiitinu«us d)riainic coiitrol proved to he neccssay. hccausc thc intercsts 
have t11 he halanced al1 thc tirnc t11 ohtain ~ ip t imal  c~intrul  stratcgics. 

Speed of .Solvirip flre Optimizufinn I'rohlem 

I 'hc \pccd 0 1  w lv i i ig  the r ipt i in izat i~r  priihlcrn is cmsidcred an iniponant i \ w c  in this thesis. 
1 he main rcawn is that thc speed rcquircd t i j  dctcrrninc yxrat i imal  c~mirol  stratcgics. ihould 
he c~~ni idcrahl !  Paster than rcal tiinc. I tic optimization prohlcins that ucrc  huilt  b) the 
C:<iritniiiit Manzigcr r~l'Ai)i.:%i<ii.i i ln ihc hasi3 ol'the gcncralizcd i i ir~dcl\ ol'thc case studies. 
could he sol ied iwthiri \ecoiidi. I h c i c  rcsulis ucrc  obraincd h) o resular prcxnt-da! 133 
M h z  I'cntium I'C witti 48  Ml3 iriicrrial incinop. If the gcnerali/cd niodcls are cxtended to 
large dciailcd <me\. thc \i>liiti i in time iricrcries almost linear. !+hen d l i c i e n t  coinpuier 
resourccs are uvailahlc. 

Iiriplenient:itiiiii ril'thc inet l i~~di i l i ig)  in a real-tirnc conirol s)\tcrn uil1 rcquire more 
dctailcd ini~dcling. 11, lor cx;irnplc, tlic I k l l l and  model is cxtcnded t11 includc al1 polders and 
regulating siructurcs ~il ' thc \iater spteiri. !he sdution time wil1 increase to approxirnately one 
minute. l his i ~ i l u t i ~ i i i  tinre definitel) m e c t  tlic rcquiremcnts of real-time iiiiplcnicntation. 
i n c c  the rcsults o l  ttic Stratcg? I<cs<ilicr are i inly rcquircd c \ c ~  huur or at cven longer 
intrrvals. I h c  rcsi i l t i  I ~x i r i d  l i i r  I k l f l n i i d  caii he considercd an iippcr l imi t  h r  thc De Drie 
Arnhachtcn erid Salland cases. i r i c c  thc detailcd m ~ ~ d c l s  oithcse s)\tcins are miallcr. 

Apan lroin thc \pccd c~>iisidcrationi in rcal-time c o n t r ~ l .  speed i i I so l \  irig the optimization 
pr~ ih le in  i i  ;il\o 01' iinportancc l i x  an;ilj\i\ piirpmcs. I he tirnc nccdcd l i ir  iiiriultaneous 
r imulat i i~ i i  and i,ptiini/.;itioir filr tlie 30b)car pcriods was \cveral hiiurs to days. This ma) l imit 
thc iiuinhcr l i 1  arial)ics i ih ich cnii he pcrl ir incd i ih i lc  autoniatic haiidling iil run\ and ~iutput 
st11,uld hc. con\idcrcd ncccis;rn 

If; I ~ i r  ari) r c i r i .  dynaniic coiitriil catiriIi1 coinc into action \\tien i t  i s  nccded. local 
nutoniatic coiitrii l s t i~ iu ld he awiluhlc a i  back-up to guarantec w f e  opcration i11 the nater 
systcin. I1iii\ihlc rc;i\<ins l i ir  dynaiiiic ciintrol nut coming int11 action are: c ~ ~ n i i n u n i c a t i ~ ~ n  









the capacity «f dischargc structiirc?: 
the storage capacity of thc surlacc-water subwitcm 

Ifthe availablc itoragc i small. thc dischargc capacity has to he large. Ifthc storagc is large, 
only smaller discharge capacitics are nccded. I h i s  principle is shorin in I . i g  1 h (Page X). 

I 'wo main methods are applicd in watcr-system design at the moment: 
I .  design <]n thc basis of critical dischargc; 
2. design on thc basis of dynamic discharge. 

I b c  fkst method incorporatcs empirica1 st~ridards and is uscd widelj, since it is simple and 
it does nol requirc many locati~~n-spccilic data. I h e  sectmd incth(~d incorporates a form «f 
water-systcin dynarnics, which ducs reqiiire 111cation-spccific data and als11 data »n thc water- 
system Iuad in tirnc. 

8.2.1 Critical Ilischarge Method 

This section dcscribcs a discharge and capacity design method traditionall! applied in the 
Netherlands. A dctailcd cornpariwn bctween thc various methods a\.ailahlc can bc found in 
S c h u l t ~  (1992). Thc mcthod dcscrihcd i i c s  empirica1 standards for pcrvious surfaces and 
precipitation duration cunres li11 impcnious surfaces. T\vo variants of the method are 
discuhscd hcrc: a gcncral mcthod. used 111 design mral water systems onl!. and a method used 
fcir comhincd rural aiid urhan uater ) . i tems. 

Pervious SurJuce.\ 

I he method applicd 111 design watcr i)stcms in rural areas \vith pervií~ui surhccs, uses the 
grneral critical dischargc, which only dcpends on s»il texturc and land usc  Critical dischargc 
values havc heen puhli5hed by sevcral authors ( c g .  Van der Molen, 1992; Grotentraast, 
19922 '1 he m c t h ~ ~ d  ii applicd cïpccially nhcn few «r nu data on discliarge are available. On 
tlie basis »f soil type. land usc and gruundwater-level developmcnt a critical dischargc is 
ielectcd. e.g. I0 mnidd. 

In thii casc, the critical dischargc is cilnsidercd 1 0  be the dischargc which is excceded 
no more than oncc a )car. Kegulating structurcs are designcd on thc basis of this discharge. 
In  casc of high sj\tcin Irlads, whcrc thc rcgulating structures cannot discharge al1 excess 
prccipitation imincdiately. the surface-ivatcr Icvel rises. 

l Combinecl Pervious unrl Impervious Surfaces 

I his mcthc~d incorp~irates ruiiofl lioiii rurd and iirban arcah. that coniprix hoth pcrvious and 
impervi~ius surl'aces. oiid dctcrinincs ilic discharge capacity and stotage Sor thc cumhincd 
watcr \).\tem 



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 is selected for the pewious surface, 
which is cxceeded with a specific frequency, e.g. once every 10 years. For the impewious 
surface, a precipitation duration curve is selected, e.g. a c u ~ c  which is considered ta be 
exceeded less frcquently than once every I0 years. The assumption is that precipitation runs 
off from impewious surfaces instantly and no infiltration occurs. The following example 
dernonstrates how this method is applied. 

Figure 8.1 graphically shows huw surface-water storage can bc determincd for a water 
system that comprises both pervious and impewious surfaces. In the example, the discharge 
capacity (e.g. of the draining pumping station) is given and represented by a line in the graph 
(e.g. 8 mmlday). 

For the pervious surhce,  a critical discharge, is selected from standards. That 
discharge is considered to be exceeded with a specific frequency (e.g. 20 m d d a y  once every 
10 years). 'lhis value may also incorporatc seepage from dcep 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 surface are added, together called 
the sysiem-lood curve (Fig. 8.1). 

Finally, the moment when the differente 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. 

- 
Cri~icul-dr.scharge iimr 

Time 

Fig. R. I .  Design exumplefbr water-systern capaciiies, ussuming 
combined discharge from perviou.~ und impervious .surfaces. 



I he  critica1 di3chargc tirnc ;h<i\\i  híin limg thc u a t c r  levcl \ \ i11  r i \c during and alicr 
precipitatim undcr design conditi~iii\ .  In thc design. this period i; gcncrall! kcpt short and 
uitliin pructical lirnits ( c g .  unc day). t11 prevent long periods o l c s t r c i i i c l ~  high weter levels. 

T h c  \\ater storagc rcquired. i \  d i~ t r ihu tcd  hctrveen surlxc-i i i i tcr  2nd gr~iundivater 
suhsgi tcmi.  hut i1 i $  c i i rnmm prlicticc 11, ciin\idcr only :tic \urlicc-iratcr siih\!iiciii. I f t h e  
maximum iriitcr-leicl r is t  allowcd liir ttic s i i r l ice-wtcr  hubs)itcin is kninin. Ihc area nccded 
lilr ihc surfiicc-witer suhiy\tcin can lin;ill! he determined. 

As  in thc cxarnplc. thc Srcquciic! iifescccding tlic inaxiinuin \\eter Icrcl is gcncrally 
cmiidered cqual tlic licqiicncy d c s c c c d i n g  thc selectcd rural diwhorgc and prccipitatiiin 
duration curve. 

I h e  design iiictli~id d c w i h e d .  inc~irpiiratci several as\uinptiiini that are thciircticall) 
inci~rrcci  and, in gcncral. ;iccumiilatc \ a r i ~ i u \  safety margiris. ol'iiliicli thc rnain nnes are 
listcd he lou  

Thc di\cliargc curvc l i ~ r  thc iinpcn imis s u r h c e  is considered tu eqiial thc prccipitation 
duratiiin cur rc .  I hi\ i \  incirrcct.  l tic duration curvc i \  an c r i i c l i~pc  curvc and its 
;hapc diie; mit rcprcsciit a rcal prccipitation curvc. I he  disch;irgc c u n e  o f  the 
imperv i i~us  surlácc i \  geiierali! l o u c r  as a result o f  intcrccptiiin i ~ f  preeipitation. 
inliltratii~n iii scnii-iinpenioii\ \urlaccr and inertia prneeiseh i i i  runotf (Van d e  Ven. 
1983). 
Critical prccipitatirin i \  a iwincd  tu lal1 at thc \amc moment <in pcri ious and 
iinpcrr iou\ surliccs. I h i s  is practicall! iinpr~ssible. ;incc  he criticd situatioii liir the 
rural p c n i o u s  area generally uccurs in \%inter during Icing cr~ri iccut i \c  pcriods o f  
prccipitati~in ibith a rclativcl) li,\\ intcnsity. rbhilc tlie critical situaiion lo r  thc 
iii ipcrvii~u\ urhuri arca gciicriill) o c c u r  in huininer. duririg a \hort pcr i i~d  of  
precipiiatiiin rritti a high interi\it) 
C o i i t i n u ~ ~ u i  runiilllriiin thc pcr\iiiiis \ u r h c e  is assumcd. In rcalit!. this ml) ~ ~ c c u r s  
duriiig limg prccipitatiiin cvent\ $5 iiti a relatirel) Iiiu intensic!. Ikla! cllects rcsulting 
fiom water flu\\s lroiii tlir iariims u r l i c c s  to lhr  surhcc-\ \a icr  suhsystein are not 
incorpuratcd. In practice. a rathcr large dclay efrcct can he present. 
I lncqiial critical discharge tinie\ lor arca\ riith p c r v i ~ w  and irnpcrr icluï s u r h c c s  can 
tiavc a pnsitirc cllkct 1x1 thc ci>iiihiricd runoft ' l i~i in  t h c w  ;irc;i> in tiinc. I igurc  8.2 
demonitr;itcs tliis: tlic discharge t i ,  siirïacc n a t e r  (in inrn 'h) iil'tlic combincd area is 
I»\ier tiian thc coinhiiicd discti;irpci limi hoth separate aren\.  
I he  iriitial ~ituatiiiii i i i  Ihc i\atcr ,!itciii i \  iiiit inc~irpiiratcd in ttii: iricttiiid. I ticreSi~rc. 
tlic iinplicit a \ \uinpt i~in is ttltit thc wil i; at field capacit) and iiic gr~iiiriduatcr Icrcl 
is c~intinuiiiisly high in ciiiriparis«ii ti> thc surtacc-\\titer Ic\cl .  Ihis  assuinption 
neglcct\ tlic storagc in thc uriiatiirated m n c  end thc g r w n d u e t c r  \) \ t e i n  

Ikcausc  i,Sthc c l l k ~ i i  li\tcd. thc di\ch;irgc t i i  tlic surface-\ieter sub\! \tem is cxnggcretcd and 
thc salet? rnargiii inctirp~irntcd in thc dc9ipii is iiiost likcl! Iargcr ttian r iccc \ \aq .  A priihlcin 
u f t h i \  design inctliiid i i  tliat tlic cxtcrit i i i t t i is additional ;alct! is iinhiiiit\n. 
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Precipitation I 
l n Discharge impcrvious l 

Discharge pervious Discharge 
combined 

Fig. 8.2. Comh~ned dischargefrom perv~our und impervious .surfaces. 

8.2.2 Dynamic Discharge Method 

Designs hased on the dynamic discharge method, require a dynamic model that represents 
the actual or future situation in the water system. A sufficiently detailed model is needed to 
determine thc mnoff 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 dcscribes the flow processes in the mil, groundwater and surface water in more or less 
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 md ,  in principle, also groundwater-level meaurements are needed 
to calibrate the runoff model. Preferably, field discharge measurements are used for this 
purpose, sincc this enahles 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 thc water system. If a calihrated model of a water system is 
available; extremer analysis is possible, using time-series data or only a set o f  extreme 
events. In this way, a more detailed picture of the water system's reaction to loads can be 
obtained. 

Doth deterministic and hlack-box modeling tcchniques can be used to determine the system- 
load-response function. From this functjon, a critical dischergc c m  be derived which includes 
location-specific data. 

The dynamic-discharge approach circumvents some of the major disadvantages of the 
general critica1 discharge mcthod described in Sec. 82 .1 .  



I lapplied v.cll. thc propcrties o I a  dcsign inadc on the basis u f a  d>iiainic model, 
closcly rescmhlc thc rcal tvater-systern siluaiion. f.xccss capacities as incliidcd in thc critical 
discharge method, can he oniittcd. or incliided on purpose. In thc latter case capacities are 
includcd at spccific and k n o w  placci. which permits futurc cxtcnsions \rithout having to 
d j u i t  the capacitio present in thc iratcr p t c r n .  

Varii~us applicatioris i ~ f  thc dynamic dischargc method can he f<>und in literature. The 
dctcrniinistic mcthods i11'De Jager and I k  Zeeuw-Hellinga (Sec. 4 2 . 2 )  are thc inain ones 
uscd fin this purposc in thc Netherland\. A ciiriiparison hetween thcw incthodi is given hy 
Van dcr Mdcn  I 1992). 

Applications 01' the dynamic discliargc method generally dctcnnine thc s)stcm 
discharge a a Ioad til the surfacc-uatcr suhiy$tcm, uithout incqorat ing thc response of  the 
surlacc water on the grl~und\vater suhsystcin. II: l i ~ r  instance, as a result ( f a  high discharge, 
thc surface-water leve1 riies. the ef ic t  i~f'p~>ssihly restricted soil c~utflrm is niJt taken into 
account. I.or this rcaon. thcsc m e t h d s  are generally only applicahlc Sor mral-area rnodeling 
and 111 dcscrihc the syitcin bchavior during thc winter scason. uhen outllow from the soil 
prcvails. 

I h ï  currcnt \\ater systcins coinprise hoth mral and urhan areas. Morcover. critical 
loads on urhan arcas 11ccur in suinrner. I his is an important shortcixning of these applications 
of thc  dynamic discharge mctliod. 

Intcgrated d)narnic dischargc modcls includc the various suhsystcms and the regulating 
stmctures o f a  nater systcm. Thc use olintcgratcd modcls has thc advantage that the r u n d  
f k m  al1 type\ ~iliiirl'accs can he includcd. I:urtliemore, thc interactim hctuccn grounduaatr 
and surf ic~.  iiaicr can hc taken into account in detail. 

I>esigniiig on thc hasis o l a  d)nainic ini~del of the water \)stem. prcvents unnecessar). 
cxcess capaeities. brhich wcrc autoinatically includcd in the dc\igns acc~irding to the critical 
discliargc incthod. 

I h c  principle ~ ~ f t h c s c  applicatim i $  111 $irniilatc long time serie\. c.b. 30 or 50 years and to 
count thc nuiiihcr of undesirahlc weier-$).stem situations, callcd failurcs. Such a design 
s h ~ ~ u l d  he u ic \ scd  ivith care. honcicr .  

l he dcsign assurnes a c m t i n u < ~ u ~ l y  operational water systcin. l i t h c  water sysiern is 
configurated cxactl) a\ ini~dclcd. ifthc siriicturcs are never out i ~ l i ~ r d c r  und if thc rcal systcm 
parameters are cxactly as assurncd. ihc lrcqucncy of failurc o l thc  nater systern wil1 he the 
wint a\ in thc dcsign. l'his i i  generally nol thc case. ho\vc\cr. Thc) present a far too 
optiiniitic rciult in tcr rn  CIS water-s!iicin capacities and thcrcli~rc thc \tochastics of thc 
avuiluhilitj ol control-\yrtcrn elcrncnts should he includcd pccificall) 





sliould thcrcl i~rc he \ccri a i  ;in atlciiipi in \tructuring thc clciiicrits ol ' t l ic d)nariiic dc\ign 
procedure. 

I he l i d lo i i  in? \ i e p  are distinguislicd i r i  thc d~rir i ir i ic de\ign pr~iccdurc 
I. staridurd dc\ i~_i i .  
2. \wicr-\y\ icin iiiodcling. 
3. idcntitying i i i lu rc  iiiech;iriisiiis. 
4. tiiiic-\erie\ c;ilculations. 
5.  cvaluaii<in. 
h. scri\iti\it) ;inal!\is. 

l hc ilow-ch;irt in l i g .  8.3 stio\\s dl step\ of t l ie procedure. I n  addiiioii. n gcncral dcwription 
olcach step is g i ic i i  heli)\\. lil principle. Ilic procedure can he ujcd 10 dc\ign a \iater i!stcin 
«i1 tlic ha\i\  o i  ;in) iniercst o t \ i t i i c l i  i l ic rcquireincnts can he exprescd in water-\ystcm 
\,ariahlc\ (\cc. 3 I ) .  A practica] cxaniplc i \  givcn in Sec. 8 . 3 2 ,  

ISa dcsigri ha\ ti, he iiiadc I r ~ ~ i i i  scratch. thc l i r i l  jtcp in tlic pri~ccdure is t11 ircatc a dcsign. 
using onc ~ I ' t h c  itaridard ir icth~id\ (Sec 8 . 2 )  I h i s  i, ncccssac sincc thc d)narnic dcsign 
proccdurc i$ u \criiicaiiim riictliod in i i l i ich ar1 cxisting dcsign i\ adju\tcd itcrativel! t11 iiicct 
dl requirciricnt\ :i\ set. I o start i i i th .  ihc hosic oiitlinc o f i h c  dc\igri 4 i u ~ i l d  hc dctcnnined, 
sucli ;is thc gcricr;il layout and dcicl i~pii icnts planned in and oiitsidc thc uatcr systeni. 

I h c  critic;il dixharge nicthod i \  ii\cd 11, crcate thc initia1 dc\ign. callcd thc .standard 
dcsign'. u h i c h  i isci mridtirds i i ir  tlie criiical l i i lu rc  fiequeric!. 11 ai1 cxistirig w t c r  s!stein 
haï to he redc\igiicd. ihc cuisiiiig Ia!out c m  he used as a hasij. I h i \  \itiiatii>n ariics \r hcn the 
arrarigcmcni is 11, he changcd. Ihc i icigl i is ol'cxisling iritcrc\ts are rc.cim\idcrcd or othcr 
intcrcsts are i i ~ n v  considercd iiiiportant. 
l he d>nairiic dcsigri rcquirc\ 10 sci tiic critic;tl iailurc ircqiicric! l i i r  cach \rater \>\tein 
intcrcst El . ..g: tlic lrcqiicnc) o l  Iloodirig should he helm\ 0.1 a !car. thc fiequcncy (11' 
v i~ i la l i r ig ccoli,gicd i i i tcrci l \  in t e r m  111 na1i.r pdl i i t ion \hi)iild he Icsi tlim oncc a !car. 
I hc\c ircqucncic\ are ii\cd as c\aluat i~i i i  parorncters in thc eialuutioii step (5).  
I tic critical frcquciicy i i1 ' I l i iodin~ is gciicrlill! lhc ml) irequcncy u\cd i r i  i l ic iiandard de\ign. 
l I, cii;ihlc c(iirip;iri\~iri o l l l i i .  rciii lts. ihc cr i i i ia l  Ïrcqucnc) i ~ l ' i h c  i ~ > i r i i n ~ m g ~ i o d  intcrcsi of 
l l i>od-prc\ciition \ l i i i i i ld he tlic \airie iii tlic d)ii;iiiiic dc\igri a i  i n  thc $inndnrd dc\ign. 

'l Iic \cci>iid >iep i j l  thc proccdiirc cori\i\ts of huilding a i i i i ~dc l  i>l ttic \\aier s!iicin. thc 
genual diii iciii iíiris <> l ' \ i l i i ch  tire h a d  ori tlic staridxd dcsigii. I lil\ iii i idcl \hould he an 
accurate rcprewitatioi i  l '  r c l i y  I i icreÏorc. calihratiori ~ i i  tlic iiiodcl is rcquired. 

! Alternativel). c;ilihr;iii~iri rc\ i i l t \  of\ i i i i i I ; ir  \iater s!\lcins caii he ii\cd í;cricr;ii rciiiark5 rin 
this i u h ~ c c t  are g i i c i i  iii Sec. 7.1 i. 



t 
rinal design 

Fig. 8.3. S1ep.s uf rhe dynumic des@ procedure. 

Elements ofthe water system that determine its failure should he modeled carefully, 
since in the following steps, such hilures play an important r o k  'Ihereforc, this step and the 
parallel step of identifying failure mcchanims (3), are closely related. 

In thc next step (time-serics calculationsj, various control modes for regulating structures wil1 
be used Combinations of control modes should be dcfined in sets, ranking from simple to 
advanced. These comhinations should be included in the m»dd in such a way that sets that 
use advanccd modes, which depend on fail-critical devices, can he replaccd hy more simple 
ones, which do not depend on these deviccs. An example of two control-mode comhinations 
could he: mixed local control and dynamic control by a central computer (advanced set); 
local control of al1 rcgulating structures (simple set). The set of control modes which is 
normally used is called thc 'regular sct' of control modes. 

In the modeling step; a parameter analysis should he pcrformed. On the basis of the accuracy 
ofthc availahlc rnodcl data and the known accuracy of dcvelopments in and outside the water 
system, the parameters that are expcctcd to affect the design most should he identified. These 
paramctcrs are used in thc scnsitivity analysis step (h). 



'I he third ;tcp in thc design procedure criiiipriics thc idcntilication o f l i i l u r c  nicchanisms i n  
the cntire cr~ritrol t e n .  ii icludiiig rcgul;iiing structures. coinputcr equiprnent and 
communicatirm n c t i i i ~ r l i i  I h c  Iailiirc; nicunt in this stcp shi~uld not he cml'uscd i r i th  uater- 
systcm Iuilurcs. i i i icc ïailurc mcchani\ini in\oI \c onlp dciiccs rlr cipcratiiri o f thc  water 
systci~i. Thi \  i tcp  rcqiiires carclul an;ilisi\ 111 the p i ~ i i i b l c  i~pcratic~n;il conditions o f  the 
contr~i l  sptci i i .  i.c.: itaridard opcratiiiri. ;intieipatcd sy\tcin lailurc. \) \ te in rnaintcnance (Sec. 
2.4.1 j. 

Ir is a\suined that tlie Idilure ~ncchanisin\ identilicd are independent. I f  tisi> «r more 
Iki lurc incchanivni tiave a l o i i  pr~ihahilit! oloccurring togcthcr. tiic cimhination can be 
ricglcctcd. I l í ~ i + c i c r .  i l a  Siilurc rncclilinisn i\ huilt up of h i l u m  that arr l ikcly tu occur 
togcthcr. this ci~iirhination sti~i i i ld he t;ikcn into account scpar~tel!. I or instancc. ishcn a 
garhagc \ercc11 i11a purnpirig stiltion ~ C C I I I I ~ ~ S  cli~ggcd. it i s  \er! likcl) that the ir;itcr-le\.el 
dillerencc over {Re scrccn wil1 r i ie  so high that pumps shut doiiri. 111 11i;it casc. tlic failure of 
thc icrccn ani1 al1 p i i inpi  are ciinsidcrcd t i l  he part o l thc  sainc liiilurc ~i icchanii in. 

An cicrit  that rc\ult\ in a rcgii1;iting wucturc hreziking d i i i i i i  coiiiplctcl!. is called a 
cornmon coi iw evoi t .  Ai i  cxaiiiplc iiI iuch an cvcnt is a p w c r  fiiilurc. intcrruptirig the 
clcctricit! jiippl! ti, uil clcctrical piii i iping statii~n. fix instancc. 21s a rc\ult i i l l ight ing.  

A pr~ihlc i i i  ir iui lvcd in ihc i r i c I i i \ i ~~ i i  i ~ i l i i l u r c  riicchani;ins. i i l i i i h  i i  inherent to the 
incthiid prcscritcd licri.. is that <ml? l'ailures can he inc~~rporated that lait l i l r  a pcriod i \h ich  
is ~ ~ S t t i c  s;iinc ~ r d c r  (11 inagnitudc ;is ar1 ciitirc ii;itcr-s)stcin-failurc c i  cnt or Ionger. e.g. hours 
t i l  da's. A iiiccti;iniiin i ih ic l i  result\ in I i i l u rc i  that last ml) a li.\\ iniiiute; i; ncglcctcd. 

I he siailahilit) i~ l rcgu ln t ing striictiirci or units i~ l ' thc \c  i tructi irci related to b i l u re  
nicclianisini. i; rcprc;ciitcd h) . l i i lurc sccn;irioi' in tlic tiiiic-scrici calculdtions step (3). cg . :  
n i l  unit\ ~iiii ol '~ i rdcr:  iinv ~ i n i t  out o1 iirclcr. vtc. 

I h c  l i iunh \lep i r i  thc pr~iccili irc ci>riii\t\ oitiinc-series calculatir~ns tliet dchcrihc tlic rcactiiin 
~ ~ I ' t l i c  i$atcr-\!\tc~ri to t i ~ d r ~ ~ l u g i c a l  Iuad\, l l ~ d s í ~ l o g i ~ a l  time-serie dat4 ( , \ e r  l img pcriods, 
e.g. 30 ? c m .  Lire rcquircd. I l ' iucl i  dntn nrc nrit a i ~ i l a h l c .  data Ironi íiiticr Iocatii~ris can he 
uscd. I Ioirc icr .  i t  \Iioiild l i r \ t  he ic r i l i cd  \+ticther thcic data are rcprcwntnti ic k i r  thc area 
b r  nh ich  tlic rici\ deiign i s  iritcnded 

I he l i r i t  \cric\ (,ïciiicui;itil>ii; i; liir ttic sinipicst set i ~ f c i l n t r i i i  in l ldci  (e.g.: Iiical 
innnii;il ci>iitr<il or 1iic;il ; i i i t i i i i ia t ic  coiitrii l j. I ( i l lo i icd h! ad~anccd iet, a i  dcfincd in the 
iiiodclirig stcp Most l ikcl). tticie tiiirc-\erics calculations pro ic  that thc standard design 
c~iniains ui iuicd capacitics. I l i iweicr. tliis is nut ncccs\aril) tlic casc. 

I t  i \  a\ i i i i i icd that tlic a\.cragc Irqucnc) I I ~  a I i i lu rc  can he dctcrinincd l'riiin thc 
nunihcr o f  liiilurcs rccorded durin? ;i tinie-scrics calculat i~n.  I tik l'rcqucnc) i s  called the 
'recordcd Iii i l i irc licqiiciic! ' ll. l i ~ r  iiiit:iricc. a $ ) w m  f i l s  tlircc t i i i ic i  ir i thir i  thc anal)/.cd 
pcriod i11 311 )c;ir\. thi. rcc~irdcd Iailurc lrcqucnc' i s  0.1 a)car. 



In addition to time-series calculations assuming al1 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 cnntrol. 

In the evaluation step, results of the various time-series calculations are used to detemine 
the expected failure Srequency of al1 interests. Several assuinptions are made: 

during a failure of the control system, the regular set of control modes (advanced) can 
he replaced by a more simple set of control modes; 
before each system had,  which leads to a failure, the water system is in an 
equilibrium situation, i.e. satisfying a11 interest rcquirements; 
failures result only Srom water-system loads; 
the failurc scenarios distinguished occur independently. 

IJsing these assumptions, the expected failure frequency of the water-system El, can be 
exprcsïed by: 

in which: 

El : expected iailure frequency the water-system (y.'); 
I : counter for control-mnde combinations; 
m : total of control-mode combinations; 
P : probability; 
CM : control-mode set; 

.l : counter for failure scenario; 
n : tntal number of Sailure scenarius; 
FS : failure scenario; 

.S, : rccorded failure frequency (y1) .  

On the basis of experience with the current water system or similar water systems, the 
probability of possible failure scenarios can be determined. If tbe required data are not 
availahle, estiinates have to be made on the basis of thcir expected frequïncy and duration. 
The scnsitivity 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 detennined and compared with the critical fiequency of system failure E/,. Ifthese do 
not match, anothcr iteration is required to obtain better capacity parameters, e.g. a smaller 
pumping capacity; a larger inlet capacity; a smaller surface-water suhsystem. 



I'hc duratioii IJI a I'ailurc can greatl! ali>ct thc daiiiagc t i l  iritcrcst\. I l i c r c f i~ rc .  an extra 
criicriim ibith rc\pcct i o  duration c m  he iiicludcd in thc a n d j s i i  i icp.  

A i i i i ip lc set i>l' ci i i i t r i~ l  ini~dcs ca i i  he uïcd u ii h;i\i\ IIJ dcicrininc thc acceptcd 
durution o l u  i ~a tc r -s ) i c i i i  Li lure. An extra criterion applicd lor  tht. iidiariccd sct ii l 'ciintn>l 
i i i i idcï ciiiild. lor  iii\taricc. he tliat thc t i , t t i l  duratiiin i ~ í '  nater-s!siciii l i i lu rc  should n111 
incrcasc nticri advariied ~ i i i i dc \  iirc npplicd as rcgular contriil i i i i idcï. 

I ii dctcririiric I;iilurc duratiim iiiiiii tlic tiiiic-series calculaliiiri\. tlic I i ~ l l i > \ r  irig cquatiori 
is i i icd: 

i in  i ih ic l i :  

L,, : expccted lii i lurc diirniioii o f  tlic i w c r  s)stciii (li ) ): 

l s, : rcciirdcd lliilurc diirutiiiii (li ! J  

i Witti respect ti) tlic pcrl i~ri i iui icc i ~ l t l i c  \i;itcr-s!stciri ar] additiiinal rc\trictiim c i ~ d d  he that 
a desigii iiicorpiiraiing ad\ tinccd coiiiriil ~i iodcs shoi~ld n01 have ii knier pc r l i ~ r i i i an~e  indcx 

l í l : q  7. I ) than tliut u>ing t i  \ i i i iplc eimirol iiiiidc. 

Suii i inari~ing. possihlc cvalu;itioii critcrin l i x  a dcsign caii hc: 
thc cxpccied lrcqucric) ihoi i ld iiiutcii ttic criticat f'ailurc lrcqiicric!: 
thc rcyiilar u ic  i,I'an udiuiccd \ct i i f c o r i t n ~ l  i i i o d o  5hi~iilcl riet irici~c;i\r tlic duratiim 
i~ I \ i ; i tc r - iys ic i i i  I'tiiliircs: 
ttic regii lw u\c i11 an ad\.ariicd iet  o1  coi i t r i~ l  i i iodci i l i i i ~ i l d  ni>t dccrease thc 
pcrlorinaricc iiidcx i i í ' t l i c  \\;itcr \!>tem 

Oiicc Ihcic. ir ~ i i i i i l a r  cimdit i i~n\ tire I i i l l i l l cd  tlic d!nuriiic dcsigii priiicdurc can procecd t i j  
1Iic iicxt sicp. l f r io t .  ttie cnpucit) par;iiiicIcr\ in the \~i i tcr- i ) \ tc i i l  i~ iodc l  liii\ c 10 hc adjuiled 
and aniitlicr itcratiori is nccdcd. 

A \ensiti\ ity :intil!\i, 4ioi i ld he pcrli>riiicd lor t h i w  paraiiictcri iliat i l i c  \! \tcin pril\ cd t i l  he 
rcnsitivc til iii tlie ii i i i<irIirig sicp (2)  eiid l i i r  diita that werc cirii i ialcd. 

I n  gericral. tlic piiriiiiicicr\ ii\cù i i i  tlic rcgulur set 01ci~i i t r i i l  i i i r~<lc\ arid thc h i lu rc  
incclianiiiiis \\ i t l i  ttic li iglic\t prijhahilit! i i l i xcur r ing end \ i l i icl i  liave tlie higtiesi iii7p;ict. as 
idcnti l icd in \iep 13). \hoiild he i c l ~ t c d  liir tlic ;irial!>is. 

I t i c  sen\iti\ i t )  aiial!sis rc<liiircï at Icast riiic cutra itcration i r i  tiie d c \ i p i  procedure. 
Adji i \ t incnt\ t i l  tlic \)\tein pnr;iiricicr\ ~ l i i i ~ i l d  he d i m  \\i111 u r i .  ;mil <iiiI! i1;i coiirhinatiim 
o l ' p i ~ \ s i I ~ l ~  incorrcci i ~s \ i i i i i p t i on~  icciii5 lopictil. 

Oncc ;iII \ tepi l i t i i e  hccn ciiiiiplctcd iiicce\~I'ull!. t l i c  dci ign Lnii i lin;ili/cd zand 
iinplcrricritcd i 1  tippro\ cd. 



8.3.2 Dynamic Design Example 

'i'his section presents an cxample case which shows the possibilities and limitations o f the  
dynamic design procedure, described in general terms in the preceding section. l o r  
dcmonstration purposes, the Iklfland refcrencc polder, descrihed in Sec. 7.2.4 is used 
(Fig 8.4). All time-series calcuiations have heen executed using AQUARIIJS. 

The rcfcrence polder is a typical glasshouse polder, with rapid runoff characteristics. 
I h c  prddcr is drained hy onc pumping station During periods of drought, watrr is let into the 
polder via scveral unrcgistcred inlets and a controlled inlet structure. 

As  in thc practica1 design ofthis polder (Delfland, 1991), only thc flood-prcvention 
interest is distinguished, which is rclatcd to the surface-water subsystem. This choice permits 
comparison between thc standard design method and the dynamic design proccdurc. 

Figurc 8.5 shows a siinplified interest-weighing chart, delined for reference polder. 
The Iigurc i included to sh i~w that using the same method as descrihed hcrc, als« permits 
other intercsts and water-system variahles to he included, using the weighing methods 
developed for dynamic control. 

Fig. 8 .4 .  Schemo/ic repre.srn/ation of /he reference polder 

'l he example design case is dcscrihcd on the basis of two design questir>ns: 
whethcr the current drainage systcm of the polder mcets thc critical failure liequency 
of 0.1 a year and if not, what adjustments are required t» the water system to meet that 
fiequcncy: 
whethcr the total glasshouse surface area can he extcndcd in the future and, if so, to 
what extent, and whcthcr additional drainage capacity would thcn he required. 

Thc lirst step in the procedure is ti, create a standard dcsign ur vcrify the available design, 
using thc critical discharge method. Tahle 8.1 lists the data nceded. A distinction is made 
between thc summer and the wintcr season with rcspect to the critical discharge and 
prccipitation duration curves. 

Ifthese data arc applied in the critical discharge method Tor coinhined permeahle and 
impcmeahlc surfaces (Sec. 8.2. l ), the critical water-level risc turns out to he 0.45 m for the 



iummer  season and 0.30 m Sor the \+inter season (Fig. 8.6) .  i'he design provcs to meet the 
applicablc standardi cxactly. sincc a risc in irater levcl « f  (1.45 in brings thc systcin on the 
brink of f l w d i n g .  

Fig. H 5.  11iIere.rl-iieigiiiiig ciiurrfor /he refere~xe polder 

r a h l c  X .  I .  13aiic dm fiir ihe deiign of the refkrcncc poldcr 

Inlct capacili 

Interest considercd 
Walcr-\)sterii lailure 
regarding thc intcrcst 

C'riiical lailiire Srcqucncy 

30 ha rural. 5 ha urhan. h 0 2  ha ylasshi>usc. 4.8 ha 
s u r l a ~ c  r w c r  (total I O O  ha) 

c r i t i d  ili5ch:irgc: I0 rnm.da! íiunimerj 
20 niin'da! (liintcri 

prccipiiuti<iii durstiiin curics liir wiiiincr and \+inter 



In the standard design, unregistered inlets are not included. Inclusion of these inlets would 
enlarge the required capacities. On the other hand, rainwater basins present in the glacshouse 
areas are nat taken into account either. If these basins are included in the design, smaller 
capacities are required. The extent of these capacitics does not follow from the standard 
design, however. 

Fig. 8.6 Stundard design exumple for !he referencepolder. 

2. Water-Sysfem Modeling 

The data of Table 8. l were used in modeling together with additional mnoff data from the 
rural and urban areas. These data were retrieved from calibrations of typical mral 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 inkt') are kept open continuously, while the controlled inlet 
is opened only when required. The fixed inkt considerably reduces the effective drainage 
capacity of the polder to 0.16 m3/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 m3/ha for 50% of the glasshouses. The rainwater basins 
reduce the peak discharge onto surface water considerably, especially in summer when these 
basins are nat entirely filled or even empty most of the time. 

The following sets of control modes are defined: 
I .  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; 



2 .  d!nainic autr~rnatic cimtr~il i~i ' t t ic  puinping station and liieal automatic control o f  the 
i n k t  on ihc hiisis (ll 'thc Ilo(id-prcvcrition intcrcït. ttith thr  prcfcrrtd itatcr Ic\cl q u a 1  
til tlic target piildcr \i;itcr Icvcl. 

In this particular cxainplc. eacti ie t  o i ' c~ in t r i~ l  modes ciivers (ml) onc h p c  o lcont ro l :  local 
automatic iir dynainic automatic. I hcrcl i~rc.  the term 'set ufcontrul  niiidcs. is ah\tractcd to 
'inodt.'. in the rcniaiiidcr o f  this scctiíiii. and ihr  term automatic is iiiiiirtcd. l l i u s  tlic 
fiilli~wing tcrms are uscd: 'local con t rd  riiiidc'. 'd!namic eiintrol i n w k ' .  l he tcrrn r e g u l a r  
set oI'c(intrul in i~dcs-  i \  shortcncd to .regular modc' .  

I he l i ~ l l i ~ w i n g  failurc mcchanisins are idcntilicd and considercd t < >  he iinpurtant: 
failurc o í 'unc  puniping unit ol'thc puinping station; 
liiilurc ( ~ I ' t h e  c~i t i rc  puinping s ta t im as a rcsult o f  a coinniiin ciiuïc: maintcnance CII' 
the puinping station; a power liilnrc intcrrupting thc clcctricit! suppl?: 
Iliilure of thi :  computer s p t c r n  th;it dctcrmines dynamic cimtrol stratcgies. 

Ikcausc  ml) thc Ilood-prcvcntii~n intcrcït is considcred, any potential lailure mcchanisrni 
of thc iiilcts are not taken into ;icc<iunt. l heir inllucnce on thc i ~ p t i m s  that satisf! the 
rcquiremcnt\ o1 thi\ iritcrc\t are iiegligihle in thc design. I Io\icvcr. if \vatcr-qualit!-relatcd 
intcrcsts, such as glasi l im~\c horticulture \riiuld have heen includcd in the design. the ïailure 
rncch;ini\ms i i f thc  inleti shiiuld h;i\c hccn includcd as wcll. 

4. Time-Series C'ulculufions 

Calculatii~ns h r  I<>c;il ;incl clynamic c(iiitri~l o l t h c  wiitcr systcin \\ere cerricd mit. sppl l ing the 
following scenarios: 
a. no pump\ out o f  d e r :  
b. o n c  pump ilut «f order; 
c .  al1 p u m p  out o forder .  

' l h c  tiinc-\cries c a l c u l a t i ~ ~ n s  wcrc carricd out in such a n a 4  that alicr each \\ater-systcin 
Ijilure, itic cquilihriuin water-\!stern \iate \ \ as  restored a p i n  I hi\ cn\urcs rcali\tic mater- 
systcm cmdi t ions  preccding s)stcin Ioads that lead to failurci. 

I-hc rtsults < i f t h c  calculatirin\. using thc I k  Hik tiinc serie\. are prc\cntcd in l ahlc 
8 . 2  'l h e  tahlc s h o i ~ s  that using lilcal ciintri>l acwrding  to s c c n a r i ~ ~  ( a )  tlic total nuinhcr o f  
n a t e r - s p t c m  hiliirc\ i \  iinly onc in 30 !cars. IJsing dynainic con t rd .  zero Sailurc\ \vould 
uccur in ihesc 30 l c a r i .  

I l i c  rccordcd riurnher i11 tailiircs. i i '  one puiiiping unit i \  out o!' order (b). is 
considcrahly higlicr: 15 cven. 30 >car\  iiiing local control.1his nuinhcr dccrc:isci to 10 u h c n  
dyiarnic conirul i \  applicd. 



Water-system Sailures occur 267 times if al1 pumping units are out of order (c). This 
is irrespective o f  the control mode of the pumping station, obviously. 

Table 8.2. Water-system failurïs in a 30-year time-series calculation. 

Scenario 

r 

'lhe probability of failures with no pumps out of order cannot be determined accurately on 
the basis o f  the data presented in the table (one and zero failures). To determine these data 
more accurately, the calculation results wc analyzed further to detemline whether the number 
of times a water level is exceeded, follows a logica1 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 h e  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 numher of times the soil surface 
level was exceedcd, may differ from the regression result (level of failure: ref-1.00 m). 

Reeorded number of water-system failures 

Local control Dynamic control 

a. No pumps out of order 

b. One pump out of order 

c. All pumps out of order 

O. l 1 I 
-1.45 -1.4 -1.35 -1.3 -1.25 -1.2 -1.15 - 1 . 1  -1.05 -1.0 

Surface-water level (rn+refJ 

1 O 

15 l O 

267 267 

Fig. 8.7  Water-level exceeding in u 30-yeur time-series culculution for 
the referente polder (local control; no pumping units out of order: 

65% oflhe originulpumping cupucily). 



70 answcr thc lirst design qucstion, liirmulatcd at the beginning ofthis scciion ( i e .  whethcr 
thc currcnt drainage systcin mects thc critical Sailure licquency of 0.1 a ycar) a range of 
pumping capacities has to bc incorp~~rated in the model for each control mode. I h c  results 
of the corresp(~nding time-series calculatirin\ are prcsented in l i g .  8.8. 1 hc figure shorvs a 
gradual dccreasc in the nurnhcr ofsystern failurcs against an incrcasc in pumping capacity. 
for f i u r  control mode-scenario combinations. 

Local eontrol Oynamic c<intrul 
? - 

r b  No pumps out of order . - 
, 1 5  
d 

l 5  

I o determine the cxpcctcd Srequcncy 111\%atcr-systern failure. it is assurncd that when the 
control systcm Iails. the regular cilntrol milde (advanced) is replaced h! a less advanced 
mode. In thc currcnt cxainplc, dynamic aut~~matic control is activc \rhcncvcr possihlc. Whcn 
thc ccntrul computer hrcuks down, the dyriarnic control mode is rcplaccd h! thc local control 
modc. Whcn a local unit breaks duwn. Iwxl rnanual control is applied. I h c  elfect of local 
manual control i i   winc cd 10 hc sirnilar t11 that of local automatic control. 

Thc liillo\+ing avcragc durations ~ i fcach  control-system lailure are aswrncd: 
r~iic pump out o f ~ ~ r d c r :  onc day a 'car; 
al1 pumps out of order (conirni~ri cauïe): half a day a year: 
coinputcr-i!stcin break-d11wn (n11 dynurnic control): live d a ) ~  a )car. 



The right-hand graphs (h and d) in Fig. 8.9 show the results of the evaluation using regular 
dynamic control. ?he  results s h o w  have been obtained by applying Eq. 8.1 and Eq. 8.2. To 
give an impression of the result obtained when using regular local control, the left-hand 
graphs present the results of local control. 

From graph (a) in Fig. 8.9' an expected failure frequcncy of 0.05 a year can be read (the 
dotted line starting at 0.2 m3is), using regular local control. When dynamic control is used 
(b), the expccted failure frequcncy is only 0.02 a year. 

These data provide an answer to the first design question: the current drainage system 
of the reference polder meets the critica1 failure frequency of 0.1 a year. 

Now the question arises which should be the right capacity fora 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 presentcd graphically in Fig. 8.9. 

The graphs show tbat the capacity of a pumping station, to exactly meet the critica1 
failure frequency, would have to be 0.1 72 m3is in case of regular local control and 0.136 mils 
in case of regular dynamic control. Consequently, the conclusion is wmanted 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 

Rcgular mode: local control Regular mode: dynamic control 

- Pumping capacity (miis) Pumping capacity (m Is )  - 
Fis 8.9. Expected frequency and duration of water-system failure as a funcrion 

ofpumping capari@, inciuding control-system failure. 



failurc. A i  can he rcad froin the iliadcd part iri thc graph. the cxpecicd durution o f  ki lure .  
uiing regular d)siairiic cilntrol at a c;ipricit) 01'0.136 ni'is. is I 9  holirs a !car. I l rcgular  local 
coritrd is uicd. thc oxpccted tjilurc dura t im is I O hours a year. 

When. in additiiln 111 thc lrcqucncy critcriiln. thc expcctcd duration criterion is applied. 
thc puinpirig capacity l i r  d )nmi ic  coritri~l hec~iincs O.  160 m';s. ivhich nicani a reductiim hy 
20'%1 firistcad r11 32'%,) coiiiparcd ti1 thc 3tandard design. I l ~ ~ i \ c \ c r .  thc lailurc lrequenc! 
would be rcduccd to i) 0 7  a )car  iinstead ofO.  I). 

I ' hz  standard dciign was fllund 111 include esccss  capacit) in ril1 control inodcs. '1.0 ans\rer 
thc sccond dci ign qiicstim f i c .  v.hether thc total glasshousc arca can hc estendcd in the 
Suturc) thc cxccsi  capacitics I i ~ u i d .  pcrinit extciision of  the glaislii~iiie siirl'acc. 

I 'hc curLcs in thc graphi in l i g .  X. l O  sho\v what happms \!lien thc prcicnt surlace OS 
60.2 ha is gradually iricrcascd to 90.2 ha. I 'hc latter m a n s  that the entire rural area is covered 
h) glassh~iuses.  I h e  cur ies  shoii an increasc in the number of \\ater-i!steni hi lures  a s  a 
result of extending thc g l a s s h ~ ~ u s c  surlicc. il'thc currcnt storagc cripaeiti o f t h e  surface water 
and thc diichargc capacity CIS the puiriping stalii~n remain thc ianic a, thcir standard design 
valuei.  

Ikigurc X. I0 I I I I ~ V S  tliat thc g l a s i h ~ ~ i i i c  iurldcc could he cxtcndcd lroni 60.2 ha to  66 ha if 
regular local control is used aiid til X 0  ha n h c n  rcgular dynariiic control is uscd. In hoth 
situationi. thc cntirc c rccss  capaeiti  i \  uscd up. 

11ic c c m d  design qucstion cari ninv he ans\icrcd: n o  additional drairiagc capacity is 
rcquired (i# thc rclercricc polder iS tlic arca currcntl) c o b e r d  b! glaishouses is cxtcndcd. 



provided this growth wil1 be less than 10% ìfregular local control is applied and less than 
33% if regular dynamic control is applied. 

An extension of the glasshouse surface to 66 ha would result in an expected failure 
duration of 9 hour a year, ifthe regular control mode is local control. If the glasshouse area 
is extended to 80 ha and dynamic control is the regular control mode, failure is expected to 
occur during l 0  hours a year. On the basis of these results it can he concluded that the 
duration criterion (again) imposes an extra restriction, if dynamic control is used, to the 
permissible extension of the area covered by glasshouses. 7he  glasshouse surface could be 
extended t» 77 ha (28% extension), the associated failure frequency being 0.08 a year. 

Table 8.3 summarizes the results. In addition to the criteria offailure frequency and failure 
duration, the performance index is included. The tahle shows that in al1 cases, the 
performance index using dynamic control is higher than that using local control, which 
proves that in this particular c a ~ e  the performance index does nol further restrict the pumping 
capacity required, nor the permissible extension of the area covered hy glasshouses. 

Table 8.3. Results of a dynamic design for the reference polder. 

' Using thc failure-duration criterion 

6. Sensiiivily Analysis 

In general, an analysis of various water-system parameters is needed to determine the 
sensitivity of the expected failure frequency to the accuracy ofthese parameters. 

I'or 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 sensitivit). o f t h e  design 111 thc i r e  ofrain\vatcr basins is analyzed. I.his includes 
the accuracy i i i  estahlishing thc total si1.c OS the rainwater basins fiom mapi and field 
obscrvations and thc. actual availahility ~ ~ I ' t h c s e  hasins. In tlic arial-.sis i1 is assumcd that the 
size o f500  m'lha reprcvmts an overestimate by i 0  m'iha. 

Sccond. thc scnsitivity ofthc dc\ign tc~ the lailure duration olcontrol-systcm elements 
is dctermincd. This includeh the accuracy nith which data on failurc duration could he 
determined. In generlil. these data are assumptions only and thereforc in  the analysis the 
durations u\cd werc incrcascd hy a lictor tuil, i.e.: 

m e  pump «ut ~ ~ f o r d c r :  tivo days ;i year: 
al1 pumps out o f i~ rdc r :  onc day a jear: 
computer-system break-down: 10 da)s a ycar. 

Rrxular mode: dynamic control 
, 115- ~ 

I l 

Figure 8.1 1 shou \  the re\ults oí'thc scnsitiiity analyses. pcrhrined Sor regular dlnamic 
control. lt is iinportaiit t11 note that for hoth analkscs the failure duration igraph b) is decisive 
i f ;  in addition to thc Iiilurc licqucnc>. the criterion of failurr duration is uscd. 

Whcn the aci~ial capacit) n1 raini\;itcr hasins is 450 m'ha. the gl;i.\shouse area can be 
cxtendcd h) 75 ha (l.'ig. 8.1  l )  instcnd o177 ha ('lablc 8 .3 )  This sho\vs that the design is nol 
vcry scnsiti\c to \mal1 errors in thc si/c ol'the rainwater hasins. 

Ihuhling thc duraticin ~lfkiilurcs pc.rniits extensim of thc glasshciuïe surfice to 76 ha 
(Fig. X. I 1 j. slightl) Ioncr than ohiaincd irithi~ut douhling the duration. 



Note that the sensitiviv of the design to the parameters analyzed is greater when only 
the criterion of failure frequency is used (graph a in Fig. 8.1 1). Then the results are 76 ha and 
78 ha rcspectively, instead of 80 ha Cl'ahlc 8.3). 

Given the sensitivity analysis, it can be concluded that, if hoth thc failure-frequency and the 
failure-duration criteria are used, inaccuracies in the estimates of the parameters assessed, 
result in errors in the dcsign of the order of magnitude of 2%. This error is of the order of 
magnitude o f 4 %  when only thc criterion of failure frequency is used. 

On the hasis of the scnsitivity of the design to data inaccuracies, the designer has to decide 
whether extra capacitics have to be included in thc design. In the situation of the design 
example, which shows a small dependcncy on erratic data, a designer may decide to accept 
the design made without incorporating extra capacities. Otherwise, further iterations are 
required, to adjust thc capacity parameters in the design and start with design step four again. 

8.3.3 Advan tages ,  Disadvantages  a n d  I m p r o v e m e n t s  

In comparison t» the present standard design method,  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 mnoff, details on the operation of the water system can be 
incorporated in thc design. Furthermore, the procedure includes the failure mechanisms that 
apply to regulating structures and the equipment used in water-system control. In the example 
descrihed in the previous section, a trivia1 choice was made on this point, to include only 
failure ofthe central computer and the communication nctwork in the dynamic control mode. 
Several other components can bc included as well, e.g.: the availability of an on-line 
monitoring nctwork; the maintcnancc situation of canals supplying water to pumping 
stati«ns. 

When the dynamic design procedure is followed to redesign a water system on the basis of 
water-quantity andlor water-quality variahles, the excess capacities in the water system 
become known. When the requirements of interest? change, these excess capacities can he 
used before the water-systein has to he extended by, for instance, enlarging the regulating 
structures or surface-water storage. 

IJsing the dynamic design procedure, excess capacities can be included on purpose. 
'lhis approach may lead to designs that have similar propertics as the ones found using the 
currcnt btandard mcthods. 'lhe advantagc of  the dynamic dcsign is, however, that the 
Iucations and thc cxtcnt of the cxccss capacities are known. This wil1 probably give the 
responsible water authority more confidence in meeting the requiremcnts of the interests 
present in the water system than the currcnt practice using the standard design methods. 

A vely important advantage of the dynamic design procedure is that water-quality parameters 
can bc included with rclativc case. I.or example, the duration «f violating water-quality 



iiandtirds ca11 he irici>rpi,ratc<l. or tlic I l i i \ l i i i ig l ic tor  nccdcd t i )  keep pi>lli itiori in ttic iratcr 
iysiciri hc lo i i  itie prc-\ct liinit,;. I hc\c <pii>ii\ ;irc nut a~a i lah lc  i r i  tlic i v~ i i da rd  dc\igns. 

Suriiiiiarizing. ttic dyiui i i ic design proccdiirc priduccs a ha1;tricrd ;irid ccoiioinic doign. 
\ihich includc\ tlic ectiial sitiiati~in 01 itic \\nier i ) i tc i i i .  ' lhc  rcqiiirciiicnt\ 01 rlie ii itcrcsii arc 
\;itislicd hcitcr uiirl tlic actiial ialei! prcwri i  iii i l i c  i \atcr j)stciri caii he dctcriiiiiicd. 

I tic starid;ir<l cicsigii i i ict l i i idi i r t i i i t i  ;irc currviiily ii icd. hu\c l l i c  ;idi;int~gi. tti;it thc) are 

siinplc cn«ii$ l i ~ r  a nntcr \! \tciii to he <Ic\igiicd i\ itliout man! I~ic;itiori-spccilic data li1 this 
rc\pcct. ihc djriaiii ic dc\ipn prticcdiirc i? iiiorc dcriianding. I tic rc\ii lt o1 ttic procedure 
dcpcndi uii tlic data i i \c<l .  I hcrcfiirc. w i \ i t i \ i i )  a n a l ~ i i i  i \  iicici\;ir!. Iii ca\c thc data 
uvailahlc ;irc r i i i t  dciuilcd ciioiigli. ltic h i g r i c r  i i \ ing ttic d~ i i a i i i i c  dc\igir priiccdiirc. \ \ i j l  

prohahl) Leep iiii thc x r l i  \ide niid u \ c  data i i t i ich inllucricc t l i r  dc\igri s» t l i a t  cxcess 
capaciiics tire n p i i i  iriciirpiir;iicd. A \  ;i rciult. itic dcsigncd \),iciii c;ipncitic, ma! he siiriilar 
tr1 tiic orici Iiiiirid ?ippl!irig llii. ~taridard i i ic t l i i id~.  Iii an cstrciric \iluacioii. ttic d!naiiiic dc\ign 
iii;iy c\.cii iricliidc i i i i r c  capacii) 



As mentioned in the introduction of this chapter, the procedure described should he 
considcred a step in the development to a more comprchensive farm of water-system design. 
In practicc, the method wil1 prohahly require Surther improvement. 

' lhe case studies described in Chapter 7 showed that the process of calibration can be rather 
laborieus and rcquires determination of many unknown system parameters. Therefore, one 
of thc improvements, which is outside the scope of the present study but can he incorporated 
directly, is automatic calibration of models built in step two of the procedure. 

Anothcr improvement of the design procedure could be the use of condensed hydrological 
time series. If the design strongly depends on extreme systcm loads, a subset of the time 
scries could bc uscd to reduce the duration of calculations. 

Condensation of time series is a vcry demanding job, however, since a high levcl of 
accuracy is rcquircd. The allowed level ofcondensation dcpends on the actual water systcm 
that thc data are used for. The water system definitely has to he in an equilibrium situation 
that satisfics the requirements of al1 interests, before thc reaction of the water system to an 
extreme cvent can be simulated. 

8.4 Concluding Remarks 

In this chaptcr both the standard design methods used and an alternative, the dynamic 
design, are presentcd. 

A very important aspect of the dynamic design procedure is the possihility of 
including location-spccific data, which is not possible using standard methods. Furthermore, 
dynamic design includcs the dynamics of the water system; e.g. delays in runoff The 
procedure enahles including the possible control modes ofrcgulating stnictures. This option 
permits incorporating the usc ofdynarnic control in a water system at the design stage, taking 
advantage of al1 aspects ofthis control mode. 

The example of the Dclfland rcfercnce polder shows thc diffcrence bctwccn standard design 
and dynamic design. An important rcsult is that the excess capacity in a water systcm 
designed hy a standard mcthod can bc determined by means »f the  verification procedure. 
I'robahly, this is a general result of using location-specific data, since the standards used in 
the standard methods includc accumulated safetics to fulfill the requirements, even in the 
most unfawrable situations. 

The dynamic design procedure requires time-series calculations to include delays in runoff 
and incorporate the situation prcceding systcm failure, such as saturation of the soil. l h e  
cntire procedure is itcrativc and requircs scveral calculations. l.or the design example, 
approximately 50 time-series calculations have heen ~a r r i ed  out for aperiod »f 30 years. The 
procedure produccs a lot of data, which have to h ~ .  handlcd with care. 



It is clcar that thc pr i~ccdurc dcscrihcd is only kas ih lc  il thc entire process is 
autilmated. rcducing tlic \vork 1 1 1 t h ~  designer co interprctation 11Sthc r c u l t s  and adjustinent 
~ ~ S s y s t c i n  parameters f ix  each iteration. 

Whcn thc cimtr»l inodc ol'rcgulatiiig \tructiires is included in the dcsign. the procedure yields 
the associatcd s?stein capacitics. 1ld)n;iiiiic control is applied. its adbantages in comparison 
to  othcr control tiiodcs are autoinaiicall) iricludcd, in Iact. rcducing thc rcquircd s)stern 
capacitics. 

In thc cx;iinplc givcn. thc 111ta1 puinping capacity o f t h e  rclkrcnce polder could be 
rcduccd hy 14% using 111cal autilinatic c m t r d  and by 20% using dynamic autotnatic c o n t r d  
l Iiis r c u l t  is ohteincd \ i i thi~ut  ariy c o n c c s ~ i m s  to  thc Iailurc ficqucnc) 1110.1 a ycar. nor to 
thc l'ailurc durat i~in I I V  l i l  hours a ycar. 

1 1 t h ~  total puinping capacity is Icli unaltcrcd. thc total area covercd h) glusshouses 
coiild he cxtended b) 10'96 using liical autornatic c o n t r d  aiid h) ? X %  usiiig d ~ n a m i c  
autoiiiatic c~iritrol.  

I hcsc resulis sho\i. that thc rc\p<in\ihlc \iater authority can alli>\r cxtciisions ii i  the \iater 
systcin l i x  scvcral ycars using local c~iiitrol. hut f ix  a iriuch Iiingcr time using d!iiainic 
coritrol. I his iiicans itiat inicstiricnts in inlkasiructurc. uh ich  \ccmcd t11 he nccessa?. can 
he p ~ ~ s t p i l n c d  lilr tiiati) )cars. irhilc tiraint:iining thc rcquircd salkt). 



9 Conclusions and Recommendations 

9.1 Conclusions 

Current devclopmcnts in water management force water authorities to control their water 
systerns m w c  accuratcly and take int« account the requiremcnts of a growing number of 
interests. 

I h e  currcnt solution to changing requirements in water systems is to build extra 
capacity lor storage. discharge or inlet of water. ? l i s  thesis has presentcd a methodology that 
makes bctter usc «f the present infrastructure of a water system. If the methodology is 
applicd, infrastructure scheduled can he postponed, reduced in size, or even canceled, while 
the necessary safety is maintained. 

During the past fcu, decades, local and central automatic control systems have heen 
introduccd lor enhanced water rnanagemcnt. Central control is executed by means of 
computers locatcd in one place, which gather information from the water system and send 
control cornmands t» the controllers «f regulating structures. Typical for central and local 
control is that logic rules determine the control actions. Central and local control systems are 
widcly applied to control suhsystcms of thc water system. Dynamic control, a special farm 
of ccntral cmtrol, is the next logica1 evolutionary step. 

In dynainic control; the entirc water system, comprising rural and urban surface-water and 
groundu'alcr subsystems, is considered. 'l he interests distinguished, determine the way in 
which the water iystein should be controlled. 

Methods similar to dynamic control have been studied and reported on by other 
authors. In thc watcr-resources planning and management literature, storage and rclease 
problems in controlling entire river hasins are tiequently discussed. However, the problems 
descrihcd are generally of a natim-wide scale and require optimal control actions for periods 
ofinonths to ycars. 

In !he present stud?, the critical period for which control actions have to he decided 
is hours to weeks. Thc subject resembles most real-time control studies carried out for sewer 
suhsysterns. Ilowcvcr, in this thesis, scwer systcms are considcred only as suhsystems of lhe 
water system. 
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inci~rporiiting i iperat i iml  rc~t r ic t ionï  111 contrr~l. such as regulaling structurcs bcing out o f  
d e r .  li initcd capoeitio. etc. 

l l i e  optiiirilation inodulc has ihc speciiic task 11, dctcriniiic tlic optiinal control 
strategy considcriiig ttic rcqiiircnicriti i i l\\atcr-rclatcd intcrests. I r i  thc incttii~ds dcvelopcd. 
hotli inodulci i ~ i ~ r k  iiinultaric<iusly. ttic \ i i i iuletim niiidulc continuti~i\l! ~ipdtiting the current 
watcr-s)steiri ci ir idit i~ir i i  that are uscd in optiiniration. 

I he rneihid prove\ t i i  \ ,en cl'liciciitly fiir rcgional \iater-\!\tein control i n  both 
p i~ ldc r  and tiill) ;irc;r\. I'ractical i>pcr;itiiiriel condi t imï \rhich l imi l  thc icarch spacc 111' 

optirni/atioii cari bc inc~irporatcd \vitti rclative case. 

A gcricral distincli~,ii h hecn rnudc hct\\ccri u\c o l t h c  i i ir t l iod l i>r  tlic ;irial>sis (11' thc 
~~pcrutir ir ial situaiii~ii aiid applicatii~ii i r i  tlic operational situatiiin iticll: I hc iise lor anal!\is 
plirpi>scs i\ \ l i í i ! i r i  iii I I i i s  t l ici i \ .  Sc\cr;il ;iipccti 111 thc application in tlic ~ipcr;itiiirial sitiiation 
h;ivc heen d i i c u i w l  i r i  detail. 

Scvcral iricthod\ cxi\t I ~ i r  i i i l i i i i g  t t ic  ~ i i r i t r i i l  problein and dctcriniiiirig an optitrial ermirol 
strateg!. 0 1  ttic i i iet t i i~di  ;ivail;ihlc tlicsc da! s. inathcinatical pri~griii i i inirig has heen chosen 
rnaiiil) ht-cauic it is uriiicr\ull! ;ippli~ahlc. incliidcs dctcnnii i iwc inodclirig. i \  r ~ ~ b u s t  and 
make\ rni~clcl huilclirip arid cstcrisiim rcl;itiicl' eas) Scveral incthod\ \\cri. rc \ ic \ \cd  frorn 
litrratiirc: Nct i%i i rk I'ri~graiiii i i irig (KP). l i i i cer  Prograinining i1.I'). Succcsïiic Lincar 
I 'r i~grmnning i5l.l '). I)>riaiiiic I'rograiiiiriirig [l))>) ;ind Nmlincar IJrograiiiining iNI.I>). I h c  
NI'. 1.1'. S1.l' m d  N1.l' iiiclhr,d\ \iere al io esaniincd i i i ih i i i  thc l rarnci i~>rk ot'ttic research. 
After ;i carcliil e i  aluatii~ri o f  tlicic iiintticiiiatical prograiinning mctliods. tticir charactcristics 
and thc ohjccti ic i>l ' t l ic prc\crit $iud! \l.IJ I ia i  hecn chriseri t11 sol\c ttic cimiriil prohlcm 
detincd. 

I lic \\atcr-\!itciii i i i ~ ~ d c l  aiid t l i c  i ~h l cc t i i c ï  oS contrd ;irc d c w i h c d  b! nmlincar 
rclatii~nsliip\. I r i  dctcrininiiig a coritriil \ trakg) l i ~ r  thc c i~i i t ro l  h~ir i / i i r i .  liricari/ation (in thc 
basis 1 i 1  ttie prcwnt s)\tcin state caii he ratlier inaccurate. cspcciall! \ \ l ien long c m t r i  
horizon3 ;irc iisccl. 'lhcrcIi>rc. ;i rnetliod ha\ heen developcd \rli ich con icn ï  the nonlincar 
problcin intc a l i n c x  i>iic. hut l i i icari/ci \iater-ijstein p r i l c c j w  acciir;itcly at thc expcctcd 
i a l u e i  iiIs)stciri variahles in d k r e t c  tiiric steps l i f the criritrol I i i i r i ïoi i .  

I h r i r i g  imgiiirig t i i l i c -w ies  c;ilciilatiim\. thc accur;ic) o l  lincuri/atiíin i\ cri\urcd b) 
taking thc iipiirii;il i a l u a  iiiurid in ciicti prei i<iii\ optiiriizntion c!clc as tlic cxpcctcd (inch for 
lincari/ing. I lil\ iiictliod hns hccri callcd fi>r\i;ird c\tiniating. I t  ai. iiids iniiltiplc calculetion\ 
o f  ttic u n i e  tiinc \lep iri a tiiric-\erie\ c;dcul;itiiiri and ha\ proic i i  [ o )  icld ;iccuratc rcwlts. 

I tic i i~c t t i i>d i ~ f  i i i rnard c i ( i i i i n i i n  reqii irci Iiiicarizatiori\ !«r al1 riiiiiliiicar intrinsic 
water-jytein p r l i c e i x i  I he tiinc riccdcd t i ,  dctcrniinc Ihc lincari/niiori c ~ x l ' l i c i c r i t  is i inal l  
i n  c<~rnpari\on 11, ttic tiinc t;ikcii t i ,  i ~ > l \ c  tlic iiptii i i i/atioii prohlcin c\pcciall! l i Ir large 
pr«hlcirii. Witti respect ti) ttic ipccd i i l ' l i r idi i ig tlic optiinal soluti im thc 51.1' inc th~ id  used is 
cciinparuhlc t i l  \r;iiid;ird llJ. 
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Performance of lhe Meihod 

Small «r strongly generalized water systcms, comprising only a few subsystems, a few flow 
element.;, a limited numher of interests and simple ohjectives of control, produce 
optimization problems containing around 1,000 variahles and as many constraints. Large 
water systems comprising several interests, hundreds of suhsystems, hundreds of flow 
elemcnts and many ohjectives ((1 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 UPMPD solver used in the DSS 
is of the priinal-dual interior-point type, which is rather sensilive to the sparsity of the 
constraint matrix and to whether a multi-diagonal structure in this matrix is maintained. 
When the optimization problem is huilt along these h e s ,  it is veiy f a t  in finding the optimal 
solution. ' lhe efficiency in lindingthe optimal solution was furthermore kept high by scaling 
thc problem well, kecping the differences in the order of magnitude of the matrix coefficients 
as smal1 as possihle. 

Typical solution times obtained using a present-day regular 133 MHz Pentium PC 
with 48 MB intemal memory, using an interior-point solving method, range from seconds 
for simple water systems to minutes for large and complex water systems. Such large and 
complex water systems cover areas in thc order of magnitude of hundred thousands of 
hectares, modeled in grcat detail. These results were obtained when resolving optimal control 
strategies for control horizons with a Icnyh of l 8  to 48 hours that cover a range of 12 to 36 
time steps. 

I-he solution speed of the method can be improved hy reusing thc optimal solution of 
each prcvious optimization cycle as the starting point in the optimization algorithm. Such 
spced 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. 

ï'hc solution times found are so short in comparison to real time, that further 
improvcment of the solution speed seems nol really necessary at the moment from an 
operational point of view. ï h i s  may change when extremely large models are built, 
comprising over ten thousands of suhsystems, which may yield over a million variables and 
constraints in the optimization problcm. Mowever, computer power is increasing al1 the time 
as well. 

The Flow Problem 

Several authors have described building optimization problems for sewer networks. The 
types of models used generally have in common that they only include continuity constraints 
to represcnt water transport in the optimization network. Delay in flow is incorporated by 
special time transportalion arcs. The time transportation arcs allow delay in flow for only a 
multiple of the time step used in the optimization network. That approach ean be inaccurate 
hecause only capacity restrictions can he included without the physical relationships of flow. 

I his thesis has shown that the use of time transportation arcs restricts the type of 
nctwork that can he modeled. Loopcd nctworks are principally excluded from that type of 





strategy to follow, regarding the uncertainty in the forecast and the possible undesirable 
results and damage to interests. 

For analysis purposes, predictions by a weather bureau are simulated. Since for the 
past. no dctailed forecast data were available for the periods requireù, use has been made of 
a hydrological database of past events. The data retrieved from the database have been 
disturbed and rcduced, to simulate erratic predictions by a weather bureau. 

I'rediction of the hydrological load to a water system can play an important role in the 
determination of the optimal control strategy. For water systems that react slowly (e.g. mainly 
mral systems), it has been proven that only an indicative prediction o f the  load is needed to 
enhance water-system performance considerably. For water systcms with rapid runoff 
characteristics (e.g. mainly urban systems), the suitability of the control strategy depends 
much more on thc accuracy of the prediction available. 

I'reùiction of hydrological variables by the weather bureau, are most accurate for short 
pcriods of time (e.g. hours), whereas these predictions are less accurate for long periods (e.g. 
days). Slowly reacting water systems require predictions for long periods and fast-reacting 
watcr systems lor short periods. The accuracy of the hydrological-had prediction therefore 
scems to mirror the accuracy requirements. Howevcr, the accuracy required to effectively use 
the anticipating effect of dynamic control in fait-reacting water systems is still far kom ideal. 

Morcover, it was found to be better nol to use a prediction at al1 than a highly 
incorrect one. Therefore, in real-time control the accuracy of the prediction should he 
supplied with the prediction itself by a weather bureau, which permits thc water manager 10 
cxclude an uncertain predicted cvent fiom 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 systcm state in this way, is a kind of 
feedback in control. If the prediction of the hydrological load is moreover incorrect, the 
feedback guarantces that the control actions of the current moment are feasible considering 
the requirements of interests. 

Even without a systcm-load prediction, thc control stratcgy 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 capacities in the watcr 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, 
scctoral interests and operational water-management interests. These interests can he 
explicitly defined and mutually weighed, using a special weighing mechanism. The 
requirements of intcrïsts are linked to the physical water system by dimensionless damage 
functions. These represent the damage to interests lu: a function of water-quantity and water- 
quality variables. Damage t~ an interest occurs when the water-system variables of 
importante to that interest differ from their requircd values. 



Wcighing of inlcrc\ts is pcrfi~rincd hy dcciiion makers in nater management. on the 
basis o l l a~vs .  goveniiiiriit rcgulatiims, riational arid rcgirmal plans. Such wcigliing can never 
he cntircly ohjectivc. I>ynamic c~introl rcquires careful assessment ofthe rciults. The results 
ohtaincd should he prcsentcd to thc dccihion makers fnr fccdh;ick. I hii is a cqclic and 
prekrably intcractive prnccss, \%hich confionts the decision makcrs with thc choices they 
niakc and cnahlcs thcm ti, adjust thcir dccisims, even bcfnrc the) are put into practice. 

'Ihe wcighing mcchanisin de \c l~~pcd .  stii~iv\ that intcrcsts of difkrcnt hpes  can bc comparcd 
to determine thc hcst u a y  to control ;i \\ater systcm. Common-gocid intercsts can be 
considcrcd succcssfully together with scctoral interests and operatimal water-managcmcnt 
intcrcsts I h c  mcchanism rcquircs aiiigriing thc highest iveights to the most important 
intcrcsts, t q ing  nut to vidate thc requircrnents of othcr intcrests. 

9.1.7 Dynarnic Water-System Design 

At present, water sgstenis are dcsigncd on the hasis ol.guidclincï conccrning discharge 
capacity, siirldcc-\\ater stwrige and frcqucncies of extreme h)dr«logical loads. Ihese  
guidelines iriclude gcneralized data on soil texture and land use. Time-series calculations for 
\iater sqstcins dcsigricd on thc hasis 111' t h c c  guidclincs. prove that thc designs may 
inc<~rporatc a considcrablc exccss capacity. I he cxtent ofthis cxccsï canrint be drtennincd 
easily. hoivcvcr. 

An altcrativc to thc \tandad dc ign  mcthod ha\ been dcvclopcd in the present study. 
which includes systcni d)riainics aiid stochaïtics. I h c  dynamic design proccdure is carried 
out nn thc ha\is 01' a dctcrministic inodcl of the water syitcm. thc possible failure 
meehanisnis of cimtrol systcnis including rcgulating stmctures and standards with respect to 
the lrcqucricy oI'\.iatcr-sksteni failiirc. I h c  dgnainic design procedure prcicnts an economic 
dcsigii rrictliod, ii i  irhich cxccss capaeitic\ can bc avoidcd. Whcn requirrd. however. e x c e s  
capacity can hc incorporatcd on purpmc. to enable future extensim of the  water sqstem. 

l hc dynaniic design procedure can hc used ti, detcrmine thc safety iif current \\ater 
systems. on thc basis of rcal data. I n  case a neiv water-systeiii has to he designed. the 
procedure can he carricd out 11ii thc hasis ofthc rcquircments of nater-rclatcd intcrcsts. In 
that case. violation of onc of thc requircments determines a water-systcrn failure. This 
approach cnahlcs a halanccd dciign i n  irhich ;dl intercsts are incorpi)raicd. uhilc thc design 
cxplicitly takes inti, account hoiv iarinus rcquircmentr should bc met. Ijy doing s«. in 
additioii t,i ii;rtcr quantit! \tandards. \rater quality standards can hc iiicludcd as \iell. 

9.1.8 Practical Results 

Practical caic itudics haic  hccn dcxrihed iii dctail l i ~ r  the fdl~nrii ig rcgiiinal nater systems: 
IlcIHnnd (polder urc;i). I k  Ilric Arnhachtcn (polder hilly arca) and Salland (hillq arca). 
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The practica1 case studies show that water-system control in polder areas differs 
grcatly from that in hilly areas. The span of control of regulating stnictures is generally wider 
in polder arcas and these structures can generally control the water system both during the 
winter and the summer seasons. Despite the sometimcs high number of weirs used in hilly 
areas, these stnictures alone cannot preserve enough water to satisfy the requirements of al1 
interests, in general. 

T o  assess potential improvements in water management, the performance index has heen 
introduccd, which is based on the extent of satisfiing the requirements of interests. The 
performance index has proven to be an extremely hclpful measure in comparing the long- 
term effects of alternative control modes. 

1.0 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 frequenties werc dctcrmined in time-series calculations 
by recording the number of times the variables that determine whether the requirements are 
met, excceded the limits of their permissiblc range. 

Polder Arem 

The polder areas studied show a g e a t  improvement in water-system performance in genera]. 
Anticipating high hydrological Ioads is of importante in some of these areas to prevent 
water-system fjilure. In thosc cases, the hydrological-load prcdiction should be an element 
of the control system. 

Various examples show that the control strategies determined are not very sensitive 
to the accuracy of hydrological-load predictions. In mainly mral areas, with slow runoff 
characteristics, thc resulls of determining the control strategy without prediction are almost 
as good as with prediction. However, in urban areas prcdiction can be necessary to improve 
water-system control. 

In the polder itrcas investigated, the number of Cailures following excessive 
precipitation could he reduccd considerably hy dynamic control. 'I'his effectively preparcs 
the current water-systern arrangements to better deal with new interest requirements whcn 
dynamic control is applicd. 

Ililly Areus 

ï'he improvement in water-system control in the hilly areas is less great than in polder areas. 
The main reason is that ihe requirement t« keep the groundwater table as high as possible in 
summer, generally prevails. It proves to he v e q  difficult to prevent a fall in groundwater 
levcl using weirs only, because the fall results from uncontrolled processes such as 
evaporation and infiltration into low-lying groundwater aquifers. For that r e a o n  water supply 
works or at least retention measures are usually rcquired. 



In gencral. thc heit pnssihle iiripriiicrncnt in ground\vatcr prescnatioii i \  achievcd hy 
kccping thc i ta tcr  Ic\cl\  in thc a d j x c n t  iiirljce-water suh\)\tciiis a$ high a i  prlssihle 
thr~iughnut thc ywr  and loncring tticrii oril) ~ l i c n  ~.xcchsi \c  ruriiill'c;tri he expcctcd. I'art i i t '  

this strategy can he acciiiiipli\hcd b! aiiti~iriaticall) cnntri~llcd \+eiis 
I lo\ \cvcr .  in wiiic placcs thc pcriiicahiliiy o l t h c  wil is SI, high that iurface water 

upstrcam Cruin a wcir infiltrales inco ilic soil and f l o w  through tlic suhiurfacc as shallo\v 
wepage  inti, tlie \u r l i cc  \ \a tcr ï  d m i i i w c a m .  This ctleet.  ciiiiihincd \\ith intiltratinn 
thrnughout thc ycar. d i e n  ncccssilatcs \iater iupplq via puinping s tai i~in\ .  In hilly arca\. the 
supply o f  water generally has to be carried out in small stagcs aiid tlicrefore small. hut 
c~irnplcx systcins have io bc dcvcl(ipcd. 

In thc hill) arca\ in\cstigatcd. a r i ic  in groundwater Ic\cl 01'0.5 to l nictcr could be 
achicvcd if anificial \+aier suppl) is cornhincd \bitli d)naiiiic control. I'unticrin~irc. drought 
prohlcins c d d  he hcttcr handlcd. 

I ' hc  cxainplcs givcii in ihis thesis shiiu ihat dynainic control can ciinsidcrahly enhance 
water-?y,tcin pcrliirmaiicc and that i i  i i  superior to local control i i i  i a r i r u s  i iays.  In the 
discuïsiiin \vliether til apply d)naiiiic ciintrol or nat. thc actual pcrforinarice i inprincmcnt  
should he ;isscsscd. I hir can ml) he d i m  h! iricans iifdynaiiiic tiiiic-scrics calculations thai 
dcrcrrriiiit. ho\+ rlir \ \eter s)\icrii rcacts \r hen dynamic cnnirol is applicd 

In water  s ~ s t c i n i  that includc a largc nuinhcr 01' unc<iiitrollcd striicturcs. thc 
applicalimi iililyriarnic control ma! iiiipl) automatinn n f  a largc part of t h c x  structures, 
ivhich can bc c~ist ly .  l he choicc which structurcs tn include in d!naiiiic contrnl is therelorc 
partly an econiiriiic m e .  wliich should he c\aluatcd at ihc Scasibiiiiy ctngc iil a design. 
I lowcver, thc cosis ~iI'autorn;ition cquipinciit are generally niuch Io\+cr tlian that of biiilding 
extra capacity iri the water systcin hy cxtcnding the discharging capacity or excavating canals 
o f t h c  surliicc-bater systcin. 

f l i c  case studie\ s h i n  that it i \  generally nol n c c c w q  to autonrate al1 rcgul;iting structurcs 
in a water s)sicm. M~ircovcr. nol al1 automatcd ilructures have to hc  coiiir<illcd d!namicallq 
to  obtain gnod reitilts in iipcreti<inal \+ater msriagcrneni. Oiily thc itructiircs \vliich play a kcy 
r o k  in prevcntirig daiiiagc 10 iiitcresli. have 10 bc includcd iii a d!naiiiic c~ i i t r í i l  \!stern. 

Beci\ion Support 

A s  inciitioricd hclbre. thc mcih i id~i iog~  iinplciiicntcd in thc USS ;i$ prcsciitcd. can hc upplied 
in t\vo possihic u a y s :  1111-liiic. Iiir u;iicr-$!\tciii anal!iis 2nd (in-line. Iix rcal-tiinc control. 

Oll'linc npplication < i I a  1155 is 111 iiripi~rtrincc t11 &\c\ \  thc pi,tcriti;il i inpr~nc incn t  
which c m  he iihiairied h! ~ i s i n g  varioui i,ptimnl control inodcs. I his epplication ir also ijl' 
interest in thc planriirig stage o I a  re:il-tiiiic cwi i rd  s)stcin. h c c a u x  it  ticlp\ dctcriiiinc i+hich 
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regulating structures should be remotely controlled, locally controlled or maybe nol 
controlled at all. In addition, off-line application of a DSS can be used in operator training, 
sirnulating known and unknown extreme hydrological conditions. Moreover, irregular 
conditions can be simulated in which the operators have only limited means of control, such 
as during maintenance or predictable system-failure situations. 

O n - h e  application is implemented in a remote control system. l'he on-line DSS determines 
a control strategy on the basis of actual data. It runs on a centrally placed computer, that 
receives filtcred monitoring data from the water system and sends the control actions 
required to the local control units. 

Monitoring data from the field cannot be uscd 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 frequcncy. 

Dynamic control generally only has to come into action when the system capacity 
during the cootrol 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 cootrol is applicd, alternative, Iess advanced control modes should also be 
available, e.g. local control. 'lhese control modes have to come in10 action in case part of the 
central control system breaks down. 

Implemenlation 

Dynamic control has been presented as a rnclhod which incorporates weighing of intercsts 
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 determine control strategies really improves 
the situation in the regions controlled by al1 authoritics. 

70 persuade water authorities, the general advantages and improvements in control 
have to be demonstratcd. However, in practice many administrative hurdles still have to be 
taken. 

When irnplementing dynamic control, tbe experience and knowledge of operators wil1 
continue to be of vital importance to successful operation of water systems. In special 
situations such as an excessive hydrological had,  it wil1 be the operator who h a  to supewise 
the automatically executed control commands. If necessary, he wil1 have to take 
responsibility, possibly taking over manually and steering the processes in the water system 
himsdf 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. 



I he  subject r i l i~pt i inal  c o n t r d  iif\vatcr rc\~iurccs systcms has h e m  stiidicd h! rcsearchers 
in scveral couritrics. Man). quc \ t i~ ins  rcrnain i l 'onc wants to Sinher  dcvciup nirthods to 
cnhaiicc watcr-systein perloriiiancc. I he  present stud? has solvcd \cveral of the prohlcms 
involvcd in optiinal coritrol ol'a rcgi~irial water system. Howcver. man) topics rcrnain \\ hich 
ivcrc ciutsidc thc scope 01' this stud'. l he niost iinp~irtant topic\ liir flirther research are 
sumrnariïcd he l~ iw.  

'The accuracy o f  the solution t ~ i  thc optirniration prohlem dcpcnds (in the s i r s  o r t h e  t i m ~  step 
uscd i n  thc control hori/.on. In tlic pcrliirrnance analysis o f t h e  incthod developed. i t  was 
\ h m + n  that thc tiiiic t11 s o l i e  thc ~iptiiii imtion problcm is gcncrall! i n ~ ~ r e  «r Icss a poiser 
lunction ~ ~ I ' t h c  si/c ufthat priihlcin. I hc prohleiii sizc dcpends lincarl! on thc number o f  time 
steps uscd in thc c11ntrii1 hori /on I hcrcl~irc. thc c~introl prohlcm i \  i o l i c d  most rapidly whcn 
thc tirnc step uscd is large. I l ~ ~ i % e v c r .  i11 kccp on tlic s a k  sidc. rclativel) sinall time step\ ha\,e 
hccn uscd in thc ca\c  \tudic$ prcicritcd in thi i  thc\is. 

C:al~.ulatirig thc 30-'car tinic-series liir the case studies prcscnted in this thesis. tcmk 
hours t11 d a j s  I o  speed up the ~ivcral l  time rcquired to calculatc time series. it is 
rectiriiincndcd to enhuncc thc iircth~id aiid detrrmine thc tiinc \lep required during thc 
ca lcu la t i~~n  autoinatically. I h i \  can he d m c  h? means «fan  autorriatic sensitivity analysis o f  
thc soluti~iri to the si/c ol'the tirnc stcp during the ongoing p r o c e s .  A criterion for rcducing 
the tiinc stcp could he thc total dainagc determincd hp optimimtion during thc control 
t ior imn.  Ií ' thc dainagc is out\idc a pre-set range a r i~und  the t~i tal  dnmagc deterinincd in a 
priiir liiiic step, tlic si/c ~ i l ' thc  tinic stcp i i  rcduced. i fp i~ss ih lc .  

Aii optilin t i )  lurihcr crihancc thc accurac) o f t h c  li~nrard-estiiri;i t~ng mcthod. is to 
includc an  auti~iiiaiic cialu;iti<iii prticcdiirc. irhich determinei whcthcr it is ncccssary to  
p c r h i n  a sccimd fi~r\\ard-c\tiin;iting c!clc at thc currcnt tiinc stcp in a time-series 
calculati~in. l 'hc propored evaluatii~n dctcriiiines. fOr a sclcctcd set ~if~ipt i inizat ion variables. 
n h c t h c r  thc valucs o f  these rariahles at a speciíic tiinc. are out\idc a range around their 
valuc\ in ;i prcvious c)cle .  I I i inc  uí'tlic variahlcs is outsidc thc range. anotlier liinbard- 
cstimating cyclc should bc pcrhiriiicd at tlie suiiic tiinc stcp. using thc outcome ~ i f t h c  prior 
cyclc to dctcniiiiic thc lincariïati~ins 111 proccsscs in the water s)stciri inorc accuratel>. Il.thc 
iclcctcd \ariahles Sullill thc cialuat i~in criteria. thc rnethod procccd5 111 thc ncxt time step in 
thc time-\cries celculatiim 

It is cxpc~rccl th;it. nhcri thc iiicthod oI\iinultancou\ siinulation aiid i i p t i i n i ~ a t i m  is 
cxtciided \ritli tlic ah~>vc-inci i t i~>ncd u\c r i l  large tirnc steps whcnc\cr  possihlc and the 
autuinatic accurac) cwluatiim u11hc li,nvard-chtiinating m c t h ~ x .  ttie total time tu cdcu la te  
I m g  tiinc scrics can he rcduccd. \rittiiiui iiiaking concessions to thc accuracy o f  the mcthod. 



Allernative Melhod 

The optimization method applied in this thesis is a f o m  of nonpreemptive goal 
programming. The method does not include an explicit hierarchy in objective functions. 

It is recommended to study the possibilities of preemptive goal programming to solve 
the optimization problem defined. Prccmptive goal programming allows incorporation of a 
hierarchy in oh,jectives. The optimization problem is first solved trying to meet only first- 
priority objectivo. I h e  remaining solution spacc is used to meet second-priority objectives, 
etc. This approach allows modeling of a hierarchy which usually can he distinguished for 
interests, i.e.: common-good interests, sectoral interests and operational interests. 

Other Applica1ion.s 

Despite the excellent reviews of mathematical proyamming methods applied in the field of 
water resources management, published hy several authors, the choice f o r a  particular type 
«f method still seems to depend on the field of ure, the country of application and the 
preferencc of the modeler. 

Within thc scope of thc present study several methods were reviewed, from which the 
Successive Linear Programming (SLP) mcthod seemed to have the greatest potentidl for 
water-system contrt~l in the rcgional water systems studied. The application of SLP presented 
here, cao be considercd a cornpetiti\,e alternative to Nonlinear Progrdmming, especially with 
respect t11 the size of the problcm which can he solvcd and the speed of finding the optimal 
s~ lu t ion .  

It is recommendcd to liinher investigate the possibilities of SLP in combination with 
forward estimating in the field of water resources management. A special point of interest 
is whethcr the method devcloped 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 developcd could be of interest to other fields in which flow 
problems occur. It is recommended t« investigate the possibilities of its use in industiy such 
as gas tranipooi where currenlly network programming methods are frequently used, but also 
in oil and electricity transport. 

9.2.2 Interest Weighing 

'lhe way in which interests are weighed and used in optimization to determine the optimal 
control stratcgy. is incorporaled explicitly in the mcthodology developed here. I'references 
oí'dccision makcrs c m  he made visible and the effects ofthese prefcrcnces can be assessed 
hy means of the DSS. 'lhc approach chosen is to determine the weights of interest iterativeiy 
and preferably by an interactive proccss together with the decision makers in a water agency. 
The approach focuses on the required system hehavior, rather than on fixing target values and 
standards fot water system variables. In the present research, the approach has been tested 
in practicc on a limitcd scalc only. 



A icparatc iti id) o i  il ic priicc,\ i)!  iriti.r;icti\cl! lindin;. il ic rcqiiiicrl i iatcr \!stern 
hchavior is rccoiiiiiicridcd. i i i i i ~ l v i n g  o groiip r11 dccisi<>ii inakcri \ \ho disci i i i  niid halancc 

iritcrcsii. I h c  setting c m  hc iiinil;ir ti, tlic onc ujed currcntl!. 111 li\ turgct \a luc i  and 
staiidards i n  \i:itcr-iii~n;igciiient i,rg;iiii/;itioiis. I he purpoie i\. to iirid thc operational 
ilcxihilit) i n  ni i tcr s)iteiiis. t0 d c t c r i i ~ ~ ~ i c  thc condi t i~~i is rcquircd duriii,! a\ criige s)itcin I o a d  
;ind tlic i js te in hcti;iiirir in Iiiilurc aiid iicar-iailiirc situations arid 11) iiicorpiirute thc \pcciiic 
rcqiiirciiiciitc ~~l 'd i f l 'crc i i t  iiitcrcst groi ipi in operlitimal control. 

A first utteinpt I ia i  hccn iniidc t i >  cIc\cliip u r id-hascd iippri~ach III dcicriiiiiic n l i i c l i  
h jd r~~ log ica !  Ioad t i~is to he ;icco:iiitcd I<ir iii \ \ a ie r - i l ~ t c in  c~,r i i r (~! .  l r i  thc iipproacti. thc risk 
111'u\iiig iricorrcci ti!drrilogical predictlimi. i \  irici~rpor;itcd. 

I t  is rccoiriiiiciidcd til i i inticr \id> thc risk-hascd nppro;i~li. w 11i;it Sorccnsti r i f  
\reaiher hureaui caii he haiidlcd arid uicd i r i t l i  ci~i i l idcncc in rcal-tinie ciiriiriil 111' nater 

\)\tcins. I he diiiimgc I~i i ict ioi is prcicritcd in i l i i i  thesis ca11 he uicd in that ciiic to iisicsc thc 
cl lkct o i i i i cor rc i t  prcdict i i~ i i \ .  

l t  i\ iurtt icri i i~irc rccoiiiincridcd 10 \ l i i c l !  tlic alicriiaii\c iii c l inr i ic -c i i i i i t f i i i r icd 
pr~igrui i i i i i in-. u l i i c l i  iricludc\ ihc iiiiccrtaiiii) of' thc i iydro! i>~ical  load h? iii iposing 
prohahilit) di i tr ihutioi i i  oi'londs ori tiic iipiii i i i/etion pr(,hleiri 

I hc Ilo\v-pn,cc\~ dcicripi ioi i i  ;tpplicd iii t l i i \  tl ic9ii p r c w i t  i a i i i i ac t<>n  rc\i i l tr in iriodcling 
i r g i i  c r - c i i  c i i i r ~ l .  It lias riet hccn thc priiiiar! p u r p i w  i 1 1  t t i i %  \tudy to 
dcizrihc dl IIini procc\ ic i  iri detail m c l  tlicrciorc i i i i i ic deicripiion\ ;irc \ c n  geiieral 2nd are 
opcri to iii ipro\ciiieiit. 

li i i  rccoiriiiicndcd III iiiorc ;ricurnicl) deicrihe tlic di i ihargc helia\ i i i r  o l a  ip i l l ing 

sluicc. I ~IL. i a r i i ) u  i1111\ ~ : ~ n d i i i ~ n i ~  t i i i i ~  10 he dctcrinini.d niid siriiu!;iti.d iii dctail. i \ i t h  
cinpliasi\ :in tlic traii\itií>iis hctirccii tlicsc coiiditioiis aiid ;iswcietcd Ii!\terc\i\ cllccts. 

lu r thcr i i i i~ rc .  thc \ia' in i i t i ic l i  \iirlacc-\\ater f l ( > \ \  i\ i i i idclc i i  i r i  i i i i i i i lat ion and 
opt i in imt i~ir i  c (~ i i l d  he iii iproxcd h). l i i r  iriitoiicc. u i ing tlic hiriciiiatic i i a \ c  cqiiation. l t i i s  

pcrinit i  ~ l e l a ) ~ ,  in il~iii 118 he iric:~rpiir;itcd iiiorc ;iccuratcl! 
I i ~ i t i i  iiiipr»\ciiicnts cnri he IIII~ICIIIC~I~~ \\iltiout l i i ~ i ~ l a i i ~ c i i l i ~ l  ch;mgcs 111 thc 

i i i c t h ~ ~ l o l i ~ g ~  
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restricted. However, these canals were originally intended to prevent flooding in times of 
excessive precipitation. 

Several options to improve water preservation can be distinguished. ?he  option which 
is rccwnmended to he studied hrthcr is the use of shallow and widc canals. Special attention 
should he given to the problcm that shallow-watcr vegetation wil1 develop faster, which 
increases canal bed roughness, which restricts the discharge capacity andlor may necessitate 
more maintenance. 

9.2.6 Dete rmin ing  Logic  I<ules 

Dynamic control as shown in this thesis uscs optimimlion tn dcterminï control stratcgies for 
water systems. I h e  possibilities »f deriving general rules from the control strategies 
detcrmined, has not been studied. However, it is believed that for many water systems, 
especially simple oncs, this can be a kasihle alternative to «n-line use of the »SS. 

Ihcrcfore, it is rïcommended 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. scveral options are availahle for on-line use of such logic rules. One of the options is 
the verification mcthod, which kas the advantage above others that the proccss by which a 
control strategy is determincd can be monitored easily by the operators. 

9.2.7 Fi l ter ing of Moni to r ing  D a t a  

One of the reasons why optimization-based control systems have not always been successful 
in practice, is that the models used to detennine the optimal control strategy, do not always 
reprcsent the actual water-system state. When a discrepancy occurs between model and 
practice, it cannot be guaranteed that the solutions found in optimization indeed reflect the 
optimal control of the actual hater system. Therefore, in the implementation of these 
advanced methods, it should be assured that the modeled water system closely resembles 
reality al1 the time. This can be done by incorporating data un the availability of regulating- 
structure capacities, hut also hy using filtering methnds that incorporate real-time monitoring 
data in the models used. 

It is recommended to enhance the functionality o f  A ~ I I A R I U S ,  the DSS developed as 
part of'this study, with a numcrical filter. The control strategies provided by the methodology 
presented in this thesis can then he implemented on h e .  

9.2.8 Designing wi th  Dynamics  

In this thesis an itcrative verification procedure is presented to dctcrminc optimal water- 
system design, using the dynamics of interests, t h~ .  water systcm, thc hydrological Ioad and 
failure mechanisms oí'regulating structures. 





Abstraction a rea  
The area from where water is abstracted by aflow element of a water system 

Alien wa te r  
Surface water from outside the water system under consideration, 

AQUAKIUS 
Decisi~n Suppori System Tor water-system control. AQUAKIUS comprises a set of computer 
programs espccially developed for water-system modeling, analysis and real-time control. 
Models in AC~UARIUS are build by configuring schematic representations of water systems 
in a network layout, using various water-syslem  element.^. AQUAKIUS can be used for time- 
series calculations to determine tbc water-system performance, using various control modes. 
The DSS cnables dcfinition 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 Resolver which can determine optimal control 
strategies and dynamic control of water systems. 

Are  
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 l 18). 
Two types of transportation arcs exist: 'time transportation arcs' and 'time-independent 
transportation arcs'. Time transportation arcs connect nodes belonging 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-sy,stem element comprising sub.sy.siems for which processes such as runoff, water use 
and water quality development can be simulated. 



Houndary  
Wuler-.sy.s/em elcmrnf dcscrihing a natura1 or an anificial scparation ~ ~ f w u t r r  .sy,srem.s »r 
.%uh.sy.stem.s o f  a water systcm. In iii~idcling, houndarics are includcd 11) cnable detailed 
sirnulation o f t h c  b c h a ~ i i ~ r  11fa ua tc r  r)stcm. ni thout  having 10 descrihc thc entire water 
iyi tem and it5 cnvir~iiirncnt. 

C e n t r a l  con t ro l  
Sec control lcvel ;ind conrrol mode 

C o m m o n  cause  w e n t  
Ari cvent i ihich causcs aii ciitirc unit oSa  ccintr~ll syslcm 111 bil. e .g.  lightning striking the 
clcciriciiy supply n c t \ i ~ ~ r k .  thc c~~nscqucr icc  hcing that al1 p u m p  o I a  punrping station fail 
t11 operate. 

C o m m o n - z o o d  interest  
A c o i n i n ~ ~ n - g w d  intcrest includes aspccts 5uch as whether the land is iit Sbr hahitation and 
Si~cuses <>n i i n p r ~ ~ \ c i n e n t  and prrservatiori o f  thc environment. A coininon-goud interest 
cntailr rcquircincnts relnted to  prilnan. iiatcr-inanagcinent dutics. I h i s  inreresr npe is 
getierally o f  iinporiarice to an entire water i ) i t c m .  

Conimunica t ion  n e t w n r k  
Control systein cor~~ponenf .  consistiiig o f  tclcphonc lines. direct conriecied lines « r  other 
coinniunicaiim lineï,  including the equipincnt that cnablcs data ci~ininunication. 

C o m p o n e n t  o f  a con t ro l  system 
f Iardir:irc pari 111's coriirol . \u rem.  c g  ;i c m p u t c r .  a data corninunicaiir~n linc 

C m s t r a i n t  
l'hysical i ~ r  aniiicial Iimitiiig c~indi t i i~r i  ti, aii oprirniznlion prohiem I l i q  3 .  I .  l'agc 45). I V.II 

types <ifc~ini t rair i t \  orc diitinguislicd: c ~ , ~ ~ r i n u i r ,  cunstruinr.~ and s id i  coti.\rruinr.c. 

Cons t rd in t  M a n a g e r  
IJ:irt 111' thc optimizrition rnoilule thai crm\ert\  panicular ~ba1c.r-\!stern rclationships in 
comhinatiiiii \ i i t l i  thc wuier-.s~.s/om . i / i i / ~  and thc h y d r o l o g i c a - l i d  prcdict im into an 
op imizur io~l  p r o h l o ~ l  il . ig. h .  l .  I'agc 1 10). 

Cont inu i ty  cons t ra in t  
('rinsiriiinr dcscrihing continuit) Sor water quaniity or \iater qualil! i i i  11 .suh.~~.r/em of  a 
inodeled \iater syrtciri. 

C o n t r o l  horizon 
l he pcriud l i ~ r  wliich a co>ilrnl .s / r~i tc ,q ha, t i ,  he dctcrinincd 

C:untrol level 
Central control: control o f  one or more repulu~ini: slruclurrs I I ~  tlic h;t\is o f '  data Sroiii more 
than 11nc I~>cat ion.  



Local control: control of one regulating structure on the basis of monitoring data gathered 
in the rricinity of that structure. 

Control mode 
The following six control modes are distinguished (Tahle 2.1, Page 30): 
Dynamic Automatic Control l Dynamic Manual Control; 
Central Automatic Control 1 Local Automatic Control; 
Central Manual Control l 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 strategy 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 setpoints in time. 

Control system (In Dutch: 'besturingssysteem') 
A computer-based system which controls re~ulufing structures in a water system. A control 
system consists of one or more computers and a communicution 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 penulty coefficient and an optimization vuriuble, which 
expresses the weighted h a m  to one or more interests defined for the water system. 

Damage function 
Function which schematically expresses the damage t o a  water-system interest, depending 
on the statc of a key vuriuble. The damage to one interest can be determined by several 
damage functions. 

De Bilt time series 
Ilourly precipitation and daily evaporation measurements as determined by the KNMI in the 
30-year pcriod of 1965 to 1994, at the De Rilt meteorological spation. 



Decision Suppor t  System (DSS) 

l An intcractiw computer-hased s)stein thac hclps deciiion makers til uw data and rnodcls to 
solvc complex prohlcrns laficr Spraguc &r Crirlmn. 1982). 

l 

I Delivery area  

i The urrri into which \\ater froin a j lo i~  eiemenr ol a \r.ater-systcrn i \  discharged. 

1)imensionality 
A ine;isiirl: that rdatcs ciiniputcr rcwurccs iifa s~,iver to thc s i ~ c  olari rp imiru~ion problem 
and its level r~fnoiilinearity, nonconvcxity and discontinuity. in \rhich the S I K  o i thc  prohlem 
is rncaurcd h) Lhc numhcr of 'op~imiz~i~ion wriahler and thc nuinhcr of coni!ruinri 

Ilynamic-control tlireshr~ld 
I he valuc of thc total dumu,ye t(i thc uaicr \)\tem at panicular tiinc step of the conrrol 
liorizon. at \rhicli local automatic coritrol shiluld si\ itch over to d)naiiiic autornatic control. 

Dynamic Design 
IJri>ccdiire hawd on vcrilication i11  tiic pcrfi,rniance o1 ;i particular \<ater-s'stciii. using 
tiinc-series calcul;itions that deterinin? thc fiiiiure ficquenc) aiid duration o1 ihc \iater 
sysicm. I h c  dynainic design proccdiirc iakc\ into account the Ia)uut fi1tIic iraicr \)stem and 
thc actual coiiditi~iris ofsoils. \\atcr\r?i)s. nnd rcgulating structurcs. 

Failure 
I he undcsirahlc si tuati~~n \ihich ( u u r \  \\hen the rcquircrncnt\ o f m c  <Ir more i~f'thc intcrests 
invi~lvrd i n  a \ \ a k i  \)stern are vifilatcd in hiich a \ra> that thc ~ihjecti \e\  \el cannfit bc met, 
cg . :  l11,oding. lish imirtalit). loss 0 1  hafiest. IIonc or inore rcquireiricnt\ l i fan interest k i l .  
thc interest Lil.; ;iiid conscqueritly thc ir.orcr .ijs.<retn fails. Tlrii is celled ii .\ystciii failurc'. 

Feasible qolution 
Valid si~lutii~ii t11 an oprimiziirion pr~ihlcni 

Fixed structure 
l 

Fiow eiemewr whicli caniint he c~introllcd or can he controlled inanuall!. bui ven. 
1 inliequcntl!. c g . :  a lixcd \reir. ai1 inlet i\hicli i \  iipcncd during siiiniiicr and cl~iscd q a i n  for 
l 

thc wintcr season. 

l 
Flow element 
W ~ l ~ / e r - . ~ ~ ~ , s / ~ ~ m  ~ ~ / ~ ~ r ~ i i ~ , i / .  I Iiiu clcinciii\ ciiii he d i~ idcd  inti> cfintrolllihlc f l i ~  clciiicnts. called 
re,qiiaiii~q s/rui/ure.\. fixcd Ilo\r clciiiciits. c;illed 'fixcd itruc1ure.i ; i r i~ l  ' l iw  lIm\ clcrncnts'. 



Flushiug 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 opiimircrtion module. The method ensures accurate linearization of the nonlinear water- 
system relationships used in SLP. Linearizations are determined at the values expected for 
waler-rystem variables. For each time step, the expected values are abstracted from the 
optimal solution found in each previous step calculated (Sec. 6.2.2, Page 1 l I ) .  

Free flow element 
Flow element which cannot be controlled and of which the flow is determined entirely by 
upstream and downstream water or pressure levels, e.g. a canal; groundwater flow. 

Generalized model 
Model 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 optimimtionproblem (Fig. 3.1, Page 41). 

Groundwater flow 
Saturated flow through the soil, resulting kom apiezometric 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 laad 
Water-.sys/em lood 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, generally drained by gravity 

Hydrological load 
Wuter-syvtem loadconsisting of precipitation and evaporation. 

Infeasible problem 
An optimization prohlem to which no solution can be found by the solver applied. 

Integrated model 
A dynamic simulation model or models which describe al1 the relevant processes and control 
actions in the various subsystems of a water system. 



Interest weighing 
Mcchanism to u \ ign prioritics to thc wri i~us  intercsts present in a water systcm ( S e c  1.3.5, 
Page I8  and Sec. 13.5.  Page 18) 

Interest type 
Three types of intercsts are distinpished: ronimon-good in~erest.r. .s rc r~~ra i  inieresis and 
oprrul ionui in1err.rl.s. 

Key variable 
Wuter-system vuriuhie. uscd in a dumugeJunction to represent the Icvcl of satisfriction of 
interest requirenients. 

Local control 
See conrroi mode. 

Local optimum 
A solution co an optimizurionprohlem \\hich is only optimal \\ithin a limitcd range of the 
available solution spacc (1,ig. 3.1. I'agc 41). 

Logic controller 
Computer system uhich. on thc basis of the actual wurer-system srure und logic mles; 
determines the requircd conlrol .srrulqy. 

Manual control 
Sce coniroi mode 

Mathematica1 optimization 
Categos  ofdcterininistic optimization niethod\, using a mathcmatical prohlem formulation. 
e.g.: Network Programming, Lincar I'rogramrning. Successive Linear Prograinming, 
Dynamic Prograinming, Nonlincar I'rogramrning. 

Milling stop (In Ilutch: 'maalstop) 
A milling stop is iiiiposed whcn the w t c r  Icvcl in a srorupe h u i n  i \  v c y  high. I h e n  some, 
or al1 polder pumping statims are no longer permitted to discharge water to that storage 
basin. Thc reasons for water board deciding (in a milling stop are e.g.: t 0  pre\ent Ilooding 
of the hinterland or damagc 10 c;in;il cmbmkincnts. 

Modeling element 
Part of a model. here representing urrus. houndurier andflow eiernenrs. 

Module 
Computer program <)r part of i1 



Nehrork-flow model 
A model that only consists offlow elements. In a network-flow model al1 flows and storages 
are represented by arcs. The nodes in a network-flow model solely represent places where 
arcs intersect. 

Node 
Network intersection which represents a location for water storage. The use of 'supply nodes' 
at the boundaries of a network enables modeling of inflow kom outside the network. n i e  use 
of 'demand nodes' at the boundaries of a network enables modeling of outfiow from the 
network to the surrounding area. 
Furthermore, 'basic nodes' and 'time oodes' 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 control horizon. 

Nonpreemptive Goal Programming 
Mathematica1 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. 

Ohjective function 
A function of optimization variables that presents a measure to evaluate the satisfaction of 
objectives set to an optimization problem. 

On-line monitoring 
Monitoring hy 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 rype is generally only important for the responsible water authority and requires the 
best operational control at the lowest cost. 

Optimization 
TU select the best possible decision for a given set of circumstances without haviog to 
enurnerate al1 the possibilities (Pike, 1986). 

Optimization method 
A method that can be applied to solve an optimizalion problem. 

Optimization module 
Module consisting of the Constrainl Mana,yer and a Solver (Fig. 6.1, Page 110) 

Optimization problem 
Mathematica1 model fonnulation which consists of one or more objectivefunctions and 

1 
constrainls. 



Optimization variahle 
Wuier-systrni vuriuhie included in an opri~~iizuiionprohiem 

Parameter  
Fixcd valuc uhich rcprcscnts a \).stern charactcristic, e.g.: the hydraulic cilnductivity of the 
soil; the dischargc cucl'li~~icnt r ~ f a  ucir .  

Penalty 
Cocflicicnt in thc ohjrctivefunrtion that assigns a damagc to an optitrrizution variahlr. An 
altcrnativc term liir this cnefficient. which is also fiequently used in litcrature is 'cost 
coefficicnt'. 

Performance 
I c m  used t 0  indicate thc cxteni 10 iihich a controlled water system achieves the oh~ectives 
uhich havc hecn wt  Sor it. 

Performance index 
The total sum ddamagcs  in a water syitem ovcr time in a refixencc situation. divided hy the 
total sum o1 dainagcs uhcn using an alternatiie set of control modes (Eq. 7.1. Page 163). 

Polder 
A Icvel area which was originally subJect to a high water level. cither permanently or 
scas~~nally and due to eithcr grounduater or surface water. An area becomes a polder when 
i1 is scparatcd lioin thc surrounding Ii>drological regime so that its \iater level can be 
controllcd indcpcndcntly ~ S t h c  surrounding regime (Segeren, lYX3). 

Polder areas  
Flat arcas consisting liir thc grcatcr part r~fpoiders.  

Prediction module 
Module which dctcrinincs the wuier-sjiiem /oud during the control horizon <in the basis of 
rcal-linie and hiwrical  monitwing data ( l i g .  6.1, I'agc 110). 

Preferred range 
I he range i+ ittiin iihich a iruter-.sj:s/em vuriuhle should be kept to best satisfy a sprcific 
interest in the iiatcr sy tcni .  I h i \  range can varj  with time Wig. 7.1. Page 157). 

Preservation factor 
I h e  ratio of thc quantit) oSuatcr uscd and thc tutal quantity ahstractcd h m  thc sy\tem. I h e  
ahstractcd qumtity is thc iuin r i l \  w t c r  Ilouing out of thc  uater systcm ( c g .  through flow 
rlcrnenti) aiid the quaiitity u\cd up b) thc intercsts in the water systcin ( e g .  total 
cvapotr;in\piration) (1:q 7.3 ,  I'age 165). 



Real-time control (KTC) 
Control on the basis of real-time monitoring data, in which the time lapse between 
measurement and control action is short in cornparison to thc response time of the controlled 
system. 

Reclaimed lake (In Dutch: 'droogmakerij') 
Low-lyingpolder, which has been reclaimcd by draining a lake, using pumping stations. 

Regulating structure 
Structure which is regularly operatcd manually or autornatically, adjusting its flow capacity. 
Examples o f  regulating structures are: pumping stations, cantrolled weirs, sluices and 
controlled inleti. 

Remote control 
C«ntrol commands given from a distant location, e.g. a reguluting .structure can be controlled 
remotely from a ccntral location. 

Saturated zone 
'Ihe zone in the soil bclow the groundwater tahle. 

Seasons 
In this thesis: winter ( l  Januaiy - 3 1 March), spring (l  April - 30 June), summer ( l  July - 30 
September), autumn (I Octoher - 3 1 December). Spring and summer together are also 
refcrred to as thc 'summer season', while autumn and winter togïther are referred to as the 
'winter season' 

Sectnral interest 
A sectorai interest is characterizcd by the henefits that a particular group derives when its 
requirements are met. A sectoral interest involves allocation of water to a specific activity. 
In a sectoral interest, socio-economic balancing andiur social acceptancc can be involved. 
'lhis interest is generally of local irnportance. 

Setpoint 
The target value fo ra  variable or limit to a variablc (Sec. 2.3.1, Page 27) 

Side constraint 
Con.siru;nl in an optimizufionprohle,n, used lor describing a physical flow rïlationship (nol 
being a continuity cquation), e g .  the flow equation for a wcir. 

Simulation module 
hfodulr which includes deteministic proccss relationships that describe the nonlinear water- 
system behavior (big. 6. l ,  Page 1 10). 

Simulator 
A running calibrated ~imulation rn«del 



Simul taneous  s imulat ion a n d  opt imizat ion 
I he  tcchniqiic i>I' \ i i i~ulai i i~n and ~>ptiirii/aiion progr:im miidulcs o f  thc Slru/rm,  Ke.solver- 
ivorking togcthcr and at thc same time translkrring data. 

Soil rnois ture con ten t  
'l he vduinctr ic  I'ractiim i~ l ' i i a tc r  in tlic wil 

Solver  
C'ornputcr prugraiii i \hich applic\ a \pccific a l p r i t h m  to lind thc optiinal st>lution t o  an  
optimizuiirin prohlori  

S ta te  var iah le  
Variahlc which is uicd to descrihc a itorcr-rysiern .sinie. e .g . :  a \ \a ier  Icvel. pollutant 
conccntration. a suil in<>islure c~mtcril .  

S t n r a g e  tiasin (In Ilutch: h o w w n )  
Systern ofintcrconnecicd water courses iditchcs. canah. l a k s .  etc.) into which the !\ater o f  
prcdi~rninantly puldcrs is dischargcd. scrving as t e m p r a n .  htoragc and h r  dibchurgc onto 
external iititcrs. A iti)r;ipe haiin c m  gcncrally also hc uscd ti1 supply riatcr Srim outsidc a 
water 5)stcin to piildcri. 

S t ra tegy  Resolver  
System olsiiriiiltancoiisIy running .simiduiir~n. prrdicrion and optOni.-uiion rnodiilcs that e n e  
to support thc u t c r  inanagcr in dctcrinining the hcst control 5tratcgb ( l i g .  b. 1. I'agc 110). 

Subsystem 
Part < , fa  L L U I ~ I  spier t i  \\ilh d i s ~ i n c ~ i \ c  Iocaiim a n d o r  runoflcharactcristics. A \\ater sbstem 
consists iiS.iuh.\y\temi. such a i  surliicc-riatcr siihiysicnis, groundv. aicr suhs? stcini ;ind s c u e r  
suhsystems. 

Successive L i n e a r  I ' rogramming iS1.I') 
Special iinplcinrntuiiim of  1.iiicar 1'rogr;iiiiiiiing i1.P). \rhich cnahles acciiratc io l r  ing o f  
nonlincar opli»ii;uii»~zprohiern.s. Succcisi\.c I.incar I'rogramrning. in its baiic fixin. is an 
itcrative proccdiirc. in irhich thc iiptimal wlul ion o f  cach iteration i \  USL? to determine thc 
l inearirai ims ~ifni inl i r icar  proccss dcscriptiiins in thc dclinition i i l t l ic  ricsi optiiniration 
prohlcrn inorc accuratcly. Itcration stop\ ;is hoon a s  thc values at rrhich lineari/iiig is done 
are c l o c  cnuugh to thc values Sound in thc. opiinial solution. 

T a r g e t  level 
I hc  rcquircd lc\cl ol 'a water-s)stciii \ariahlc. e .g . :  gr<iundivatcr targci Ic\cI: iurfacc-\\ater 
target Icicl.  



Uncertainty multiplier 
Multiplication factor applied to hydrological variables retrieved from an historica1 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 achieves 
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 surtace 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 he 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 I water manager 
Two tcrms to indicate the organization responsible for water management. The term 'water 
authority' denotes the organization which is formally rcsponsible. 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 a water system as possiblc, preventing drought problems andior 
reducing the necessity ofletting in dien water. See alsopre.rervation factor. 

Water system 
Thc entire water-related environment, consisting of open water, beds of water courses, banks, 
technica1 infrastmcture, 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 system and the various 
interactions between the water system and its environment. 

Water-system element 
Model naming convcntion for ureas, boundaries andflow elements. 

Water-system load 
Load to a watcr system, consisting of uncontrolled amounts of water, possihly canying 
pollutants, which enter or leave the system, e.g.: preeipitation, evaporation, seepage, 

1 infiltralion, lock water, sewage water, STP effluents. See also high water-system load. 

i Water-system state 
Set of valucs for waler-.system voriable,~ at a specific moment 



Water-system variable 
Variahlc which prcscnts a (temporar).) iituation in a waicr system. l w o  types ofwater s)stem 
variahles can be dibiinguishcd: .stute vuriubirs and control vuriuhies. 



Abbreviations 

BOD 
RPMPD 
C S 0  
DP 
DSS 
DWF 
GWI. 
I S 0  
KNMI 
1.1' 
M P  
MI'S 
MSL 
NAP 
NLP 
NP 
PI 
PID 
PLC 
Ilef 
KI'C 
SCADA 
S1.P 
SSD 
STP 

I3iochemical Oxygen Demand 
Prima1 Dual Interior Point Mcthod 
Combined Sewer Overflow 
Dynamic Programming 
Decision Support System 
Dry Weather Flow 
Ciroundwatcr Level 
Improved Sewer Overflow 
Koyal Netherlands Meteornlogical Institulc 
Linear Programming 
Mixed Integer Linear Programming 
Mathematical I'rogramming Standard 
Mean Sea Level 
Amsterdam Ordnance Datum (referente level, close to MSL) 
Nonlinear Programming 
Network Programming 
Performance Index 
Proportional Integral Differential 
Programmable Logic Controller 
Keference level 
Real-Timc Control 
Supervisory Cnntrol and Data Acquisition 
Successive Linear Programming 
Separate Sewer Ilischarge 
Sewage Treatrncnt Plant 





Symbols 

Only unique symboli, which are frequently used in thir thesis, are Iisted below 

: for al1 
: certainty parameter for direction of groundwater tlow (-) 
: canal flow reversion factor (-) 
: damage variable (-) 
: soil moisture content (-) 
: binary parameter to prevent backflow through a sluice (-) . . . 
: hinaiy weir parameter to prevent back flow ( C )  

: binary weir parameter for submerged flow (-) 
: effective storage coefficient (-) 
: contraction coefficient for sluice gates (-) 
: simulation time step (-) 
: cross-sectional area half-way a canal (m2) 
: groundwater subsystem area (m2) 
: cross-sectional area of groundwater-flow elem~ 
: area of surface water (m2) 
: area at target level (m2) 
: concentration of pollutant (mgíl) 
: Chézy coefficient (m"1s) 
: control-mode set 
: weir discharge coefficient (m%) 
: dimensionless damage (-) 
: decay rate for pollutant ( s ~ ' )  
: onen-water evanordtion (mm) , , 

: expected duration of water-system failure (h&) 
: expected frequency o f  a particular water-system failure (y.') 
: reference evaporation (mmld) 
: area function, depending on water level (m2) 
: area function, depending on volume (m2) 
: flushing factor of thc surfacc-water subsystem (d1) 
: watcr-level flinction, depending on volume (m+ref) 
: failure scenario 
: volume function depending on water level (m1) 
: gravitational constant (m/s2) 
: water level in an abstraction area (m+ret) 



: suriïice-water bottom level (intref) 
: avcragc canal-bottom levcl (m+ rel') 
: average water depth in a canal (m) 
: wcir-crcst levcl (in+ rel) 
: water level in a deliver) area (in. rclj 
: drain level i in i re l j  
: surhce-water cmhankincnt leicl (in+rcO 
: gr~iiindwater level (m- rclj 
: matric pressure (cm) 
: suridce-water level (m-refi  
: surfacc-r6atcr Icvcl in ai1 ahstraction area (miref)  
: surlkce-water Iciel in a dclivcr) area (m-re9 
: s~~il-surlace levcl lm-rel') 
: total opening of sluice gates (m) 
: target water level (m -rel) 
: pollutir~n llux (kgls) 
: hydraulic soil conductivity lor groundwater Ilow element (m's) 
: Nikiiradse roughness cocfficicnt (in) 
: uncontrollcd pol lu t i~~n inllux (kgis) 
: linear function dcscribing a damage-function line segment 
: total Icngth in the surFace-irater subsystcm (m) 
: canal length (in) 
: length ofgroundivatcr Ilrni clement (m) 
: trital sidc slopc ofcanal ( -J 

: total side slope of surface-brater suhsystem (-1 
: penalty c~icliicicnt 
: prccipitatiiin (mm) 
: u c t  pcrimctcr o f a  canal (in) 
: prcscrvatim factor (-) 
: pcrli~rinancc index ( G )  

: inl111w \ia inmielcd flow ceiinents (rn'ls) 
: grouiidwatcr discharge (in3/s) 
: uncmtrolled extcrnal flow til thc groundwatcr subs)stem ( m m h )  
: gr~~undwatcr  floib iin'ls) 
: intlori. via grounduatcr Ilo\\: elcmcnts from other arcas (m'  s )  
: f l ~ ~ w  throuyh inlet ím3!s) 
: ll~ii\: tliri~uyh pumping station (m'ls) 
: external inflow into the hurlacc-uatcr subsptem (mmlh) 
: sluicc discharge (m'ls) 
: siirliicc-waicr inlloiv t0 prcicnt the water level Srom hlling h c l o ~  hottorn (nil/s) 
: di~charge  over a \rcir ( i n ' s )  
: h>draulic radius (m) 
: \ink term ( d 1 )  
: duration of system l'ailure (h y) 
: licqucncy r>l\raicr-systcni iailurc ( y 1 )  



&d : drain resistance (s) 
s,x : soil resistance (s) 
f : optimization time step (-) 
T : control horizon (-) 
U : control variahle 
V, : flow velocity in a canal (mis) 
v, : surface-water volume (m3) 
v r  : volume at target level (m3) 
W, : width of canal at its bottom level (m) 
W.d : width of one sluice sliding gate (m) 
WW : width weir-crest (m) 
X : water-system state variahle 
X i  : key variable 
i : soil depth, measured from the surtace, with upward positive direction (cm) 
Z : objective function (-) 
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