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.lBSTRACT
D1'tturrtit' progranrming tec'hnique teas used in the simulation of Obafemi Awolowo Universi1'
Compus x'flttr supplJ's)'stem to generate the mcrimum cumulalive retunrsfrom sales of x,iler to th(
peopla oround for u scasonal planning period of a year. Major parameters ,tecessun' in the
optimizatiorr oJ'the reservoir slstem vii: reservoir size; rotes of evaporation, siltatiotr and seepage:
strcuntflo*, t'hurocteristics and scheduled release otr troler, n'ere considered os constraints. Tlrc c'ttst

.ffunctions e-rpressetl irt lllonetary Unit (ML:) x,ert derived for the sales of water. The objeuite

/itrtctiott rt'ns optirttil,ecl toking into consititration the probabilistic inflow of water into the reservoir.
The mnrinrum cumulstive retur,ts firr the various eombinatiotts of: the state of the reservoir at the
beginning of tlrc planning period (SI); tlrc inllov into the reservoir during the rain! season (II) ond
the inflow into the reservoir during the dry seasor, (12), were computed ond anolysed, with the
optimal policies lbr the various possible comhinotiotrs obtained.
Tha msximum cumulative return from soles of wuter Jron the computer simulotion result was Jbutrd
to he 8,868,570111U. This ot'curred x,hen there wos peak seasonal inflow into the reservoir and a
decisiort lo releuse 3,878,935 nf of x,oter, made during the planning period.

Key'nords: Dam reservoir \\'aler supply system. Malor parameters, Monetary Unit (MU). Optimal policy.'.
Reservoir sys(enr.

INTRODUC]TION
Opa river dam. a residual earth embankment. is
locatcd on the western side of Road l. just North of
the main pumping station of Obaf'emi Awolowo
University (O.A.U.) campus, I le-lfe in Osun State of
Nigeria. The construction of the dam in the early
seventies on the Opa River by the University was to
be able to supply the campus adequate potable
water. The water supply situation in the campus was
good until around nud-eighties when dwindling
available water resources, coupled with population
explosion. made the situation to deteriorate. The
University came up in 1988 with a plan to sell water
to some cateqories of people to generate funds to
sustain its \{'atcr\\'orks. However. there was increase
iu *'atcr denrantl and the nunrber of subscribers
rcttin-rl largrr'. 

' l 'he 
follorting issues becanrc

pe r - t i l len l  r "hc l l ter  thc sales o l - l t ro  nr t rch water  $r l l
n()t . lco[]at{ir./c l l 'rc conuilunlty's \\ 'alc'r supply in thc
cvcrr t  o l '  l r l l lc  l lor rs :  i r r r t l  s 'hcthcr  a conrnntnrrn l  lo
srrp l ' r lV i r ru l l re  I  r r r rcrs i lv  conln i l l r -u lv  adcquatc lv  as
i \ r r i i  , r .  rcncnt t rnt  rna\ tntu l l t  tc lunls  l l ' r l rn  salc 's  o l -
t . r i u r  i o t t l . l  i r u  t : r i ' l

This paper therefore tackles the issue of hon
much u'ater the Opa waterworks should release each
season in order to maximize its returns from sales of
water, without jeopardizing the reservoir operations.
The paper formulates a reservoir management model
based on probabilistic values of streamllow, employs
dynamic programming technique to solvc the model
and puts the model to work by finding optimal set of
rates and optirnal series of water releases for the
planning periods.

Mathematical optimization techniques have
been successfully applied with the aid of digrtal
computers to a wide variety of science and engineering
problenu. Typical problems in the field of s'ater
resources have been soll'ed and oplrmization
techniques prcsented l irr planlrrng. dcsign and
nlanirgcmenl ol ' cortrplcr N atcr resource syslerns
rnvolvrng lhousands ol- tL-crsron varrirbles antl
corrstraints {l}os'cr. l lrr l\chrdt and Rcedy'. 1961.
Dorlin;,rn. l9(r2: l.adson. I97(): I lcard. 1972: \ ' lrktell.
1911'. 

-l-urscon. 
| 9li0: and John. | 99ti ). l)rrr:ct

applrcatron ol' d\rtanrrc pr()granrnlrrrr: approach to
sullrng $ alcr resourcr' :;ystems as fbnnulated br
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Bellman and lluras is reported by Meredrth et.al.
(1973), where the popularity and success ol- the
technique was allr ibuted to the fact that thc'
nonlinear and slochastic feature u'hich charactcrize
large number ol ' u,alcr fesources svstent could bc
translated into a dynamic prograrlnrrns lbrnrulatron.
Also. the advantase of ei ' l !ctrveiv decomposrng
hrghly complex problems wlth iarqe nunrber ol '
vanables lnto a set' les of subproblems. \\hlcn arr
solved recursively. has been explored b1
Clluistensen and Soliman ( 1986). Several
approxinration techniques to cater lbr prrtblc'rns
necessitated by large numbers of contpule r
programming time steps through the succcssive
approximation. increnrental dynamic programming
and corridoring techniques have been proved by
Jamshidi and Mohseni (1976). to be successful and
reliable.

METHODS
Problenr Fornrulation.

In forrnulating the objective function for
nraximizing returns from sales of water, sonre
factors u'ere considered. These lactors include: the
estinratron of the quantity of watcr required per
scason by the university conrnrunity,: estinlation of
the ratro of the quantitv of w'ater sold for rhirty
nronetary unlts to tlre staff of Obafemi Au,olou,o
Llniversity lo that sold at thirty-t ' ive nronetary units
tbr personalit ies in lfe torvn and environs; the unit
cost of danragc lronr flood overflow when the
resirvolr capacity is exceeded: rate of evaporation.
seipage and siltation; capacity of impounding
reservoir and probabil istic inflorv into the reservoir.
Thc seasonal lilne step has been tixed for sir nronths
- Nlay to October for the rainy season and
Novcnrber to April for the dry season.
The' Objective l-unction

The objective function for the system under
consideration is:

h [ ' t  t )  =  Z ,  IT , ]  +  Zz [T : ]  . . .
( l )

ln rvhich 21, Z2 and 23 are cost functions expressed
rn Monetary Unit (MU)
Zr - maximunr cumulative refurn from sales of

water obtainable for the time period f}ont 1-1 to
Tr .

Z' = maxin"lunr return that could be obtained from
sales of water for the period from T, to T1.

Z1 : nraximum return front sales of rvater lor lhe
period fronr T, lo T1.

I.1 '. pcriocl at the beginning ol'the raining season.
and herlce thc beginning of the design pcriod.

' l ' .  -- perrod at the end of the raining season.
coinciding u ith the beginning oI rlre dry
season.

'1 
,. 'period at the end ofthe dry season and hence

the t-nd of the desien period

Expressing the cost funct ions individual ly.  sc have:
Z t =  4 . 1 1 ( 1  ( \ r '  n )  +  5 . 1 9 B  ( x 1 -  n )  0 . 1 0 r v , . .  1 2 1
Z.  -  1 .44a (x t  n )  ,  5 .19  p  1x : .  n )  -  0 .10r r '_ ,  .  ( , r )
S u b s t i t u t r n e  e q u a t i o n s  ( 2 )  a n d  ( - 1  ) i n l o  c q u a t i o n  ( l ) .  s c
have,

+
Z ;  L  

. 1 . 4 4 r r  ( x ,  n )  -  - 5 . t 9 p ( x ,  n )  0 l ( ) u ,  ( - l )
: :

l r t  n  h rch .
a .  es l ln latc( i  l iact ion of  water  so ld to O.A. t '

sta ll'.

IJ cslrnratccl l iaction of water sold r()
pcrsonal i t ics in  I lc- l fe  lown and euvi rons.

Xr= quant i ty  o l -  nater  schcduled for  re leasc durrr rg
svstem t i rne 

' f  
,  to  

' l - ,  
.1

n = estrnrated quarr t i t r '  ( ) l ' \ \ 'a ter  rcserved cost- l icc
for the use ol- O A.L:. C'onrmunity, during
systenl  t in te '1 ,  to  

- I ' ,  
.  1 .

Wi : l lood overt' lo\\ '  dLrring system tintc
T , t o T ;  . , .

i =  p e r i o d i n d e x .  i - 1 . 2
N = nraximal length ot' the planning period (one

year)
Constra ints  on the Svstcnr
The systenr c('nlstralnts crnplovcd rn thrs optrnrrzatl()t)
problem are:
S , .  r  "  S,  X,  '1 ,  I ' i  [ : i ,  P,  \ \ ' ,  ,  (5)
JSM -  2 .797 .029  . . .  ( 6 )
0 < s,  < 2J97J29 0)
1 . 0 0 0 , 0 0 0 s x , { S '  + l ,  E , - P , - F ,  . .  ( E )
S r  *  I r  2  1 . 0 0 0 . 0 0 0  +  E r  +  P r  -  F r  . .  ( 9 )
S : .  l .  >  1 .000 .000  +  E :  *  P :  '  [ ' - :  .  ( 10 )
S r  + l r * l r  >  2 . 0 0 0 , 0 0 0  * [ i ,  ' l r r  .  F r  *  l : . ' l r , *  I . - :
. . . .  ( l l )
S ,  )  1 . 0 0 0 . ( X X )  .  I l ,  '  P ,  . . .  (  1 2 )
2,-122 <t < -16-l. l ( l-r )
- 1 7 6 . _ 1 3 9 ( E , ( 5 1 4 , 8 7 1  . . .  ( l { )
414  <  P ,  ( l - 5 )
w i  >  o  ( 1 6 )
Where:
Si , t  = s tate of  the reservoi r  at  t l re  end o l 'pcrrot l  I ,  ,
JSM :  n lax ln lum capaci ty  o l ' rnrpourrdrns re scr \ 'o l r
S,: stutc ()l ' the rcsen,oir at pcriod 

-1 
,

I, -= probabil istic inllorv into the reservorr durrng
systenr tirne 

-l-, 
to'f;,1

F , -
I t  '  -

ratc of srltation lbr t irtre 
'[, 

to 
'f 

,. r
rate oIevaporat ion l r l r  t r rnc I ,  to  | ,

[) ,  rate ol- scepage f i)r  t l r i lc 1-, to 
-1 

, .  ,
\ \ ' ,  -  l l oo t l  o re r l lo rv  r l r r r rng  sys tcn t  t r r r rc  | , l r r  I  ,
Sr  - -  r€scr - \ ' r )n -  l c i ' c l  a t  t l r c  cn t l  r r l ' l l t  P l ln r r r l !

\ ,  sc l tc r l r r l c r l  rc leas , j  ( ) l  \ \ i l t c r  t l r r r r r ru  1 - lc r ro t l  L  to  1 , . ,
' l ' ab lcs  

I  an t l  I  p rcscn t  thc  rnput  la r r l i r le  s  and l l )e
svslenr col)slratnt-nlatn\ respcctlve 11,. lbr l l re resr-r. ,  ol
op t in r rz l t ion  nror lc l .
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Governing Equrtions
The mathematical solution technique employed in-
solvrng the optrmization problem emanared frorn the
nature of the objective function and the governtng
constraints. The cost function. Zr. which represents
the maximum cumulative return if the system state.
S;. at t ime Tr rs -qrven by:

Table t : t Variables for the Reservoir
SiN i vanables

E--
Maximize + Z, : 

L (.72 (X, -

o . l o w i )  
r = r

Subject to:
S i , r : S i -  X i  +  l ; -  F i -  E ; -  P , -  W i

1.000.000)

(  l 7 )

(  l 8 )

Problem.
Numerical values season (

l
2
.J

.l

6
7

Fr
El
P1
JSM
F-i. r
Lii- r
P ' .  t

o < Si < 2.797.029 . .( t9)
0 s si,r < 2,797.029 .. (20)
I,000,000 . *, a Si + Ir - Ei - Pi - Fi ..ell
51 + l' + I: > 2.899.066 + Sr ..Q21
Sr  +  I r  )  1 ,179.105 . . (23)
S,  +  l ,  )  l , -519,961 . . (24)
s r  >  r .515.315 . .  (25)
2322 < Fi < 4644 .. (261
376,339 < Er S 514,87t . . (271
414 < Pi . . (28)
w i  )  0  . . (29)

Algorithm for Solution

The objective function as depicted by Equation l7 is
to be maximized by varying X; Equation 18 is the
nansformation equation which defines the state in
which the reservoir will be at T;*1 if the reservoir
state at 1', is S;, X; cubic metres of water are
released, Ii cubic metres of water received as inflow.
F, cubic metres of sedirnents deposited, E; cubic
metres of water lost to the atmosphere, P; cubic
rnetres of water seeped into the ground ard w; cubic
nretres of water lost as flood overflow'over the
spillway. Equation 19 and 20 limit the state of the
reservoir at times T1 and T,.1 respectively, to
sonrervhere between empty and full. Equation 2l
specifies the lower and upper limits on what the

releases can be. Equation 22 states the minimum
quantity of water the storage reservoir must handle for
the entire planning period. Equations 23 and 24 specify
the minimum quantity of water the storage reservotr
must handle during the raining and dry seasons
respectively.

Equation 25 specifies the minimum quantiry of water
that must remain in the storage reservoir at the end of
the planning period. Equations 26 and 27, specify the
lower and upper limits on the rate of siltation and
evaporation respectively. Equation 28 specifies the
lower limit on the rate of seepage, and equation 29
states that flood overflow cannot be negative.

RESULTS
Using the numerical values defined as input data in
Tables I and 2, and equations 17 to 29, the dynamic
programming problem was simulated using a
Microsoft WatforTT conpiler on a Pentium III desktop
computer. The conputer program listings coded in
FORTRAN languagc is in Appendix l. The output of
the simulation exercise as presented in Appendix 2 is
rearranged in Table 3. For each combination of Ss, I1
and 12, the returns for the entire planning period are
tabulated under appropriate sub-headings. A graphical
concept with the optirnal paths clearly shown has been
used to anplify the results generated by the compurer,
as depicted by Fig. l.

2322
376339
444
2797029
4644
5 1 4 8 7 1
444',

able 2: Constraint-Matrix for lhe Reservoir State lllodel.

SN
Variables as multioles of JSM X;

(m')
Xi . ,
(m')Si I i I;, r S* t

0.00 0.25 0.00 0.00 4320152.25 0t79296.25
2 . 0 .25 0.50 0.25 0.2s 1019409.50 0878553.50

0.50 0.75 0.50 0.50 1718666.75 t5778r0.75
4. 0.75 0.00 0.00 0.75 2417924.W 2277068.N
5 . r .00 0.00 0.00 r.00 3 1 t 7 t 8 1 . 2 5 2976325.25
6. 0.00 0.00 0.00 0.00 38r6438.52 3675582.50

0.00 0.00 0.00 0.00 4515695.75 0000000.00
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Table 3:{)ptintal Policies qnd Optinral sct of States for the Various (-ornbinatior!! o!. Srr 1,. and 11.-+

Opt inul  sc l ics of  satcr '  |  ( 'untr la l r rc
re leases  ln  n l '  (op t ln ra l  I  re t r r rn  ( \ l l  )
polic;-1 f ionr saic-s ol

\ \  Alcr.

i S N
:
I

Possible conrbination of init ial
resen'oir state and h-ydrological

rnpurs 1m )

Optinral set of rescrloir states
(  n r ' )

-l

5

(r

7

8

.)

t 0

t l

t 2

1,1

l . l

r3985r5

2U)7772

2091772

2091772

2097772.

2097172

2797029

2797029

2797029

279702e

27q7029

?i,)7029

2797029

27e7029

2097172

t  - r98515

20971i2

20e1712

2097772

2097772

6992-s7

| 398-s l -s

t 3 9 8 5 t 5

1398-5 t -s

| 398,5 l -s

2091772

209'7772

2097172

l39tt- i  l5

13985 l _i

6992.s7

I _i98-515

l t9s-i I 5

I -198-s I _s

I _198.i I _s

699257

r  39851-5

I  i9851-s

t 3 9 8 5 r 5

(19925 7

2091772

2097712

l l98-s l -s

2091712

2097 ,172

2091772

2097i72

2097172

2i91029

279i02e

2797029

2797029

2t9702e

2797029

l t 9 s i l :

27q'i029

2797029

2097772

209177 2

2791029

20e7i12

I t()r019

2 t-9702{)

20')7172

2197029

2097772

2797029

2191029

2797021)

2197029

2797021)

l -5 r 51l5

l 5 r 5 t r 5

l 5 l 5 _ 1 1 - s

t-515-r l5

r 5  r 5 l  r i

209i17 2

t .s  l  5 i  l - s

l _ i l - j 3 I 5

l 5  l 5 - 1 r  5

l 5 l 5 3 l - i

2097172

l 5 l - i 1 l - i

209i7i2

l - s t 5 - r I 5

|  0 1 9 4  l 0

I  ( ) l  9 l  t 0

1 . 5 1 5 1 1 5

1 7 t 8 6 6 7

l 5 l 5 1 l a

I 0 1 9 . 1  l 0

l 0 l ( ) J l o

t 0 l e 4 t 0

l7 l  86 (17

l0 |  9- l  l0

l0 |  9- l  l0

I 7 I S(r(r?

I  i  l i - l  l 5

l - l f i 6 ( ) l

l 7 l S 6 ( r 7

l " l ( ) l 0 l ( )

l - 1 6 l 0 l 0

l { 6 1 0 1 0

l 4 6 l 0 l 0

I r )  l 9 " l  t ( l

l 5 7 7 r i  I  I

l 5 : - s l l

I  l ( r  lO  l 0

l - l ( r l 0 l 0

I  I  60268

l 5 7 7 s l  I

l - l ( r l 0 |0

t t  t792.1

I  I  ( r ( ) l ( rS

l 5 7 7 5 l l

226758  I

l l ( ) ' i s  I

2167 : t i  I

5-\6.\075

5568 ( ) l a

lt i lsl{ttO

l s  ls l rs( )

2267- iS I

5 5(r3015

i56t i { )75

l8 l t i 8 t iO

-i 5 ()1i07 5

s868_i70

r c ()s-i -( )

( r l  l ( ) .17{15 | 2'te702e 2097712 2097772

DISCTISSION
h can be obsen'c'd from Table 3 that the

mininrunr reser\oir level at the end of the planning
per iod has becn main la incd at  l .5 l5.J  l5nr1 of  u 'ater
to ensurc that the untversity conrnrunity has
adequate supply of water in case of l i tt le l lous for
thc ncrt planning stage'. In this rc'gard. the optimal
ptrhcr' fbr t lre cntirc planning period is lhat path that
It 'r l to thc nla\irnurrr cunrulativc return rvhen the
quantr l ! '  o t 'u ,a ler  in  l l rc  reservr l i r  is  l . - i  15.-1 |  5  nr ] .  A
sludv of-tablc -1. also revr-als l.hai lhe l l i trrl slatc ol '

lhe reservoir at the bcgirtnrng of t lre plannirr-u pcriotl :ts
u'ell as lhe probabrlistic inllou duc t() thc
environmental input havc had a strons inllucncc orr thc
optirnal policy. Thc'se havc bcen veril lecl in lernrs ol '
the nuntber  of  possih lc  corr rb inat ions o l 'S1.  l1  ant l  l1
truncated by the compute r sinrulatrr>n. \\ 'hi lc t lrc irrt los'
due to the cnvi ronnlentJI  i r rput  c i rn onlv  be cs{ i l r r l tc t l
v ia  hvdrological  anal1, 's is  o l 'su lL lcrerr t  l tuntbcr  t r l  \ r ' . r l r
of streanr lklrv t lata. the schdduled rclcasc ol \\al! 'r
could be tlclermtnecl. guidcd by a clesrre t() ()ptlnll,/c
rclunts Ihc scrie s ol 'releases nradc to l ir l l i  l l  this ttcsrr c
constrtutc rhc optrrrtal poltcy. as dcprctcd i lt tablc -1. . l l l

27ei02e 2097712
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thc con.rputed values ft)r thc optimal scl ot ressr\'orr
statcs antl oplimal sertes ol'\\ 'alc[ rulcascs lurc bccn
conlirnrcd to satisiy the coustrarnls rnrp()sc(t (rn l l lc
objective firnction. It lbllorrs tlrere lorc. that t irr arl
g ivcn valur 's  ot '  S |  .  I  l .  and 12.  thcrc rs  a
currespondrn,r  optrnra l  pol rcy lhat  u ' i l l  ucncratc thc
nt lx i rnur t r  cuntu lat rvc re lurns l ionr  sa lcs ( ) l ' \ \  J lcr .

' l 'he 
nlaxlmum cunlulatrlc rctrrnr c\ rr.

u l r rch coukl  be obta ined.  is  8. t l6 t t . -570\ l t  .  ancl  thrs
uould occrrr uhcn the reservolr rs full at thc
hcgrnnrng o l ' thc rarnrng scason.  as i l lust ratcd rn Frg.
l .

( 'o\( 't.t 'sto\
ln this paper. dynamic progranrrnirr-u

tcchnrcluc has bcen uscd to optrnrize the reservorr
lrrrit l-trp and \\aler releascs throughout an
opcrational tuelvc-nronth period. 

'I 'he 
optimaI ptrl icv

so tlelivcd could gurde lhe managenrcnt ol ' ()i) l
\ \ 'a teruorks on the quant i ty  o l '  natcr  to  ie  icu:c to
optimize return l iorrt sales ol- $ ater $ rlh()ut
jcopardizing the reservoir operations. 

' l 'hc 
rnodcl hrs

tlucc ntajor l inutatiorts. 
' I-he 

Ilrst is that t lrc rrrotlcl
uses seasonal t inre steps. 1'his preclutlcs dct;rrled
consideration ot' hourly phenonrcrra. 

' l 'hcrclbre 
.

translent phcrrorttenon such us l loricl pcaks rs
srnru la lc t l  ln  an approxlmate $a) '  to  i r rc lude therr
overall nnpact on the seasortal rcsrrlts- The sc'cond rs
tlrc detcrmrnistic character of the nrodel u'hich grte:
i t  conrplete lbrcs ight  ( ) \ 'er  lhe inputs.  l t  a l lor rs  the
use of onlY one spccil ictl project year ancl one
hyclrologic ycar at a tinrc. The effects ol ' thcsc
linrrtations on tlre rcsults have not hecrr t ir l lr '
explored :rs only quarterly increnrc'ntal rescn orr
capaci t ies l r lve becn used.  The th i r r l  l rnrr tat ron is
lhlt :r qirrhal optirnunr cannot bc guaranteed as thc
quantll\ ol 'rrrt los rrrto the inrpou,ri irng rttServii i i  l i ir
lhc i r lar rnrr ru pcnod rs uncei la iu.  ln  t l t  ncar  t i r tur -c .
w hcn lt lcrluate anc!-.sull icicnt dlta ltar.e becn
{uthcrc(I. rt ls rec()mnrcndcd that shtrrlcr t inre steps
arrtl superror hrtlroklsic rnput l i lrccasts be used in
thgr)plrnlrzation process to irrrprovc the optimal
p() l  lc \ "

R} :T ' I . ,RE\( 'HS
[ ]card.  [ . .  I { .  (  197]  ) .  Status o l ' \ \ 'a ler  rcsor . l rccs s\  s tc l l ls
ana|\ 'sr-s. In: Serrrrnar on hvdrulogrcaI aspccls ol 'pro.lcct
p l lnr r rng.  \ 'o l .  I  l .  No.  l l .  ( 'a l r l i r rnra.  [  .S.  ' \ rnrv
('orps ol- I ' .ngrttecrs.
[]orver. 

'1 
.\.. l lul.sclrrt lt. \4..\ l and ltcudr. \\ ' .\\ '
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