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Parts of the presentation

1. The Athens water resource system
History — Components — Technical characteristics

2. Hydrosystem operation issues
Parameterization — Simulation — Optimization

3. Decision support tool integration

Data acquisition — Software systems — Management plans
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Evolution of water consumption — Milestones
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2nd World War and Civil War 05
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The hydrosystem: Main components and evolution

Mornos | =
| reservoir

reservoir |
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Classification of water resources

] SURFACE WATER GROUNDWATER

Primary Secondary Backup
Basin (Reservoirs) | (Reservoirs) (Boreholes)

Evinos Evinos

350 kn? 302 hmly | D\

Mornos Mornos

597 km? 319 hmdly

Boeoticos Kifisos Yliki —_| B. Kifisos, middle course

_ Yiliki 353 hm3y 28 1136 hmaly

2400 km? # | \iiki region 85 hmdly | £

Haradros Marathon

120 km? 10 hm3ly e

North Parnetha Viliza 26 hmely
Mavrosouvala 36 hmd/y

Area |Inflow [Pumping capacity VIX High spill ‘ High leakage || #| Pumping
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Hydrosystem: Current structure

(2}
e E E Evinos reservoir To Copais irrigation TXISITC? El;em « 587 hm?
S B +455 to +500 m e 104 hm3
W m Boeoticos Kifisos Spill/Leakage
2400 km?e 353 hm?3 ; To Paralimni-Euboicos

Ecologic
discharge

Mornos reservoir
+382 to +435 m e 643 hm3

Haradros
120 km? ¢ 10 hm?3

Tunnel outlet
+440 m

Marathon reservoir
+186 to +223 m
e 41 hm3

Mornos aqueduct
188 km ¢ 16 m3/s

To consumption
+ Boreholes (with connecting pipes) + Pumping stations + Small hydroelectric power plants
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2. Hydrosystem operation issues
Parameterization — Simulation — Optimization



Typical problems to be answered

¢ Find the maximum possible annual release from the system:
e for a certain (acceptable) reliability level (steady state conditions)
e for a certain combination of the system components (e.g. primary resources)

and determine the corresponding:

e optimal operation policy (storage allocation; conveyance allocation; pumping
operation)

e cost (in terms of energy; economy; other impacts)

¢ Find the minimum total cost
e for a given water demand (less than the maximum possible annual release)
e for a certain (acceptable) reliability level

and determine the corresponding:
e combination of the system components to be enabled

e optimal operation policy (storage allocation; conveyance allocation; pumping
operation)

e alternative operation policies (that can satisfy the demand but with higher cost)
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Categories of problems

¢ Steady state problems for the current hydrosystem
e (e.g., previous slide)

¢ Problems involving time
e Availability of water resources in the months to come
e Impact of a management practice to the future availability of water resources
e Evolution of the operation policy for a temporally varying demand

¢ Investigation of scenarios

e Hydrosystem structure: Impacts of new components (aqueducts, pumping stations
etc.)

e Demand: Feasibility of expansion of domain
e Hydroclimatic inputs: Climate change

¢ Adequacy/safety under exceptional events — Required measures
e Damages
e Special demand occasions (e.g. 2004 Olympic Games)
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The methodology: General aspects

Question 1: Simulation or optimization?
e Simulation versus optimization (water resources literature and practice)
e Simulation methods for optimization (more mathematical literature)

Answer: Optimization coupled with simulation

Main advantages Main advantages
e Determination of optimal policies e Detailed and faithful system representation
e Incorporation of mathematical e Better understanding of the system operation
optimization techniques . .
e Incorporation of stochastic models

Question 2: Which are the control (decision) variables?
e Typically: Releases from system components in each time step

Answer: Introduction of parametric control rules with few
parameters as control variables
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Parameterization

Problem statement

Simulation = ,
.. . Problem | Control . Objective function
Optimization desiderata | | variables and constraints
= Parametric
£ S for systern Problem solving procedure / Global optimization
Z{% operation Simulation techniques ,| Nonlinear optimization
@ % ¥ to provide initial values methods
S PRIEIMEIEE > Stochastic simulation
of hydrologic processes J
Hydrosystem Simulation to evaluate Linear optimization
structure and > the objective function «— methods to solve simple
o operation data and constraints problems within simulation
(O
_g Hydrologic data
[ series (historic, .
c‘% real time) Problem solution
Synthetic data [« Problem Optimal Optimal value of
series desiderata parameters objective function
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Introduction to the parametric reservoir operation rule —

Some analytical solutions

Maximize release from a simple reservoir system with single water use

# Case a: no conveyance restrictions;
no leakages

e Solution: Probability of spill equal at all
reservoirs (New York Rule; Clark, 1950)

e Under certain (rather common) conditions

—

Space rule
(Bower et al., 1962)

K =S _ ZK_V
E[CQ] ) E[CQ]

about the distribution of inflows:

# Case b: no conveyance restrictions;
significant leakages; insignificant spills
e Solution:

Leakage rule (Nalbantis &
Koutsoyiannis, 1997)

Vv for onereservoir
0 for all others

# Case c: restricted conveyance capacity;
insignificant spills; no leakages
e Solution:

—

Conveyance rule (Nalbantis
& Koutsoyiannis, 1997)
S

.V
C. YC

Notation: i = Reservoir index, K = Storage capacity, S = Storage, V = 2.S, CQ = Cumulative inflow, E[ ] = expectation, C = Conveyance capacity

PSO approach
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Formulation of the parametric reservoir operation rule

| »
A | : E
1

Initial linear parametric form
S/ =a+b.V (parameters a, b)
subjectto 2a,=0,2b,=1,
since 2S =V

S
_K2 " ___ maaa

Corrected for physical constraints

0 a+bV<0
S’ = at+b.V 0<a+bh V<K

LK a+bV>K

)

Target reservoir storage (S;)

Adjusted, nonlinear form :

i an ST(1-S7IK) . - Total system storage (v = £5) | 7K
S =8+ (V—ZS,-) otal system storage ( )

2S"(1-S"1K)

\ 4

-

Two parameters per reservoir (a, b) = Control variables
Parameter values determined by optimization — depending on the objective function
Parameters may depend also on season (e.g., refilling-emptying period, or months)

2 x (reservoirs — 1) x seasons total parameters for the reservoir system
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A comparison with non-parametric optimization

Problem: Find the maximum release that can be ensured by a system of 3 reservoirs with
reliability 99% (probability of failure 1%). Use 1000 years of simulated data with monthly

time step. Assume steady state conditions.

Non-parametric optimization

Parametric rule based optimization

Number of control variables:

1000 x 12 monthly releases
x (3 — 1) reservoirs + 1 (problem target)

= 24001

Cannot be combined with simulation

All physical constraints of the system must
be entered as problem constraints

Control variables depend on inflow series

Implicit assumption of known inflows
(perfect foresight)

The optimization model needs continuous
runs with updated data

Number of control variables:

2 parameters/reservoir/ season
x (3 — 1) reservoirs x 2 seasons
+ 1 (problem target)

=9 (as an order of magnitude)

Can be combined with simulation

Physical constraints of the system are
handled by the simulation model

Control variables do not depend on inflow
series but on their statistical properties

No assumption of known inflows

Once parameters are optimized, the system
can be operated without running the model
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Application of the parametric rule — Optimal results

s 700 +

E Ko Maximization of system release | — Evinos
= (00 = K3 =587
& 500 — Mornos
£ 400 +
5 300 Minimization of cost for system | HyIike
5, release = 87% of maximum
@ 00 —
g, 10 /4¥£_______._—//---":::j:iiﬁiﬁi_“
= 0 | T | Maximization of system release

0 200 400 600 800 1000 1200 1400 but with no leakage at Hylike

Total system storage (hm3)
s 700 + _ — 700 F
K, =643 & -

£ 600 - yd E goo [ 1f27O® —
S 500 $ 500 -
S 300 + 5 U T '
5 o0 K= 104 5 A
2 2 100
% 100 - % 0 :
5 3
e 0 I | A | S -100 1 1 e 1 1

0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

Total system storage (hm3) Total system storage (hm3)
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Considering the complete hydrosystem — Simulation

¢ Assuming that parameters a; and b, are known, the target
releases from each reservoir will be also known in the beginning
of each simulation time step

¢ The actual releases depend on several attributes of the
hydrosystem (physical constraints)

¢ Their estimation is done using simulation

¢ Within simulation, an internal optimization procedure may be
necessary (typically linear, nonparametric)

# Because parameters a; and b; are not known, but rather are to be
optimized, simulation is driven by an external optimization
procedure (nonlinear)
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Hydrosystem components and attributes

Reservoir
Storage, S

Target release, R

One direction aqueduct
A Conveyance capacity, C
Unit conveyance cost, u

Two direction aqueduct
Conveyance capacities, Cy,,, Cr,
6 9 Unit conveyance costs, u;,,, U

Junction

rev

Consumption point
Demand, D

7 A 4
0 >o
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Conveyance problem formulation

Given:
A  Demands (D)
* Reservoir storages (S),

» Reservoir target releases (R< S; 2R

= 2.D; from parametric rule)
Required:

* Actual (feasible) consumptions
(at consumption points)

* Actual (feasible) releases
(from reservoirs)

-O)- -O + Aqueduct discharges

« Conveyance cost

Conditions:
* |f possible, no deficits at consumption
points
6 o * |f possible, releases from reservoirs
equal to target releases
* Minimum conveyance cost
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Transformations of hydrosystem components to

— raph components
One direction Cg J P Fg J Edge
aqueduct ) > ] )
S Ceor U, ‘ Ce,, Us, Two conjugate
Two direction II]‘ > edges
aqueduct Crovs Urey « C Nod
rev s Urey ode
Junction Q ™= O Three nodes
+ Five edges
, 0 (one with known
ReServoir w0, 0 discharge, S)
h_oo &l High unit cost u, for
6 release exceeding target
o0, Uh
One node
+ two edges
(one with known
Consumption D

discharge, D)
point "]- 9
Q Uy Very high unit cost u
D, 0 i
for deficit
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Hydrosystem and its transformation to digraph

Ao
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Digraph solution by linear programming

|
Q

l

-

| ->

o

.

PSO approach

Determine all unknown
discharges Q; at edges i, by
minimizing total cost

TC=Z,.ju,-j Q

subject to equality constraints
for each node i

]
and to inequality constraints
for each edge jj

0<Q<C,
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General evaluation and extensions of the
parameterization-simulation-optimization method

¢ s parametric rule underparametrized?
e Nonlinear expressions with three parameters per reservoir did not outperform

e Homogeneous linear expressions (one parameter per reservoir, a; = 0) result in
almost same optimal solutions

e Considering seasonality (2 seasons) may improve results (slightly)

¢ How results of parametric rule based optimization compare to those of nonparametric
optimization methods?

e Generally, they are not inferior

e In the non realistic case of perfect foresight, high dimensional methods may
outperform parametric method with no foresight (slightly, up to about 2%)

e |In practice, in complex nonlinear problems the parametric method yields better
solutions due to more effective locating of global optimum

¢ s the parameterization appropriate for all water uses and hydrosystems?

e Yes, but different parameterizations may be needed for different components (e.g.
aquifers)

e Successful application to hydropower systems
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3. Decision support tool integration
Data acquisition — Software systems — Management plans



Decision support tool structure

Geographical Information System
Database

Measuring system

Water resources prediction module

management

system

S I

Hydrosystem control module

{2} D. Koutsoyiannis, The management of the Athens water resource system 26



Measuring system Central data base

(archiving and
processing of data)

Central data
collection unit
(daily transmission
by phone)

Evinos Peripheral Mornos Peripheral Hylike Peripheral Marathon Peripheral
Data Center Data Center Data Center Data Center

Meteorological R  elovat
station (10 min step) eservorr elevation
Rainfall, Temperature, 9899
Humidity, Wind, Radiation, (1 h time step)

Sunshine duration

River flow
measuring station
(~once a month)

River level gage
(10 min time step)
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Data management and processing: Time series manipulation

telemetric raw data 10 minute
EROM RANGE CHECK | . | FIXING OF | g
o Tooe| AW FiMmE consIsTENCY | regular TIME STEP processe
data time step data
AGGREGATION l
dail dail hourl
| y q < COALITION OF y q (AGGREGATION y q
coalesced s Eral SENSORS| adgregate aggregate
data data data
INFILLING
OF MISSING
VALUES
FROM OTHER :
INFILLING OF
STATIONS ?ﬁ”é/ AGGREGATION d monthly g MISSING VALUES) mf0|f|1t2|y
ille aggregate = ille
data data OTHER STATIONS data

METEOROLOGICAL STATIONS
More than 100 time series per station
About one million records per station per year

AGGREGATIONl

annual
aggregated
data
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Software system characteristics

¢ All models written from scratch

¢ Basic development tool: Delphi (Object Pascal)
¢ Database: Oracle (more recently: PostgreSQL)
¢ Geographic system: ArcView

¢ Basic software units

e Hydrognomon: Database management, processing of
hydrologic data

e Castalia: Stochastic hydrologic simulator

e Hydrogeios: Simulation of surface and ground water
processes

e Hydronomeas: Hydrosystem control
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Hydrognomon: Processing of hydrologic time series

Interpolations {Stage-Discharge) N ﬂ
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Tam
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-I EEB." 300 fram File | ta File |
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1968, 250
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Hydrognomon: Automatic lumped hydrologic modeling

™ Basin Simulation x|
File  Edit
Simulation } Ealibratiu:unl Dates ]
[v Fatential Evapatraspiration Rainfall irmesernes: | -
™ Basin Simulation . x|
. ' 3 "ESOTL
i, j||e dit 0d - 28w Tiinar)
3;.&nl:|pr|;l:|2 £ [1.00  Simulation =Ealibratien @.E&tes ] JAnoppar
I airnurn VY alugs =1
| foeo | oed f0.50 [EE 0.99 f0.99 (500 200 200
SRR S Soil Tank GraphicalFieprasentatior—— 7
W hieazured rﬁff I
el Initial Soil Starage (S0, mn | _ - -
Ini D:Bpu:uxu:un'l:mu:rn — —
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2000
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Hydrogeios: Detailed geo-hydrologic modeling

Hydrogeios is a hydrologic model of the entire hydrologic cycle, designed to
describe both surface and subsurface processes, and especially karstic processes,
as well as local withdrawals for irrigation

mHydruGeius
Project  Schematization Lavers Hywdrology  Calibration Run Results  Help

permeability terrain slope
Ready F{calibration) = 7.436, Fvalidation) = 7.504
hydrologic groundwater
response units cells

D. Koutsoyiannis, The management of the Athens water resource system 32



Q Groundwater cells

General information

Water balance timesenes [level in m, else in m3]

B=1E3

Hydrogelos calibration: vector nonlinear optimization

Mame | [ate Storage |F'elcolati0n |Infiltrati0n |F'umping |Sim. lesveel |F|ea| level |¢
Okt-84 122461 : 25493 229360 0 280,010 0.000
Description Mos-84 1036255 1748228 3243905 0 280,084 0.000
Aek-84 1514703 2364798 348420 i} 280122 0.000
lov-85 4888934  B175260 3418377 0 280 334 0.000
FProperties D=f-E5 A44E0EE] 4424469 1873408 0 280,359 0.000
op-85 JRE3788 3570247 19088311 O
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Castalia:
Parameter
estimation-
Parameters of
autocorrelation
and persistence

ED&STALIA - Stohastic Simulation of Hydrological Yariables

Ecenariu Wiew Hun Graph Help

G| s | O] BlEE| &)

Yariables parameters

Scenario parameters

General information | Statistics  Annual auto-correlagram |

—Parameter adjustment —Auto-correlogram parameters

Parameter optimization crtenorn—————————— Preserved zample terms

& Best fit to zample
F Perzistent parameter, beta 2.000

™ Preservation of rl coefficient

RRN

Shape parameter, kappa B.236
™ Preservation of rl and 12 coefficients

WARMNIMNG: The kappa parameter iz always automatically
[ v Bet : | i adjuzsted, whereaz beta iz either adjusted or specified by
| eta parameter value zpecification the Lser,

Annual correlogram

----- EECELEE LEELEL CEEELE EEEEEE EEECEE CELEEE -EELEEE EEEEEE EE + Sample
— Theoretical
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EEASTALIA - Stohastic Simulation of Hydrological ¥anables
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Castalia:
Stochastic
simulation
with long term
persistence
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Castalia:
Stochastic
forecasting
with long term
persistence

EEASTALIA - Stohastic Simulation of Hydrological ¥anables
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Hydronomeas: Hydrosystem data management
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Hydronomeas: Visualization of hydrosystem simulation
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Hydronomeas: Stochastic forecast of hydrosystem storage
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Hydronomeas: Optimal hydrosystem control rules
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Hydronomeas: Reservoir balance
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Hydronomeas: Time profile of failure probabilities
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Hydronomeas: Reporting
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Management plans and every day operation of the hydrosystem

2

Every five years a master plan of the water supply of Athens is elaborated (the first
was issued in 2000)

Every year the master plan is revised based on current data and model runs

Every three months the annual plan is reassessed and, if necessary, updated by new
model runs

Meanwhile, the every day management is based on optimal parametric operation rules

Models are run for a 10-year lead time to account for long-term effects of today’s
decisions

The general management targets are:
e Adequacy of water resources
e Adequacy of conveyance system
e Cost effectiveness

All management is based on a probabilistic approach of forecasts/risk/reliability
assuming:

e Acceptable reliability 99% on an annual basis

e Potential for further increase of reliability taking into account elasticity of demand
and emergency measures in case of impending failure

So far, the decision support tool and its modules (thoroughly tested for the Olympics
2004) exhibited good performance
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Early stage

The Hadrianean aqueduct

Supplementary water collection and distribution in
Athens (early 20t century until 1930s)
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Marathon dam

e

Construction of
spillway, 1928

Hydrosystem
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Marathon dam (2)

Devastating
flood, 1926

.

Inauguration of
Boyati tunnel, 1928

Marathon spillway
in action, 1941

Hydrosystem
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Hylike lake and
pumping stations

Hylike lake

Hylike, main pumping station

Kiourka pumping station
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Mornos reservolir
and aqueduct

Mornos canal at
Thebes plain

Siphon at
Distomo
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Control of Mornos
aqueduct

Aqueduct
supervizing &
control centre
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Evinos dam and
tunnel

Evinos dam during construction

Construction of the Evinos-Mornos
connection tunnel
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Treatment plants

Perissos water treatment plant
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Aspropyrgos water treatment plant
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