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1. Introduction

The studied aquifer “Zeuss Koutine” is located in the Eastern South of Tungsid YFi

S| {(Sicily)
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(La Valette)
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Figure 1. Location of the study area and the Zeus Koutine aquifer.

In Eastern South of Tunisia, groundwater is the mainly resourcefaselrinking water to
supply the cities of Medenine, Jerba, Zarzis, Benguerdene and af Jataouine city. The
supplied population in the study area is about 500 000 in 2004, accordinglasttbéicial
report of the National Institute of Statistics (INS, 2004). In @aidi the cities of Jerba and
Zarzis represent one of the most important touristic regions okiufihey represent 21 %
of the national capacity (Chapoutot, 2008). The touristic capacifierifa is about 49 150
beds in 2009vyww.wikipedia.con). The touristic capacity of Zarzis is estimated to 16 000 in
the same year. The agricultural activity still based on nigiabed olive trees. Starting from
1990, irrigated areas are created around wells drilled in thes Zaugine aquifer. The total
irrigated surface is estimated to 530 ha in 2010. The expected higbletie of the
population in the region and the important socio-economic developmentiadigp¢he
tourism, will apply a large pressure on the Zeuss Koutine grouadwathe future. The sea
water intrusion constitutes other problem facing the managers avatex resources in the
studied region.

Decision makers and managers of the Zeuss Koutine aquifer auaged by the need to
protect the only natural resource of water in the region. Twa taaks have been started to
improve the water storage in the aquifer and to reduce the watexctibs. The first one is a
set of soil and water harvesting works done between 1980 and 1990 to imgrovater
infiltration in the river basins of the aquifer. Next photos aremgptes of soil and water
conservation management performed in the region from the top ofahetams (1), in the
river basin (2 and 3), to develop rainfall agriculture under very banditions, and in the
river (4 and 5) to increase the water infiltration in case of floods:
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(1)

@ | @3)

(4) (5)

Photos 1, 2, 3, 4, E=xample of soil and water conservation managements realised in the
Zeuss Koutine watershed.

The second task is the build of two desalinization plants in Zarail Jerba cities, in 1999
and 2000 respectively, to supply them by drinking water.

The strategic importance of the Zeuss Koutine aquifer has encduttagielevelopment of
research and development activities to preserve the resopliogploving its management.
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Most of the previous works leads to the development of annual MOBFh@dels. The last
one is developed by INAT (Hadded, 2008). Based on this model, the catiabdpetween
INAT, BGR, ACSAD and GTZ, by training and technical workshops, péeohithe

development of a yearly management model for the Zeuss Koutineragsifeg the WEAP
software. It is now improved to a monthly model for the period fa$#82 to 2015. The
precious contribution of the regional administrations of AgriculturethedDrinking Water
Utility of Medenine governorate has been fundamental to understand amodel the water
resources and the hydraulic system as close as possible to the reality.

In parallel, the optimization todd\LL_WATER_gw has been designed to communicate with
WEAP and MODFLOW to collect the data of the hydraulic systerd the demand sites
(Nouiri, 2011).ALL_WATER_gwconsiders four objectives in the problem formulation: i) the
demand satisfaction, ii) the minimization of the maximal drawdeowaguifer water table, iii)
the minimization of the unit cost of water supply, over a planning pamnadiv) the quality
(salinity) satisfaction. Wells maximal pumping rate and drawdew well as pipe transfer
capacities are also taken in consideration in the proposed problemgbom, as hydraulic
constraints. The user guide provides more details about the problemldtom and the
functionalities of the software.

The present report describes the development of the Zeuss KoutihB-WEDFLOW DSS

and the use of thaLL_WATER_gwsoftware to optimize its management between 2010 and
2015. In section 2 it is presented monthly time series (1997-2010) ofatiee pumped from
the Zeuss Koutine aquifer and supplied to the main cities. Ists dgscribed the hydraulic
system used to supply drinking water. In addition, a history of ihengwater management

is presented in this section. Section 3 is brief presentation dM@BFLOW model. The
section 4 is reserved for the WEAP-MODFLOW DSS presentatiothd section 5 the main
steps of the application cALL_WATER_gw for the Zeuss Koutine case study and the
optimization results are presented.

2. Case study presentation

2.1. Zeuss Koutine water supply between 1997 and 2010

The water supplied by the National Drinking Water Utility (WD) to the main cities is
measured using flow meters. Last years, a real timeédlg system has been installed in the
hydraulic network. It allows the real time collection of allasered parameters in the central
office at Medenine. The NDWU data are presented as monthlytseplaxt figure details the
monthly water supplied to the cities of Medenine, BenguerdenejsZa@epresenting the
complex Jerba-Zarzis). The rural agglomerations and industrieg@rped and called in the
next “Other”.

The average yearly water supply for the period 1997-2010 is about Ji8nslilt?. Jerba-
Zarzis and Medenine cities require averages about 41 % and 3ehéotofal water supplied,
respectively. Benguerdene and Other have been supplied by ageadge about 17 % and
6 %, respectively.
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Figure 2. Monthly water supply observed in the cities Medenine, Jerba-Zarzis, Benguerdene
and Other between 1997 and 2010.

The graph above shows that while Medenine, Benguerdene and Otheaetarized by a
regular monthly variation of water supply, Jerba-Zarzis citysqmes a particular one. The
amplitude between the lowest and the highest values are impottétah be explained by

the high and the non regular touristic activity in the summer in additi the climatic effect
on domestic water use.

Next figure shows the modulation of the average monthly water supply to the tiesn ci

12.00

10.00 ~

8.00 ~

6.00 ~

Water supply (%) '

4.00 4

2.00 ~

0.00

1 2 3 4 5 6 7 8 9 10 11 12
Month

‘ —=— Medenine —e— Zarzis —— Benguerdene —<— Other —— Jerba (2007) ‘

Figure 3. Modulation of the average monthly water supply to the main cities using the Zeuss
Koutine groundwater.
The graph above demonstrates that the average monthly modulation aft¢heswypply to the
main cities using the Zeuss Koutine groundwater is almost the.s@he peak month of
supply is July for the domestic cities Medenine, Benguerden®©#met. August is the peak
month for Jerba and Zarzis, characterized by high touristic @esiviThese particular
modulations will be used in WEAP to define the monthly water demand variation.

2.2. General description of the hydraulic network:

To reach the end user, water is pumped from wells of the Zeussn&@guifer. Drinking
water is pumped first in small tanks if there is a local need (photo 6).
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Photo 6 Typical water production schematic: Well and elevated tank.

After satisfying the near houses, water is pumped using boastienst(Photo 7) to the most
important tank in the region: Tajra. The storage capacity of Taijiais 7500 i (5000 ni+
2500 m). Its elevation is 149 m.

Photo 7. Pumping booster station.

Photo 8 Example of drinking water tank.

-10 -
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From the main tank of Tejra, water is supplied to the cities edléviine, Tataouine, Jarzis,
Jerba and Benguerdene. Seen the spatial variability of the seditaty, the manager use the
2500 nf tank to collect water of good quality (salinity less thanlp ghich is the case for
the wells Ksar Chrif. This water is usually reserved to suppglenine, Other and part of
Tataouine cities by gravity. To satisfy the quantity and the tyualgquirement of the previous
cited cities, the Tejra 2500 *mank is supplied by water pumped from the “Bir Mgarine”
aquifer. This aquifer is characterized by good water quality (less than)1.5 g/l

The salty water, pumped from all the other wells, is colletttetie 5000 i tank. 40 km of

pipes are used to connect the most distant wells (Hir Fred) 1 adt2¢ Tajra tank. This
water supplies Jerba, Zarzis and part of Benguerdene byygraké hydraulic network from
Tejra tank to the supplied cities is subject of the pressuretreduc the “Lassifer” site, at
the elevation of 102 m. At the same site, water is collagtédh comes from the “Lassifer”
and “Hessi Abdelmelek 1” wells. Last years, pumping booster stai@ngsed in the supply
network to increase the flow to face the increase of the water demand.

For irrigation, water is usually pumped and collected in smallatéd tank, as presented in
photo 6. Those users (farmers) can be supplied by gravity.

To overcome the water quantity and salinity problems, in JerbaisZamzd Benguerdene
cities, other water resources are used in each of the concetiredlndeed, Benguerdene is
also supplied from the “Maouna” groundwater. In Zarzis, a desalinizgiant is built in
1999. This station produces 15 000 per day with a salinity of 0.5 g/l. The treatment process
requires 1.2 KWh/rh of energy. The same solution has been adopted in Jerba. In 2000
identical desalinization plants have been built and an extensionfisrped in 2008 with a
capacity of 5000 h In addition, it is used the “Mareth” well, located in the North etigs
Koutine aquifer to supply Lassifer site and then the citieedfa) Zarzis and Benguerdene.
The contribution of this well is estimated by the manager tegethan 5 %. It will not be
considered in the present study.

The next figure presents the hydraulic system used for groundweteagement in the
studied region.

-11 -
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WELLS, HYDRAULIC SYSTEM AND
MAIN SUPPLAYED IRRIGATED AREAS
AND URBAN ZONES BY
THE ZEUSS KOUTINE AQUIFER
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Figure 4. Hydraulic system to supply cities by drinking water from Zeuss Koutine aquife
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2.3. Analyses of the historic management of water abstraction

2.3.1 Groundwater abstraction

The collected data of the abstractions in the period 2006 — 2009 deneotisttahe aquifer
Zeuss Koutine supplied the region by an average daily volume of 53 &@@ymThe
minimal and the maximal observed values, in the same period, are 32 06D 0@ ni/day
respectively. The next figure presents the pumping activitiethe most important wells
(drinking water) used to manage the Zeuss Koutine aquifer from 2006 to 2009.

14000
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o ]

|

\J
]

4000 +— e SN [~ _ =
7 WAL N
\ 1

2000 - ——/— —
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Figure 5. Pumping activities of the most important wells in the Zeuss Koutine aquifer.

From the figure 4 and the previous graph it is possible to idehti& main well fields used
to supply the region by drinking water:

o The well field “ZEUSS” is formed by the wells: Zeuss 1, Zebis, Zeuss 3, 4, 5 and
Ksar Cherif 1, 2 and 3. This well field has been characterizedrbyverage daily
abstraction of 5900 ffday during the period 2006 — 2009. The minimal and the maximal
daily abstractions, during the same period are 16 416 and 25%d#ymespectively. The
ZEUSS well field has contributed by an average of 31 % in thédbstraction (drinking
and irrigation) from the aquifer.

o The well field “KOUTINE” is formed by the wells Koutine 1bis, 2, 3, 4 and 5. The
average, the minimal and the maximal daily abstractions frasrfighd are 1868, 815 and
2359 nilday respectively, during the same period. The KOUTINE welldfihas
contributed by an average of 4 % in the total abstraction from the studied aquifer.

o The well field “HIR_FREJ” is formed by the two wells:Htredj 1 and 2. The average,
the minimal and the maximal daily abstractions from this fietd 6935, 3438 and
8399 ni/day respectively, during the same period. This well field dumributed by an
average of 13 % in the total abstraction from the studied aquifer.

The next figure shows the monthly modulation of the abstractions fqoréwous defined
well fields during the period 2006 — 2009. It is possible to underline nhatldition to its
higher contribution in the demand satisfaction, the ZEUSS wetl feetharacterized by an
increase of its use. The two other defined well fields seeimave regular use along the
analysis period.
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Figure 6. Pumping activities of the three wells fields of the Zeuss Koutine aquifer.

Thus, it is possible to conclude that the well fields “ZEUS8! ¢HIR_FREJ” are important.
They contribute by an average of 44 % of the water demand. Ud3eas to be controlled to
avoid important drawdown impact.

2.3.2 Energy consumption

One of the most important problems to manage in the study attea énergy consumption.
As explained before, a large part of the used water has to be pamnfeasbt two times to
reach the storage tanks before its supply to the end users. Thiggmér summarizes the
energy consumed in the different components of the hydraulic system: welsngusooster
stations and desalinization plants. Next graph presents the aceraganption of energy for
wells in the Zeuss Koutine aquifer:
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Figure 7. Average energy consumption by well in the Zeuss Koutine aquifer.

For the whole Zeuss Koutine aquifer, the average energy consumptiestinsated to
0.834 KWh/ni. The well “Zeuss 4" is the biggest consumer of energy. The well “Hir Figd;”
characterized by the lowest specific energy consumption.
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The “Maouna” aquifer supplying Benguerdene city is managed thromghwells. Next
figure summarize their average specific energy consumption:

25

2.086
2

15

Specific energy consumption (KWh/m3)

1 0.832
0.306
0.5 1
SN B | | |
Maouana 2 Maouana 3 Maouana 5 Maouana 6 Average

Well

Figure 8. Average energy consumption by well in the Maouna aquifer.

While the average specific consumption of energy is almost the sanfor the “Zeuss
Koutine” aquifer (0.832 KWh/f), three wells pumping in the “Maouna” aquifer are
characterized by low energy consumption. The lowest value is 0.306rEWDNly “Maouna

6” well presents abnormal value.

The average specific consumption of energy of the “Bir Mgaringlifer, supplying
Medenine city, is estimated to 0.538 KWH/nThe maximal value (0.967 KWh#Anstill
acceptable if compared to the other aquifers average values. @lidgeatell is presented in
the next graph:

1.2

0.967
14

0.8

0.548
0.6

iRl

Blaouta Blaouta 2 Blaouta 3 Mgarinel  Mgarine2  Mgarine 3  Mgarine 5 Average
Well

Specific energy consumption (KWh/m3) *

Figure 9. Average energy consumption by well in the Bir Mgarine aquifer.

The two non conventional water sources in the region (desalinizal@ons) consume an
average of 1.2 KWh to desalinize oné of water. The projected sea water desalinization
plant in Jerba will consume an average of 2.5 KWh/m

In addition to the energy consumed to abstract water from the aqgbfsrster stations are
used to transfer water from the production sites to the end usmaBohs. Next graph
summarize the average specific energy consumed by booster stations:

-15-



ALL WATER gw Zeuss Koutine application

1.000
0.900
0.800
. 0.700
& 0.600

0.873

Specific energy consumption
h/m3

£ 0500 035
i 0.400

0.300 ] 0.208 0.208 0.208 —

0.200

= 1 i

0.000 : : : : ‘ ‘ ‘

Arram Zeuss K Chrif ~ Oued Fessi  Kantra A Kantra Il Mgarine Average
Pumping booster station

Figure 10. Average energy consumption by pumping booster stations.

Most of the pumping booster stations consume less than the avehagef@.330 KWh/r
Only the booster station “Ksar Chrif”, supplying Medenine city,sprés higher energy
consumption.

2.4. Conceptual model of the hydraulic system in the Eastern South
of Tunisia

In order to elaborate the WEAP model of the hydraulic systerthe Eastern South of
Tunisia, it is proposed the next simple schematic:

KWhim3

KW
1.2

@ 0 DES.7
KyWhm3

GW_BM Kiviim3 0 GWW_MA,
0.246 Rvhim?
0.548 Kvhim3 0.832
KWhim3 FWhim3

Figure 11. Simplified schematic of the hydraulic system of the Eastern South of Tunisia
Where:

MED: Medenine city, GW_BM: Groundwater Bir Mgarine

OTH: Other cities, GW_NR: Groundwater natural Recharge,
JER : Jerba city, GW_M: Groundwater Maouna,

ZAR: Zarzis city, DES_J: Desalinization plant of Jerba,
BEN: Benguerdene city, DES_Z: Desalinization plants of Zarzis,

In the future, the NDWU managers have the plan to install a a&a desalinization plant in
Jerba, called in the next: “Sea_Water_Desalinizatidbhe projected station will supply Jerba
and Zarzis cities. In addition, it is planned the installation afeaalinization plant in
Benguerdene, called in next “Desalinization_Benguerdene”. Thus, the updatedfdimasc
of figure 11 by the future water projects leads to the next points:

- Jerba city will be supplied by four sources: Zeuss Koutine, &ty slesalinization
plants and the sea desalinization plants,

- Zarzis city will be supplied by three sources: Zeuss Koutines#ity and the sea
desalinization plants,
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- Benguerdene will be supplied by three sources: Zeuss Koutine, Maadriae salty
desalinization plant.
- Medenine still supplied by the two sources as shown in the figure 11.

The maximum volume flow of the linkage between demand sites andatiee sources are
restricted by the pipe and the booster station. Next table suresdhe linkage “Demand

sites” — “Water sources™:

Table 1. Maximum flows of the linkages “Demand sites” — “Water sources”

Restriction
Restriction by the pipe | by booster )
station | Maximum
Water source Demand site . . Flow
Pipe Maximum . 3
; Maximum (m?/s)
diameter | flow (m3/s) flow (m¥s)
(mm) (v=1.5 m/s)
Zeuss Koutine Medenine 800 0.754 0.42 0.420
Bir Mgarine Medenine Fixed flow 0.050
Zeuss Koutine Benguerdene 300 0.294 0.06 0.060
Maouna Benguerdene 300 0.106 0.106
Desalinization_Benguerdene Benguerdene  Desalinization plant capacity 0.023
Zeuss Koutine Zarzis 800 | 0.754 | 0.754
Desalinization_Zarzis Zarzis Desalinization plant capacity 0.174
Sea Water Desalinization Zarzis Desalinization plant capacity 0.579
Zeuss Koutine Jerba 600 | 0.424 | 0.424
Desalinization_Jerba Jerba Desalinization plant capacity 0.174
Desalinization_Jerba_2 Jerba Desalinization plant capacity 0.058
Sea_ Water Desalinization Jerba Desalinization plant capacity 0.579
Zeuss Koutine Other Not limited 1.000
Zeuss Koutine Tataouine Fixed flow 0.060

3. MODFLOW model for the Zeuss Koutine aquifer

3.1 Introduction

The Zeuss Koutine aquifer is the main water resource of ilee oit Medenine, Jerba, Zarzis,
Benguerdene and Tataouine, in the Southeast of Tunisia. Seeatégistimportance for the
region, many technical and scientific studies have been done to andetise behaviour of
this hydraulic system and its interaction with the climatenddtions and the Human
managements.

This presentation of the MODFLOW model of “Zeuss Koutine” aqu#drased on the work
done by Hadded (2008) and improved in the framework of the collaborationelpetNAT,
BGR, GIZ, ACSAD and the regional administration of agriculture of Medayoneernorate.

This section describes first the study area and the physad¢lmn second step, the hydro
geological model is presented.

3.2 Study area and physical model descriptions

3.2.1 Location, hydrology, rivers network and geolo ay

The “Zeuss Koutine” aquifer is located in Easter South of Tufisgure 1). It belongs to the
coastal plain of the Jeffara and located approximately betwedatitudes 33°20' N and 33°
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40' N and the longitudes 10° 10' E and 10°30' E. The area of the aquifemested to 1305
Kmz, shared by four main river basins: “Oued Zigzaou”, “OuedlsZé “Oued Oum Zessar”,
and “Oued Sidi Makhlouf”.

The studied region is characterized by an arid climate. mheah average rainfall does not
exceed 200 mm, with height spatial and temporal variability. Vheage temperature varies
between a minimum of 12.5°C, in January, and 30.4°C, in August. The regico sulject

to East/North East and South winds, cold and humid in winter and hot and siaynmer.

The average monthly values of evaporation measured in Medenineiclstetton varies
between 98.6 mm, in January, and 234.2 mm, in July (Essid, 2005). So, thesés clima
conditions lead to negative water balance around the year, even for the wet season.

Five rivers drain the surface rainwater from the upper zondsaflpto the sea or to Sebkhas.
From the North to the South, next are the existing rivers: “Ougdadu”, “Oued Zeuss”,
“Oued Koutine-Oum Zessar”, “Oued Sidi Makhlouf” and “Oued Morra'g(ffe 12). Next
table summarize the principal river basins proprieties (IRA-IRD, 2003):

Table 2.Principal proprieties of the river basins of the Zeuss Koutine aquifer.

Parameter Oued Oued Oum Oued Oued Oued Sidi
Zeuss Zesser Zigzaou Morra Makhlouh
Area (Knr) 200 387 261 209 134
Average slope (m/Km) 10.30 9.38 14.8 13.31 3.25

The volume of surface water runoff (V in®yin a river basin is estimated using the next
empirical formulas (Fersi, 1997):

V =16.39 x P x (I)}'*x S (1)

Where “P” is the rainfall (mm), “I” is the average slopetlué river basin (m/Km) and “S” is
the area of the river basin (Km2).

For a yearly average rainfall of 180 mm, the total volume of sarfanoff on the Zeuss
Koutine river basins is estimated to 10.23 Million$ m

/\/ Ligne de partage des eaux
Limite des bassins versants
Sebkhas
Réseau hydrographique

10 0 10 Kilometers

Figure 12 River basins of the Zeuss Koutine aquifer.

-18 -



ALL_WATER gw

The geological formations are of alternating continental andnmeorigin. The oldest
submerging layers are represented by a marine superioraBeand the most recent ones are
of the recent Quaternary. Between these two formations appatar st different age which
are generally declining in northward direction. Next figure gméshe geological map of the

Zeuss Koutine aquifer:

5T0000 580000 m 600000 610000 620000 630000 640000 650000
| | 1 L L 1 1 L

Figure 13. Geological map of the Zeuss Koutine aquifer (Essid,

The Eastern South of Tunisia is characterized by three tecinitec the Permien Monoclinal
of Djebel Tebaga, the Dhar Monoclinal and the Jeffara plain. Eaglitsfare visible in this
tectonic. Most of them have North-West/South-East orientation, as dtwpwhre red line in
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the next figure.
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Figure 14.Faults in the Zeuss Koutine river basins (Hadded, 2008).
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3.2.2 Hydrogeology

The Zeuss Koutine aquifer is bounded on the North by the aquifer Galoés, n the
Northwest by Jebels Matmata, on the South by the sandstone agutifier Triassic and on
East by adjacent watersheds. It includes all the layersrigpwi the Jurassic carbonate
formations of the Albo-Aptian, Turonian and lower Senonian and constitutes
hydrogeological multilayer unit where the relays are possiileer through faults or by
vertical drainage.

The Zeuss Koutine aquifer consists of four carbonate formations that aristhé&ahdest to
the most recent as follows: “Jurassic”, “Albo-Aptien”, “Turonien”, “InterSenonien”.

The Jurassic aquifer is a set of dolomite and limestone. édi®y rainwater infiltration and

the water discharge from the aquifer of sandstone of the lowassigiin the Southern region
on the front Koutine-Tejera-Medenine. The general flow of the Jarassiifer is done from

the South-West to North-East along the main axis Chrarif Keas& The Albo-Aptian

aquifer is encountered locally. It receives much of its foodnfiitration of rainwater. The

flow is from South to North. The Turonian is captured mainly at (deagss by Zeuss 1 bis
well. This aquifer is influenced by food from the deep Jurassibe West. The two lower
Senonian limestone units are the main aquifers captured in the edllpag of the Jeffara at
Oued Zeuss. These limestones constitute good aquifers. Next dlyunes the boundaries of
the Zeuss Koutine aquifer (Hadded, 2008):

A Vile
Failles
Limite des bassins versants

Limite de la nappe
Sebkhas
Réseau hydrographique

0 10 Kilometers

Figure 15.Boundaries of the Zeuss Koutine aquifer (Hadded, 2008).

3.3 Hydro geological model

The Jurassic limestone layer is in contact with other bandssatine network of faults that
characterizes the region. This allowed considering groundwa@euss Koutine as a single
unconfined aquifer. The elevation of the top is considered to be rem@dsnthe natural
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topography of the land and the bottom depth varies between 170 and 680 m. It incrdases whi
moving toward the Northeast, especially after the collapse of Meddawm¢Hadded, 2008).

MODFLOW 2000 (Harbaugh, 2005) is used to build the hydrodynamic modbekedfeuss
Koutine aquifer. The model domain covers an area of approximately 783tlenrolled in a
matrix of 57 columns and 48 rows. There is 2736 square mesh and reghlangkilometre
aside of which 783 were active. The model consists of a single aquifer.

The following figure shows the structure of the model developed ang@tbe locations of
the used wells. The green cells represent the constant headflthmt Trias aquifer. The gray
cells represent the drain condition by Oum Zassar Sebkha.

Two recharge conditions are considered. The first is the dirduange of rainwater with a
rate of 2.42 % (Pallas et al, 2005). The second condition is the irditiri@ the groundwater
of runoff in rivers. The infiltration rates in rivers are considevariables over time. Indeed,
the agricultural regional administration in the governorate of Meddmaselunched on the
beginning of 1980 a soil and water harvesting program in the ZeowssnK river basins
(photos 4 and 5). After each 500 m, it is build a barrier capableitaaimhundreds of fof
water. Managers, very satisfied by the result of theargfsay for most of the rains, thereis
no floods in rivers, water reach the sea and the sebkha only for very strong rains’. The lower
rivers slopes have also valuated contribution on this result.

The model is calibrated in steady state (year 1982) and indranrgigime, for the period
1983 to 20009.

Drainage vers Sebkhat
O
: g}% .
=

Limite a charge imposée
avec la nappe de Trias

5o

e

Figure 16. Structure of the model of Zeuss Koutine aquifer (Hadded, 2008).

4. WEAP-MODFLOW Decision Support System (DSS)

In order to model the real hydraulic system used to manageettss XKoutine aquifer and the
neighbour water sources, it is chosen to build a DSS based on the mdi@QBIFLOW
model. Next paragraphs detail the WEAP schematic, the input mthe reference scenario
results.
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4.1 WEAP schematic

The conceptual model presented in figure 11 and the future watectpraje considered to
build the WEAP schematic as shown in the next figure:

W WEAP: ZEUSS_KOUTINE_2015_Jerba (o @

matic General Advanced Help

WWEAP: 3.0004 | Ares ZEUSS _KOUTINE 2016 Jerba | 1982-20715 (monthly) | Schematic View  Licensed to: lssam NOUIRI, Ecole supérieure agricole du Kef, Tunisia, until 11/26/20711

Figure 17.WEAP schematic of the Zeuss Koutine study area.

The proposed WEAP schematic contains sixteen demand site nodes. ionaidihe six
domestic and touristic demand sites (Medenine, Tataouine, Jerbas, ZAenguerdene,
Other), WEAP demand site nodes are used to represent théarrigamand (lrrigation), the
recharge to Zeuss Koutine from the Trias aquifer (Rch_Trias1l endTRas2) and from the
Gabes aquifer (Rch_faille). Two “Other supply” nodes (Inflow 1 antbwf2) are used to
generate this recharge. Demand site nodes are also used totineode&poration from the
aquifer (Evaporation) and the recharge in the rivers (Rch_Oued oZigReh_Oued_Zeuss,
Rch_Oued_Oum_Zassar, Rch_Oued_Sidi_Makhlouf and Rch_Oued_Morra).

The groundwater sources and the desalinization plants are repcesetiie present WEAP
schematic by groundwater nodes. Zeuss Koutine aquifer is repeedsnte/o groundwater
nodes. The first is called “GW_Natural _Recharge”, subject of natutznmge due to the rain.
The second groundwater node, called “GW_Sebkha”, is used to model theratiom
process. The desalinization plant of Jerba is represented by dwodgvater nodes to model
separately the principal plant and the mobile unit. Thus, the scleematiose nine
groundwater nodes.

Twenty-four transmission links are used to supply the demand sites ripdehe nine
groundwater nodes. To simulate the recharge, eight return flow links between démand s
the natural recharge groundwater node are used.

4.2 Input data

4.2.1 Rain, headflow and infiltration

The basic data used to model the natural recharge by infiltigtitve monthly rain, in each
of the watershed of the Zeuss Koutine aquifer, measured by then&iaorological stations
in the region: Mareth, Toujene Dkhila, Koutine and Allamet Machlouch (Figure 18).
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Figure 18.Monthly rains measured in the stations Mdf&tiioujene Dkhil&, Koutiné® and
Allamet Machlouch’,

For the future period (2011-2015), it is reproduced the last five yearseal these data in
the WEAP schematic, the “ReadFromFile” WEAP function is uBeda are saved in a “csv”
file under the WEAP Area folder. These data are used to contuteetd flow in each of the
rivers, using the empirical formula in equation 1 (Figure 19):
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Figure 19.Monthly head flows computed in the rivers Oued Z&s®ued Oum Zass&,
Oued Sidi Makhlouf), Oued Morrd®” and Oued Zigzadtl.
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The river head flows, computed using equation 1, are used to determirezhiege in the
Zeuss Koutine aquifer applying variable recharge rates. It isdmed a recharge rate of
50% for all the rivers in the starting year (1982). It takgsagressive value between 1983
and 1990 and a constant (90%) value starting from 1990. The WEAP expressian isui
used to consider this temporal variability of the recharge #feercurrent account year, as
presented in next equation:

Recharge Rate = If(year<=1990, LinForecast( 1985,60, 1990,90 ),90) (2)
Next figures represent the monthly recharge amounts to GW_Natural_Recharge
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Figure 20. Monthly infiltration computed in the rivers Oued Zetl§<Oued Oum Zass&?,
Oued Sidi Makhlouf, Oued Morrd? and Oued Zigzadu.

These infiltration amounts constitute the monthly water demandfidodemand site nodes
used to model the recharge in the rivers as detailed in section TH€l). consumption is
equal 0 %. All the demand will be returned to the aquifer through the return flow links.

4.2.2 Demand site nodes and water demand

Two methods are used to compute the water demand. The first usemtiad activity level,
the annual water use rate and the monthly variation. This is usé&tettenine, Jerba, Zarzis
and Benguerdene cities, the Evaporation and Irrigation nodes. Tbadsenethod is to
introduce a monthly demand. It is applied for Other and Tataoitine and the demand site
nodes used to model the recharge.
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For the domestic and touristic demand site nodes, the official papulstiatistics of 1984,
1994 and 2004 are the observed data of the Annual Activities Levelsr fareaasting is
used to define the populations at each time step of the model.figeses present the
domestic and the touristic annual activity levels of Medenine, Jerba, ZarzieagdeBdene:
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Figure 21. Annual Activity Levels of Medenine, Benguerdene, Jerba and Zarzis.citie

For Jerba and Zarzis cities, the Annual Activity Levels arepuded as the sum of the
domestic and the touristic values. Different Annual Water Use Rateseat¢éousompute their
water demand, as presented in the next figure:
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Figure 22. Annual Water Use Rate of Medenine, Benguerdene, Jerba and Zarzis cities

To compute the monthly water demand of this set of demand site rtbdesaverage
monthly variation presented in figure 3 is used.

The Monthly Demand of Tataouine is defined by a constant flow §Qdaving the Tejra
tank. For Other, it is not possible to define an “Annual Activity 'eaed nor an “Annual
Water Use Rate”. Indeed, this demand site node represents thaggi@nerations, the few
industries, and ungrouped consumers supplied directly from the main phpegrinking
water utility of Medenine governorate grouped their demand in trghty report under the
name “Other demands”. To keep the same aggregation done by theesatece manager, it
is considered for this demand site the monthly demand measuresehet®37 and 2010. To
compute water demand for all time steps of the study periosl,used a linear forecasting.
The result is presented in next figure:
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Monthly Demand (monthly)
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Figure 23. Monthly demand of Other cities.

The maximal allowed concentration of salinity in inflow to domeatid touristic demand
sites is taken equal 1.5 g/I. For irrigation, 2 g/l is allowed. ddmputed monthly demands of
the demand sites used to model the recharge to the groundwater are presemntegtapime
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Figure 24. Monthly demand of demand site nodes used to model the recharge.

In the present WEAP model, the same Demand priority charzetatie demand site nodes.
Seen the MODFLOW model is designed with one layer, the “Pump’ [{feAP variable for
each of the demand sites supplied from Zeuss Koutine aquifer is equal 1.

4.2.3 Groundwater nodes

The nine groundwater nodes used to model the water resources stuthed area are
characterized in WEAP by the variables: Startup Year, §tof@apacity, Initial Capacity,
Maximun Withdrawal, Natural Recharge, Salinity Concentration and/#én@ble Operating
Cost. Next table present the Startup years of the groundwater mepesenting the
desalinization plants:

Table 3. Startup years of the desalinization plants.

Desalinization plants Startup year
Desalinization Zarzis 1999
Desalinization Jerba 2000
Desalinization Jerba 2 2008
Desalinization Benguerdene 2013
Sea_Water Desaliniszation 2013
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The storage capacities of the groundwater nodes representimggaknization plants are
lived to the default value (0) and a file named “AllowNegative G ys created and copied
to the Zeuss Koutine area folder. This allows getting negative gn@ied storage. Next
graph presents the groundwater nodes storage capacities:

Storage Capacity
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Figure 25. Storage capacities of the groundwater nodes.

For groundwater nodes other than the desalinization plants, it isdemsithat the initial
storage is equal to the storage capacity for each of the groundwater nodes.

The maximum withdrawal for real aquifers (Zeus Koutine, Bir Nuaand Maouna) is
considered to be not limited. For groundwater nodes representing the desafirplaants, the
maximum monthly abstraction is equal to the plant capacity, as presented gnapdxt

Maximum Withdrawal (monthly)
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1.40] —— Sea_Water_Desalinization
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Figure 26.Maximum Withdrawal of the desalinization plants.

For the present WEAP model, only the GW_Natural_Recharge, represpatt of the Zeuss
Koutine aquifer is subject of natural recharge. Next figuregmtssthe monthly values of the
natural recharge due to rain:
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Natural Recharge (monthly)
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Figure 27.Natural recharge for the groundwater node GW_Natural_Recharge
The salinity concentrations of the groundwater nodes are detailed in the next table
Table 4. Salinity concentrations of the groundwater nodes.

Groundwater 1982 11983—2015 {S"cale ]Unit ]
Gi_MNatural_Fecharge 15 15 el
Gww_Sebkha 2 2 afl
Desalinization_Zarzis i] 0& g/l
Sea Water_Desalinization i] 0 g/l
G\ haouna 15 15 g/l
Bir_Mgarine 15 B g/l
Desalinization_Jetha 0 (EfL g/l
Desalinization_Benguerdens 1] 05 g/l
Desalinization_Jerba_2 0 0& g/l

Seen the variability of the energy pricing over time, ithesen to consider that the specific
consumption of energy (detailed in section 2.3) is the variable opecatstg of each of the
groundwater nodes. This approach allows also comparison between gadyiradifferent
country, using different pricing approaches and different and mgnatats. Next graph
summarizes the values of this variable for all groundwater nodes:

Variable Operating Costs (monthly)
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Figure 28.Variable operating cost of the groundwater nodes.

4.2.4 Transmission links

The transmission links between groundwater sources and demand siteurgodesracterized
essentially by their “Maximum Flow Volume”, “Loss from $ga” and by the “Variable

Operating Costs” variables. The maximum flow volumes are given in tables hssumed in

this study that the loss from the supply network is equal 10 % offdssing the pipes. The
variable operating costs are given in the figure 11.
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4.2.5 Linkage WEAP - MODFLOW

The linkage between the WEAP schematic and the MODFLOW mogeffisrmed using the
linkage shape file. This step allows the link of the MODFLOW nhagdls to the WEAP
components in the schematic. Next figure summarizes the linkagenodstic, touristic and
agriculture demand sites nodes to the well cells of the MODFL®Mel, recognized by

their rows and columns:

Table 5.Linkage between domestic and irrigation demand site nodes and well cells of the

MODFLOW model.
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4.3 Results of the reference scenario

The main simulation results of the reference scenario using the presentde MEBBFLOW

DSS are presented in next paragraphs.

4.3.1 Water demand

Next graph summarize the monthly water demand computed for the domestic anid tourist

demand site nodes:
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Figure 29.Monthly water demand for domestic and touristic demand sites nodes.

The figure above demonstrates that Jerba is the most impottaimt t#2rm of water demand.
Medenine and Zarzis are characterized by equivalent demands. BErgueity presents
lower water demand. With the reference scenario, all the water demandsered 100 %.

In order to validate the water demand computed by WEAP, it i§ olsserved data of the
water supplied to Medenine, Zarzis and Benguerdene in the period 200D —-Next figures
present the observed and the computed water demand for each of the demand sites:
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Figure 30.Monthly water demands observed and computed for Medenine (1), Zarzis (2) and
Berguerdene (3).

4.3.2 Transmission links flow

To satisfy the water demand, WEAP has computed the transmisdisrilows presented in
the following graphs. Next figure present the supply to Medenine:
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Transmission Link Flow
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Figure 31 Monthly transmission link flows to Medenine.

The city of Medenine is supplied first by Bir Mgarine, becausehef lower cost, and
secondly by GW_Natural_Recharge groundwater. Seen the flow tlonithtom the first
aquifer, the water demand increase generates an increase of the esgssak@utine aquifer.

Jerba is supplied by four transmission links. Their flows are presented inquat fi

Transmission Link Flow
Scenario: Reference, All months (12)

— Transmission Link from Desalinization_Jerba to Jerba

1 000- —— Transmission Link from Desalinization_Jerba_2 to Jerba
950 — Transmission Link from GW_Natural_Recharge to Jerba
000 — Transmission Link from Sea_Water_Desalinization to Jerba

850
800-
750
700
650
600

550-|
500-|
450
|
400
350
300-
L vyt

Thousand Cubic Meter

20 u u

200

150
0 T T T T T T T T T T T T T T T T T T T T T
Jan Jul Feb Sep Apr Nov Jun Jan Sep Apr Nov Jun Feb Sep Apr Nov Jul Feb Sep May Dec Jul
19821983 1985 1986 1988 1989 1991 1993 1994 1996 1997 1999 2001 2002 2004 2005 2007 2009 2010 2012 2013 2015

Figure 32.Monthly transmission links flows to Jerba.

50

Up to 2000, there is only Zeuss Koutine aquifer that supplies the Init000, the
desalinization plant of Jerba is used. This event is accompaniedtbyng reduction of the
volume used from Zeuss Koutine. The same behaviour is noted when the saitpndater
desalinization plant is started (2008). When the sea waterrdeatén plant will be started,
it will be capable to supply the city. There is no need to supply water from the ZeusgeKout

For Zarzis city, transmission link flows are presented in the next figure:
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Transmission Link Flow
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Figure 33.Monthly transmission link flows to Zarzis.

The figure above shows that when the desalinization plant of Zargiarted (1999) and is
sufficient to cover the water demand, the Zeuss Koutine is not use@002, the
desalinization reaches its maximal capacity and there isetbe to use groundwater of Zeuss
Koutine. The start up of the sea water desalinization plant (2di8hates the use of
groundwater. The salty desalinized water is then used only in the peak wadeddeeniods.

Transmission links flows to Benguerdene are characterized by flows e se next figure:

Transmission Link Flow
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Figure 34.Monthly transmission links flows to Benguerdene.

It is clear that WEAP uses the lower cost water sourt¥: KBaouna instead of the Zeuss
Koutine and the desalinization plant. At the end of the study periodZehses Koutine
groundwater is used just in the peak water demand months. There isetofonethe
desalinization up to 2015.

4.3.3 Groundwater cell head
The initial cells heads of Zeuss Koutine aquifer are presented in next figure:
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MODFLOW Cell Head
Year: 1982, Scenario: Reference, Layer: 1, month: January
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Figure 35. Initial Cells heads of Zeuss Koutine aquifer (1982).

The cells heads of the aquifer on 2010 are presented in next figure:

MODFLOW Cell Head
Year: 2010, Scenario: Reference, Layer: 1, month: January
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Figure 36. Cells heads of Zeuss Koutine aquifer on 2010.
On 2015, the cells heads are shown in next figure:

MODFLOW Cell Head
Year: 2015, Scenario: Reference, Layer: 1, month: January
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Figure 37. Cells heads of Zeuss Koutine aquifer on 2015.
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The comparison of the computed cells heads with the observed vallmseigor the three
piezometers of the Zeuss Koutine aquifer. Next figure sumnsatize results for “Glib

Ettine”, “Koutine 2” and “Ghabbey”:

ALL_WATER

Figure 38 Observed and computed cell heads for piezometer “Glib Ettine” (1), “Koutine 2”

O Observed Ghabbey

Date
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—— Computed Ghabbey (28-36)

(2) and “Ghabbey” (3) by the “Reference” scenario.
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The computed cell heads for “Glib Ettine” piezometer are virgecto those observed. The
absolute maximal difference is equal to 3 m and represents Gl%é observed value. For the
Koutine 2 piezometer, the maximal absolute difference is evdltat® m. It represents 16 %
of the observed value. The maximal difference between computed sex/@d cell head in

the piezometer Ghabbey is estimated to 7 m and represents 15 % of the observed value.

4.3.4 Average water cost

The groundwater management proposed by WEAP to satisfy the wateands is
characterized by the average cost of one cubic meter of.wéget figure presents the
monthly average cost of water:
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Figure 39. Monthly average cost of water pef oomputed by the “Reference” scenario.

Last graph shows three periods of average water cost. Inrgheofie, between 1982 and
1999, the average cost of water is about 1.60 K\¥/Hlime second period is defined between
years 1999 and 2012 with an average water cost of 1.45 KWHhe last period is
characterized by an average cost of 1.95 KWhinis defined between 2013 and 2015.

The average water cost periods are defined by the water sogextsindeed, in the first one
the Zeuss Koutine is the main water source. It requires dttleagpumping steps to supply
the demand site nodes. The second period corresponds to the start-upf yeear
desalinization plants of Jerba and Zarzis. The last period, withighest average water cost,
is defined by the use of the sea water desalinization plant.

4.4 Conclusion

The WEAP-MODFLOW DSS is build. Input data are taken from i@ffistatistics reports,
drinking water utility reports and from network maps. Field tnipthe study area have also a
valued income in the quality of the presented results.

Obtained results demonstrate that the WEAP-MODFLOW DSS df¢hss Koutine aquifer
is capable to reproduce the real behaviour of the natural systemr. éatands in the main
cities are calibrated for four years. The impact of thé weder management on the Zeuss
Koutine aquifer is reproduced by the developed DSS with acceptaifidence. Indeed, the
heads computed in the piezometers cells are close to the obsatued. The maximal
difference is evaluated to 16 % of the observed value. The DS%vitlate used to optimize
the groundwater management of Zeuss Koutine aquiferAlith WATER_gw
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5. Optimization of the Zeuss Koutine groundwater
management.

5.1 Introduction

This section presents the use of thel. WATER_gw software to optimize groundwater
management of the Zeuss Koutine aquifer between 2010 and 2015. The developBd WEA
MODFLOW DSS, called in next “ZEUSS_KOUTINE_Tunisia”, is usednodel interactions
between surface and groundwater and the demands. Three maiarstdptailed. The first is

the read of the input data from the WEAP Area, the linkage shiapgnti the MODFLOW
model. The second step shows how to choose objectives and constraintsrietqyarof the
Genetic Algorithm and the convergence criteria’s. The laptistthe run of the software and
the use of results on the WEAP-MODFLOW DSS framework.

5.2 Read of the input data from the WEAP Area project

5.2.1 Read in the WAEP Area

After startingALL_WATER_gwand choosing the WEAP Area to work with, the starting year
of the optimization (2010) is specified. The software browse the WE¥Aea branches and
read in the variables values of the demand site nodes, the groundwater amodé¢he
transmission links. Output files are created and the summahge AWEAP Area is displayed

in the user interface. Next figure presents Ahé WATER_gwuser interface after reading
the “Zeuss_Koutine _Tunisia” WEAP Area:

" ALL_WATER gw - WEAP and MODFLOW Inputs el = s
| Options and Inputs |

1. WEAP Area ~Settings 4
Path:

M ]ZEUSS_KOUTINE_TumSla _:J
3 e ‘ ‘ Save Load

2. Read in WEAP Area Data of the WEAP Area are read.

3. MODFLOW Model and Linkage -
i With MODFLOW Model

MName and Path of the Linkage Shape File (*.dbf) ... | Read

MNarme and Path of the MODFLOW Name File * min, *nam) .. | Read I

" Without MODFLOW Model | ‘

4. Display Options
Study Area File ‘ Linkage Shape File Optimization Screen ‘

: Inputs Summary

WEAP Area -~ MODFLOW Model

Number of Water Sources tE Number of Layers :I:l
Number of Demand Sites tE Number of Rows :I:l
Number of Transmission Links tE Number of Columns :I:l
Simulation Period (years)tEl Number of Active Cells :I:l
WEAP Time Unit: Number of Stress Periods :I:l
Current Scenario Scenario MODFLOW Time Unit :I

Account Starting Year End Year 2
1982 | [ 2010 | [ 2015 ] . I
T oien e Y ear :El Number of Active Wells :I:l

Figure 40. User interface oALL_WATER_gwatfter reading the “Zeuss_Koutine_Tunisia”
WEAP Area.
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As displayed in the user interface, there are 9 groundwater soifcédemand sites and 16
transmission links in the WEAP Area. In parallel, a messageas&s to edit the created
demand site text file.

This step is performed to choose the demand sites that require optimizatian sigbéy. To
ensure this, the “ChoiceD” parameter (see user manual) is ¢rept ©OPTIMIZED” for the
demand sites considered by the optimization. For each of thenieghdemand sites, the
“ChoiceD” parameter is changed to “nOPTIMIZED".

For the studied WEAP Area, there are a sets of demand sitkss rdoes not need
optimization: demand sites nodes used to model the recharge (Reh Rah_Triasl,
Rch_Trias2, Rch_Oued_Zigzaou, Rch_Oued_ Zeuss, Rch_Oued Oum_Zassar,
Rch_Oued_Sidi_Makhlouf, Rch_Oued_Morra).

In addition, the analysis of the observed water consumption in 201G;abhcduded that the
consumptions of Jerba, Zarzis, Medenine, and Benguerdene citiesergpabout 50 %, 21
%, 20 % and 9 %, respectively.

For Benguerdene city, Zeuss Koutine is used as complement of Maguifer alue to the
higher cost of the first. Seen the lower consumption percentage gu&eene city from
Zeuss Koutine and the existence of lower cost and better watety qesburce, only the
demand sites Medenine, Jerba and Zarzis will be considered in tin@zagon without
MODFLOW model.

s =i " lInput DemandeSites WEAP it - Bloc-notes ==

Fichier Edition Format Affichage ? Fichier Edition Format Affichage 7

# pemand sites File created by ALL_WATER_gw after reading the WEAP Area (05/06,/2011). e 61216
denina = 65957

e

125
53113
34406
50028
64808
73744
79536

77296
74680
73936
66488
64440
83770
74577
77988
85762
5
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Ln1, Col 1 Ln 817, Col 2

Figure 41 Choose of the demand site nodes to be optimized (1) Medenine or not (2) Other.

To perform the next step, it is activated the option box “With MOOW model” in the
section 3 of the user interface. The numbers of groundwater nodeerf®nd sites (3) and
transmission links (9) to be considered in the next steps ardedpdad displayed in the
“Inputs Summary” section of the user interface, as shown in the next figure:

~WEAP Area

Number of Water Sources

R
Number of Demand Sites :
{8 |

Number of Transmission Links
Simulation Period (years)] 33

WEAP Time Unit: MONTH

Current Scenario Scenario

Account Starting Year End Year
1982 | | 2010 | | 2015 |
Time Step per Year :

Figure 42 Update of the number of groundwater node, demand sites and transmission links.

The ALL_WATER_gwupdates in parallel the files for demand sites and groundwates node
and for the transmission links, as presented in next figure:
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oLt Temendeites Optit- Joc-aces oo R i

tes
Ficher Edifion Fomat Affichage 7 Fefigr Editicr Fomat o
B imgnd sites =11 created by ALLVATER g when reading <2 T'kage shape T1e. (C5/08/2C11). , | F At *Tle created by &___TER_gv shen readin) (1= Tikage shape [ e.
Maderine = e arge
33536 L5 1 ElBX 1.5
521z i 1 nilE
3446 15 i [
53028 s 1 0
BECE L3 i [
73744 s i 0
7236 L§ T [
7286 59 i 0
4680 1§ 1 [
73936 s i 0
5455 15 1 0
B4440 L3 1 0
8770 1 i 0
77 Li T 0
77968 s i 0
85762 15 1 0
92746 s i o i 034
‘ » 4 I
LrLColl lalial In71, e 38

Figure 43. Updated files for demand sites, groundwater nodes and transmission links.

The data expression of the WEAP Area can be displayed in the user interfacetibided by
user. Next figure is a screen shoot of a part of the dgpeession file, saved in the
OPTIMIZATION folder:

O wear area file [E==Erx)
WEAP Area data expressions
[ -
7EUS5_KOUTINE Tumsis_|Reference I E|
evel 2 Lovel 3 el 4 [Veriable Expression ScaleandUnit
{5 and Catchments |Demand Site fedenine [Annual Activity Level | LinForecast( 198476600, 199410640(| cap
i25 and Catchments |Demand Site fedenine Demand Prio 1
i25 and Catchments |Demand Site fedenine Salinity Inflow
{5 ond Catchments |Demand Site fedenine Method
i2s and Catchments |Demand Site fedenine [Annual Water Use Rate
ie5 and Catchments |Demand Site fedenine Monthly Varistion
ies end Catchments |Demand Site fedening Consumption 3
tes and Catchments |Demand Site ch_taille Demand Priorty. 1
{5 ond Catchments |Demand Site Rch_tails Salinity Inflow 0
i25 and Catchments |Demand Site Rch_aille Method 4
i25 and Catchments |Demand Site ch_taille Monthly Dermand FeadFromFile{ech reference cev)|m™3
tes end Catchments |Demand Site Rch_taille Consumption 0%
i25 and Catchments |Demand Site ch_Trias Demand Priorty. 1
fes and Catchments |Demand Site ch_Trias Salinity Inflow ]
i2s andl Catchments |Demand Site Rch_Trias! Method 4
tes and Catchments |Demand Site ch Trias Monthly Dernand FeadFromFi{ech eferen y{m 3
ftes end Catchments [Demand Site Rch_Trias! Consumption 0%
i25 and Catchments |Demand Site Rch_Trias! Demand Priorty. 1
i25 and Catchments |Demand Site ch_Tras Salinity Inflow ]
te5 and Catchments |Demand Site Rch_Trias! Method 4
t2s and Catchments |Demand Site ch_Trias Monthly Dermand FeadFromFi{ech eferen |m 3
fes end Catchments |Demand Site Rch_Trias! Consumption 0%
i25 andl Catchments |Demand Site ch_Oued_Zigzaou_|Demand Prio 1
tes and Catchments |Demand Site ch_Oued Zigzaou | Salinity Inflow ]
tes end Catchments |Demand Site Rch_Oued_Zigzaou_|Method 4
i25 and Catchments |Demand Site ch_Oued Zigzaou_|Monthly Demand charge Fate Oued Zigzaou[%]/100]m"3
fes end Catchments |Demand Site ch_Oued_Zigzaou_| Consumption 0%
tes and Catchments |Demand Site Rch_Ou: u: Demand Prior il
tes and Catchments | Demand Site. ch_Oued_Zeuss | Salinity Inflow o[
tes and Catchments |Demand Site Rch_Ou u Method 4] -
5

Figure 44. Screen shoot of data expression of the Area Zeuss_Koutine_Tunisia.
5.2.2 Read of the Linkage Shape File

The Linkage Shape File is read after selecting the filagube browse option, and by a click
on the “Read” button. When this step is achieved, it is possible gtagithe linkage shape

file to check for the details. Next figure presents aestighoot of the Linkage Shape File of
the “Zeuss_Koutine_Tunisia” WEAP Area:

). Linkage Shape file o @ s
Linkage Shape file data
ViF_Fiaw|MF_Gal [MF_RG [CATGHMENT | ANDUSE | GROUNDWAT FIVER [DEVANDT GENANDE D|DAN [Demandd_ =
o Gl
7] atural Fechal ural Fecharge Fich_faile
atural_Rechal ural_Recharge Fich foile
atural_Rechal ural_Fecharge
atural_Rechal ural_Fecharge
atural_Rechal wral_Recherge Fich_faile
atural_Rechal ural_Recharge
val Recha ural Fecharge Fich_Ousd_Zigzany
tural_Rechal wral_Fecherge Fich foile
otural_Rechal wral_Fechrge
atural Rechal ural_Recharge Rich Oued Zigzaou
atural_Rechal wral Fecharge ch_Oued Zigzaou
atural_Rechal tural_Recharge ch_Oued Zigzaau E
atural_Rechal / Natural Rechargo ch_Oued Zigzaou P
atural_Rechal ural_Recharge edenine. Tatasuine Gther
Natural Fechal tural_Fechrge
Natural Pechal tural_Fecharge
+23[C_Netural Rechal /“Natural Recherge
+24[C_Netural Rechal /“Netural Rechargo
G_Notural_Rechal / Netural Recharge Fich Oued Zeuss
C_Natural Rechal / Natural Rechargo Gther
C_Natural Rechal / Natural Rechargo
C_Natural Fechal /Natural Recherge
C_Natural Fechal / Netural Rechargo
G_Natural Rechal / Netural Pecharge
C_Netural Fechal /Natural Pecharge
C_Natural Rechal / Netural Recharge Fich Gued_Oum Zasear
C_Natural Rechal / Netural Recharge
C_Sebkha /Sebkha
C_Sebkha /“Sebkha
C_Sebkha /Sebkha
C_Sebkha /Sebkha
C_Sebkha / Sebkha
C_Sebkha /Sebkha 4100 16565 -
AT v

Figure 45. Screen shoot of the Linkage Shape File of the Area “Zeuss_Koutine_Tunisia”.

After reading the connectivity between wells and the demand site WddesSWATER_gw
created new water sources and transmission links text files as presehtedenttfigure:
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| Input_¥WaterSources Opi_MF.t- Bloc-notes =N ioy
Fichier Edition Formmat Affichage ?
# water sources file created by ALL_WATER_gw after reading the Tinkage shape file. (05/06/2011). -
o.15 =
GW_Natural_racharge o :
7POBSESSERON o S | Input_Links_Opt_MF.IE - Bloc-notes ==
8 8 8- ggj Fichier Edition’ Format Affichage 7

1] 0 0:334 # Transmission Tinks file created by ALL_WATER_gw after readil .
0 q 0,834 915 i
Q 0 0.834 Gw_NMatural_recharge =]
o Q 0. 834 mMedenine

o] Q 0.834 Q [¢]

4] 0 0.834 Eenguerdena

o] Q 0.834 Q [¢]

o Q 0.834 | Jerba

o] Q 0.834 0.42 Q 10

] Q 0. 834 o] 0.776 0

o] 0 0.834 0 0.776 [¢]

0 [l 0.834 i
71 < H b

Lnl Coll

Figure 46. Sources and transmission links text files after reading the Linkage Ehap

5.2.3 Read of the MODFLOW model

As for the Linkage Shape File, it is selected the MODFLOW endibe existing in the
MODFLOW folder, using the browse option. The click on the “Read” buttionvalthe read
of the MODFLOW files. A summary of the MODFLOW model is desmd in the “Inputs
Summary” of the user interface, as presented in next figure:

= ALLWATER gw - WEAF and MODFLOW Inputs e & (.
Ontions and Inputs -
1. WEAP Area | [ Settings 7
Name: |ZEUSS_KOUTINE_Tunisia ~| . o
ave oa
ik ‘E.\WEAP\ ‘
ZiRaad in WEAP hros Data of the WEAP Area are read.
Read
3. MODFLOW Model and Linkage -
@ With MODFLOW Model
Mame and Path of the Linkage Shape File (*dbf) : Read
‘E WYEARZELISS_KOUTINE Tunisia\WMODFLOWAZEUSS _KOUTINE_2015.dbf
Marre and Path of the MODFLOW Marme File . mifn, * ham) .. |He&d:
‘maillageF\NAL EAWEAPZEUSS_KOUTINE_Tunisig\MODFLOWY maillageFINAL_MODELOWA, ]
 Without MODELOW Model | Data of the MODFLOW model are read. |
4. Display Options -
Study Area File | Linkage Shape File Optimization Screen |
~Inputs Summary
WEAP Area- -~ MODFLOW Model- !
Mumber of Water Sources | 8 MNumber of Layers :lII
Number of Demand Sites ; 3 Number of Rows | 43
Number of Transmission Links | 8 Number of Columns | 57
Simulation Period (years)] 33 Number of Active Cells | 7383
WEAP Time Unit: MONTH Number of Stress Periods :
Current Scenario Scenario MODFLOW Time Unit
Account Starting Year End Year
Length Unit ;
1982 | [0 | [ 2015 | g
Number of Active Wells |
Time Step per Year : S s II'

Figure 47. User interface oALL_WATER_gwatfter reading the MODFLOW model.

The summary shows that the MODFLOW model is formed by 1rlad@ rows and 57
columns. It contains 783 active cells and 22 active wells.

To prepare the optimization step, AhL._ WATER_gw well file is automatically created to
consider the constraints “Well Maximal Abstraction” and the “Drawdown Impact”

The first constraint used is the “Maximal Acceptable Abstoattilt is considered equal to
the maximal abstraction observed in the history of each wetl,fremn the MODFLOW well
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file. The second constraint is the “Maximal Acceptable Drawdow8een that from 1965 to
2010, the average drawdown observed in the main piezometer of the &glibeEttine) is
about 0.5 m per year (Yahiaoui, 2011), it is chosen a maximal accegtalldown for the
period 2010 — 2015 equal 2.5 m, for all the wells cells. In the presety, st is considered
that all the wells have the same importance. Next figure shows thistéitesditing:

" nput_Wells.xt - Bloc-notes =

Fichier  Edition Format Affichage ?

+ WEHS file created by ALL_wATER_gw afrter reading the original moDFLOW model (05,/06/2011). =
+ well name

# Layer ROW column maximal acceptable abstraction Maximal acceptable drawdown well dmportance

1 4 37 GEO0 2.5
17 23 68 2.5

24 19 827 2.8
Source oum zessar
21

R S SR

34 335 2.5
Hir Frej 2
1 9 s 4375 2.5
Hir Frej 1
16 3654 2.5 1

Zeussl+Zeussl bis
1 15 12735 205
Zeuss 3+ Source oued Zeuss

16 3669 2.5
Zeuss §
1Y 26 8l06 2.5
Koutine 3

25 33 1087 2.5
Hessi abdelmalekl .2

29 39 7139 2.5

38 47 4061 B

22 33 7oz 2.5
a

= 3 43 245 2.5

1 37 45 18 2.5
SORIL
1 26 29 20 2.5
Ksar Chraf 1.2.3
20 10877 2.5
Koutine 2 bis

30 1967 2.5
KoUTine2+SBT kOUTINE

31 1545 2.5
Koutine 1+Koutinelbis+ koutine EM3

31 43 Buh
oued Moussa
1 23 28 528 2.5

o
o
5
2
I = S = S S EEa

Zeussd
3 20 26 BE2G 2.5

Ln 15, Col 72

T T
1 Input_Wells.txt - Bloc-notes k

Figure 48 ALL_WATER_gwwell file after editing.

The required data from the WEAP-MODFLOW framework are loadedlhy WATER_gw
The optimization step is started by a click on the button “Optimization 8cree

5.3 Groundwater Management Optimization

The decision variables are the monthly “Maximum Flow Percent @hdnd” of the 9
Transmission Links supplying the demand sites “Medenine”, “Jenha™Aarzis”. It means

that ALL_ WATER_gw have to identify the best values of 648 variables: abstractions of 72
months (6 years) for the 9 transmission links.

To ensure good results for the management optimization, it is peddmsiethe management
optimization without the MODFLOW model. This step allows an edswtification of the

best parameters of the optimization. In second step, the manageptienization with the

MODFLOW model is done, considering the results and using the panasnigentified in the
first step.

For the present study, it is used a personal computer with 64-hiatioge system, 2
processors cores (i3) and a total amount of system memory of 4.00 GB RAM.

5.3.1 Objectives and Constraints

The first task on the optimization step is to choose the objecthesh@ constraints to be
considered by the optimization process. Because the WEAP Areainsoat MODFLOW
model, as specified in the data inputs stdpl. WATER_gw proposed to perform the
optimization considering all the objectives (Demand SatisfactioawBown Minimization,
Cost Reduction and Quality Satisfaction) and all the constraimi& (Waximal Capacity,
Drawdown Impact and Well Maximal Abstraction) offered by tbeftware. For the
“Zeuss_Koutine_Tunisia” Area, all the objectives and the constraiatsamnsidered. In the
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first optimization step, the “Drawdown Minimisation” objective dhd associated constraints
are deactivated.

5.3.2 Genetic Algorithm Parameters

One of the hard tasks of the optimization is the definition of the t@erdgorithm
parameters. The best way is always to start with lowkresaof the “Maximal Number of
Iterations” and the “Population size”. If the algorithm does not coeydtgis needed to
increase their values. The default values can be used as a starting point.

As explained in the user manual, the execution time is a functithe dMaximal Number of
Iterations” and the “Population size”. The presence of a MODFL@Wdel reduces the
computation speed and execution time is highly increased.

The first execution tests &LL_WATER_gw without MODFLOW model, leads to the use
of the next parameters values:

* Maximal Number of Iterations = 10 000,

e Population size = 30,

e Mutation Probability = 10 %,

« Percentage of Elitism = 50 %,

* Archive Set Size = 100.

With MODFLOW model, it is used next values:
¢ Maximal Number of Iterations = 1500,
e Population size = 30,
e Mutation Probability = 4 %,
« Percentage of Elitism = 50 %,
e Archive Set Size = 100.

5.3.3 Objectives Weights

The specificity of the study area and the supplied cities l@adsnsider the same importance
of the four objectives (50 %). Indeed, for drinking water, it is naiwald to have water
shortage. Seen the strategic importance of Zeuss Koutine afpuifdre Eastern South of
Tunisia, the minimization of the drawdown have the same importascéetailed before, the
specific cost of the water supplied from Zeuss Koutine is impbrtln addition, the
desalinization of salty groundwater and the sea water consume enelyy and are
characterized by height costs. The managers are usually aakiousthe management cost
reduction while supplying water with acceptable quality. Thus, toissidered the same
weights (50 %) for the “Cost Reduction” and the “Quality Satisfaction” (50Bj&ctives.

5.3.4 Stopping parameters for iterations

To control the accuracy of the results, it is chosen a “MaxDisdérepancy” of 0.001. To
prevent stagnation of the research, it is chosen a “Minimaéptable Improvement” of the
“Discrepancy” equal to 0.001 and an “Allowed Number of Iteration Without Improvéraent
1000. Theses three parameters allabhl._WATER_gw to stop the computation process
before reaching the maximal number of iterations.

5.4 Optimization results without MODFLOW model

After 7 minutes and 28 seconds of execution time, without graphs disp)latyis identified
68 optimal solutions. The lowest “Discrepancy” is equal 0.885. Ngutdiis a screen shoot
of theALL_WATER_gwoptimization user interface:
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155 ALLWATER_gw - Opfimizati
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6. Genetic Algorithm Parameters
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For additional solution simulation, click on the button: Eveluate Specific Solution, on the
lovenview screen

Overview WEAP and MODFLOW Inputs ‘ Exit
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Figure 49. Screen shoot of theLL_ WATER_gwoptimization user interface without
MODFLOW model.

The identified optimal solutions form a PARETO front represerttiegrelationship between
the two fitness functions: the Demand Satisfaction and the CdsicRen, in this case study.
Theses optimal solutions disposition demonstrate that they have alm@sme unit cost of
water. The analysis of the objectives functions evolutions ovatida demonstrate that the
quality requirements are satisfied in all the considered demaed. sithe “Demand

Satisfaction” objective function presents exponential tendency charadtéyzawo phases:

» First phase: between 1 and 1000 iterations where the reduction thie abjective
function is the higher. At the end of this phase, the most importdattiens of the
objectives functions are done.

» Second phase: iteration great than 1000 where the reduction rate albjélcive
function become small and small. For great number of iterationsedluetion rate is
almost zero. It is considered that the Genetic Algorithm condetgethe optimal
solutions.

For the “Cost Reduction” objective function, the reduction rate séerbs linear during the
iteration process. As for the “Demand Satisfaction” objective tfoncthere is no visible
reduction for great number of iterations.

The last remarks lead to the conclusion that for time computing e@lntios accuracy
efficiency, it is not necessary to perform great numbereoétions. It will be sufficient for
this example to perform 1000 iterations to get acceptable results.

Solution 1, characterized by the best demand satisfaction, is ctoossaluate and to be
compared with the WEAP “Reference” scenario. The overview ugerface is used to
simulate this solution, as shown in figure 50.
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| ALLWATER g - Over
Note

WITHOUT MODFLOW MODEL

: ﬁhja-[;lives .Wéigf-l.ls Chn;l‘rain‘l‘sl(‘jplluns
Demand Satisfaction 1 Link Maximal Capacity
Diraweclown binimization 0
CostReduction ns
Quality Satisfaction 05
Statistics of the Optimal Solutions i
Optimal Solution | Demand Satisfaction | Drawdown Minimizatiol| Cost Reduction | Quali «
1 0.452 0 0.434 I
2 0.453 0 0.434
3 0.453 0 0.434 N
P n acc n 0 aoa
@ ¥

Solution & Priority Relationship

" Solution 1 - Demand Satisfaction

F2 : Cost
Reduction
and Quality  Solution 63 :Weighted Solution
Satisfaction
Priority . 3
¢ Solution T Cost Reduction and

Quality Satisfaction

1 : Demand Satisfaction Priority

8. Evaluation of the Optimal Solutions

Surnrary of Solution

Evaluate Specific Solution ] ‘ 1 ‘ ‘ Save Solution ]
Demand Drawdown Cost Quality Average Unit Costof
Satistartinn bdinimizatinn Redurtinn Satistartinn ‘éatar (L m3

| 0.452 || 1] H 0434 H 0 ‘ ‘ 1.466 ‘

Figure 50. Evaluation of the optimal solutions 1.
For the chosen solution, the average unit cost of water is estimated to 1.466 KWh/m

To simulate an optimal solution in WEAP, to be compared with egistcenarios, it is
required to read the “Maximal Flow Percentage of Demand” frome th
“DEMAND_FRACT.csv” file produced byALL_ WATER_gw Next figure is an overview of
this file:

T =T L. AT oo e W s o

File Home  Inset  Pageloyout  Formulas  Data  Review | View 0@ =& =2
| =i = @ € B 1 =k e =1
J‘J = Gramossr Q[ % L\‘ ==Y % B =il = =
Nommal| Page Pagereak | Custom Full | [g] Gridines [7] Headings | Zoom 100% Zoomto | New Amange Freeze Swe  Switch | Mawos
Layout  Preview  Views  Screen Selection | Window Al Pan; Workipace Windows = |+
Workbook Views shaw Zoom window Macros
« - £ 100 v
A B c [ D E F G H 1 J K L[4
yean | TME |To_Medenine_From_GW To_Medenine_from To_lerba_From_GW_ To_lerba_From_Sea_ TS::T:;::Q’: T;:::j:u:z: To_zarzis_From_GW T;i:f:ﬂ::’o': To_zarzis_From_Sea_
STEP | _Natural_Recharge _Bir_Mgarine  Natural_Recharge  Water_Desalinization — - _Natural_Recharge 2300 \yater_Desalinization
1 Jerba Jerba 2 Zarzis
30 201 1 69.56378614 3043620992 3242934724 0 5439842707  13.17222655 311327891 68.86721303 0
s1 2 2 65.81182804 3418816995 2924707068 0 5464168228 1611128705 64.90957091  35.09042%09 o
32 an 3 7476522995 2523477188 3485917588 0 48.02946094 171113619 3158709312 65.41290989 0
33 2 4 78.6477613 2135204182 45.0024624 0 4Ls0sE72 1318770452 2792858535 72.07141261 o
34 20m 5 75.86939264 2413060736 47.51620763 0 3935303811 1273069873 2755893405 72.44106595 0
35 2012 5 75.91931849 2408068283 4720722925 0 3678207819 1601069406 393733005 60.76267384 o
35 2012 7 77.59989575 224001011 73.42304703 0 1644528726 1013126235 3757033135 62.42966516 0
E ) 8 57.3832785 1261672422 58.48881142 0 3113339029 1037779676 4753385041 5246654359 o
38 20m 9 3479581245 15.20413053 52.16181339 0 3624676712 1159141778 1757978481 82.00021577 o
39 2m 10) 75.90326619 2.0967324 436698541 0 418092712 1452027335 5020360483 49.79639517 o
0 2012 1 75.30048009 2469952306 3854712612 0 456466881  16.18820173 2817208892 7182790695 0
w1 2012 ! 7235234704 2764765118 39.81915207 0 423814782 17.7996005 6626861496 33.73138138 o
2 201 1 80.75057918 19.24942632 47.53249872 1670470053 26.76134014  5.001461388 3630235433 46.41928353 1727836215
63 2013 2 52.84589016 171541084 3704579096 1055092339 38.11884009  14.2844498 5219158134 26.09668845 2171133021
8 2013 3| 7621817751 2378182249 25.4221647 1858662758 40.45400162  15.49719956 2813905317 54.83607878 17.02486806
35 2013 4 713247059 2867529501 34,54340041 1709520145 3815458637  10.20081275 431784502 5101730516 5.804652429
65 2013 5 79.11108606 2083891692 42.39508061 8.92500845 365613964 1210851617 3999031635 321345205 27.87a75874
367 2013 5 88.40151109 1159849162 47.74330007 1271008236 27.80204646 1174366692 4211795974 43.6511649 1423087536
8 201 7 8556386684 1443613504 60.80886495 1351872861  17.26099022  8.411412601 3504854558 47.14439432 1760705453 E
W 2 f 7276785485 273210085 6374058928 6088399745 2012550895 10.04550105 Soaussasz 3231662168 el
370 203 B 76.98911576 23.01088038 51.01454564 2014191705 21.65849451  7.185034002 421585578 3863004933 1921139171
71 oo 10) 7675757672 23.2424229 52.37146106 1411808666 12.35042741 306462997 55.58917968 13.7645191
O v DEmAND_FRACT (F3 T T o w - - o - il I
Ready | om0 o v}

Figure 51 Overview of the “DEMAND_FRACT.csv” file produced B\LL_ WATER_gw

This is done using the “ReadFromFile” WEAP function. Next figurews the equations
edited by the “Expression builder” of WEAP and displayed in the iagridaximum Flow
Percent of Demand”:
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taximum Flow “olume Supply Preference

Maximum monthly flow (as a % of total demand). due to physical. contractual or other constraints. If no
 constraint. leave blank. ) ~ B —
to Medenine 1852 |1983—2015 lScaIe
from GWY_MNatural_Recharge 100 FeadFromFile(OPTIMIZATION Solution_1\DEMAND_FRACT cav.1) Percent
from Bir_Mgarine 100 FeadFromFile{OPTIMIZATIONYSolution_1\DEMAND_FRACT csv.2) Percent
to Jetha 1982 [1983-2015 |Scale
from G _MNatural_Recharge 100 FeadFromFile(OPTIMIZATIONY Solution_14DEMAND_FRACT.... Percent
fram Sea_vater_Desalinization ] ReadFromFile(OPTIMIZATION, Salution_T3DEMAND_FRACT.... Percent
frarm Desalinization_Jetha 1] ReadFromFile(OFTIMIZATION, Solution_T5DEMAND_FRACT ... Percent
from Desalinization_Jerba_2 D ___ ___R_e_a_tqF_rD_mFiIe(OPTIMIZAT\ON\SDIutiDnJ\DEMAND?FRACT.... Parcent )
to Zarzi 1982 11983—2015 iScaIe
fram Gvy_Matural_Fecharge 100 FeadFromFile(CFTIMIZATIONSolution_14DEMAND_FRACT.... Percent
from Sea_Mvater_Desalinization 0 ReadFromFile(OPTIMIZATION, Solution_1,DEMAND_FRACT ... Percent
from Desalinization_Zarzis i} FeadFromFile(CPTIMIZATION Solution_T4DEMAND_FRACT.... Percent

Figure 52 Equations to read the “Maximum Flow Percent of Demand” from the csv file
produced byALL_ WATER_gw

The WEAP Area results are updated by a click of the esudiv. In addition to the results
presented in section reserved to the build of the DSS, it is préssa®ecomparative results
about the “Demand Satisfaction”, the “Transmission Links Flows”,@edls Head” and the

“Average Cost of Water”.

The first verification of the optimisation results is the “[x@m Site Coverage” (% of
requirement met). Next figure show that the simulated optimaltisol ensures the
satisfaction of almost 100 % of the demands:

Demand Site Coverage (% of requirement met)
Scenario: OPTIHIZATION, Allmonth:

3
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Jon Mar May Jul Sep Now Jan Mar May bl Sep Nov Jan Mar May i Sep Nov Jen Mar May Jul Sep Now Jen Mar May Jul Sep Now Jon Mar May Jul Sep Nov
2010 2010 2010 2010 2010 2010 2011 2011 2011 2011 2011 2011 2012 012 2012 12 2012 2012 2013 213 013 2013 13 2013 2014 214 2014 2014 14 201 2015 2015 A15 15 2015 N15

Figure 53.Demand Site Coverage of the simulated optimal solution without MODFLOW
model on 2010-2015.

The demand satisfaction is ensured by the water supply presethediext figures. The first
one represents the supply to Medenine city.

Transmission Link Flow
Scenario: OPTMIZATION, Al months (12)

. Link from GW_Natural_Recharge to Medenine
B Transmission Link from Bir_lgarine to Medenine

Gn A Wl Ot Jan Ar Wl Ot Jan Ar Wl O Jan Ar Wl O Jan Aw Wl Ot dam Ar Wl Ot
10 10 10 010 01 1 W W 12 D12 DMz DMz DM D N1 N1 N4 N4 N N DS DS DS DS

Figure 54.Optimized flows of transmission Links supplying Medenine without MODFLOW
model on the period 2010-2015.
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It is clear that the “Zeuss Koutine” aquifer (GW_Natural Reghjgis the main source. This
is the result of the pipe limitation coming from the “Bir Mgatiaguifer. The same supply
scheme is observed in the “Reference” scenario. Next figuesent the optimal flows of the
transmission links supplying Jerba and Zarzis cities:

Percert of Thousand C ubic Meter

Jn Al Ot Jam A Jl Ot Jan A i Oct Jam Aw Jil Ot Jam Ar Ji Ot Jam Al Ot
010 2010 2010 2010 2011 01 01 01 2012 012 N2 MM N3 01 213 D13 N4 014 201 N4 015 N5 015 01

Figure 55.Optimized flows of transmission Links supplying Jerba without MODFLOW
model on the period 2010-2015.

To supply Jerba, the optimal solution uses the four water sourcesudgeof the “Cost
Reduction” objective, the “Sea_Water_Desalinization” plant is aseal complement and not
as main source, starting from 2013. The “GW_Natural_Rechardethstimost used water
source. The “Reference” scenario does not use this water sdartiegsfrom 2013 (see
section 4.3.2). The desalinization plant “Desalinization_Jerba” talse used largely, up to
50 % in some months, between 2010 and 2013. After this date, its contributido ha
reduced especially in peak demand months. The “Desalinization_JerlpaX’ can
contributes with very small percentage to satisfy the demand of Jerba city.

The optimal water supply of Zarzis city (Figure 56) can beiobthby the use of the three
available sources. The “Desalinization_Zarzis” plant and tleei$g Koutine” aquifer have to
be the most used. Even when the “Sea_Water_Desalinization” planbevifitarted, its
average contribution is about 20 % and does not exceed 30 %.

Transmission Link Flow
nario: OFTIMIZATION, Allmontns (12)

s R i G e s Ot Jan G Ot Ja A w0t Jan WOt Jan oot
0 2010 2010 2010 2041 201 AH DM M2 02 12 M2 013 243 13 213 014 Ni4 D14 N4 N5 NM5 25 2015

Figure 56.Optimized flows of transmission Links supplying Zarzis without MODFLOW
model on the period 2010-2015.

In order to compare the temporal modulation of the piezometets kehds of the
“Reference” and “OPTIMIZATION” scenarios, it is presenthd three graphs in figure 58. It
is clearly shown that the largely use of the “Sea Water_Déesaion” plant in the
“Reference” scenario lead to the stabilization of the piez@weatells heads of the “Zeuss
Koutine” aquifer. For the “OPTIMIZATION” scenario, the cells dus continue their
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decrease. This result is expected. It is considered only teenddd Satisfaction” and the
“Cost Reduction” objectives in the present rurAel._ WATER_gw It is also expected to get
lower average cost of the water with the “OPTIMIZATION"esario. Next figure is a
comparison of the “Average Cost of Water” between the two scenarios:

£ Water (per m'3)

B OPTIMIZATION
B Reference

Mz May Ui S Nov Jm Mz May Jui S Nov Jmn M May il S:p Nov Jm M May Ji S Nov Jm Mar May Ji Sz Nov Jmt Mar May Ju S Nov
2010 2010 2010 2010 2011 2011 011 W11 2011 20T 2012 2012 D12 212 W12 012 W01 2013 2013 W13 N1 2013 2018 W16 201 Ve 18 W18 B0 .

Figure 57.0ptimized and Reference “Average Cost of Water” (KWh per m3) with
MODFLOW model on the period 2010-2015.

The “Average Cost of Water” is lower with the “OPTIMIZATND scenario. The difference
is observed for almost all the time steps. Starting from 2013, itherdarge cost difference
between the two scenarios. It is possible to underline that thaipgtion can reduce the
average cost of water by 19 % after 2013 but a greater drawdown will be observed.
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MODFLOWY Cell Head
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Figure 58.Optimized and Reference cells heads of the piezometers Glib Ettine (lipdout

(2) and Ghabbey (3) without MODFLOW model.
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5.5 Optimization results with MODFLOW model

To identify optimal solution considering the fourth objectives functiors the associated
constraints, it is necessary to maintain all the demand site twatelsave a supply from the
“Zeuss Koutine” aquifer. Thus, it is required to change the “Choicg@ameter of the
demand sites nodes used to represent the drainage to the studied ldgutfégure show the
ALL_WATER_gwuser interface after reading the WEAP Area and editisgdéfmand site
file, the linkage shape file and the MODFLOW model.

= ALL_WATER_ gw - WEAP and MODFLOW Inputs fe] =
Options and Inputs = 4
1. WEAP Area . —Settings

Pl ]ZEUSS_KOUTINE_TuniSia

-
: Save
Path: E:WWEARY

2. Read in WEAP Area Data of the WEAP Area are read.
Read

3. MODFLOW Model and .I._inkage

® With MODFLOW Model

Marme and Path of the Linkage Shape File (*.dbf) : .. | Read
|E:\WEAP\ZEUSS_KOUTINE_Tunisia\MODFLOW\ZEUSS_KOUTINE_ZMS.dbf

Marme and Path of the MODFLOWY MNarne File (*.min, *.nam) : Read |
imaillageFINAL |E:\WEAP\ZEUSS_KOUTINE_Tunisia\MODFLOW\maiIIageFINAL_MODFLOW\ |

 Without MODFLOW Model Settings are loaded. ‘

4. Display Optiuns-
Study Area File Linkage Shape File Optimization Screen ‘

Inputs Summary
WEAP Area - ~MODFLOW Model

Mumber of Water Sources :EI Number of Layers :lII

Number of Demand Sites :EI Number of Rows :

MNumber of Transmission Links :EI Number of Columns :

Simulation Period (years):E Number of Active Cells :IE

WEAP Time Unit: Number of Stress Periods | 348

Current Scenario Scenario MODFLOW Time Unit
Account Starting Year End Year :

1982 | [ 2010 | [ 2015 | ConutsLink THEEES |

T it e o 3I| Number of Active Wells :lII

Figure 59.User interface of ALL_WATER_gw after reading inputs for optimization with
MODFLOW model.

As shown in the previous screen shoot, the optimization problem is fdiyyn@diemand site
nodes supplied by 16 transmission links on 72 months: 1152 decision valfdbes
Percentage of Demand”). Except the “Maximal Number of Iteratamd the “Mutation
Probability” considered equal 1500 and 4, respectively, in this step,athe Senetic
Algorithm Parameters and Stopping Parameters of Iterations are used.

After 8 hours, 27 minutes and 15 seconds of execution time, with graphaythigplit is
identified 8 optimal solutions. 45 000 solutions have been evaluated, each mithof the
MODFLOW model. The lowest “Discrepancy” is equal 2.301. Next figure is @s&igoot of
theALL_WATER_gwoptimization user interface:
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= ALL WATER_qw - Optimization - Area: ZEUSS_KOUTINE Tunisia.opt - Period + 2010 - 201
5. Objectives and Constraints

PARETO FRONT
Dbjcctives Con:
¥ Demand Satisfaction 4
¥ Drawdown ization

¥ Cost Reduction

' Quality Satisfaction W Well Maximal Abstraction

6. Genetic Algorithm Parameters

Maximal Number of
e el T = Mutation Probabiiity 04 -
Population Size : 5 Percentage of Efisn JoI %
Archive Set Size:| 100 = StartYear] 2070

Drawdown Minimization : —— — a9\ A3
Water Quality : —— f— = —y
o

ou 5 o
s Y A s
Minimal Accepteble Improvement{ 2001

Stop Optimization ‘ CostReduction Guaity Satsfacton

Progression

Number of Iterations 1500 Number of Optimal Solutions.

Discrepancy {2 301 Execulion Time (him:s} 82715

BEEEREE

ion simulation. click on the button: Evaluate Specific Solufion. on the ‘

v o

P

_ = o
Overview WEAP and MODFLOW Inputs ‘ Exit I A Vs A s

Figure 60.Screen shoot of the ALL_ WATER_gw optimization user interface with
MODFLOW model.

The identified optimal solutions form a compacted PARETO fromiresenting the
relationship between the Demand Satisfaction and the Drawdown Matiomz from one
side, and the Cost Reduction and the Quality Satisfaction from hiee side. The optimal
solutions are characterized by almost the same values of the fitnessrfsincti

The analysis of the objective functions evolution over iteration demabestthat the three
objectives functions displayed show a parallel decrease. The De®agisthction objective
function has a same behaviour as in the run without MODFLOW modetle Tikean
important objective function reduction in the first 200 iterations andsam@totic tendency
after that. The Drawdown Minimisation objective function shows a contiediection up to
the last iterations. The Cost Reduction objective function showed alsomparative
behaviour as in the previodd. L _WATER_gwrun. There is a small and continue reduction
over iteration up to the end of the run. The water quality is not agmnofalr the present case
study. Its objective function is usually equal to 0. All the demares$ gjet water with the
required quality.

As for the first run, the optimal solution that gives the priaigtyhe Demand Satisfaction and
the Drawdown Minimization is chosen to be simulated in WEAP angetirmances are
compared to the “Reference” scenario. The “Demand Sites CoVeobtgined by the
simulated optimal solutions for the 8 demand site nodes are presented in theunext fig

Demand Site Coverage (% of requirement met)
Scenario: OPTMZATION, All months (12)

LA LT T T S S T S S S s A A s s
SIS IAI IS IS IS SIS AN IS IS IS SIAIIAS SIS SIS A SN IN I I

L L T

|
=
=
(=)
=
-
-
-

Jan Mar Jun  Sep Dec Mar Jun Sep Dec Mar Jun Sep Dec Mar Jun Sep Dec Mar Jun Sep Dec Mar Jun Sep Dec
20102010 2010 2010 2010 2011 2011 2011 2011 2012 2012 2012 2012 2013 2013 2013 2013 2014 2014 2014 2014 2015 2015 2015 2015

Figure 61.Demand Site Coverage of the simulated optimal solution with MODFLOW model
for the period 2010-2015.
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The last graph shows that the water demands are satisfielll tine atime steps of the
optimization period. Next figures explain the water deliverechéodemand sites with more
than one transmission link. It is the cases of Medenine, Jerbas ZamiBenguerdene. For
the demand site nodes supplied by one transmission link, the coverage is always 100 %.

The optimal supply scheme of Medenine city is detailed in the next figure:

Scenario; OF'TIM\ZAT\ON Au ronths s (12)

100 tural Medenine
‘ ‘ ‘ ‘ - Transmissior L kiv mE Mg
20

Jan  Apr Ju Oct Jan Apr Ju Oct Jan Apr Jul Oct Jan Apr Ju Oct Jan Apr Ju Ot Jan Apr Jul  Oct
2010 2010 2010 2010 2011 2011 2011 2011 2012 2012 2012 2012 2013 2013 2013 2013 2014 2014 2014 2014 2015 2015 2015 2015

Percent of Thousand Cubic Mete

Figure 62.0ptimized flows of transmission Links supplying Medenine with MODFLOW
model on the period 2010-2015.

Seen the physical limitation of the “Bir Mgarine” transmisslink, Medenine city has to be
supplied mostly from the “Zeuss Koutine” aquifer. Its contribution igallg more than 70 %.
The same option is also need when supplying Benguerdenentlged, “Maouna” aquifer
has to be used at almost 100 %, as shown in next figure:

OF'T\MIZATION Aurm ths (12)

and Cubic Meter

Percent of Thous

] Link from GW_Natural_Recharge to Benguerdene
= Bl Transmission Link from GW_Maouna to Benguerdene

o

Jan Apr Ju Oct Jan Apr Jul Oct Jan Apr Ju Oct Jan Apr Jul Oct Jan Apr Ju  Oct Jan Apr Ju Oct
2010 2010 2010 2010 2011 2011 2011 2011 202 2012 202 2012 2013 2013 2013 2013 2014 2014 2014 2014 2015 2015 2015 2015

Figure 63.Optimized flows of transmission Links supplying Benguerdene with MODFLOW
model on the period 2010-2015.

The optimal solution simulated by WEAP recommends supplying Jgdm “Zeuss
Koutine” (45 — 65 %) and “Desalinization_Jerba” plant (55 — 35 %) until 28teBting from
this date, the “Sea_Water_Desalinization” and “Desalinization_Jethalants need to be
used. The observed result in the next figure is a considerableiogdoicthe abstraction from
the “Zeuss Koutine” aquifer.
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sion Lin
ATION, Hmnm (12)
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Figure 64.Optimized flows of transmission Links supplying Jerba with MODFLOW model
on the period 2010-2015.

To reduce the abstraction from the “Zeuss Koutine” aquifer, thalaied optimal solution
proposes to use the “Zeuss Koutine” aquifer only in the peak waterndemdh a
contribution less than 25 % of the monthly demand. The “DesalinizatiorisZatant has to
be the mostly used until 2013. After, the “Sea_Water_Desalinizgblant becomes the main
water source for Zarzis and the abstraction from “Zeuss Kouineiore reduced. The next
figure presents the contribution of each of the water sources to supply Zstzis cit

Transmission Link Flow
‘Scenario: OPTMZATION, All months (12)

B
100 - = =kt
||| I E

and Cubic Meter

Percent of Thous:

o

Jan Apr i Oct Jan Apr Ju Oct Jan Apr Ju Ot Jan Apr Jul  Oct Jan Apr Ju Ot Jan Apr Jul Oct
2010 2010 2010 2010 2011 2011 2011 2011 2012 2012 212 2012 2013 2013 2013 2013 2014 2014 2014 2014 2015 2015 2015 2015

Figure 65.Optimized flows of transmission Links supplying Zarzis with MODFLOW model
on the period 2010-2015.

The optimal groundwater management ensures a least “AverageoCd&ter” than that
characterizing the “Reference” scenario. Next figure detail tlEg\W/ variable:

Average Cost of Water (per n1'3)
Allmonths (12)

21 I oPTmzAToN
Reference

U.S. Dolar

Jan Mar Mey Ju Sep Nov Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov Jen Mar May Jul Sep Nov
2010 2010 2010 2010 2010 2010 2011 2011 2011 2011 2011 2011 2012 2012 2012 2012 2012 2012 2013 2013 2013 2013 2013 2013 2014 2014 2014 2014 2014 2014 2015 2015 2015 2015 2015 2015

Figure 66.Optimized and Reference “Average Cost of Water” (KWh pdnmith
MODFLOW model on the period 2010-2015.
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The monthly relative difference of the average cost of water is presertednaxt figure:
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Figure 67.Monthly relative difference of the “Average Water Cost” on the period 2010-2015.

Two phases characterize the relative difference between thaizgadi and the Reference
“Average Cost of Water”. In the first one (2010 — 2012), the “OPTWIKON” scenario
ensures higher costs (+2.1 %) with an average of 1.358 KWhivhen the
“Sea_Water_Desalinization” plant will be build (2013), the optimal graatelr management
ensures lower average cost, of about 1.597 K\WWHine relative cost reduction is estimated
to - 8.3 %.

The optimal groundwater management of the “Zeuss Koutine” aquifeth@ndther water
sources lead to a particular cell heads. Next figure dagitell heads modulations over time
for the main piezometers used to control the “Zeuss Koutine” aquifer.

The three graphs show that the cell heads generated by the t®imuéa the optimal
groundwater abstraction are close to those obtained when the ‘iRefeseenario is applied.
Indeed, the maximal observed difference between the optimized arefd¢hence cell heads
is estimated to 2 m, in the piezometer Glib Ettine (Row 23 ur@nl28). It represents 5.8 %
of the reference cell head. For the piezometers Koutine and Ghalbeyakimal difference
between the optimal and the reference cell heads are 1.9 and 1.7 m, respectively.

In comparison of the optimal cell heads obtained without the “Doswa Minimization”
objective function, it is underlined that considering all the objectilesv the identification
of optimal solution that satisfy the demand and the quality requisnaad reduce the cost
and the continues drawdown.

When considering the “Drawdown Minimization” objective function thgimal solution
identifies a groundwater management that reduces in paralleogtewhile reducing the
continue drawdown. The cost reduction is less than that obtained bytiimézafion without
the MODFLOW model (19 %). It is possible to consider that. WATER_gwidentified a
compromise between all the objectives.
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Figure 68.Optimized and Reference cells heads of the piezometers Glib Ettine (lipdout
(2) and Ghabbey (3) with MODFLOW model.
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6 Conclusions

This report has presented in the first part the elaboration sW&#&P-MODFLOW DSS for
the “Zeuss Koutine” aquifer in Tunisia. The second part of the rd@astbeen reserved to
demonstrate the use of theLL_WATER_gw software to optimize the groundwater
management.

At the end of this document, it is important to conclude that to leattheé groundwater
management optimization step; it is required to ensure firdauhe of MODFLOW model.
A monthly time step model will be the better to take pro@itrf the optimization. The second
requirement is the WAEP-MODFLOW DSS elaboration. User nezde tfamiliar with the
WEAP functionalities and has to understand all the inputs and outpilns efaborated DSS.
At this level of skill, it will be easy to start using td.L_WATER_gw software for
groundwater optimization, following the user manual and the present report.

As presented her, the best option is to perform optimization ofag® study without the use
of the MODFLOW model, as first step. This allows getting long fast runs to identify the
best values of the parameter of the Genetic Algorithm and those for stopping tiengera

One of the main steps of the optimization is the identificatidche@flemand sites that need to
be optimized. It is usually those supplied by more than one trangmitek if the
MODFLOW model is not used. When the MODFLOW model is used to conipete
“Drawdown Minimization” objective function, all the demand site comeed¢o the aquifer,
through the linkage shape file, have to be considered, even if thesupplied by only one
transmission link.

In the present study, it is required more than 8 hours to get timabggblutions. This is the
result of the problem complexity: 1152 decision variable to be defingdeié is hardware
and/or time computing limitation, user has to simplify his problems Tan be done by
reducing the number of the demand sites to be optimized, accordihgitacénsumption
importance or when their optimal management is almost known. Tloads@&ption is to
reduce the optimization period. Indeed, optimize the groundwater managéndnhg
period can not be realistic. Physical and hydraulic condition cangehaver time. It is
sufficient to optimize the groundwater management of only one Vhare is also the option,
offered by ALL_WATER_gw, to stop the optimization process and to get the identified
optimal solution if the allocated time by user is finished.

About the case study results, it is possible to concludeAttiatWATER_gwwas capable to
identify optimal solutions that can improve groundwater managermeatsimulated solution
in WEAP-MODFLOW DSS demonstrated their capability to redinee “Average Cost of
Water”, in comparison with the “reference” scenario, while saiig all the water demands
and the quality requirements. When the MODFLOW model is used antDthgvdown
Minimization” is considered, the optimal solution ensures in additiersile reduction of
the cell head continue decrease. While the “Drawdown Minimizationgctibg function
constitutes a time computing constraints Aul. WATER_gw it has a valuated income in
the water management optimization.
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