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COMMON PROPERTY CHARACTERISTICS 
OF WATER RESOURCES

• Surface Water

• Externalities in flow direction only

• Groundwater

• Complex externalities depending 
on hydrogeology

• Type of externalities 

• quantity (volume/timing) & quality

• negative & positive

upstream
downstream

well 1 well 2



• Key questions
• What are the tradeoffs?
• Gains & costs of Cooperation and implications for enforceability?

•Key task for answering those
• Approximating the Pareto front

private property characteristics
typical common property 

characteristics

Source: Siegfried (2005)

MULTIPLE OBJECTIVES IN 
WATER MANAGEMENT
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System Model
Finite-Difference

Aquifer Model

Variator
Proposition of new strategies / 

Evaluation of old strategies 

Selector
Multi-objective Optimization

 (SPEA2)

piezometric levels vector-valued
objective function

candidate solutionsnew well placements &
pumping strategy

iterate until 
stopping criteria 

true

ALGORITHM
Multi-Objective Evolutionary Algorithm propagates a family of 

allocation strategies and improves them successively through concepts 
borrowed from natural evolution (selection / mutation / etc.)

Source: Siegfried (2009)

Problem dependent part Problem independent part



APPLICATION -
NORTH-WEST SAHARA AQUIFER SYSTEM

Transboundary (common-pool) fossil groundwater reserve 
shared by Algeria, Libya & Tunisia

Algeria

Libya

Tunisia

Aquifer system extent

Demand Centers



AQUIFERS
TC: Terminal Complex

IC: Intercalary Continental

Simplified SW-NE cross section through the TC and IC systems

TC aquifer
IC aquifer

Source: Mamou (1990)



SOCIO-ECONOMIC DEVELOPMENT
Countries motivated by food security considerations & policies of 

self-sufficiency through import-substitution 
↓

Expected rise of groundwater pumping 
from100 m3/s in 2010 to 500 m3/s in 2050
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FUTURE
•  Recharge: ~30 m3/s

•  Stored volume: ~ 100’000 km3

•  Exploitable volume: ~10’000 km3

•  Future max. expected demand (year 2050): ~500 m3/s
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FUTURE
•  Recharge: ~30 m3/s

•  Stored volume: ~ 100’000 km3

•  Exploitable volume: ~10’000 km3

•  Future max. expected demand (year 2050): ~500 m3/s

➡ Supply theoretically secured for 600 years

➡ Why worry?



Declining Piezometric Levels

Mamou, 1990 

Spring yield 
vanished

ADVERSE DEVELOPMENTS

Source: Mamou, 1991

Declining piezometric levels → no more water harvesting ‘for free’



Deterioration of Groundwater Quality

Source: T. Siegfried

•Deterioration of groundwater quality
•Widespread soil salinization and soil fertility decline

ADVERSE DEVELOPMENTS



Saltwater Intrusion in Coastal Areas

N
Mediterranean Sea

Polluted area, 1957

Polluted area, 1995Libyan mainland
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TajuraTripoli

Source: P. Pallas (personal communication)

Saline seawater intrusion along coastline

ADVERSE DEVELOPMENTS



Regional–Scale Simulation Optimization Approach

Figure 3.1: Piezometry of the IC aquifer at different years. Left: Undisturbed heads in
the year 1950 (initial model condition). Right: Heads calculated in 2050 with a tripled
basin–wide demand over the next 50 years (Abegglen et al., 2001b).

∫ Tend

0

exp−δt (ĝ(·)) dt (3.1)

over the planning horizon (compare Equation 1.2 in Chapter 1). Due to the scale
of the resource and the fact that more than 50% of the public sector investment in
agriculture is related to water provision in Northern Africa (Pérennès, 1993), capi-
tal gains due to such optimal resource management, if any, will be considerable. In
Tunisia for example, the cost of irrigation development for the public schemes varies
between $US 6’000 and 7’000 $US/ha depending on the size of the scheme (in year
2’000 $US). The annual operation and maintenance costs are about 130 $US/ha
(FAO, 2004b). Clearly, freed capital assets resulting from an optimal management
enhance social welfare. Intrinsically related to that, it would increase national in-
come defined as the amount of consumption that can occur without the depletion
of one’s wealth, including natural resources. Such will be our motivation in the
following simulation–optimization approach. For that purpose, a finite difference
model of the NWSAS is developed and consecutively coupled with an optimization
algorithm to identify cost minimizing allocation patterns in time and space.

3.2 NWSAS Finite–Difference Aquifer Model

A finite difference groundwater model was realized in PMWIN using MODFLOW
(Chiang & Kinzelbach, 2001; Harbaugh & McDonald, 1996). It provides the feedback
necessary to evaluate strategies. The detailed description of the model development
and its calibration can be found in Abegglen et al. (2001b), Abegglen et al. (2001a)
and Beck (2002). The initial cell discretization was chosen to be 25 km x 25 km.
For later use in the simulation–optimization calculations, a coarser model with cell
size 50 km x 50 km which was built upon the detailed one, was utilized. The aquifer
layers were modeled to be partially convertible between confined and unconfined,

Algeria Algeria
Tunisia Tunisia

LibyaLibya

Source: Beck & Siegfried (2002)

Forbiddingly high drawdowns over time, 
esp. in Algerian / Tunisian Chott regions 

→
KEY QUESTION: Benefits from optimal, cooperative pumping?

ADVERSE DEVELOPMENTS

CI: Piezometric levels 1950 CI: Piezometric levels 2050

drawdown > 200 meters



APPROXIMATING THE PARETO SET
Coupled simulation & multi-objective optimization approach

q2

c1

c2

Pareto 
front C*

Objective Space C, Σ COSTS

q1

Pareto Set of 
policies Q*

Decision Space Q, Pumping (X,t)

CooperativeNon-cooperative Cooperative Non-cooperative

Source: Siegfried (2009)

Resource Model + Economic Model

Multi-Objective Optimization Framework



f (Libya)

f (Algeria)
f (Tunisia)

Per unit costs rise can be greatly reduced with intelligent pumping
→ 

•Each country can gain from following the ‘best’ cooperative strategy
•Gains are key incentives with regard to enforcement

Pareto (Trade-Off) Surface 
(present costs, year 2000)

Status Quo Cooperation

Algeria 35 8

Tunisia 31 3

Libya 29 4

Source: Siegfried (2005, 2007, 2009)

Rise of per unit provision 
costs relative to year 2000 

per unit costs

KEY FINDING
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CHARACTERISTICS OF OPTIMAL SOLUTIONS
Intermittent pumping between aquifers & well fields

Source: Siegfried (2005, 2007, 2009)

establish a transnational institution that would regulate
resource allocation in this area. For this, the establishment
of the trinational consultation mechanism with regard to
transboundary groundwater issues has laid a promising
foundation.

7. Conclusions

[71] Traditional, gradient-based optimization techniques
overly restrict the allowed complexity of the optimization
problem. The development of recent multiobjective evolu-
tionary optimization algorithms and their capability of
successfully handling complex simulation optimization

models motivated the development of a multiobjective
groundwater management tool. The model is tested on a
real-world supply problem where three countries have to
decide upon their distribution of pumping over a given time
horizon so as to minimize their corresponding costs. Con-
sequently, a cooperative strategy is ranked against a nonco-
operative status quo strategy.
[72] The cooperative perpetuation strategy allows free

distribution of demand over existing infrastructure, irrespec-
tive of national borders. Model results show that average
per unit water provision prices in the year 2050 are 7 times
smaller for the perpetuation strategy compared to the status
quo. Therefore it appears to be individually rational for the

Figure 10. Optimal scheduling showing intermittent pumping within clusters and between the two
aquifers, TC and IC. The lower peak of z for network cluster K2 (light green) vanishes in period t = 12,
that is, in the year 2012, which indicates collapse of pumping within one finite difference cell. Note that
the cluster numbers refer to the individual provision networks that serve the corresponding demand
centers as shown in Figure 5.

Figure 11. Percentage of pumping in foreign countries compared to total country demand for each
country.
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the IC in Tunisia is more than 1000 m deep and boreholes
therefore expensive to drill. Furthermore, optimization pro-
poses that Tunisia gets part of its water to supply the
Nefzawa oases from the southern Ghadames well field in
Libya where the three countries join near the oasis of
Ghadames. The Ghadames well field serves the western
branch of the Great Man Made River with groundwater
from the IC.
[69] Libya finally should spread pumping of the Gha-

dames well field over a greater area than initially planned.
However, we do believe that the Libyan authorities planned
the well field in the Ghadames region on the basis of
detailed knowledge about the resource and its properties.
It is not conceivable that a well field installation of this size
with an estimated maximum yield of 20 m3/s would require
relocation after that short a time of less than 20 years in

operation (see IC plots in Figure 9). In fact, a lifetime of
approximately 40 years of the Libyan well field infrastruc-
ture has been assumed by Libyan authorities (personal
communication, O. Salem and L. Madi, 2002). The bore-
hole dynamics in that region proposed by our modeling
results might be related to a locally wrong conceptualization
of our finite difference NWSAS model.
[70] Compared to the overall quantity pumped, the share

of transboundary water transfer as proposed by this best
allocation policy is marginal as proposed by the optimized
location allocation schemes. In other words, benefits result
from intelligent pumping scheduling within the countries.
This is mainly because of the immense resource size and the
transnational distances between the demand centers. As
optimization results show, only the Chott region could profit
from transboundary management and it seems beneficial to

Figure 9. Density plot of the well locations as proposed by the last-generation individuals. The dark
blue cells indicate that all of the nondominated solutions propose pumping at this location. Red to light
colors indicate that only parts of the solutions propose pumping at the corresponding finite difference
cells. A shifting in the location of the IC pumping activity over time is visible in the central basin. This
shift is induced by deep cones of depressions developing in the confined IC indicating an economic
scarcity depth.
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CONCLUSIONS

• Successful development of multi-objective optimization algorithm 
for approximating Pareto fronts

• Allows to identify optimal space-time pumping strategies in 
arbitrarily complex aquifers

• Benefits & costs from cooperative resource use can be quantified

• In the case of the NWSAS, cooperation means coordination

• Crucial input for decision-making and subsequent bargaining   
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