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Uncertainty or Flexibility?
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Research Objectives and Motivation

1. Why ”operational flexibility”?
2. Does this hold in other contexts?
3. How do we introduce operational flexibility in WDS planning?

1. How sensitive are WDSs to operations?
2. How do we quantify operational flexibility?
3. How do we exploit operational flexibility?
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Long-term PhD research question:
Can we introduce flexibility in WDS planning/long-term design 
through the operations of the active elements?

Steps:

Today’s focus!



Case Study: Anytown*
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New pipes
- Diameter

Existing pipes
- Do nothing
- Clean
- Duplicate

New tanks
- Location
- Volume

Decision variables
Design

Objectives
Net Present Value (Cost)

C0 Immediate capital expenditure
Ct Yearly pumps’ electricity cost

Todini’s Reliability Index

Constraints (Design requirements)

Operations

Pumping station
- Schedule

Meet demand and min. pressure at
- instantaneous peak flow
- fire flow conditions
- average daily pattern
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*Full original formulation: Walski et al., 1987 

A measure of energy surplus to 
meet required demand 𝑞∗and 
head ℎ∗. Todini, 2000
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Methodology
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Pure design
Integrated

Integrated
Two-phase looped

Two-phase looped
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Pure design

Optimization Algorithm Problem Simulation

Design Decision Variables

Fitness Function

[𝑱𝟏, 𝑱𝟐, 𝑪𝟏, 𝑪𝟐, ⋯ ]

[𝒙𝟏
𝑫, 𝒙𝟐

𝑫, ⋯ , 𝒙𝒏𝑫𝑫𝑽
𝑫 ]

[𝒙𝟏
𝑪, 𝒙𝟐

𝑪, ⋯ , 𝒙𝒏𝑪𝑫𝑽
𝑪 ]

Control Decision 
Variables

Stop?
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Integrated

Optimization Algorithm Problem Simulation

Decision Variables

Fitness Function

[𝑱𝟏, 𝑱𝟐, 𝑪𝟏, 𝑪𝟐, ⋯ ]

[𝒙𝟏
𝑫, 𝒙𝟐

𝑫, ⋯ , 𝒙𝒏𝑫𝑫𝑽
𝑫 , 𝒙𝟏

𝑪, 𝒙𝟐
𝑪, ⋯ , 𝒙𝒏𝑪𝑫𝑽

𝑪 ]

Stop?
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Two-phase looped

Optimization Algorithm

Problem Simulation

Design Decision Variables

Fitness Function

[𝑱𝟏, 𝑱𝟐, 𝑪𝟏, 𝑪𝟐, ⋯ ]

[𝒙𝟏
𝑫, 𝒙𝟐

𝑫, ⋯ , 𝒙𝒏𝑫𝑫𝑽
𝑫 ]

[𝒙𝟏
𝑪, 𝒙𝟐

𝑪, ⋯ , 𝒙𝒏𝑪𝑫𝑽
𝑪 ]

Control Decision Variables

Optimization 
Algorithm

Problem 
Simulation

Fitness Function

[𝑱𝟏, 𝑱𝟐, 𝑪𝟏, 𝑪𝟐, ⋯ ]
Stop?

Stop?



Experimental Settings
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Implementation:

BeMe Library

EPANET 2.2
Hydraulic time step: 1 h

Pagmo

Design Decision Variables [ 𝒙𝟏 𝒅𝟏 , ⋯ , 𝒙𝒊 𝒅𝒊 , ⋯ , 𝒙𝟑𝟓 𝒅𝟑𝟓 , 𝒅𝟑𝟔, ⋯ , 𝒅𝒋, ⋯ , 𝒅𝟒𝟏 , 𝒕𝟏
𝒍𝒐𝒄 𝒕𝟏

𝒗𝒐𝒍 , 𝒕𝟐
𝒍𝒐𝒄 𝒕𝟐

𝒗𝒐𝒍 ]

Control Decision Variables [𝒛𝟏, ⋯ , 𝒛𝒊, ⋯ , 𝒛𝟐𝟒]

Existing pipes: action diameter New pipes: diameter New tanks: location′ volume

Pump station: # active pumps at each hour

NSGA-II
Population: 100
Generations: 26-30k
Crossover: (0.9,15.0)
Mutation: (1/34,7.0)

Zanutto, 2024
thanks to:
Rossman, 2000
Deb et al., 2002
Biscani and Izzo, 2020



Results
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Integrated
• +180% at 10M
• +70% at 15M
Two-phase
• 150% at 10M
• 55% at 15M



Results- detail-
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There is no clear 
dependence on tanks for 
the joint approaches.

The pure design needs the 
tanks for high reliability!



Results- detail-
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Similar operational 
costs.

Operations behaviour?



Results- detail-
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These are pretty 
standard results.



Results- detail-
Target with 
solid fill

Connections 
with solid fill

Scatterplot 
with solid fill

Gears with 
solid fill

Employee 
badge with 
solid fill

Scatterplot 
with solid fillMagnifying

glass

More local optimum.
Big attractor at Ir = 0.
Convergence issues.
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More local optimum.
Big attractor at Ir = 0.
Convergence issues.
How are operations 
optimised?
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These are pretty 
standard results.

These optimised 
operations don’t work!
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Higher stability.

Greater confusion.

Different attractor.



Material and Contacts
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dennis.zanutto@kwrwater.nl
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Source code (WIP) Zenodo (results)
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