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Abstract: In numerous locations of bulk water supply/distribution systems, energy is dissipated by
pressure-reducing devices, whereas it could be recovered by means of turbines or pumps as turbines.
These pipe systems, owned and operated by municipalities, water utilities, large water-consuming
industries, and mines, could be used as a source of renewable sustainable energy. However, the
exploitation of these systems presents several issues related to the complexity of the operational
optimization of the hydropower generation facilities and to the potential negative impact on the
reliability of the system itself. We have developed a novel procedure to optimize the energy generation
in such a conduit system by assessing the interrelationship of storage volumes, demand patterns,
operating cycles, and electricity tariff structures. The procedure is a multi-objective genetic algorithm
designed to provide a solution to maximize electricity generation and thus revenue and to minimize
the risk involved in supplying the demand. A Pareto-optimal trade-off curve is set up, indicating the
potential benefit (revenue) versus the reliability index (supply security). The results indicate that a
Pareto-optimal trade-off curve was generated from which a solution could be selected which would
improve the weekly revenue by up to 7.5%, while still providing a reliable water supply system.

Keywords: conduit hydropower; energy recovery; genetic algorithm; optimized energy generation;
pareto optimality; renewable energy

1. Introduction

The increasing demand for energy is primarily driven by population growth, industrial
developments, the electrification of transport and heat and air conditioning, and growing
demand for digitally connected devices. This demand needs to be met in order to support
uninterrupted economic growth. However, the climate energy transition requires this to be
undertaken in a sustainable way, by developing new low-carbon generating capacity or by
implementing renewable energy technologies such as wind, solar, biomass, or hydropower
(conventional and unconventional) technologies. Energy efficiency, the optimization of
existing systems, and the pursuit of new approaches in energy generation are all receiving
immense attention.

South Africa (SA) has unfortunately faced capacity constraints in recent years, resulting
in electricity shortages and so called “load shedding”, which refers to an action undertaken
to reduce the load and manage the electricity demand as the demand outstripped the
supply. SA is a water-scarce country and therefore it is recognized that it does not have
the greatest hydropower potential, especially when compared with other countries in
Africa. Due to this water scarcity, large quantities of raw and potable water are conveyed
through conduits over long distances and elevations. These water delivery systems have
to be operated effectively to ensure a sustainable and reliable water supply. In cases

Sustainability 2022, 14, 7876. https://doi.org/10.3390/su14137876 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14137876
https://doi.org/10.3390/su14137876
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3830-526X
https://orcid.org/0000-0003-0829-0965
https://orcid.org/0000-0002-7122-6627
https://doi.org/10.3390/su14137876
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14137876?type=check_update&version=2


Sustainability 2022, 14, 7876 2 of 20

where conduit hydropower is added into the system, the operating of the system has to
be carefully managed. Municipalities, water utilities, large water-consuming industries,
and mines could consider the development of the opportunities which exist regarding
small-scale hydropower installations in their water infrastructure. Most of these water
supply/distribution systems could be equipped with energy recovery devices (ERDs),
such as turbines or pumps-as-turbines, supplementing and reducing the requirements
for conventional energy-dissipating devices such as pressure-reducing valves [1]. The
generated hydroelectric energy may be used onsite, supplied to the national electricity grid,
or fed into an isolated mini-grid.

Several studies have been published on energy recovery from the water supply and
distribution networks, and Table 1 provides an overview of the literature, which is also
well summarized in a review by Pérez-Sánchez et al. [2]. As can be seen in Table 1, these
studies focus on various aspects of energy recovery; ranging from turbine selection; the
optimization of efficiency; the development of new turbines; simulation and modeling of
turbines up to the evaluation of environmental, economic and social benefits; as well as
policies which govern their implementation.

According to Van Dijk et al. [3], there are basically six areas where energy can be
generated in a bulk water supply and distribution system, as shown in Figure 1.

1. Dam releases, which feed into the bulk supply line/transfer scheme;
2. Inline conduit hydropower, where excess pressure is available along the pipeline

route;
3. Break pressure tanks along the pipeline route;
4. Water-treatment works (raw water),where excess energy needs to be dissipated before

entering the treatment facility;
5. Potable water at reservoirs (pressure-reducing valves (PRVs)), where excess energy is

dissipated before entering the distribution/service reservoir; and
6. Potable water at pressure-reducing stations (PRSs) in the supply network or at specific

locations in the network.

Sustainability 2022, 14, x FOR PEER REVIEW 2 of 22 
 

countries in Africa. Due to this water scarcity, large quantities of raw and potable water 
are conveyed through conduits over long distances and elevations. These water delivery 
systems have to be operated effectively to ensure a sustainable and reliable water supply. 
In cases where conduit hydropower is added into the system, the operating of the system 
has to be carefully managed. Municipalities, water utilities, large water-consuming indus-
tries, and mines could consider the development of the opportunities which exist regard-
ing small-scale hydropower installations in their water infrastructure. Most of these water 
supply/distribution systems could be equipped with energy recovery devices (ERDs), 
such as turbines or pumps-as-turbines, supplementing and reducing the requirements for 
conventional energy-dissipating devices such as pressure-reducing valves [1]. The gener-
ated hydroelectric energy may be used onsite, supplied to the national electricity grid, or 
fed into an isolated mini-grid. 

Several studies have been published on energy recovery from the water supply and 
distribution networks, and Table 1 provides an overview of the literature, which is also 
well summarized in a review by Pérez-Sánchez et al. [2]. As can be seen in Table 1, these 
studies focus on various aspects of energy recovery; ranging from turbine selection; the 
optimization of efficiency; the development of new turbines; simulation and modeling of 
turbines up to the evaluation of environmental, economic and social benefits; as well as 
policies which govern their implementation. 

According to Van Dijk et al. [3], there are basically six areas where energy can be 
generated in a bulk water supply and distribution system, as shown in Figure 1. 
1. Dam releases, which feed into the bulk supply line/transfer scheme; 
2. Inline conduit hydropower, where excess pressure is available along the pipeline 

route; 
3. Break pressure tanks along the pipeline route; 
4. Water-treatment works (raw water),where excess energy needs to be dissipated be-

fore entering the treatment facility; 
5. Potable water at reservoirs (pressure-reducing valves (PRVs)), where excess energy 

is dissipated before entering the distribution/service reservoir; and 
6. Potable water at pressure-reducing stations (PRSs) in the supply network or at spe-

cific locations in the network. 

 
Figure 1. Locations with energy generation potential (adapted from [3]). Figure 1. Locations with energy generation potential (adapted from [3]).

Many studies have demonstrated the economic and environmental benefits of energy
recovery systems implemented in water supply and distribution systems [4–9]. Their
analyses have shown that the benefits of selling energy and generating revenue and/or of
reducing operational costs allowed the achievement of acceptable payback periods [4,10,11].
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These benefits can be even more significant in countries such as South Africa, which has
been facing high tariff hikes since 2008 (with some years having increases greater than
20%).

Table 1. Researched topics related to energy recovery from water supply and distribution networks
(adapted from [2]).

Researched Topic References

Reduction of leaks, decreasing the pressure in water supply systems and
increasing the efficiency [12–20]

Proposal to use adapted machines (PATs and tubular propeller) in water
supply systems to reduce the pressure [21–24]

Description and operation of a PAT with a review of available
technologies [25–30]

Performance and modeling of a PAT [26,31–38]

Installation of energy recovery systems or devices in water supply
networks [1,4,9,11,15,17,39–51]

Implementation of simulations to determine the theoretical recovered
energy in water supply and irrigation systems [52–62]

Design of variable operating strategies to maximize the recovered energy [12,14,40,63]

Economic cost of implementing recovery systems in water supply and
irrigation networks [10,12,25,64,65]

Environmental advantages [22,66,67]

Policies and analyses to help development [31,68–73]

Pilot plants built in water supply networks [4,6–8,50,51]

Optimization to maximize recovered energy in water supply systems [58,62,74–77]

In the literature it has been widely recognized that the problem of the introduction of
an ERD in a pipe system has to be faced by applying optimization strategies with different
purposes, for example, revenue maximization. However, each proposed optimization
strategy is characterized by simplifications, affecting the accuracy of the results. For
example, the real operating conditions of a water distribution network are only partially
considered in the assumptions of mean demand value or modulation curves. Moreover,
several studies did not model the real turbine behaviour, neglecting the influence of the
system’s operating conditions on the turbine efficiency and operating range.

These limits were clearly highlighted in a review by Pérez-Sánchez et al. [2], where
the need to implement, as part of the optimization procedure, the real operating conditions
for both the system and the energy recovery devices is identified as the key challenge
in the development of optimization methods. Similar conclusions were also drawn by
Delplanque et al. [78], who indicated that simulation tools must be expanded to include the
option to simulate a turbine as part of the water distribution model. According to Pérez-
Sánchez et al. [2], different case studies have been evaluated using specific software (e.g.,
EPANET and WaterGEMS), which have been combined with optimization methodologies
to maximize the recovered energy.

The challenges involved in optimizing water distribution systems in real operating
conditions are mainly due to the nature of the variables (both real and discrete), as well
as the size of the solution space. Moreover, depending on the optimization goals, the
optimization variables are different, and a number of boundaries and constraints have
to be considered [79]. For example, a major problem for water supply authorities is to
select those components in a network that should be changed, increased, or replaced to
ensure a sustainable service for consumers at the lowest cost. Water supply authorities also
face other problems, such as the network design itself, network calibration, operation, and
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reliability. Table 2 reports a non-exhaustive summary of the possible optimization fields
with the related goals, variables, and constraints.

Table 2. Types of optimization for water supply/distribution systems (adapted [79]).

Optimization Type Objective Possible Variables Main Constraints

Design Minimize cost Pipe layout; pipe diameters;
pipe rehabilitation

Min level of service; available
diameters; rehabilitation options;

available budget; LCC

Operation Minimize operational cost Pump controls; reservoir
levels; sources and capacity

Min level of service;
number of pump switches; source

capacity; pump capacity

Calibration Minimize difference between
model and observed values

Valve settings; pipe roughness,
diameter; leakage; demands System layout; available data

Level-of-service
Maximize level of service, e.g.,

pressure, water quality or
reliability

All of the above System configuration; budget

Monitoring system design Minimize cost of monitoring
system

Number and position of
monitoring points System configuration; budget

Conduit hydropower Maximize energy generation
potential

Turbine selection; reservoir
levels; sources and capacity;

operating scenarios

Acceptable operating risk levels;
hydraulic operating range;

pressure requirements; source
capacity; turbine capacity; LCC

There are numerous recent studies which highlight the importance of the application
of multi-objective optimization algorithms in the energy engineering field [80–85]. A multi-
objective optimization is a reliable approach as in these types of problems, the intention is
to obtain a collection of solutions which satisfy the objective functions to various degrees,
with which a Pareto frontier can be formed, presenting the probable answers through the
function zone [83].

2. The Optimization Problem in Water Distribution/Supply Networks

Water supply and distribution systems consist of a complex network of interconnected
pipes, service reservoirs, and pumps, and nowadays also turbines, which deliver water
from the treatment plants to the consumers. Frijns et al. [75] indicates that there is a
significant potential for energy recovery through the use of micro-hydropower installations
in water supply systems, but to exploit this potential and to balance this hydro energy with
the optimal hydraulic performance and water supply service, multi-objective management
tools are needed. First, the distribution of water through the supply and distribution
system is governed by complex, non-linear, non-convex, and discontinuous hydraulic
equations [86]. Adding to this complex network of components, the hydropower plant
from which the maximum benefit needs to be extracted requires a methodical procedure to
evaluate the interrelationship between storage volumes, supply/demand patterns, turbine
selection, operational flexibility, and the reliability of supply. Finally, in the formulation
of the optimization algorithm, natural or logical constraints need to be identified and
considered.

The identification of these constraints is site-specific and, in some cases, requires:

• A dynamic analysis of the pipe system to determine safe operational ranges (maximum
velocity; pressure);

• A hydraulic assessment of the pipe system (pressure and flow measurements from
which the pipe roughness can be back calculated);

• Definition of the acceptable reservoir levels (which could be based on the proposed
location of the hydropower plant in relation to other storage facilities); and
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• Analyses of the water source to determine the historical supply characteristics and
physical constraints.

Numerous optimization algorithms have been described in the power engineering
literature. Most of these approaches are heuristic and rely on innovative search techniques
drawn from biological and physical processes [87]. The proposed genetic algorithm (GA)
used in this paper falls in the evolutionary algorithm class, where rules and logic are
applied, resulting in the search space being reduced and allowing for the solution of
challenging optimization problems.

GAs have been successfully applied as search techniques for numerous civil engineering
problems, such as in structural design optimization, construction scheduling, transportation
scheduling, water distribution network evaluation, pump scheduling, network calibration,
hydrological runoff predictions, and resource utilization. A GA is a search technique inspired
by Charles Darwin’s theory of natural evolution and according to Michalewicz [88], this can
basically be described as reflecting the process of natural selection where the fittest or strongest
individuals are selected for reproduction to produce the offspring of the next generation.

GAs imitate nature’s optimization technique of evolution, i.e., have biological pro-
cesses at their inspiration, and are based on:

• Selection and thus survival and reproduction of the fittest members of the population;
• The maintenance of a population to have diverse members at all times;
• The inheritance of genetic information from parents i.e., combining fit solutions; and
• The occasional mutation of genes, resulting in incremental alteration of the present

solution.

A GA evolves and finds optimal solutions by sampling from the total solution space
where the best of these solutions are combined, using the genetic operators of crossover
and mutation, to form new solutions. The identification of these best solutions is performed
based on a set of objective functions. This process continues until some termination
condition (convergence criteria and/or a number of maximum iterations) is fulfilled.

The present study was based on a real coded genetic algorithm (RCGA) in which the
population was ranked based on their fitness values (for example, generated electricity,
including penalty constraints) and the elitist status, i.e., the higher the fitness values the
higher the probability of being selected for reproduction.

The RCGA was applied to an optimization problem with the goal of maximizing
the net annual income from hydropower generation in a water supply system within
acceptable reliability regimes of operation. It is clear that the problem requires a multi-
objective optimization procedure, since both the maximization of the electricity generation
(i.e., of the revenue) and the minimization of the risk of non-supply (i.e., the maximization
of the system reliability) have to be searched.

To develop an optimization procedure, it is first necessary to define the object of the
optimization and then to express the optimization goals in terms of mathematical objective
functions.

In this paper the optimization object, conduit hydropower plants (CHPs) inserted in
the water distribution/supply networks, were targeted. Figure 2 shows a general scheme
of the targeted system, which is similar to that proposed by Cheng et al. [89].

The first goal of the optimization procedure was to maximize the generation output
from a CHP over a defined operating period according to the typical historical supply and
demand patterns. So, the first objective function Fj to maximize the revenue deriving from
the generation of the j-th CHP was formulated as follows, in Equation (1):

Fj = max
T

∑
t=1

(
ρgHt,jQh,t,jηt,jCt,j

)
(1)

where:

• T is the operating period (for example, one week of operation)
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• ρ is the water density (kg/m3) and g is the gravitational acceleration (m/s2)
• Ht,j is the average head of the j-th CHP within time period t (m)
• Qh,t,j is the average water discharge of the j-th CHP within time period t (m3/s)
• ηt,j is the average hydropower plant efficiency of the j-th CHP within time period t (%)
• Ct,j is the energy tariff within time period t (unit cost/kW)
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This objective function aims to maximize the revenue that can be extracted from the
water supply system by evaluating CHPs at specific locations.

This first objective function is subjected to the following constraints:

• Reservoir storage limits (Equation (2))

Vt,j,min ≤ Vt,j ≤ Vt,j,max (2)

where Vt,j is the volume of the reservoir storage at the beginning of the period t (m3)
and Vt,j,min and Vt,j,max are the minimum and maximum values allowed, respectively.

• Pipe system discharge limits (Equation (3))

Qt,j,min ≤ Qt,j ≤ Qt,j,max (3)

where Qt,j,min and Qt,j,max are the minimum and maximum values of the water dis-
charge capacity of pipe system (m3/s).

• Hydropower station power generation limits (Equation (4))

Nj,min ≤ ρgHt,jQh,t,jηt,j ≤ Nj,max (4)

where Nj,min is the minimum hydropower power generation and Nj,max is the maxi-
mum installed capacity (kW).

• Hydropower station discharge limits (Equation (5))

Qh,t,j,min + Qb,t,j,min ≤ Qt,j ≤ Qh,t,j,max + Qb,t,j,max (5)

where Qh,t,j,min and Qh,t,j,max are the minimum and maximum water discharge capacity
of the hydropower plant (m3/s), whereas Qb,t,j,min and Qb,t,j,max are the minimum and
maximum water discharge capacity of the bypass (m3/s).

• Water balance equation (Equation (6))

Vt+1,j = Vt,j +
(

Qh,t,j + Qb,t,j

)
∆t (6)

where ∆t is the time step and Vt+1,j is the volume of the reservoir storage at the time t + 1.
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These constraints are considered in the first objective function by penalizing the final
score of those solutions violating one or more constraints utilizing penalties.

The subscript “j” refers to each hydropower plant in the interconnected system.
The second goal of the optimization procedure is to minimize the risk of non-supply,

i.e., the operating conditions which could compromise the integrity of the supply system.
This can also be defined as maximizing the reliability of the supply system.

In general, bulk water supply systems are designed based on deterministic guidelines.
Many of these systems have some redundancy since the system capacity was designed
to supply the ultimate demand at the end of the design life. A conservative approach is
usually adopted during the design phase due to the uncertainties of the pipe roughness
decay parameter and future demands. Due to this conservative design approach, many
bulk supply systems have excess capacity in the pipeline or excess storage available, which
allows for flexibility in the operation of the water supply system aimed at favoring the
energy recovery. However, despite this operational flexibility, the operating scenario
imposed by the energy recovery technologies can give rise to hazardous events, negatively
affecting the reliability of the system. In the optimization procedure, this reliability of
the system stemming from a certain operation should be transposed into a mathematical
objective function.

According to Chang and Van Zyl [90], various authors have analyzed the reliability of
bulk water supply systems using frequency durations, Markov chains, and Monte Carlo
approaches.

The first step is to identify the possible hazardous events by means of a risk analysis,
the main phases of which were defined by Hokstad, et al. [91]:

• Define the scope/analysis objective;
• Provide a system description;
• Identify hazards and hazardous events; and
• Assess the risk (evaluating probabilities and consequences).

In this specific case, the objective of the analysis was to identify the risks related to the
incorporation of the CHPs in a water supply system. Once identified, these risks have to be
estimated, adopting one of the methods available in the literature. In this case, a coarse risk
analysis (CRA) based on a risk matrix was utilized. This simplified analysis method was
chosen since it was considered suitable for most water utilities.

The risk matrix allows one to score the hazardous events depending on their likelihood
and on the severity of their consequences (Table 3). Depending on the combination of
likelihood and severity, a risk score is assigned to each hazardous event. This score is based
on where the risk acceptance criterion is defined and, in some cases, how certain risks
above the acceptance criteria should be treated [91].

Table 3. Example of risk matrix [91].

Severity of Consequences
Likelihood Insignificant Minor Moderate Major Catastrophic

Almost
certain

Sustainability 2022, 14, x FOR PEER REVIEW  8 of 22 
 

Moderately likely  ❸  ❹  ❺  ❻  ❼ 

Unlikely  ❷  ❸  ❹  ❺  ❻ 

Rare  ❶  ❷  ❸  ❹  ❺ 

Note: A hazardous event with a low score (for example 1) would indicate the combination of likeli‐

hood and severity  is  low with higher scores  indicating higher  likelihood of occurring and/or  in‐

crease in severity of consequences. 

In this case, hazardous events refer to operational activities due to the CHP introduc‐

tion in the system, whereas the main negative consequence is related to the non‐delivery 

of water. To properly score the risk, the average unavailability of supply was not consid‐

ered sufficient and thus both the frequency and duration of interruptions were taken into 

account. Some examples of risk quantification extents are: 

 Probability (fraction of time) that the supply cannot be met, due to a low reservoir 

level, for instance. 

 Frequency of events resulting  in  failure  to supply water due  to,  for  instance, pipe 

bursts. 

 Volume of water shortage due to demand exceeding supply and low reservoir levels. 

 Time required after a failure such as a reservoir “run‐dry” for re‐filling of the pipeline 

or reservoir. 

 Potential of dynamic pressures when operating above design capacity. 

Each of these risks should be assessed, as well as the probability of the risks occurring 

against the impacts they have on the water utilities’ main responsibility i.e., the sustaina‐

ble and reliable supply of water. A major challenge involved in performing risk analyses 

is the lack of relevant data, for example, the pipe burst frequency. Ideally, water utilities 

or municipalities  should design  their  own databases  and  record  system  failures with 

causes and consequences in order to define failure probabilities. 

Each probability of failure and  its consequences  is presented as a numerical value 

(scoring). According to this risk analysis, a mathematical formulation to score the risk 𝑅௜ 
for the 𝑖‐th hazardous event which could have an impact on the reliability of supply is 

defined as in Equation (7): 

𝑅௜   ൌ෍൫𝛼௧,௜𝛽௧,௜𝑃௧,௜𝐼௧,௜൯

்

௧ୀଵ

  (7)

where: 

 𝑃௧,௜ is the risk probability [%] 

 𝐼௧,௜ is the risk impact 

 𝛼௧,௜ ൌ 𝑓൫𝑃௧,௜𝐼௧,௜൯ is a coefficient to incorporate variation in the operating risk at reser‐
voirs (risk quantification), which ranges from 0 to 100. Indeed, the consequence of 
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Thus, the second objective function of the optimization procedure was formulated in 
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𝑄௛,௧,௝,௠௜௡  ൅  𝑄௕,௧,௝,௠௜௡ ൑  𝑄௧,௝  ൑  𝑄௛,௧,௝,௠௔௫ ൅ 𝑄௕,௧,௝,௠௔௫  (5)

where 𝑄௛,௧,௝,௠௜௡ and 𝑄௛,௧,௝,௠௔௫ are the minimum and maximum water discharge capacity of 

the hydropower plant (m³/s), whereas 𝑄௕,௧,௝,௠௜௡ and 𝑄௕,௧,௝,௠௔௫ are the minimum and maxi‐

mum water discharge capacity of the bypass (m³/s). 

 Water balance equation (Equation (6)) 

𝑉௧ାଵ,௝ ൌ  𝑉௧,௝  ൅ ൫𝑄௛,௧,௝ ൅ 𝑄௕,௧,௝൯∆𝑡  (6)

where ∆𝑡 is the time step and 𝑉௧ାଵ,௝ is the volume of the reservoir storage at the time 𝑡 ൅ 1. 
These constraints are considered in the first objective function by penalizing the final 

score of those solutions violating one or more constraints utilizing penalties. 

The subscript “j” refers to each hydropower plant in the interconnected system. 

The second goal of the optimization procedure is to minimize the risk of non‐supply, 

i.e., the operating conditions which could compromise the integrity of the supply system. 

This can also be defined as maximizing the reliability of the supply system.  

In general, bulk water supply systems are designed based on deterministic guide‐

lines. Many of these systems have some redundancy since the system capacity was de‐

signed to supply the ultimate demand at the end of the design  life. A conservative ap‐

proach is usually adopted during the design phase due to the uncertainties of the pipe 

roughness decay parameter  and  future demands. Due  to  this  conservative design  ap‐

proach, many bulk supply systems have excess capacity in the pipeline or excess storage 

available, which allows for flexibility in the operation of the water supply system aimed 

at favoring the energy recovery. However, despite this operational flexibility, the operat‐

ing  scenario  imposed by  the  energy  recovery  technologies  can give  rise  to hazardous 

events, negatively affecting the reliability of the system. In the optimization procedure, 

this reliability of the system stemming from a certain operation should be transposed into 

a mathematical objective function. 

According to Chang and Van Zyl [90], various authors have analyzed the reliability 

of bulk water supply systems using frequency durations, Markov chains, and Monte Carlo 

approaches.  

The first step is to identify the possible hazardous events by means of a risk analysis, 

the main phases of which were defined by Hokstad, et al. [91]: 

 Define the scope/analysis objective; 

 Provide a system description; 

 Identify hazards and hazardous events; and 

 Assess the risk (evaluating probabilities and consequences). 

In this specific case, the objective of the analysis was to identify the risks related to 

the incorporation of the CHPs in a water supply system. Once identified, these risks have 

to be estimated, adopting one of  the methods available  in  the  literature.  In  this case, a 

coarse risk analysis (CRA) based on a risk matrix was utilized. This simplified analysis 

method was chosen since it was considered suitable for most water utilities. 

The risk matrix allows one to score the hazardous events depending on their likeli‐

hood and on the severity of their consequences (Table 3). Depending on the combination 

of likelihood and severity, a risk score is assigned to each hazardous event. This score is 

based on where the risk acceptance criterion is defined and, in some cases, how certain 

risks above the acceptance criteria should be treated [91]. 

Table 3. Example of risk matrix [91]. 

  Severity of Consequences 

Likelihood  Insignificant  Minor  Moderate  Major  Catastrophic 

Almost certain  ❺  ❻  ❼  ❽  ❾ 

Likely  ❹  ❺  ❻  ❼  ❽ 
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the hydropower plant (m³/s), whereas 𝑄௕,௧,௝,௠௜௡ and 𝑄௕,௧,௝,௠௔௫ are the minimum and maxi‐
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where ∆𝑡 is the time step and 𝑉௧ାଵ,௝ is the volume of the reservoir storage at the time 𝑡 ൅ 1. 
These constraints are considered in the first objective function by penalizing the final 

score of those solutions violating one or more constraints utilizing penalties. 
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likely
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Note: A hazardous event with a low score (for example 1) would indicate the combination of likelihood and
severity is low with higher scores indicating higher likelihood of occurring and/or increase in severity of
consequences.

In this case, hazardous events refer to operational activities due to the CHP introduc-
tion in the system, whereas the main negative consequence is related to the non-delivery
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of water. To properly score the risk, the average unavailability of supply was not consid-
ered sufficient and thus both the frequency and duration of interruptions were taken into
account. Some examples of risk quantification extents are:

• Probability (fraction of time) that the supply cannot be met, due to a low reservoir
level, for instance.

• Frequency of events resulting in failure to supply water due to, for instance, pipe
bursts.

• Volume of water shortage due to demand exceeding supply and low reservoir levels.
• Time required after a failure such as a reservoir “run-dry” for re-filling of the pipeline

or reservoir.
• Potential of dynamic pressures when operating above design capacity.

Each of these risks should be assessed, as well as the probability of the risks occurring
against the impacts they have on the water utilities’ main responsibility i.e., the sustainable
and reliable supply of water. A major challenge involved in performing risk analyses is
the lack of relevant data, for example, the pipe burst frequency. Ideally, water utilities or
municipalities should design their own databases and record system failures with causes
and consequences in order to define failure probabilities.

Each probability of failure and its consequences is presented as a numerical value
(scoring). According to this risk analysis, a mathematical formulation to score the risk Ri
for the i-th hazardous event which could have an impact on the reliability of supply is
defined as in Equation (7):

Ri =
T

∑
t=1

(αt,iβt,iPt,i It,i) (7)

where:

• Pt,i is the risk probability [%]
• It,i is the risk impact
• αt,i = f (Pt,i It,i) is a coefficient to incorporate variation in the operating risk at reser-

voirs (risk quantification), which ranges from 0 to 100. Indeed, the consequence of
operating a reservoir at a certain water level is not static and is dependent on the time
of day/demand pattern.

• βt,i = f (Pt,i It,i) is a coefficient to incorporate variation in operating risk for the pipe
system (risk quantification), which ranges from 0 to 100. Indeed, the consequence of
operating the pipeline in a specific manner is not inert.

Thus, the second objective function of the optimization procedure was formulated in
terms of a reliability index (RI) expressed as a percentage, and it was defined as one minus
the risk value, as shown in Equation (8):

RI = 100 − Ri (8)

3. Multi-Objective Optimization Procedure

The optimization problem introduced in the previous section is multi-objective since
two different goals are defined: to maximize the energy generation (Equation (1)) and to
ensure the reliability of supply (Equation (8)).

To formulate this multi-objective problem in an optimization procedure, three ap-
proaches were available. The first approach converts the problem into a single-objective
optimization problem. This is achieved using adjustments, such as a weighted sum of
objectives, or an ε-constraint method. The weighted sum approach gives a certain weight
to the different objectives and then incorporates all these weights to form a single-objective
function that can be solved by means of single-objective optimization. This method has
limitations because it is extremely difficult to qualify the weights assigned to each of the
different objectives.

Another approach is termed “the constraint method”, in which just one objective
function is chosen as the optimization goal, whereas the other objective functions are
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treated as constraints with a limited range for their values. The optimal solution depends
on the selection of the pre-defined constraint limits.

The third approach considers all the objectives simultaneously, setting up a Pareto
frontier, representing the optimal trade-off curve between them.

In this study, as both objectives are to some extent contradictory, it is not possible to
improve one objective without sacrificing the other [92]. In this study the third approach
was implemented in the optimization procedure, summarized in a flow chart in Figure 3.
The result of the optimization procedure is hence a Pareto-optimal trade-off curve between
the generated income and the potential impact on the reliability of the system.
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Figure 3. Flow chart of the conduit hydropower operational optimization model.

In the first phase of the optimization procedure (gray blocks in Figure 3), the pipeline
system is modeled in the EPANET environment [93], considering the boundary conditions
and the constraints of all the system components (pipes, pressure valves, reservoirs, turbine,
etc.). The operating scenario is also defined by including demand profiles, future patterns,
and electricity remuneration schemes.

Then, the main parameters of the optimization algorithm RCGA are set up and the
optimization procedure starts with the generation of the initial population (light blue boxes
in Figure 3). Each individual of the population represents a possible solution of the problem,
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i.e., a possible combination of operating conditions of the pipeline system. With the flow
changing, the system characteristics impact the available head for hydropower generation
and therefore its performance. The fitness of the solution is determined by performing a
simulation of the hydraulic behavior of the modeled pipe network and the values of the
objective functions (Equations (1) and (8)) are determined by considering both the turbine
production in the proposed operating conditions and the reliability of the corresponding
system’s operation.

To manage the interactions during the optimization procedure between the optimiza-
tion algorithm RCGA, the system simulation software (EPANET), and the fitness evaluator,
a conduit hydropower optimization tool (CHOT) was developed (Figure 4). The tool links
the optimization procedure with EPANET and proper modules evaluating both the turbine
performance in the pipe system and the reliability of the proposed system’s operation.
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4. The Case Study

This multi-objective algorithm procedure, described in the two previous sections, was
tested on a simplified pipeline system which contained a single potential installation for
conduit hydropower generation (Figure 5).
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Figure 5. Simplified pipeline system.

The scheme shown in Figure 5 depicts a simplified pipe system of 8 km in length,
with pipe diameters of 400 mm, a static height difference between water source, and a
full reservoir supply level of 100 m and a pipe roughness of 0.1 mm. A 95 kW Francis
type turbine installation was selected with varying efficiencies based on the operating
parameters. The electricity tariffs were based on South African Megaflex tariffs for local
authorities in the low-demand season (Figure 4).

As regards the operating period, a full week of operation was considered and the CHP
generation was evaluated with a time period of 15 min.

The boundaries were set, which included the reservoir storage limits, the pipe system
discharge limits, the hydropower station power generation limits, the hydropower station
discharge limits, and the minimum and maximum water discharge capacity of the bypass.
A typical residential 15 min demand pattern with a morning and afternoon peak was
assumed.

To evaluate the reliability of the operating scenarios, the potential hazardous events
were identified and for each of these a risk rating scale was defined. For example, the risk
score for the various reservoir levels was arbitrarily set at 20, 15, 10, 5, 2, and 0 for the cases
where the reservoir volumes were below 10%, between 10% and 30%, between 30% and
50%, between 50% and 70%, between 70% and 85%, and above 85%, respectively. This
implies that the risk was low if the reservoir level was above 85% for a specific time period
and hence the corresponding reliability of supply would be high. A similar risk rating
scale was set up for the velocity in the pipeline, in which low values were preferred to high
values.

The system would also be penalized if the reservoir level was significantly different
from the start of the week as this could influence the reliability or the generation potential
for the next week. These penalties were used to define the reliability index (RI) presented
above (Equation (8)).

With regards to the optimization algorithm, the following parameters were set: split
at a randomly determined single crossover point, a mutation rate of 2%, iterations set to
100, and a population size of 100.

5. Results and Discussion

The system was analyzed for three scenarios characterized by different values of the
initial start reservoir level at the beginning of the week (60%, 70%, or 80% of the full supply
level (FSL)).
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Each scenario was analyzed 100 times, consisting of 100 solutions in the RCGA. The
improvement in the optimization of Objective 1 (maximizing revenue) through each iterative
step of the RCGA iterations is depicted in Figure 6. The best revenues that were achieved
using the initial population for scenarios 1, 2, and 3 were ZAR 13,037 (EUR 745), ZAR 12,742
(EUR 728), and ZAR 12,849 (EUR 734), respectively. As indicated in Figure 6, the potential
revenue that could be generated improved through the optimization process until reaching
maximum values of ZAR 15,014 (EUR 858), ZAR 14,432 (EUR 825), and ZAR 14,679 (EUR 839)
for Scenarios 1, 2, and 3 respectively. Although the maximum revenue was determined, these
solutions did not necessarily have the required reliability index (RI) values.
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Figure 6. GA iterations (optimization of Objective 1—maximizing revenue).

Figure 7 shows the results of the three optimization procedures (scenarios) carried
out with the CHOT tool. Each point in the graph represents a solution which obtained a
certain value of revenue (objective function 1—Equation (1)) and reliability index (objective
function 2—Equation (8)). For this simplified case study, the objective was to reach a
minimum generating revenue of above ZAR 14,000 (EUR 800) and having a reliability
index RI above 70% (dotted lines in Figure 7). The reason for setting the minimum generate
revenue objective to ZAR 14,000 (EUR 800) was that this would be the minimum weekly
revenue needed for the development of a feasible hydropower plant with a payback period
of between 5 and 6 years in South Africa. The reason for setting the RI at 70% was to have
a high probability that there would be sufficient storage volume available to provide for
any emergency situation. Numerous viable solutions were found, as depicted in Figure 7,
and a combination of generated revenue and RI can be selected from these. The solution
provides the operational profile that would result in the determined revenue while ensuring
a reliability of supply.

For each scenario, the CHOT also identified the resulting set of Pareto optimal fronts
(lines in Figure 7), indicating the potential maximum revenue and the reliability of being
able to supply the demand placed on the system.

The analyses showed that for a system which started at an initial reservoir level of
only 60% of FSL, there were only a few solutions with a reliability index value above 70%,
although these solutions did not generate a revenue above ZAR 14,000 (EUR 800). Starting
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with an initially higher FSL resulted in the overall system having a higher reliability to
supply the demand and not drawing down the water level in the reservoir too far.
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Looking at the more favorable scenarios (70% and 80% of FSL), the results of the
multi-objective optimization clearly provided more than one option of operations and the
final choice would depend on the operator’s goals and needs.

As an example, if the objective was to generate the highest possible revenue during
the week while still operating with an RI above 70% and the initial reservoir level was at
80% of the FSL, then the optimum was as indicated in Figure 7. The optimum in scenario 3
would generate ZAR 14,856 (EUR 849) and the RI was 70.1%.

The selected operating flow pattern scenario which would produce this optimum
result is shown in Figure 8. The variation in water levels in the reservoir for this selected
optimum can be seen, and although there was an instance where this dropped to below
70%, it recovered and by the end of the week it was almost at its starting level at the
beginning of the week (80%), ending at 79.4%.

The inflow (Q1 in Figure 5) is strictly related to the CHP generation and it is clear
that the resulting flow pattern is driven by the outflow from the reservoir (Q2 in Figure 5),
which is typical for a residential network, due to the reservoir volume constraints (Figure 7).
An interesting observation is that when the RI is set very low, the operating flow pattern
started to mimic the tariff pattern, i.e., generating more power during the higher tariff
periods. The reason for this is that the constraints the reservoir and pipe system placed on
the system (incorporated in the RI) were low and thus the system had more flexibility to
operate in a manner that generated more power and subsequently revenue.

The outflow, as depicted in Figure 8, was for a typical residential network and the
inflow was the ERD controlling the operating flows, resulting in this specific flow pattern
scenario producing this specific solution on the Pareto optimality curve. This further
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demonstrates the capability of the optimization procedure in handling the constraints and
the risks of a hazardous event affecting the system’s reliability.
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The resulting power generation was linked to the flow pattern and the available
pressure head at the site, as well as the turbine efficiency at this specific operating point.
The flow patterns were changed to find a favorable flow pattern of supplying water to
the reservoir which would meet the demand placed on the reservoir and generate the
maximum revenue in a week. Although the system was analyzed every 15 min (simulation
time step) to obtain a better accuracy in the change in water levels in the reservoir, the
suggested changes in flow were only implemented on an hourly basis (i.e., flow was kept
constant for at least 1 h). This is a theoretically-based analysis and could still be further
smoothed, for instance, by only changing the flow every couple of hours, especially in
cases where the storage is large. The generated power varied from 32.3 to 95.3 kW, with an
average value of 75.1 kW (Figure 9). The analyses indicated that for the selected optimum
solution, the average generation was 73.6, 78.3, and 79.0 kW during the off-peak, standard,
and peak tariff periods, respectively. This indicates that the optimization process identified
that the revenue was maximized when the generation was maximized during the high-
value electricity tariff periods. The maximum generation occurred when flow was around
200 L/s, slightly less than the average flow of 220 L/s, which yielded the optimum output.

The generated revenue was linked to the generated power, but it also depended on the
applicable time-of-use tariff for that analysis period, according to the selected remuneration
scheme (South African Megaflex tariffs for local authorities in the low-demand season).
This is clearly reflected in the wide revenue variation from ZAR 6.91 (EUR 0.39) to ZAR
41.12 (EUR 2.35) per minute period over the weekly operating period. This variation
was due not only to the large variations in power generation (flow-, pressure head-, and
efficiency-dependent) but also to the hourly tariff variation during the day/week.

In such a context, it is clear to see the relevance of simulating the real turbine behavior
in the hydropower location, depending on the prevailing operating conditions. A constant
efficiency value would have affected the accuracy of the power production and would have
led to under- or overestimation of the resulting revenues.
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6. Conclusions

Globally, there is a trend towards improving energy efficiency in all sectors while
at the same time increasing the use of renewable energies. This will be key in solving
environmental, self-sufficiency, and cost issues, as well as meeting increasing energy
demands [94].

Based on these ideals, a new optimization procedure was developed which can be
applied to a water supply system to optimize income from the generation potential in the
system, while still operating within predefined water supply reliability ranges.

Frijns et al. [75] highlighted the considerable potential for energy recovery through the
use of ERD installations in water supply and distribution systems. To optimally develop this
potential, as well as hydropower generation and the operation of the supply and distribution
network within specific hydraulic performance ranges, multi-objective management tools
are needed. Delplanque et al. [78] also indicated that simulation tools must be expanded to
include the option to simulate a turbine as part of the water distribution model.

In this study the developed procedure was described and incorporated into a conduit
hydropower optimization tool (CHOT), which has been shown to assist in the defining
of the operational functioning of the system to meet the necessary objectives. Although
the aim was to optimize an existing system, the tool can also assist in turbine selection
by installing various options and re-optimizing the tool. The EPANET software engine
used for the hydraulic analysis of the systems is a widely used, accepted, and well-tested
analysis software. It is also used in various other hydraulic analysis software applications
and in optimization simulations. This procedure provides designers with a tool to optimize
the operational functioning of a system containing a number of CHPs. The Pareto optimal
front provides a range of solutions and flow patterns, which could be implemented which
would provide the maximum generation value without compromising the reliability of the
system past a set criteria.

Based on the starting reservoir level and the anticipated water abstracted from the
reservoir and its demand pattern, the operation of the system can be set. The developed
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procedure takes into account turbine characteristics, changing turbine efficiency as the
operating point changes, varying energy tariff structures, and reservoir levels.

The results indicated the potential revenue that could be generated improved through
the optimization process until reaching maximum values of ZAR 15,014 (EUR 858), ZAR14
432 (EUR 825) and ZAR 14,679 (EUR 839) for Scenarios 1, 2, and 3, respectively. Comparing
this with a more conventional operating pattern of higher flows during the day and lower
flows during the evenings resulted in ZAR 13,947 (EUR 797), ZAR 14,108 (EUR 806) and
ZAR 14,267 (EUR 815) for Scenarios 1, 2, and 3, respectively. This indicates that there
is potential merit in operating the system in a flexible manner to maximize the revenue
generation without compromising on the reliability of supply. The novelty in this research
lies in the development of a multi-objective algorithm, used to obtain a Pareto-optimal
trade-off curve between the generated income and the potential impact on system reliability.
It was shown that the operational flexibility of the system could be utilized to generate
maximum revenue, while still operating within acceptable and maintainable ranges.

Similarly to the research conducted by Frijns et al. [75], we found that through an
integrated approach, the power generation of an ERD installed in a water supply system
can be optimized, maximizing the energy generation and still ensuring the required reliable
hydraulic performance of the system. This research has shown that a balance can be
struck between the generation of hydroelectricity and the reliable operation of a water
supply service. Further research can be conducted on applying this procedure to cascading
conduit hydropower installations. Although the optimization of operating cascading
water infrastructure has been researched for conventional reservoir storage or run-of-river
installations [95–98], it has not been attempted for conduit hydropower installations.

Author Contributions: Conceptualization, M.v.D., S.J.v.V. and G.C.; methodology, M.v.D., S.J.v.V.
and G.C.; software, M.v.D. and C.M.N.; validation, M.v.D. and C.M.N.; formal analysis, M.v.D. and
A.S.; data curation, M.v.D., G.C., C.M.N. and A.S.; writing—original draft preparation, M.v.D. and
C.M.N.; writing—review and editing, M.v.D., S.J.v.V., G.C., C.M.N. and A.S.; supervision, S.J.v.V. and
G.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge the Water Research Commission in
South Africa who have funded numerous research projects from which this work emanates.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role
in the design of the study, in the collection, analyses, or interpretation of data, in the writing of the
manuscript, and in the decision to publish the results.

Nomenclature

Ct energy tariff at time period t (unit cost/kW)
F objective function (cost unit)
g gravitational acceleration (m/s2)
Ht average head at time period t (m)
Ii impact factor (consequence)
Nmax maximum installed plant capacity (kW)
Nmin hydro power minimum power generation constraint (kW)
Pi probability (%)
Ri risk value for each component in the pipeline system which could have an impact on the

reliability and needs to be assessed
Qt average water discharge in pipe system (m3/s)
Qh average water discharge through turbine (m3/s)
Qb average water discharge through bypass (m3/s)
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Qt,max maximum water discharge capacity of pipe system (m3/s)
Qt,min minimum water discharge capacity of pipe system (m3/s)
Qh,t,max maximum water discharge capacity of hydropower plant (m3/s)
Qh,t,min minimum water discharge capacity of hydropower plant (m3/s)
Qb,t,max maximum water discharge capacity of bypass (m3/s)
Qb,t,min minimum water discharge capacity of bypass (m3/s)
T total period count for a week, T = 672 (15 min time steps)
Vt volume of reservoir storage at the beginning of period t (m3)
Vt,max maximum volume of reservoir storage (m3)
Vt,min minimum volume of reservoir storage (m3)
α coefficient to incorporate variation in operational risk at reservoirs (risk quantification)
β coefficient to incorporate variation in operational risk for pipe system

(risk quantification)
∆t time step (s)
ρ density of water (kg/m3)
ηt hydropower plant efficiency at time period t (%)
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