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Summary

The provision of clean and reliable water supply is highly energy intensive. Recent
research has focused on the development and application of energy and hydraulic ef-
ficiency measures to streamline water usage and improve energy security. This thesis
presents the findings of an investigation of the potential for hydropower energy recovery
within water supply networks (WSNs). Four core themes are presented and discussed;
Feasibility, Risk Analysis, Optimisation and Implementation.

Firstly, a feasibility study was undertaken of the potential for hydropower energy
recovery at existing locations within the WSNs of Ireland and Wales. Locations inves-
tigated included pressure reducing valves (PRVs), break pressure tanks and reservoirs.
The total power generation available at the sites investigated was found to be 1.3MW.
Flow rate variation, turbine selection and turbine costs were identified as key factors
when determining the investment payback periods of potential projects.

Secondly, through an analysis of ten years of long term flow rate data, a method-
ology for future forecasting of flow rates at potential hydropower locations was devel-
oped. Long term flow variation due to changes in water demand will impact upon power
generation capacity. Large changes in demand could render a turbine unsuitable in the
future. Multiple linear regression and artificial neural network forecasting techniques
were applied and compared as potential methods for long term forecasting of flow rates
at hydropower locations. Using these models, future scenarios for flow rates and hence
power outputs were forecast.

Thirdly, an optimisation algorithm was developed which can be applied by water
service providers for the selection of new locations for hydropower energy recovery in
a given WSN. Though existing locations in WSNs, such as PRVs, present opportunities
for their replacement with a hydropower turbine, these points may not be optimal loca-
tions to install turbines for maximum power generation. The algorithm presented finds
optimal locations to install turbines for maximised power generation. Three optimisa-
tion techniques were tested for their suitability, including genetic algorithms, non-linear
programming and mixed-integer non-linear programming (MINLP). MINLP was found
to be the most suitable method.

Finally, though technical solutions exist for hydropower energy recovery within
WSNs there has not yet been widespread uptake of the technology by industry. To
investigate the organisational, management and regulatory issues related to the imple-
mentation of this technology in practice, two case studies of previously installed tur-
bines on water supply infrastructure were developed. Following these case studies, a
framework for streamlining the installation of future MHP projects was also developed.
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CHAPTER 1

Introduction

1.1 Background

World population is at an all time high at 7.243 billion as of the st of July 2014, and
is set to grow significantly into the future, especially in urban areas. Currently the ma-
jority of world population live in urban areas. Since 1950, rapid urbanisation has seen
urban population grow from 30% of total world population to 54% as of 2014. Fur-
thermore, it is projected that by 2050, 66% of world population will be concentrated in
urban areas (United Nations, 2014a). Rapid and unplanned urban growth threatens the
sustainability of core services and infrastructure, such as water and wastewater services.
Improvements in the efficiency and sustainability of water supply networks are vital to

protect and maintain a safe and sustainable water supply in the future.

The theme of the 2014 UN World Water Day was 'Water and Energy’, with the ob-
jective of highlighting the close links and interdependencies between water and energy.
The water industry is a large user of energy. Globally, it is estimated that 8% of total en-
ergy generation is expended on pumping, treating and transporting water to consumers
(United Nations, 2014b). In the UK, the water industry consumes approximately 3%
of the UK energy demand with 8.5% of that generated by renewable energy resources

1
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(Howe, 2009). Similarly in the US, the supply and conveyance of water is estimated to
consume over 3% of total US electricity (King and Webber, 2008). In Japan, the total
electricity consumption of water utilities accounts for 1% of total nationwide energy
usage (Arai et al., 2014). Investigations have also shown that 45% of the total energy
requirements for the provision of water services are associated with water distribution,
with 29% associated with wastewater management and 26% for water treatment (Kwok
etal., 2010). Developments in industrial, agricultural and domestic water use and in wa-
ter quality regulation have greatly intensified energy requirements for the treatment and
distribution of water (Rothausen and Conway, 2011). In addition, with global popula-
tion at an all time high, the demand for water has never been greater, further increasing

the total energy consumption of the water industry (Zilberman et al., 2008).

There has been much focus in recent years on the research and development of re-
newable energy sources due to rising oil prices and the introduction of climate change
policies aimed at decreasing CO, emissions. The Kyoto Protocol, signed and ratified
in December 1997, was a landmark piece of legislation recognising the global impact
of climate change, and legally bound participating nations to reduce emissions and in-
crease renewable energy generation. Moreover, the EU have set legally binding targets
for all member states as part of Directive 2009/28/EC with the aim of reaching an over-
all target of 20% of all electricity generated to be from renewable sources by 2020.
These status of these targets in 2004 and 2012 for each member state are shown in Fig-
ure 1.1. Historic climate change predictions, unlike many economic predictions, are
today being proven to be true. There is an increasingly urgent need for all participating
nations to meet these legally binding targets and to further incentivise both renewable

energy and energy recovery incentives.

The water supply network in Ireland is becoming increasingly unsustainable from both
an economic and an environmental perspective. Aging pipe networks are causing large
water losses due to leakage. Tighter Irish and EU wastewater legislation and rising
water and effluent charges is also putting the water industry under greater focus from
an environmentally sustainable perspective and a cost perspective. In 2010, over €1.2
billion was spent on the public water supply in Ireland, with €715 million spent on
operational costs with capital costs of over €500 million (Dept. of Communications,
Energy and Natural Resources, 2012a). Aging pipe networks cause large water losses
due to leakage. Tighter Irish and EU water and wastewater quality legislation is putting
the water industry under further pressure from both an environmental and economic

perspective. Water demand is also increasing as water supply stocks are depleting.
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Fig. 1.1: Share of renewable energy in gross final energy consumption and target for
2020 (%) (Eurostat European Commission, 2011).

Table 1.1 shows Ireland to have the second highest percentage of unaccounted for water
in Western Europe at 47% (Danilenko and Child, 2005). These leakage rates represent
average water losses across each country, however water losses in districts within these
countries may be even higher. Giugni et al. (2009) reported leakage rates as high as

60% in some parts of Italy.

The Central Statistic Office of Ireland (CSO, 2011) have released results from the 2011
census, which show that the population of Ireland has increased to 4.58 million, rep-
resenting an increase of 8.2% over the previous five years. It also found there are 1.8
million people living in the Greater Dublin Area. The CSO predict the population of
the Greater Dublin Area to increase to over 2.4 million by 2026 (CSO, 2008). The
Dublin region is already under pressure in terms of its available water resources, and
Dublin City Council have been examining various options of meeting this predicted in-
crease in water demand. The favoured option involves the pumping of raw water from
Lough Derg (River Shannon) to a storage reservoir in Garryhinch where it would then
be treated and pumped to Dublin. In total water would be pumped a distance of more
than 130km (DCC, 2011). Irish water supply is also undergoing major changes in its

organisational structure. Up until January 2014, Irish water supply was managed by
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Table. 1.1: Water performance data in Western Europe (Danilenko and Child, 2005)

Country Consumption per capita (Ipcd) Unaccounted for water (%)

Austria 150 n/a
Belgium 108 n/a
Denmark 125 6
Finland 240 15
France 175 28
Germany 130 8
Greece 136 n/a
Ireland 135 47
Italy 278 27
Luxembourg 150 20
Netherlands 126 5
Norway 200 33
Portugal n/a 50
Spain 238 25
Sweden 330 17
Switzerland 401 1S
UK 150 23

the Water Services Authority, consisting of five city councils and twenty nine county
councils. Currently, Ireland is undergoing an ambitious water reform process as part of
the austerity measures imposed on the country according to the EU IMF bailout pro-
gramme. This process primarily relates to the establishment of a new Water Services

Authority, namely Irish Water.

One of the key tasks for Irish Water is to reduce the high rates of leakage from Irish
water mains. In some local authorities over 50% of treated water is reported as "un-
accounted for’. Though a certain level of leakage will always exist, these rates are
excessive. Pressure management has been proven to be an important measure for both

leakage reduction and leakage prevention.

Water service providers are in agreement that there is a need to reduce their carbon
footprint, reduce their energy bills and become more energy secure. In the UK, through
Water UK, a voluntary target of 20% renewable energy generation has been agreed
with all water companies (Howe, 2009). Energy can be recovered in the water industry
during anaerobic digestion, co-digestion and sludge combustion, and also through the
installation of hydropower turbines, wind turbines or solar panels on water industry in-

frastructure.
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Hydropower is the most well established renewable energy resource worldwide. Though
hydropower is the largest contributor (68%) to total renewable energy generation (Gaius-
obaseki, 2010) and has produced over 16% of global electricity generation in 2008
(Helm et al., 2009) there has been a relatively small (+6%) increase in the amount of
hydropower generation in the EU since 1999 (Eurostat European Commission, 2011).
This is because most viable large scale resources have already been exploited or are
now not feasible due to changes in environmental legislation. Small scale hydropower
is therefore becoming more relevant. It is also lower in cost and has a lower envi-
ronmental impact. Small-scale hydropower turbine technology exists and is relatively
well-established for use in run-of-river schemes, which use the natural flow of a river
to generate electricity. Hydropower turbines have also been used within water supply
networks for many years, however historically they have mainly been installed in the
raw water network, at reservoirs and inlets to water treatment works. More recently,
hydropewer turbines have been developed to be used within the treated water supply
network to act as pressure reducing valves (PRVs). However, these turbines are only
beginning to be introduced within the water industry and are not yet widespread. Also,
thus far, they have primarily been installed on the raw water side and not on clean water
distribution mains. One issue preventing the installation of turbines within water supply
mains is the large variability of flow rates across the turbine which impacts upon turbine

operating efficiencies.

The overall potential for hydropower energy recovery within water supply mains is un-
known, however this untapped resource could play a vital role in the quest for an energy

secure water supply.

1.2 Research Objectives

The proposed research for submission for Ph.D investigates the improvement of the sus-
tainability of water supply networks through the installation of hydropower turbines. It
investigates both engineering and organisational perspectives on this issue of societal

and commercial relevance.

The underlying aim of this research is to develop a more sustainable water supply net-
work from both engineering and organisational perspectives. Firstly, this research in-

cludes a feasibility study of the scope for energy recovery in the water supply networks
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of Ireland and Wales. Followed by a sensitivity analysis to investigate the different risks
and uncertainties, including those related to varying feed-in tariffs and energy prices in-
volved and their effect on project feasibility and investment payback periods. The next
phase of research includes a long term (10 year) historic study of water flow rate vari-
ation at potential points for hydropower turbine installation and its effect on project
viability. Further research includes the development of an optimisation model for se-
lection of optimal new locations to install turbines in a given water supply network. The
research concludes with the development of a framework to streamline implementation

of hydropower projects in WSNs.

1.2.1 Research Question

The overall research question addressed in this thesis is: what is the potential for hy-
dropower energy recovery from the water supply network? In order to investigate this
potential, the following sub-questions will be addressed: what is the feasibility of en-
ergy recovery in the water supply network, how do uncertainties and variations affect
feasibility, how can a water supply network design be optimised for energy recovery
and how can energy recovery projects be implemented and replicated in practice from

an organisational and operations management perspective?

The expected contribution of the proposed research will be to the theory and practice
of hydropower energy recovery from the water supply network. This contribution has
been captured in a series of papers, some published and some currently in the review

process.

1. Paper 1: Energy recovery potential using micro hydro power in water supply
networks in the UK and Ireland (published)

2. Paper 2: Historic study of long term flow variation: Patterns and predictability

and its effect on project viability. (preparing for journal submission)

3. Paper 3: Optimisation of water supply networks for combined hydropopwer en-

ergy recovery and leakage reduction. (published)

4. Paper 4: Organising for Energy Recovery and for Future Collaboration: a cross-

case analysis (preparing for journal submission)

The practical contribution will be enhanced by the collaborative nature of the research,

by working on real data from local authorities, by dealing with practitioners in the area,

6
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who have been invited to give feedback and input.

The primary objectives of the research are the following:

1. To conduct a critical literature review of the following streams of research;

i Hydropower energy recovery in water supply networks

i1 Flow rate variation and demand forecasting techniques in water supply net-

works
iii Optimisation and its application to water supply network design

iv Project implementation in the context of the water industry

2. To investigate the potential for hydropower energy recovery in the existing water

supply networks in the UK and Ireland

3. To investigate the application of forecasting techniques for the long term predic-
tion of water flow rates at potential hydropower energy recovery locations within

water supply networks

4. To develop and apply an optimisation model for selection of optimal new loca-

tions to install hydropower turbines in a water supply network

5. To investigate organisational, management and regulatory issues associated with
the implementation of hydropower energy recovery projects in water supply net-

works

The remainder of this thesis is structured as follows. Chapter 2 presents a background
to the research undertaken, a critical review of the current state of our knowledge on
the feasibility and implementation of hydropower energy recovery projects on water
supply infrastructure. A further critical review of key literature in the fields of water
demand forecasting and the application of optimisation techniques to water supply net-
work design. Building upon the research questions and objectives presented in Chapter
1, this review process identifies gaps and areas of research requiring further investi-
gation. Chapter 3 presents an overview of the research model and methodological
approach underlying this thesis. The data types, sources and techniques selected and

employed to conduct the research presented in this thesis are outlined.

As described in Section 1.2.1, there are four main research sub-questions addressed in

this thesis, and each are presented in this thesis document as a chapter. Chapter 4
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presents the feasibility and economic analysis. Chapter 5 addresses some of the key
risks identified in Chapter 4 in relation to long term changes in flow rates at hydropower
locations. Chapter 6 presents the optimisation model developed and results of its ap-
plication to sample water supply networks. Chapters 4, 5 and 6 approach the topic of
hydropower energy recovery in WSNs from technical, feasibility and site selection per-
spectives. However, successful adoption of this technology by industry may also be
dependent on organisational, management and regulatory issues. Chapter 7 investi-
gates these organisational, management and regulatory issues related to the application
of MHP in water supply infrastructure through a comparative case study of two previ-

ously installed hydropower projects.

Chapter 8 presents a discussion of the primary results and findings presented in this
thesis. The final chapter, Chapter 9, concludes this thesis with a summary of the key

findings, recommendations and contribution to knowledge.



CHAPTER 2

Background

2.1 Introduction

This chapter will present a critical review of key literature in the fields of hydropower
energy recovery in the water supply network, water demand and flow rate forecasting
techniques and the application of optimisation techniques to water supply network de-
sign. An introduction to literature related to the implementation of hydropower projects
in practice is also presented. The key drivers of this research are the need to improve the
energy efficiency of water supply provision and also to reduce pressure in water supply
mains, which in turn will reduce costs by reducing the amount of leakage, reducing
the frequency of occurrence of burst pipes and through the reduction of expenditure on

pumping and treating this excess water.

2.2 Energy Intensive Water Industry

The provision of a secure supply of clean and sufficient water is highly energy inten-
sive. This secure supply of clean water is taken for granted by much of society today.

Little thought is given to the large amounts of energy required to provide water and
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wastewater services. Globally, 2-3 % of energy usage is reported to be associated with
the production, distribution and treatment of water (Kwok et al., 2010). In the United
States, it is estimated that 5% of national energy consumption is associated with water
services. At city level, 30-60 % of local government expenditure has been reported to
be associated with water services, where the energy consumption requirement thereof is
the single largest expense within budgets. Energy prices are rising and their effects on

the cost of water supply have been highlighted in the literature (Zilberman et al., 2008).

The water industry is the fourth most energy-intensive industry in the United Kingdom,
responsible for 5 million tonnes of CO, emissions annually and consuming 7.9TWh
of energy in 2006 (Environment Agency, 2009). In Brazil, 60-80% of water services
expenditure are reported to be associated with the distribution of water, consuming an
estimated 9.6TWh annually at a cost of approximately $1 billion (€770 million) or 14%
of the annual Brazilian electricity budget (Ramos et al., 2009). In smaller economies,
such as that of Ireland, the operation of the water industry has been reported to cost over
€600 million annually (Zhe et al., 2010).

In developed countries, the distribution of water typically accounts for 45% of energy
use by the industry (Kwok et al., 2010). As mentioned in the Introduction, the supply
and conveyance of water is estimated to consume over 3% of total US electricity (King
and Webber, 2008). Furthermore, the pumping of water in California has been reported
as the largest single use of electricity in the state (Lofman et al., 2002). Water is heavy
and its transport over long distances against large rises in elevation is expensive and
energy intensive. The remaining portion of energy consumption in the water industry is

from wastewater management (29%) and water treatment (26%).

In Japan, the amount of electricity used by water utilities accounts for approximately
1% of the total nationwide electricity usage (Arai et al., 2014). Since 1995, the amount
of water supplied in Japan has steadily decreased, however electricity usage has pre-
dominantly remained the same. The amount of energy used per unit water however has
increased between 1995 and 2008. This is largely due to the intensification of treat-
ment processes. Also, with more advanced treatment technologies due to be installed
in the coming years, energy usage is expected to rise even further. Japanese researchers
have highlighted the urgent need to find ways to reduce power usage by water service

providers.

10
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The increasing political efforts to improve water quality across the globe have caused
water service companies to invest in high-tech, energy-intensive treatment facilities. In-
deed, the ever-increasing stringency of, for example, the EU water quality directives has
served to increase the energy consumption of the water industry over the past decade
(Zakkour et al., 2002). These rising monetary and energy costs in the water industry

require intensified research efforts to improve the sustainability of the process overall.

With our ever-changing climate and increasing population, water supply worldwide is
under stress. As published in the IPCCs fifth assessment report, Europe has been warm-
ing faster than the global average of 0.27°C per decade. In northern European countries
such as Ireland and the UK, temperatures have risen by 0.48°C per decade (WGI ARS,
2013). Climate change, as well as putting water sources under stress and influencing
water usage patterns, has also led to the enforcement of carbon emissions reduction tar-

gets and renewable energy generation targets.

Rothausen and Conway (2011) reviewed the challenges facing water management to-
day. Energy usage by water service providers has been further intensified in recent
years due to developments in industrial, agricultural and domestic water use and in wa-
ter quality regulation. The division of energy use by the water sector into two categories,
construction and operation, was proposed. The construction category included infras-
tructure construction, manufacturing equipment, and operational processes including
abstraction, conveyance, end-use and treatment. The multiple areas where energy 1s

used by the water sector are illustrated in Figure 2.1.

oF I

Abstraction and
conveyance

Fig. 2.1: A conceptual model of water-sector processes involving energy use. Adapted

from Rothausen and Conway (2011)

¢ Pumping of « Filtration * Heating  Collection
groundwater, * Oxidation « Cooling ‘ * Physical
surface water « Ultraviolet * Household | treatment
and salt water treatment appliances | e Chemical

* Transfer of * Additives « Commercial ‘ treatment
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reservoir
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Over recent years, water and wastewater treatment operators across Europe have been
forced to use more energy intensive processes as a consequence of new water quality
legislation. The water industry is governed by a number of regulations. In Ireland,
the Department of Environment, Community and Local Government is responsible for
policy and legislation related to water quality issues, and for the implementation of
EU (Environ, n.d.). Some of the most influential of these water regulation directives
on energy usage by WSPs are: The Drinking Water Directive (DWD) (80/778/EEC)
which sets standards for drinking water quality at the tap; and the Urban Wastewater
Treatment Directive (91/271/EEC) concerning the level of treatment at a works and the
removal of nutrients and basic sanitary parameters. Its aim is to protect the environment
from any adverse effects caused by the discharge of such waters. The requirements and
timing of new water and wastewater legislation are the primary drivers for water supply

investment programmes.

2.3 Efficient and Sustainable Water Services

In order to reduce energy usage and expenditure by water services, much research has
gone into the development and application of various energy efficiency measures. A
number of actions that have been considered and employed by water service providers
(WSPs) for both efficient provision of water supply and wastewater services are illus-
trated in Figure 2.2. These include, optimisation of pump schedules, pressure manage-

ment schemes, development of renewable energy resources and anaerobic digestion.

The next three subsections describe research in three key areas of efficient water supply:
pressure management, water supply optimisation and energy generation with a focus on

hydropower.

2.3.1 Pressure Management for Leakage Reduction

Leakage from water supply mains is a major operational problem for WSPs worldwide.
It is estimated that on average worldwide, 45-88 million m* of water is lost every day
due to leakage from water supply infrastructure (Olsson, 2012). Leakage from water
supply mains has large economic implications. As well as leakage leading to unneces-
sary expense in pumping and treatment costs, it may also trigger premature investment
in the development of new sources or the expansion of system capacity to meet the in-

creasing demand. In the Dublin region of Ireland for example, population has been pre-

12
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Fig. 2.2: Main categories of energy reduction and efficiency options for the water in-
dustry. Adapted from (Mol et al., 2011)

dicted to increase from 1.26 million in 2011 to over 2.4 million by 2026 (CSO, 2008).
The Dublin area is already under pressure in terms of its available water resources, and
Dublin City Council have been assessing various options, some extreme, of meeting
this predicted increased water demand. The current favoured option involves the pump-
ing of raw water from Lough Derg (River Shannon) to a storage reservoir in Garryhinch
where it will then be treated to drinking water standards and pumped to Dublin. In total

water would be pumped a distance of more than 130km (DCC, 2011).

WSNs can be large and complex, and as their complexity grows, it becomes increas-
ingly difficult to maintain optimal pressure requirements (Sterling and Bargiela, 1984).
Over-pressures, as well as resulting in increased pumping and energy costs, also lead
to intensified leakage rates. It is well established that water leakage in distribution
mains is directly related to the system water pressure (Jowitt and Xu, 1990; Carravetta
etal., 2012). Lambert (2000) has described what is currently known about the pressure-
leakage relationship. The principle of conservation of energy states that the velocity
of a jet of water passing through an orifice varies with the square root of the pressure

according to:
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Velocity V = Cy4(2gP)"? (2.3.1)

Where C; is a discharge coefficient, P is the pressure and g is acceleration due to gravity.
It is often assumed that leakage also varies with the square root of pressure. However
in practice, that is not the case. One reason for this is due to the fact that C, can change
depending on whether the flow at a leak is laminar, transitional or turbulent, and it may
not remain constant. Futhermore, the rate of leakage (L) will also depend on the orifice

area, A, according to:

L=VxA = CdA(ng)Oi 2.3.2)

The orifice area will vary with pressure. For longitudinal splits in plastic PE and PVC
pipes, if the area varies linearly with pressure then A will vary with P/, and L will vary
with P’ If the split opens up in two dimensions - longitudinally and radially, then A
will vary with P>, and L with P?7. Lambert (2000) recommends the most appropriate
general equation to use for simple analysis and prediction of the pressure-leakage rela-

tionship as:

L varies with PN' and L,/L; = (P,/Po) (2.3.3)

For the above equation N1 can vary between 0.50 and 2.50, depending on the type of

leak present.

Figure 2.3 demonstrates the four primary leakage management activities. The central
small square represents the volume of Unavoidable Annual Real Losses (UARL), and
the larger square represents the volume of Current Annual Real Losses (Lambert, 2000).
The current losses can be reduced by the four principal leakage management activities.
With time, water supply networks will deteriorate further, increasing the amount of real

losses. To prevent this, WSPs need to employ these four leakage management activities.

Large elevation drops throughout water supply districts can lead to large increases in
network pressures. These high pressures can lead to burst pipes and water leakage prob-
lems. The control of pressure to prevent these problems is a top priority for WSPs. In

order to maintain pressures between minimum and maximum pressure standards, pres-
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Fig. 2.3: Leakage management activities which constrain unavoidable annual real losses
(Lambert, 2000)

sure management schemes must be implemented. Pressure management is one of the

key components of any leakage management policy.

Pressure management can be achieved through a variety of methods such as reduction
of pumping heads, establishing pressure zones through the use of pressure reducing
valves (PRVs), and dissipating excess pressures at key locations within the WDN using
PRVs or break pressure tanks (BPTs) (Jowitt and Xu, 1990; McNabola et al., 2011).
A BPT reduces the pressure in the pipeline by creating a break in the pipeline where
water falls into an open, unpressurised chamber. This break dissipates the pressure and
kinetic energy contained in the flow. The water then flows on to the rest of the distribu-

tion network with only its potential energy left.

The purpose of a PRV is to maintain a constant pressure in the water distribution net-
work downstream of the valve. PRVs are used extensively in networks characterised
by hilly topography with gravity sources at high elevation (Savi¢ and Banyard, 2011).
PRVs automatically reduce the pressure in the water supply to a lower pre-set pressure.
The most common type of PRV is a direct acting valve. Water enters a chamber within
the valve, controlled by an adjustable spring loaded diaphragm and disc. The spring
has a pre-set tension on the valve seat and adjusts the flow to a desired outlet pressure
(Watts, 2010). A section cut through a PRV is shown in Figure 2.4.
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Fig. 2.4: Section View of a PRV

Both BPTs and PRVs present opportunities to recover energy through the installation
of micro-hydropower turbines without interference in the level of service provided to
downstream consumers. The energy dissipated at these points may also be used for en-
ergy production as is discussed further in Section 2.3.4. This recovered energy can be
used to reduce the dependency of water service providers on external energy resources

required to pump and treat water.

2.3.2 Water Supply Network Optimisation

In the past, WSPs predominantly relied upon trial and error approaches for WSN design.
However, this would not guarantee an optimally designed network. The application of
optimisation techniques to WSN design can ensure an optimally designed network. In
recent years, optimisation techniques have been applied to improve the efficiency of a
number of aspects of WSN design. There are numerous design objectives that WSPs
can solve with optimisation techniques. Optimal WSN design could be the selection of
the least cost combination of pipe diameters and types to meet demand, pressure and
capacity constraints. Other design objectives that have seen increased research in recent
years are the optimisation of energy usage in pumping and the optimal location and set-

ting of PRVs for optimal pressure management and leakage reduction.

Optimal design of water supply networks has been extensively researched. Traditional

mathematical optimisation methods such as linear programming have been used to op-
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timise the installation of pressure control for leakage reduction (Sterling and Bargiela,
1984; Jowitt and Xu, 1990), to optimise the selection of pipe diameters in a WSN
(Alperovits and Shamir, 1977) and to optimise pumping schedules in WSNs (Jowitt

and Germanopoulos, 1992).

Optimisation of the location and setting of PRVs in a WSN for improved pressure man-
agement and leakage reduction has been researched widely. Early research in this field
by Sterling and Bargiela (1984) saw the development of an optimisation algorithm for
leakage minimisation based on the Simplex linear programming method. It was found
that this method had low memory and processor time requirements for computational
implementation. The algorithm was tested on a benchmark 25 node network as shown
in Figure 2.5. The locations to install three control valves was assumed, and the optimi-
sation algorithm calculated the optimal valve settings for maximised leakage reduction.
Results indicated that a 20% reduction in the volume of leakages could be achieved

through optimisation of valve controls.
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Fig. 2.5: Benchmark 25-Node network layout (Sterling and Bargiela, 1984; Eck and
Mevissen, 2012; Nicolini and Zovatto, 2009)
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Jowitt and Xu (1990) employed linear programming methodology to minimise leakage
from a water supply network. For this analysis, the Hazen-Williams approximation
for head loss was assumed. The non-linear relationship between leakage and average

service pressure was approximated using the following formula:

QS = CLy.(Py)™ (2.3.4)

Where QS;; is the water-leakage volume in pipe length L;; CL;; is a coefficient that re-
lates the leakage per unit length of pipe to service pressure and depends on the system
characteristics, e.g. age and deterioration of pipes, soil properties etc; P; is the aver-
age service pressure across the pipe length ij. The value assumed for N/ for this 25
Node Network was 1.18, this value would be in the lower range of possible values for
N1 as discussed by Lambert (2000), which can vary between 0.5 and 2.5. The objec-
tive function was to minimise the total system leakage through optimisation of the flow
control valves in the network. In order to achieve this, a number of constraints had to
be met. These constraints included the conservation of mass at each node, minimum
head requirements at specified critical nodes and head loss across pipes according to
the Hazen-Williams approximation. Germanopoulos (1995) used the same procedure

as Jowitt and Xu (1990) however with a modified objective function.

Vairavamoorthy and Lumbers (1998) minimised the total volume of leakage in a WSN
by solving a sequence of sequential quadratic (SQP) subproblems. Minor violations
were allowed in the pressure constraints by adding a tolerance to the minimum allow-

able nodal pressure head according to:

H < (Hij"-e¢) i=1,..,NPN (2.3.5)

Where H, is the nodal pressure head; H;;" is a prespecified minimum allowable nodal
head, for node i and ¢; = degree (tolerance) by which the pressure at node i can violate
H,;“. This optimisation model was tested in a benchmark 25 node network (Sterling and
Bargiela, 1984; Germanopoulos, 1995), which had three flow control valves installed
in links 11, 21 and 29. The target pressure at each node in the network was set at 30m,
and the allowable deviation pressure tolerance was set at Sm. The Hazen-Williams head
loss approximation was used. The model was optimised with the inclusion of allowable
pressure head violations, and also without violations. It was found that leakage was fur-
ther reduced by allowing violations, however this meant that some nodes were below

their target pressure.
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According to Savi¢ and Banyard (2011), in recent decades, optimisation of water distri-
bution systems has progressed from the use of traditional, deterministic, mathematical
optimisation processes to the use of heuristics derived from nature such as genetic algo-
rithms (GAs), amongst other evolutionary algorithms. These optimisation techniques

allow for multi-objective optimisation.

A GA is an optimisation algorithm that uses a search process inspired by natural evo-
lution theory. The algorithm begins with a randomly generated population of chromo-
somes and applies three operators, the selection, crossover and mutation operators to
find the optimal model (Jalalkamali and Jalalkamali, 2011). Within the water resources
field, GAs have been used to optimise pipe diameters for water supply networks (Dandy
et al., 1996; Castillo and Gonzalez, 1998; Gupta et al., 1999; Morley et al., 2001). GAs
have also been used for leak detection and to optimise pumping performance (Bardn
et al., 2005; Wang et al., 2009).

A multi-objective GA approach was used by Nicolini and Zovatto (2009), to optimise
the number, location and setting of PRVs in water networks. This optimisation model
was tested on the benchmark 25 node network (Sterling and Bargiela, 1984; Eck and
Mevissen, 2012). Behzadian et al. (2009) used both a multi-objective GA in combina-
tion with adaptive neural networks in research to determine the optimal locations for
installing pressure loggers in a water distribution network. Jalalkamali and Jalalkamali
(2011) also used a hybrid method of ANNs and GAs in their research to estimate the

leakage rate of a water distribution network.

More recent research has seen the application of Mixed Integer Non-linear Program-
ming (MINLP) techniques to the optimal design of water supply networks (Eck and
Mevissen, 2012; Bragalli et al., 2012; Gleixner et al., 2012). Bragalli et al. (2012) em-
ployed the open-source MINLP solver, Bonmin, to optimise the water supply network
design objective of the selection of optimal pipe diameters at minimum cost. Two mod-
ifications to Bonmin were tested in order to better handle the non-convexities of the
design objective. One of these modifications has since been added to the new available
version of the Bonmin solver. The decision variables for this problem were the flow
in each pipe, the diameter of each pipe, and the hydraulic head at each junction. Head
loss was modelled using the Hazen-Williams approximation. A preliminary continuous
NLP model was solved first. It was concluded that the MINLP formulation resulted in
good solutions found within reasonable computing times. Gleixner et al. (2012) applied

MINLP to find an optimal pump schedule for minimised operating costs in a WSN. The
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Darcy-Weisbach approximation for headloss was applied. The non-convex objective

function was solved to global optimality using the open source MINLP solver SCIP.

Eck and Mevissen (2012) employed MINLP to find optimal locations and settings of
PRVs on WSNs. The model was applied to the benchmark 25-Node network, reporting
optimal PRV locations to be at links 1,5 and 11, differing from the optimal locations
reported in prior research. An advancement in the development of a quadratic approx-
imation for pipe headloss was also presented, enabling the use of a broader class of

optimisation engines and increasing the network size solvable.

2.3.3 Renewable Energy Resources

The development of renewable energy resources on water supply network infrastructure
is becoming an important activity of WSPs. Many water companies now have dedicated
energy teams focused on the development of new energy sources. Options considered
and available to WSPs for energy generation are the installation of solar panels, wind
turbines or hydropower turbines on water supply infrastructure, through anaerobic di-
gestion at wastewater treatment plants and through thermal heat recovery at different
points in the network as illustrated earlier in Figure 2.2. The biogas generated through
anaerobic digestion can be used directly on site as a fuel. In the UK, anaerobic digestion
accounts for over 90% of the renewable energy generated by the water industry (Howe,
2009). The focus of this thesis research is on the incorporation of hydropower turbines
within WSNs.

2.3.4 Hydropower

As discussed in Chapter 2, most viable large scale hydropower resources have already
been developed, or are now not feasible due to increased environmental constraints.
This has increased the focus on the identification and development of small scale hy-
dropower resources. Locations for small-scale hydropower development can be found
in water supply infrastructure. Potential locations include at PRVs, BPTs and inlets or
outlets of tanks and reservoirs. This research will focus primarily on micro-hydropower
projects with power outputs of less than 100 kW. To put this into context, according to
the classifications of the International Energy Agency, hydropower plants with an elec-
trical generating capacity of:
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e 10 MW to I MW are described as small-scale
e | MW to 100 kW are termed mini installations
e 100 kW to 1 kW are described as micro-scale

As outlined earlier, the water industry is increasingly exploring the use of MHP as a
means of energy recovery. The best available estimate of the hydropower potential in
the UK water industry, for example, is 17 MW (Zakkour et al., 2002), with a capacity of
9 MW installed at present (Howe, 2009). In Germanym, the power generation potential
has been assessed as 4.7 MW, which extrapolated to the European Union is estimated
to be 28.5 MW (Carravetta et al., 2012). In this section, relevant research findings in

the field of energy recovery in WSNs are outlined.

Hydropower turbines have been used within water supply networks for many years,
however historically they have primarily been installed at inlets to reservoirs and water
treatment works. Early research in this area was undertaken on the use of pumps as
turbines (PAT) for micro-hydropower generation at a water treatment works (Williams,
1995, 1996; Williams et al., 1998). A PAT was installed in parallel to a PRV at a wa-
ter treatment plant at Barnacre, Blackpool (Williams et al., 1998). From testing at this
site, it was concluded that it is possible to recover energy at PRVs but that accurate
prediction is required for the operating conditions and that the pressure head across the
PAT should be maintained steady. Economically they concluded that when the energy
recovery potential was greater than 30kW, the generator could feasibly be connected to
the grid.

Wallace (1996) examined the possibility of micro-hydropower generation within wa-
ter supply networks. The primary locations for energy recovery mentioned include at
water treatment works, intermediate service reservoirs and break pressure tanks. Eco-
nomic feasibility and the institutional framework were investigated as well as technical
constraints. It was concluded that viability of investment would depend on the avail-
ability of on site electricity demand or the ability to obtain a power purchase agreement
with an increased tariff for renewable energy generation. During feasibility stage, it
was recommended that the economic virtue of the investment be evaluated using either
present-worth (PW), net present value (NPV), or discounted cash-flow (DCF) methods.
This is because the trading and payback period is sensitive to inflation rates, interest
rates on borrowed capital, and tariffs applied. It was concluded that depending on the
extent of the civil works required, many schemes can be economically viable, recover-

ing the investment in relatively short periods of time, and thereafter generating revenue
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from energy that would otherwise have been wasted.

Gaius-obaseki (2010) reviewed the different options for energy generation on water sup-
ply infrastructure. The opportunities discussed include at PRVs, BPTs, sewage treat-
ment outfalls and compensation flows from reservoirs. It was noted that smaller scale
hydropower options are becoming more attractive as much of the larger scale sources
have already been developed. Approximately 85% of the energy dissipated across a
PRV could be recovered by replacing the PRV with a turbine. The capital cost for in-
stallation of small-scale hydropower turbines was reported to be in the region of £3,000
(€3,700) to £6,000 (€7,400) per kW installed.

Vilanova and Balestieri (2014) outlined a number of areas within water supply systems
where hydropower energy recovery is possible. It was found that though hydropower
is a mature technology and that its application in water supply networks is known, its
application has yet to be widely implemented in WSNs worldwide. The options for hy-
dropower energy recovery identified included raw water catchment locations at streams
or rivers, at inlets to water treatment works, at regulation dams, pumped-hydro storage
plants, at groundwater resources such as confined aquifers, in substitution for pressure
reduction or management devices, and within the treated water distribution system. The
issue of flow variation was also identified when installing turbines within the treated wa-
ter distribution mains. High variability of flows and pressures due to varying consumer

demands would influence the selection of turbine types.

Researchers at Trinity College Dublin and Bangor University Wales have reported on
the feasibility of hydropower energy recovery in water supply networks of Ireland and
Wales (McNabola et al., 2011; Corcoran et al., 2012a, 2013; McNabola et al., 2013),
and also on wastewater infrastructure of Ireland and Wales (Power et al., 2014). Fur-
thermore, the life cycle costs of these schemes have been discussed (Coughlan et al.,
2013). McNabola et al. (2011) reported on a technical and economic feasibility study
of the hydropower potential of 7 BPTs in the County Kildare region of Ireland. This is
a relatively small county with a total population of over 180,000. The power generation
potential was modest with a range of 2kW to 27kW. Further research by Corcoran et al.
(2013) reported on the hydropower energy recovery of the WSNs of Ireland and Wales.
Of the 90+ sites investigated, two were found to have power generation capacities of
over 100kW. Estimated investment payback periods were calculated for a variety of en-
ergy prices and feed-in tariff rates, A further sensitivity analysis was undertaken using

Net Present Value (NPV) calculations, with projects deemed feasible if their NPV was
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positive by year ten.

Researchers in Portugal have published widely on various aspects of the application of
renewable energy technologies within water supply infrastructure. Ramos and Borga
(1999) reported that the use of a PAT instead of a turbine provides a cost efficient
alternative for energy production within water supply networks. It was concluded,
through experimental and computational analyses, that PATs can be used to replace
PRVs (Ramos et al., 2010) and it was also recommended that new policies to encourage

water supply providers to implement such energy recovery projects, be developed.

Carravetta et al. (2012) published research on the use of PATs for application in water
distribution networks. The complications of selecting and installing a turbine in water
distribution mains due to the large variation in flow and pressure head, depending on
water demand were discussed. PATs were identified as an appropriate and economic
turbine choice to suit the variable flows and pressures. An issue with calculating the
Best Efficiency Point (BEP) of a pump operating as a turbine was highlighted. The
three methods to find the BEP are either experimentally, requiring a large number of
experiments over a range of flow speeds and generator speeds, or by using Computa-
tional Fluid Dynamics (CFD) or by a one-dimensional method. CFD was highlighted
as a valid alternative method to lab experimentation due to good agreement between
lab tests and CFD results in previous experiments. Standard design criteria for a PAT
installed in a series-parallel configuration were presented. This method, named the vari-
able operating strategy (VOS), allows the selection of suitable turbine geometry based

on the flow and head conditions and the required network backpressure.

In further research by Carravetta et al. (2013), the control of PATs using either hydraulic
regulation (HR) or electronic regulation (ER) was discussed. In order for PATSs to act as
PRVs they must be able to control the downstream pressure. HR is a hydraulic method
of controlling the downstream pressure, by providing a bypass conduit and a PRV in
series with the turbine. ER is an electrical method of controlling the output pressure
through the use of an electronic inverter. This allows for the regulation of electrical
voltage and frequency to vary the generator speed, thus providing the ability to control
the torque and hence the outlet pressure from the turbine. The economic costs asso-
ciated with both HR and ER were estimated and compared. A comparison between
turbines with average pressure drops of 10, 20, 30 and 35 metres were calculated. The
investment payback period of each option was estimated and the HR option was found

to have a shorter payback period than the ER for each case. However, civil works and
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maintenance costs were not included in this calculation so the actual payback period of

the entire hydropower installation would be longer.

Carravetta et al. (2014) reported on a Cost-Benefit Analysis (CBA) of hydropower pro-
duction in water distribution networks using a PAT. PATs were identified as the most
cost-effective solution, with the cost of a PAT estimated at €350/kW. The PAT installed
was assumed to be running at a fixed rotational speed N, which was maintained through
either mechanical or electrical regulation. A CBA was undertaken, assuming an annual
maintenance cost of 10% of the total turbine cost. This study was applied on data for
a network in Palermo, Italy. Installation costs were estimated based on the cost of the
pipework required, the earthworks and installation required for each diameter pipe. No
further economic costs were estimated, as they were considered to be case sensitive.
The useful design life of the PAT was assumed as 30 years. 5 different cost scenarios
were analysed based on different pipe size options. Three of the five scenarios reported
positive net present values (NPV) by year 30, whilst two scenarios had not achieved

investment payback by year 30.

In 2011, Sulzer, a pump and turbine manufacturer, published a technical review of
the use of pumps in reverse to replace pressure reducing valves in industrial processes
(Adams and Parker, 2011). One issue when selecting a pump to operate in reverse is
that the efficiency point of the pump will not be the same for when it is operating as
a turbine. It was found that the best efficiency point of the turbine was located at a
higher flow rate and higher head, meaning the capacity was higher in turbine mode than
pumping mode. Another point discussed was the potential for occurrence of cavita-
tion. It was found that the susceptibility to cavitation was lower in turbine mode than
pump mode, as the low pressure zone was at the runner outlet. At small power ratings,
conventional pumps running as turbines were found to be an economical solution for

pressure reduction.

Da Silva et al. (2011) undertook a case study of the potential for hydropower genera-
tion in Pato Branco, Brazil. 20 PRVs were investigated, with potential power outputs
ranging from 2kW to 40kW. Flow rates and pressures were considered constant for 18
hours per day with the remainder of the day discounted for energy recovery as the wa-
ter demand and hence flow rates were negligible. The limitations of this study are that
variations of flow and pressure were not considered and also turbine efficiency was as-

sumed to be constant and very high at 90%.

24



Chapter 2. Background 25

Kucukali (2011) reported on a similar case study of the small hydropower potential of
the Edremit water supply network in Turkey. It was stated that the most convenient
location to install hydropower turbines in a water supply network are on the water sup-
ply line before entering the water treatment works. The power generation at each of
twelve pressure reduction tanks along the supply line was quantified. These power out-
puts ranged from 3kW to 95kW. An economic analysis was undertaken, with a payback
period of two years estimated. The total installation cost was estimated at €1.118 mil-
lion, with a 1% maintenance cost assumed. A detailed breakdown of this cost was not

provided.

Beltran et al. (2014) completed a technical and economic analysis of the viability of
micro-hydropower in a medium sized wastewater treatment plant. The hydropower po-
tential at the inlet and outlet to a works in the Castello region of Spain was analysed.
Assuming 70% system efficiency, the power outputs were calculated to be 1.67kW and
3.1kW respectively. For this power output calculation, an average annual flow rate was
assumed. The total cost of each of the installations was estimated to be approximately
€4,500. A breakdown of this cost was not provided. It was also noted that the in-
stallation could be eligible for a regional governmental renewable energy grant, which
would provide a non-refundable grant covering up to 45% of the installation costs. The
economic viability was then analysed using a number of methods; Payback (PB), Net
Present Value (NPV) and Internal Rate of Return (IRR). The proposal was found to be
viable under all methods however the installation costs assumed were low in compar-
ison to costs of hydropower installations found in literature and also the assumed cost

lacked detailed breakdown.

2.4 Hydropower in WSNs - Installation Issues

The environmental impacts of hydropower installations on water supply infrastructure
are minimal. Requirements for other types of hydropower projects, such as run-of-river
schemes, would include obtaining an abstraction license and undertaking flood defence
studies. These, however, would not be required in the case of installations within wa-
ter supply infrastructure. The primary environmental impact associated would be noise
from the turbine generator, which can be minimised with acoustic insulation (Gaius-
obaseki, 2010). The most important requirement when installing within water supply
infrastructure is that the level of service for consumers is not interrupted. This can be
successfully achieved by installing a bypass system around all turbines, with valves

installed that will switch to the bypass if there is any error, problem or maintenance
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required at the turbine.

Variability of flow is a major issue of concern when installing hydropower turbines
within the water supply network. Water demand varies on a diurnal, seasonal and lo-
cation specific basis. The National Research Council (NRC) in Canada recently in-
vestigated the feasibility of small scale hydropower within the water distribution net-
work from a probabilistic perspective in order to address this issue of demand variation
(Colombo and Kleiner, 2011). This variability would be of particular concern when
deciding on the feasibility of a potential installation, when estimating the predicted
costs and payback periods associated. A number of other potential uncertainties were
flagged, including long-term demand growth, diurnal and seasonal demand variations,
pipe friction coefficients and future cost fluctuations. Colombo and Kleiner (2011) con-
cluded that because demand is uncertain, a probabilistic framework should be used in
calculations when deciding on the viability of a micro-turbine installation. They also
concluded that diurnal flow rate variation had a substantial impact on the power gener-
ation capacity of a potential project and so recommended that comprehensive analysis
of diurnal flow variations should be taken into account in the project feasibility stage.
When diurnal flow rate variation and longer term flow rate predictions are made, a tur-
bine can be selected that would operate at high efficiencies over this flow range. All

turbines have best flow rate and pressure head operating conditions.

Giugni et al. (2014) reported that when installing turbines in WSNs, variations in de-
mand patterns are significant especially in smaller distribution networks, for example
between night-time and day-time demand, however for larger distribution networks,
this variation is not as pronounced. It was recommended that an in-depth inquiry be
performed to investigate the effect of daily and seasonal flow variation on both turbine
and generator efficiency. It was also noted that though the option to install turbines in
WSNss for pressure reduction is an attractive solution, an accurate cost-benefit analysis
should be developed to determine the economic feasibility of suitable micro-generation
equipment. Furthermore, Carravetta et al. (2014) noted that the lack of reliable evalua-
tions of the cost benefits of hydropower energy projects on WSNs presents an obstacle

to the widespread diffusion of this technology in practice.

The main issues affecting project feasibility that require addressing are how to handle
fluctuations of flow rate (Colombo and Kleiner, 2011; Vilanova and Balestieri, 2014),
and other sensitive variables such as the availability of government incentives (Gaius-
obaseki, 2010; Beltran et al., 2014).
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The literature has highlighted that it is possible to recover energy within water supply
networks through the installation of hydropower turbines. Though some publications
detail the potential for hydropower in WSNs, reliable project cost and long term project
life information is not available. PATs have been suggested as a cost-effective alter-
native to a traditional hydropower turbine, however PATs operate less efficiently over a
wider range of flow rates. It has also been noted repeatedly that flow variation and future
cost fluctuations could impact project viability and also that new policies to incentivise

the installation of hydropower turbines are required in order to increase project viability.

2.5 Flow Rate Variation

Water flow rate variation will directly impact the selection of a suitable turbine, and
hence will impact the potential energy generation at sites for hydropower installation
in WSNs. When undertaking a feasibility study for a hydropower installation, a key
decision factor on whether to proceed with implementation is the investment payback
period. The shorter the estimated investment payback period, the more attractive the
project becomes. Payback periods of approximately ten years are the maximum consid-
ered feasible for many water supply providers. Any longer than this may not be deemed
an attractive investment. When calculating these payback periods, it is important to
consider the potential future fluctuations in water flow rates and pressures at these sites,

as well as future fluctuations in energy prices and changes in policy.

Water flow rate and pressure are the two primary influential variables effecting power
generation capability of installed hydropower turbines. The relationship between flow
rate and pressure on power output is detailed in Equation 2.5.1. Where P is the power
output, Q is the flow rate through the turbine, p is the fluid density, g is acceleration due
to gravity, H is the head available at the turbine and ¢, is the efficiency of the total sys-
tem. Flow and pressure also both vary depending on the water demand in those sections
of the water distribution mains. Short term diurnal variation is expected and largely
predictable due to diurnal water demand patterns. However, longer term variation also
occurs and is more difficult to accurately predict. This section details the current state

of research and practice for both short term and longer term water demand forecasting.

P = ngHeO (2.5.1)

Water demand forecasting is a central task for water supply operations and planning. It
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has also been extensively studied and remains a consistently active area of research and
publication since the 1960s (Arbues et al., 2003). New methods and approaches are reg-
ularly developed and reported on. Early approaches addressed the task predominantly
using traditional statistical models. More recently, computational intelligent approaches
such as the use of artificial neural networks (ANNs) and genetic algorithms (GAs) have
also been considered. Water demand forecasting can be either short-term or long-term.
Short-term demand forecasting is necessary for day-to-day management and operation
of a water supply network. However, longer term forecasting is necessary for strategic

infrastructure investment planning, scheduling of maintenance and asset management.

The majority of the literature in this field is focused either on aggregate municipal de-
mand or residential demand (Arbues et al., 2003). Forecasting for total municipal de-
mand is required to ensure reservoirs are adequately supplied to meet future demands
and for strategic infrastructure investment planning. Another stream of research is fo-
cused on residential water demand forecasting based on end-use analysis. For example,
understanding how much water is used per household based on the characteristics of
the users and uses. One issue with end-use forecasting is that it requires a large amount
of detailed data and hence many assumptions (Khatri and Vairavamoorthy, 2009). The
focus of this thesis research, is centred on flow rate fluctuation at valves within the dis-

tribution network, downstream of reservoirs, yet upstream of end-users.

The most frequently reported influential factors on water demand can generally be clas-
sified as either climatic or socio-economic. World population is at an all time high and
set to grow significantly in the future, especially in urban areas. This will put our limited
world water resources under stress. Climate factors such as temperature, rainfall and
relative humidity have been shown to effect water usage (Mukhopadhyay et al., 2001;
Goodchild, 2003; Arbues et al., 2003). Socio-economic factors such as population, age
and employment status have also been shown to correlate with water demand (McDon-
ald et al., 2011; Bennett et al., 2013).

Arbues et al. (2003) completed a state-of-the-art review of estimation of residential wa-
ter demand. The focus of this paper however was on economic approaches to water
demand estimation using econometric techniques to relate consumption to a measure
of the price of water and also some explanatory variables. The key explanatory vari-
ables were summarised as reported in literature. These included income, weather vari-
ables, resident population/household composition, housing characteristics, frequency of

billing and rate design and finally, indoor versus outdoor water use.
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Khatri and Vairavamoorthy (2009) reported on uncertainties affecting future water de-
mand. The uncertainties considered in this study included climate change, population
growth and socio-economic changes. A scenario approach was employed using random
sampling techniques, Monte Carlo simulation (MCS) and Latin Hypercube sampling
(LHS), to describe uncertainties. Linear regression was used to correlate the affect of

temperature and precipitation on water demand.

McDonald et al. (2011) reported the key determinant of water demand in a region to
be population. The population factors considered included age, inward and outward
migration, household size, class distribution and fertility differences between different
societal groups. House-Peters and Chang (2011) reviewed urban water demand con-
cepts and methods. The most common explanatory variables in literature were found
to be temperature, precipitation, wind speed, evapotranspiration, water price, income
and household size amongst others. Qi and Chang (2011) reported that there has been
renewed interest in accurate water demand forecasting due to recent large economic
fluctuations and their effect on large urban areas. They also reported that accurate pre-
diction models should simultaneously consider variables related to climate change, eco-

nomic development, and population dynamics.

Mukhopadhyay et al. (2001) undertook an analysis of water consumption patterns of
private residences of Kuwait. Water consumption data was collected from 48 house-
holds over a period of one year. Both stepwise linear regression and ANNs were fitted
to the observed data. Linear regression was used to determine the most influential fac-
tors. Water consumption was found to depend on the number of bathrooms and rooms
in the residence, the size of the garden and the income level of the household, atmo-
spheric temperature, relative humidity and the number of people in the residence. The
best regression model was able to explain 63%-65% of the variation. The same inputs
for that regression model were then used as inputs in an ANN. The ANN was able to
explain 88% of the variation. It was also noted that measurements of weather variables
and water demand are prone to error. It was suggested to resolve this issue with weather
data, by using the average of data from multiple weather stations by a Thiessen polygon
approach.

Goodchild (2003) investigated the impact of climate change on domestic water demand

(DWD). The study reported on twenty years of climate data and water demand data

for the Essex area in the UK. A multi-variate linear regression process was employed
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to investigate the key influential factors. The highest correlation was found to be with
evapotranspiration (R? of 63%), water content in top 0.15m of soil (R of 63%) and sun-
shine hours (R? of 53%). The lowest level of correlation was with rain (R? of just 19%).
It was concluded that the relationship between weather variables and DWD can be effec-
tively investigated using multi-variate stepwise linear regression. This method allowed
for the production of an equation to predict demand, based on maximum temperature,
evapotranspiration, days since significant (2mm) rainfall and temperatures greater than

25°C. No other influential factors, such as socio-economic factors, were considered.

Bennett et al. (2013) published research relating to the forecasting of residential end
use demand based on a test data set of 205 households. Using linear regression analysis
the key determinants for water demand end use forecasting were explored. For total
internal demand, the key determinants were found to be, the income level, the number
of adults, number of children, number of teenagers, toilet star rating, shower star rating,
clothes washer rating and clothes washer loading. ANNs were then used to produce res-
idential demand end use models. The ANN training set was developed containing 175
randomly selected samples, with the remaining 30 samples used for model validation.
It was concluded that an ANN based methodology is a feasible means of producing
residential water demand end use models. The best ANN model developed reported R*
values ranging from 0.21 (bath) to 0.6 (shower) for different aspects of end uses. Total
internal usage reported an R” of 0.47. All models reporting R? values of greater than

0.3 were deemed to provide a moderate forecast accuracy.

A summary of key research in the field of water demand forecasting is presented in Ta-
ble 2.1. The use of ANNs for forecasting has been primarily adopted for short-medium
term forecasting timeframes. MLR has been adopted for both short-term and long-term
forecasts. The most commonly reported factors that have been found to influence wa-
ter demand variation include climate factors, population factors and economic factors
such as water price. Short-term water demand forecasts, for example 1 to 3 days ahead,
can be accurately forecast, with some models reporting R” values of over 0.9. Longer
term forecasting models however are considered moderately accurate with R? values of
above 0.3-0.4.

Though water demand forecasting is an area of active research, the focus of prior re-
search and publication has been predominantly on the forecasting of water demand for
an entire water supply district or on forecasting total demand based on individual end

usage. There has been no published research in the forecasting of water demand at
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Table. 2.1: Water demand forecasting literature summary table

Source Influential Factors Analysis Timeframe Method Key Results
: ¢ S in house, e
Mukhopad- o b.athr(.)oms B : e : ) . Best MLR model with R* of
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(2001) : of 0.80
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Goodchild Max temperature, evapotranspiration, slies 1 aliMows et
days since significant (2 mm) rainfall ) Stepwise MLR R? of 0.54 and RMSE of 24.9
(2003) B (1994-1999) used to
and temperatures >25°C - i e
predict 2020 scenarios
ot e e Climatic variables more
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points within water supply mains, neither at reservoirs nor at end-users. Water flow
rate estimation at these points is relevant when installing new infrastructure, such as
hydropower turbines, at points within water supply mains. These installations require
an initial capital investment and the payback period on that investment is dependent
on the power generated. As mentioned previously, power generation at these points
is dependent on the flow rate and pressure drop across the installed turbine. It is also
particularly relevant when considering micro-hydropower (c. 1kW) because investment
payback would be achieved over a longer period and as such, longer term variations
could negatively impact future power generation and hence revenue, impacting upon

investment payback and overall project feasibility.

2.6 Optimisation of Hydropower in WSNs

As has been discussed, optimisation techniques have been applied to many aspects of
optimal and efficient water supply network design. However, the application of opti-
misation techniques to the installation of hydropower turbines in WSNs has not been
extensively researched. The first time research in this field was published was by Af-
shar, in which an option for optimal allocation of pressure to potential hydropower
turbines along water supply mains by employing a dynamic programming technique
was presented and discussed. Dynamic programming (DP) involves the division of an
optimisation problem into solvable stages. In this problem, a gravity fed WSN was di-
vided into stages, each consisting of a length of pipe, a turbine at the downstream end,
and the flow rate and pressure entering and exiting each stage. The problem was also
subject to constraints such as meeting minimum water pressure standards and meeting
water demand requirements at each stage. The Darcy-Weisbach head loss equation was
calculated using the Newton-Raphson numerical technique. There were a number of
limitations to this study. Firstly, the optimisation results were not verified using a hy-
draulic solver. Secondly, the water supply network analysed was simplistic, consisting
of 45km of mains divided into seven stages, containing no network loops. Variations
of flow rate and turbine efficiency were not considered, nor was the type of turbine in-
stalled.

Since the Afshar et al. (1990) publication, the majority of research to date regarding
optimisation and hydropower in WSNs has primarily focused on the optimisation of
pumped hydro systems. Vieira and Ramos (2008) discussed the optimisation of pumped
hydro between water supply reservoirs through linear programming (LP) and non-linear

programming (NLP). Both LP and NLP were employed to the optimal operation of a
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pumped-storage hydropower facility within a water supply system in Portugal. The sys-
tem analysed, located on Madeira Island, consists of two reservoirs, a lower and an up-
per reservoir. There was a pumping station and a hydropower works at the lower reser-
voir. Water was pumped from the lower reservoir to the upper reservoir for six hours
per day, during the remaining hours, water was discharged through the hydropower
works. Several assumptions were made, for example in relation to water consumption
and the inflow rates to the upper reservoir, due to lack of data. Further assumptions were
made for modelling purposes. The results of the optimisation model were evaluated on
EPANET to verify the hydraulics. The objective for the LP model was to minimise the
total costs assuming pumping only occurred for 6 hours followed by turbine operation.
The key decision variable was the water level of the upper reservoir. The NLP model
contained another unknown, the hours of the day for pumping versus turbine operation.
The results showed the NLP model increased profit by €100 per day compared to the
LP model. A further optimisation model was developed for a hybrid considering both
pumped-storage hydro and wind power. The addition of a wind energy park containing
five wind turbines was then considered. The energy generated by the wind turbines
could be used to power the pumps. The results of this model showed that profits were
much higher, up to €5,200 per day. However, the costs of installation, operation and

maintenance of a wind park were not included.

Further research by Vieira and Ramos (2009) included another investigation of the im-
provement of the energy efficiency of a WSN through the incorporation of a hydropower
turbine, a wind turbine and through optimal pump scheduling. The WSN studied was
a simplified realistic system, consisting of a water source feeding two populations, one
at a higher elevation that requires pumping, and the other at a lower lever requiring
pressure reduction via a PRV. The energy efficient method proposed included the instal-
lation of a hydropower turbine to replace the PRV. The turbine installed was assumed to
have a constant efficiency of 83%. For the optimisation of the pumping schedule, a vari-
able hourly electricity charge is considered. The optimisation model was implemented
in Matlab and the hydraulics were verified using EPANET over a 24 hour period with
1 hour time steps. Simulations were run for a number of different design parameters.
Simulations were run for three different diameters of the upstream and downstream
reservoirs and also for three initial reservoir water levels. It was found that a daily eco-
nomic benefit could be achieved through the installation of a hydropower turbine which
was dependent on the initial water level of the downstream reservoir and it the reservoir
volume. Maximum benefit was achieved for the lowest initial water level, as this meant

that more water was required to flow through the turbine to meet the demand of that

34



Chapter 2. Background 39

network. It was also concluded that through optimisation of the pumping schedule, that

energy savings of 47% could be achieved.

Giugni et al. (2009) reported results of the application of a GA to find optimal loca-
tions for PRVs within a WSN in Naples, Italy. The replacement of these PRVs with
PATs was then suggested and an economic analysis undertaken. Further to this analy-
sis, Fontana et al. (2012) reported the results of the application of multi-objective GAs
for the selection of optimal locations to install PRVs and optimal PRV settings to min-
imise leakage in a WSN. This optimisation approach was again tested on a WSN in
Naples, Italy. The option of installing a PAT in place of these PRVs was also discussed.
It was noted however that in order to optimise a WSN for energy production, the objec-
tive function should be modified. In recent research by Giugni et al. (2014), a modified
objective function for maximised energy generation was presented, again applying a
GA for solution of the optimisation problem. This optimisation model was applied to
the benchmark 25 node network as discussed previously (Sterling and Bargiela. 1984;
Nicolini and Zovatto, 2009; Eck and Mevissen, 2012).

2.7 Implementation

As demonstrated in the literature, though potential for hydropower energy generation
within water supply mains exists, there have been very few of these types of projects
implemented by industry. Some of the technical barriers were discussed previously,
however there may also be organisational, political and socio-institutional barriers pre-
venting widespread uptake of this technology by industry. The final research question
addressed in this thesis aims to investigate barriers to project implementation from or-
ganisational and operations management perspectives. In order to approach this re-
search question, some background theory and literature on how projects are managed
was required. Key papers from both organisational and product development literature,

as well as from water supply management literature were consulted.

Firstly, installing any new type of technology requires a change or movement from an
old method to new, and it is widely accepted that there will be some barriers to this
change (Brown and Farrelly, 2009). Across Europe and internationally, there has been
a move from traditional water management practices towards sustainable urban water
management (SUWM). With increased pressure on water services due to rapidly in-

creasing urban population, depleting sources, and further duress due to the impacts of
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climate change, more sustainable water services are becoming increasingly vital. In
Australia, researchers have investigated the barriers to the transition towards SUWM,
amongst other related implementation issues. The installation of hydropower turbines
on water supply infrastructure would be considered an SUWM initiative (Brown and
Farrelly, 2009; Taylor, 2009; Taylor et al., 2011).

Brown and Farrelly (2009) published the results of an investigation into the barriers to
implementation of SUWM in urban water supply. They found that though WSPs are
beginning to move towards the SUWM approach, and are reflecting it in their water
policies, this understanding is often not translated to implementation. In order to im-
plement SUWM practices, it was noted that an integrated, adaptive, coordinated and
participatory approach was required. An extensive literature review was undertaken by
Brown and Farrelly (2009) of the existing body of urban water related literature and
also from broader environmental management fields, to identify the key concepts and
observed barriers to change. 36 barriers were identified, which were then consolidated

down to 12 key barrier types, as follows:

1. Uncoordinated institutional framework;

2. Limited community engagement, empowerment and participation;
3. Limits of regulatory framework;

4. Insufficient resources (capital and human);

5. Unclear, fragmented roles and responsibilities;

6. Poor organisational commitment;

7. Lack of information, knowledge and understanding in applying integrated, adap-

tive forms of management;
8. Poor communication;
9. No long-term vision, strategy;
10. Technocratic path dependencies;
11. Little or no monitoring and evaluation, and

12. Lack of political and public will.
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The barriers mentioned are largely socio-institutional rather than technical, and within
this environment emergent leaders, also known as champions may come to the fore to

push projects through to implementation (Taylor, 2009).

The implementation of environmental or sustainability initiatives in any industry can be
difficult due to the need to get the industry as a whole on board. In recent years, a body
of research has come to the fore investigating the need for a project champion to drive
environmental change. As described in Taylor et al. (2011), while no widely accepted
definition of champions exists within literature, there the consensus is that champions
are emergent leaders who are centrally involved with effecting transformations within
organisations or broader institutions. Taylor (2009) published results of a cross case
analysis across six publically managed water companies in Australia, investigating the
attributes of emergent leaders (or champions) working to implement more sustainable
forms of urban water management. Ten key attributes were discussed including open-
ness to experience, career mobility and work history, personal and positional power,

strategic social networks and the organisational culture or context.

Another relevant research finding of Taylor (2009), was a definition for SUWM cham-
pions as adopted by practitioners within Australian water agencies. This definition is
of emergent leaders with specific aptitudes such as: personality characteristics of cre-
ativity, persistence and resilience; a strong personal commitment to the project at hand
and to environmental sustainability, a good general knowledge of the water industry and
associated technology; advanced skills at exercising influence, high levels of personal
power and key leadership behaviours such as identifying opportunities for influence,
developing and encouraging colleagues and undertaking advance forms of social net-
working. This phenomenon of a project champion was also investigated throughout the

case studies presented.

Jalba et al. (2014) reported on research undertaken of current water sector practices on
interagency relationships. Through 51 semi-structured interviews with water utility and
public health agency (PHA) staff from Australia, Canada the UK and the United States
a strategy for developing and maintaining institutional collaborations was developed.
In previous research by Jalba et al. (2010) six key components were identified that may
be deficient in collaborations between water utilities and PHAs: (1) proactivity; (2)
knowledge exchange; (3) trust; (4) regular communication; (5) joint training; and (6)
a supportive regulatory environment. These deficiencies may also be present in other

types of collaboration between water utilities, such as with turbine manufacturers or
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energy utilities as would be required for the implementation of MHP energy recovery
in WSNs.

Wang et al. (2013) studied stakeholder involvement in drinking water supply systems.
The primary aim of the study was to define who the major stakeholders were, and gain
further understanding of their interests, influence, and relationships. Primary data col-
lected included interviews and questionnaires with representatives of stakeholders in
Shenzhen, China. Following the interviews, twenty groups of stakeholders were iden-
tified. Through further interviews with a group of 25 experts from industry, defined as
people with more than ten years experience in the water industry, the final list of stake-
holders was identified. This final list of key stakeholders consisted of water companies,
governments, consumers, polluting companies, communities, experts and professional
institutions, media and non-governmental organisations (NGOs). A stakeholder analy-
sis was then undertaken. Stakeholders were rated and classified through use of a matrix
model based on their level of legitimacy, power, urgency and impact. An interest-
influence matrix was developed and is shown in Figure 2.6. The most important and
definitive stakeholders in Chinese water supply were found to be water companies, gov-
ernments, consumers and polluting companies. It was noted that governments play a
vital role, affecting the system via legislation, regulation and compliance. Results also

suggested that stakeholder involvement must be carefully managed.

Governments and legislative bodies play a vital role in incentivising renewable energy
projects, through targeted policies, grants and incentives. The importance of these poli-
cies has been identified in much of the literature relating to small scale hydropower in
WSNs, as was was highlighted in Section 2.4. Targeted renewable energy incentives
exist such as renewable energy feed-in tariffs (REFITs). These schemes incentivise
power generation from renewable energy resources by paying increased tariffs for the
resulting electricity generated. Fluctuations in future energy prices will also affect the
feasibility of small scale energy generation. In addition, scarcity of water is likely to
increase water prices in the future and lower water demand, reducing flow and pressure

in the network.

Stakeholder involvement in a development project raises the need to understand the
process of interaction among stakeholders. Gehani (1992) introduced concepts for
the description and understanding of different types of product or project develop-
ment processes are presented. The three main approaches detailed are the serial re-

lay race’ approach, the iterative 'ping-pong match’ approach and the parallel "rugby’
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approach. Different functionalities or organisations involved in a project deliverable
may operate independently like in a ‘relay race’ method. One stage is completed by
one function/organisation with the results then passed on to the next. Alternatively,
the development process may be more iterative, where the task passes between func-
tions/organisations in a review and re-design process. One issue with this second type
of approach is that it can cause delays. Finally the parallel or ‘rugby’ styled approach
allows team members from all functions/organisations to be involved simultaneously in

all stages of the project development process.
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Fig. 2.6: Interest-influence matrix for the water supply system (Wang et al., 2013)

Integration and interaction between the various project stages for the development of a
MHP project requires management. Cooper (2008) presented his original and updated
stage-gate system as shown in Figure 2.7. The ’Stage-Gate’ system is an established
system or framework for driving new products to market. The key stages are detailed
in Figure 2.7, beginning with the "Discovery’ stage where idea generation takes place
and ending with the project launch. Following each stage is a go or kill decision point.
This decision point on whether to move on to the next stage or not is based on defined
criteria, deliverables or outputs. These gates allow projects to be accelerated quickly,
or otherwise to prevent slow or infeasible projects from progressing early on in the pro-
cess. Along the various stages there is a repeated feedback and review process between
players at all stages. This Stage-Gate framework may be a useful framework to help

accelerate the implementation of MHP projects within water supply infrastructure.

The development of new MHP projects on WSNs takes place in a strategic context.
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Stage-Gate®: A five stage, five-gate system
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Fig. 2.7: A typical Stage-Gate system for major new product developments (Cooper,
2008)

Nystrom (1985) published a paper on the integration of technology and marketing as
a basis for new product (or project) development strategy. The framework presented
was tested in a number of different industries and was found widely applicable across a
range of industries from pharmaceuticals, to steel manufacturers, to farm machinery. A
method of measuring the success of these product (or project) development strategies
was proposed in order to assess the relationship between the strategy and the project
outcomes. Three performance dimensions were specified in this framework: techno-
logical, competitive and financial. The technological outcome is a rating of the level of
technological innovation achieved based on the degree of novelty or uniqueness of the
product. The competitive outcome is described as the interchangeability of the product
with competing products already on the market. The financial outcome is a measure of
the profitability of the product over its life cycle. These three performance measures

could be employed for measurement of the success of MHP projects in WSNs.

Another relevant organisational aspect which could affect how MHP projects are im-
plemented in the water industry is the organisational structure of the water companies
involved. The organisational framework of water supply authorities can vary from a
publically owned and operated organisation, to publically owned and privately oper-
ated, to completely privately owned and operated. Over 90% of the approximately
250,000 water service systems worldwide are municipally owned water and wastewater

utilities, while only 8% are privately operated and/or owned (Kwok et al., 2010). In
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OECD countries, the number of people relying on the private sector for water services
ranges between 200 and 300 million (Perard, 2009), which represents about 17-25%
of OECD members population. Figure 2.8 illustrates the break down of private sector

participation in water supply for OECD countries.
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Fig. 2.8: Private sector participation in water supply in OECD countries (Perard, 2009)

2.8 Summary

It is clear from the literature that it is possible to recover energy within water supply
networks through the installation of hydropower turbines. Though there are numerous
published feasibility studies highlighting the potential and opportunities for hydropower
within water supply infrastructure, there are few examples of penetration and adoption

of this technology by the water industry.

A number of issues with the technology have been highlighted repeatedly in the liter-
ature and may be reasons as to why this technology has not yet been widely adopted.
These issues are primarily related to the effects of flow variation and future cost fluctu-
ations and their impact on project viability and also the absence of targeted policies to
incentivise the installation of hydropower turbines in WSNs. This research will inves-
tigate the effect of flow variation and turbine efficiency as well as variations in energy

prices and feed-in tariff prices on project feasibility and investment payback periods.
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The issue of long term flow variation and its effect on successful investment return is
another area requiring further investigation. When making long term strategic plans,
water service providers use statistical techniques, such as multiple linear regression,
and also computational intelligent approaches, such as ANNs and GAs for forecast-
ing. The application of these techniques to be included in micro-hydropower feasibility

studies will also be investigated.

The literature has highlighted that both mathematical and heuristic optimisation meth-
ods can be applied to the optimal design of a water supply network. However the ap-
plication of optimisation methods, to the incorporation of hydropower turbines has not
been extensively researched. This research will investigate the use of both traditional
mathematical methods and heuristic optimisation methods for the optimal installation

of hydropower turbines in WSNs.

Finally, for hydropower energy recovery to be widely applied in WSNs, further research
is required into related organisational, political and operations management aspects, in
the context of the water industry. This research will also investigate these potential or-

ganisational and political barriers preventing the uptake of this technology by industry.
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Experiment Design

3.1 Introduction

This chapter forms the conceptual background to the research study undertaken by out-
lining its context and the methodological approaches selected. This is not a mono-
methodological research study. The research question and sub-questions as outlined in
Chapter 1 require a number of different methodological approaches which vary from

qualitative to quantitative in nature.

3.2 Research Model

The research model or framework underlying this thesis submission is illustrated in Fig-
ure 3.1. Hydropower energy recovery will be explored under four main themes:
Feasibility, risk analysis, optimisation and implementation. The context within which

these are explored is the water supply network.

The underlying opportunity explored in this research is that excess pressure exists
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Context — Water Supply
Network

Fig. 3.1: Thesis research model

within pressurised water supply mains and that rather than dissipating this pressure,
it could be used to drive a turbine and generate electricity. Initially the research was
exploratory; exploring this phenomenon, its occurrence in industry and the feasibility
for harnessing this energy. Following an initial critical literature review in this field as
discussed in Chapter 2, a number of issues relating to the installation of hydropower
turbines in place of PRVs were identified. These issues included the effect of large
variations in flow rates across turbines, the impact of long term flow variation on the
lifespan and investment payback period of an installed hydropower turbine, and finally
organisational and political barriers to the widespread uptake of this technology by the
water industry. These issues formed the basis of the research undertaken in Chapters
4, 5, and 7, under the themes of Feasibility, Risk Analysis and Implementation as il-
lustrated in Figure 3.1. Another aspect of this research that was identified following
the literature review was the application of optimisation techniques for optimal design
of WSNs. The application of optimisation techniques to the optimal installation of
hydropower turbines is an area that has seen very little research. In particular, the appli-
cation of mathematical programming techniques. One final research theme addressed
in this thesis is focused on optimisation techniques and their applicability to the instal-
lation of hydropower turbines in WSNss.
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3.3 Methodological approach

This thesis research also contributes to and builds on a wider research project, the
Hydro-BPT project. The Hydro-BPT project is a collaborative project between the
Schools of Engineering and Business at Trinity College and also with the School of
Environment, Natural Resources and Geography at Bangor University Wales, and it
is part-funded by the INTERREG: Ireland-Wales Programme. INTERREG, meaning
“inter-regional’, is an EU Community Programme that aims to strengthen economic
and social cohesion by promoting international and cross-border co-operation (Inter-
reg, 2014).The boundaries of the INTERREG Ireland-Wales region within which this
research project is focused on are illustrated in Figure 3.2. The region consists of the

eastern and south-eastern counties in Ireland, and western coastal areas of Wales.

%
%W %
W T

Fig. 3.2: INTERREG: Ireland-Wales region

This INTERREG region has defined the primary geographical areas for which data
has been collected and analysed as presented in this thesis. The overall aim of the
Hydro-BPT project is to investigate the improvement the sustainability of water ser-
vices through the incorporation of hydropower energy recovery devices. The cross-
disciplinary nature of the Hydro-BPT project is mirrored in this thesis research, for
which both engineering and organisational research has been undertaken. Within the
Hydro-BPT project, three PhD research projects are currently in progress, this project
which is focused on water supply network infrastructure, another focused on wastew-
ater infrastructure, and a final project focused on lab-scale testing and computational
fluid dynamics (CFD) modelling of PATs for application as PRVs.

To approach the research question a number of different and varied methodologies were

required. A summary of these methods are presented in Table 3.1.
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Table. 3.1: Research Model Summary Chadwick et al. (2004)

Data Type Data Analysis Method
DCC. WW Powgr output
cp.ipe iy estimate; Data based
Feasibility Quantitative  Flow, pressure : 5
Economic analysis
data .
analysis.
Flowdata, -~y p; ANN;
- . e climate data; Data based
Risk Analysis Quantitative . Future :
economic . analysis
scenarios
data.
Optimisation
Benchmark algorithm Solvers -
Optimisation Quantitative WSN input formulation NLP, GA,
data (within MINLP
MATLAB).
Archival data; .
: g : Comparative Case
Implementation  Qualitative Interview g
. case studies research
transcripts

3.3.1 Feasibility

To investigate the potential for hydropower energy recovery within the water supply net-
works in Ireland and Wales, data was gathered from many of the local authorities and
water service providers in these regions. Power generation estimates were quantified
for these potential hydropower locations. An in-depth analysis of the economic feasi-
bility at these sites was then undertaken, including a sensitivity analysis investigating a
number of potentially sensitive variables such as energy prices, FIT rates and choice of
discount rate, and their impact on overall project feasibility. As highlighted in Chap-
ter 2, many previously published feasibility studies of the application of hydropower
energy recovery in WSNs, have assumed average constant turbine efficiencies across
average flow conditions. Also highlighted in the literature was the need to address the
issue of flow variation across turbines, which will impact turbine efficiency. Building
upon these issues identified in the literature, a further analysis was undertaken to esti-
mate the power generation potential at sites based on variable turbine efficiency values
dependent on the variable flow rates at these sites. Table 3.1 outlines the data types

studied and analysis methods employed for this analysis.
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3.3.2 Risk Analysis

Following on from the initial exploratory feasibility work, issues were raised relating to
the effects of long term changes in water demand on flow rates through turbines. This
was also identified as an area requiring further research during the critical literature re-
view in the field presented in Chapter 2. Chapter 5, Risk Analysis, presents results of
the application of forecasting techniques to predict the long term changes in flow rate
at potential hydropower locations. Hydropower projects in WSNs are often decided on
based on a predicted investment payback period. In general, hydropower projects in
WSNs are deemed feasible if investment payback can be achieved within ten years. For
this reason, flow rate and pressure data over a ten year period for a number of valves
and reservoirs in both Ireland and Wales was analysed. The impact of climate data and
socio-economic data on this flow rates at these sites was explored. Regression tech-
niques and Artificial Neural Network (ANN) techniques were investigated as tools for
long term flow prediction at these valves. These tools were used to predict future flow
rate scenarios at these valves. Table 3.1 outlines the data type and analysis methods

employed for this analysis.

3.3.3 Optimisation of WSNs

The next phase of research focused on the development of an optimisation model which
could be applied to any water supply network to determine the optimum location, if any,
to install a hydropower turbine. This research also aims to confirm or refute the propo-
sition that an optimisation model could be used to design more economic and energy
efficient water distribution networks. Previous research has focused on the feasibility
of the installation of hydropower turbines at existing locations in WSNs, for example
at PRVs, inlets to tanks or at service reservoirs. However, other suitable potential loca-

tions may exist on pipes in other parts of a WSN.

As discussed in Chapter 2, optimisation techniques can be applied for a number of de-
sign objectives relating to optimal WSN design. For example, for the least cost selection
of pipes to meet WSN demands, for the minimisation of pumping costs or for optimal
location of PRVs in a network to reduce network pressures. An optimisation algorithm
for the optimal location of new hydropower turbines in a WSN was then developed and
implemented in MATLAB. Three optimisation techniques were applied to solve this op-

timisation design objective; a genetic algorithm (GA), a non-linear programming (NLP)
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technique and a mixed integer non-linear programming (MINLP) technique. A compar-
ison of the effectiveness of these optimisation solvers was also included, between the

traditional mathematical techniques and techniques derived from heuristics.

3.3.4 Implementation

The potential for hydropower energy recovery within WSNs is known and has been
reported on in much literature as discussed in Chapter 2. However, very few projects
have been implemented in practice. Though technical solutions exist, potential organ-
isational or institutional barriers may be preventing their widespread implementation.
To investigate the organisational, management and regulatory issues associated with the
implementation of MHP in practice, a cross case analysis was undertaken of two com-
pleted MHP projects. This qualitative approach required the gathering and analysis of
archival data and also the undertaking of semi-structured interviews with key players

involved in these projects.

3.4 Summary

In summary, in accordance with the key research question and objectives as outlined
in Chapter 1, this research requires a number of different methods and approaches.
These different methods vary from quantitative to qualitative. The four key research
themes will be addressed in the following chapters; Feasibility (Chapter 4), Risk Anal-
ysis (Chapter 5), Optimisation (Chapter 6) and Implementation (Chapter 7).
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CHAPTER 4

Feasibility

4.1 Introduction

The water industry is under increased environmental and economic stress, as was previ-
ously discussed in Chapter 2. With water quality regulations becoming more stringent,
water demand increasing and energy prices rising, the cost of supplying clean water
is becoming increasingly unsustainable. Furthermore, Ireland and the UK are legally
bound to increase their renewable energy generation under Directive 2009/28/EC. In or-
der to address all of these issues, water supply providers (WSPs) today aim to minimise
their energy usage, improve energy efficiency and to develop new renewable energy re-
sources on water supply infrastructure to become more sustainable and self-sufficient.
Some of these energy efficiency options available to WSPs have also been discussed in
Chapter 2.

This thesis research is focused on one particular method of improving water supply sus-
tainability and energy efficiency- the incorporation of hydropower turbines within water
supply networks (WSNs). The option to install any hydropower turbine in a WSN de-
pends upon the technical and economic feasibility of the installation. As identified in

Chapter 2, there has not yet been a widespread uptake of this technology by WSPs.
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Technical issues such as the effect of variable flow rates on turbine efficiency, as well as
the absence of detailed cost evaluations were identified as potential barriers and as areas
requiring further research and discussion. This chapter begins with an introduction to
the context of hydropower energy recovery in WSNs, followed by an assessment and
discussion of the technical and economic issues affecting hydropower installation fea-
sibility. Water supply network infrastructure in Ireland and Wales was studied to assess

the potential and feasibility of hydropower energy recovery.

4.2 Background

Water supplied in our distribution mains is predominantly designed to be gravity fed,
thus reducing the need for expensive pumping of water. Service reservoirs are usually
located at higher elevations so that water can then flow by gravity throughout the wa-
ter supply district. However, there may be points in a network where some pumping
is necessary, but WSPs aim to reduce the amount of pumping to as little as possible.
Moreover, as discussed in Chapter 2, efforts are now being made to minimise pump-
ing costs by optimising the scheduling of pumping so that pumps only operate at times
when energy tariffs are lowest. Within both gravity-fed and also pumped water sup-
ply districts, water pressure must be carefully managed. Water pressure at water taps
in all homes and businesses must be at a minimum required pressure. In the UK, this
minimum pressure is 7 metres as defined by OFWAT the UK water supply regulators
(OFWAT, 2014).

One of the primary sources feeding Dublin city is Vartry Reservoir, located in the Wick-
low mountains. This mountainous location, at a high elevation, means that water can
be gravity fed from the source to the adjacent treatment works and can again be gravity
fed along approximately 30km of large diameter water mains to Stillorgan reservoir, a
large service reservoir close to Dublin city. Water is then gravity fed throughout District
Metered Areas (DMAs) in the Dublin city region. Pressure reduction is then required
on both the trunk mains and the distribution mains within the city centre. This pres-
sure reduction is achieved through the installation of control valves (primarily on trunk

mains) and PRVs (primarily on distribution mains).
In contrast, in Ireland’s second largest city, Cork City, more pumping is required. Cork

is a city of hills and valleys. The city boundaries have spread over time from the low-

lying areas near St Patrick’s Street, over the surrounding suburbs located on hills to the
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(c) Cork city water supply - pumping station (d) Water tower at high elevation

Fig. 4.1: Case example: Cork city water supply: Energy usage and pressure build up

north and south. The primary city water source is the River Lee. With the city sur-
rounding both sides of the Lee, pumping is required to meet the water demands of these
areas. The intake and treatment works are located on the North side of the river, with
the service reservoirs and water tower located up on top of a hill above the city. Water
must be pumped from the intake up to these service reservoirs before it then flows by
gravity through the city’s distribution mains. The presence of large elevation drops in
the Cork city WSN means water pressure builds up quickly, increasing the risk of burst

pipes and intensifying the magnitude of leakage.

Pressure management is therefore a key responsibility for Cork City Council, and is
achieved through a variety of measures. The city water supply is divided into DMAs
with the inflow and outflow to each carefully monitored. There are also a number of
PRVs located at various points within the distribution mains. Despite the current pres-
sure management activities in place, 55% of water supplied in Cork City in 2012 was

unaccounted for. As has been discussed previously, hydropower turbines have been
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identified as a potential alternative pressure reduction measure, with the added benefits
of producing much needed electricity, and reducing the dependency on fossil fuels, re-

ducing the carbon footprint of water industries.

4.2.1 Energy Recovery Locations

As illustrated in the previous two case studies in Cork and Dublin, water supply net-
work designs vary. The location of the source determines whether the water in that
network is supplied by gravity or by pumping. Head loss through a network will also
vary depending upon the topography of the region and the location of the pipes. Fig-
ure 4.2 shows a typical pipeline between two storage reservoirs. During WSN design,
the minimum and maximum pressures along this pipeline must be found to ensure the
pipes have a sufficient pressure rating. Water pressures in a system are generally main-
tained between a maximum (about 70m head) and a minimum (about 20m head) value
(Chadwick et al., 2004).

stand pipe energy line
/ o

GP air valve

<1 bend

D: belimouth
B sluice valve

Fig. 4.2: Design of a simple piped WSN (Chadwick et al., 2004)

According to Bernoulli’s equation, at any point between the reservoirs:

p Vv : .
— + — + z = height of the energy line 4.2.1)
rg 28 § i
and:
pﬂg + z = height of the hydraulic gradient 4.2.2)
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Where p is the pressure (m), V is the velocity (m?/s) and z is the elevation (m). The
energy line begins and ends at the water level in the upper and lower reservoirs, while
the hydraulic gradient is always a distance V*/2g below the energy line. The maximum
and minimum pressures can be found by finding the maximum and minimum heights
between the pipe and the hydraulic gradient (Chadwick et al., 2004).

If the hydraulic gradient is below the pipe, then there is sub-atmospheric pressure at that
point. This condition must be avoided as cavitation may occur. Furthermore, if there
are any leaks in that pipeline, external matter may be sucked into the pipe, potentially

polluting the water supply.

In order to prevent excess pressures, a number of pressure reducing methods (e.g. PRVs
and BPTs) may be installed in a network, as has previously been discussed in Chapter
2. These locations, illustrated in Figure 4.3, present opportunities for potential turbine
installation. However, output pressures at these turbines may also require accurate con-
trol, dependent on the topography later on in the network, to prevent both excessively

high pressures and the occurrence of sub-atmospheric pressures.
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Fig. 4.3: Potential hydropower energy locations in a WSN (ESHA, 2010)
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4.2.2 Context within WSN

Hydropower energy recovery, as discussed in Chapter 2, has previously been applied
within water distribution networks. However, installed industry examples are primarily
found on the water transmission (WT) side of the distribution network, and not within
the distribution mains themselves. The difference between these two contexts for hy-
dropower energy recovery was illustrated clearly by Carravetta et al. (2012) as shown
in Figure 4.4. Installing turbines on the WT nodes, such as at water treatment works,
tanks or reservoirs, or the end of large transmission lines (trunk mains) present opportu-
nities for energy recovery. These locations have more regular and predictable flow rate

patterns, and are not heavily effected by seasonal variations.
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Fig. 4.4: Water supply system showing potential energy recovery points (dissipation
nodes)(Carravetta et al., 2012)

PRVs however which are primarily located on distribution mains within the urban water
distribution (WD) network, also present opportunities for energy recovery. These loca-
tions are highly dependent on the local water demands of the areas they are located in,
and as such see more extreme levels of daily and seasonal variation. For a larger uptake
of hydropower generation within WD mains, further research is required on the impact

of these flow variation patterns on turbine selection and turbine operating efficiencies.

This chapter presents results of an analysis of the potential for hydropower energy re-
covery on both water transmission and water distribution mains of Ireland and Wales.
However, the focus is primarily on the largely untapped resource and more technically

challenging opportunity of electricity generation at PRVs on WD mains.

54



Chapter 4. Feasibility 99

4.2.3 Turbine Technology

Hydropower turbines are classified into two broad categories; impulse turbines or re-
action turbines. At an impulse turbine, water hits the blades at atmospheric pressure.
Water is directed at the blades through a nozzle, which converts the kinetic energy of the
water into mechanical energy. In reaction turbines, water hits the blades at a higher pres-
sure than atmospheric, and also at high speed. Fluid enters the turbine containing both
kinetic and potential energy, which the turbine then transfers into mechanical energy.
Another practical wat of classifying hydropower turbines is in three groups depending
on the relative head and flow (Rodriguez and Sanchez, 2011): high head and low flow

turbines; medium head and medium flow turbines; and low head and high flow turbines.

4.2.3.1 High-head low-flow turbines

The two most well-known high-head and low-flow turbines are the Pelton turbine and
the Turgo turbine. These are both impulse type turbines. The Pelton turbine is the oldest
and most commonly used turbine in the world. It is reliable, robust and highly efficient
machine. Micro, mini and pico Pelton turbines are currently manufactured, with one
jet or multiple jets depending on the