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Summary

More water efficient irrigation techniques have been studied and developed during the last
decades, and are becoming of significant importance in arid and semi-arid regions, as these are
leading to more energy intensive irrigation infrastructures. This thesis presents hydropower
energy recovery as a potential measure to improve the energy efficiency in on-demand irrigation
networks. Findings in four main elements of work are developed, presented and discussed, related
to: i) flow fluctuations prediction, ii) feasibility assessment, iii) energy potential extrapolation

and iv) real-scale implementation.

On the first element, a new methodology to predict the in-pipe flow variations in on-demand
networks along an irrigation season was developed. As fluctuations in the flow rate provokes
considerable effects on turbine efficiency for hydropower energy recovery, this characterisation
is largely important to quantify in detail the hydropower potential. Furthermore, the theoretical
performance of pump-as-turbines was considered based on the theoretical best efficiency point,
selecting the device returning the minimum payback period. Pumps-as-turbines are conventional
pumps working in reverse mode as turbines. Using them for energy recovery has been shown to
be cost-effective at sites with small power output capacity rather than conventional turbines.
Their cost-effectiveness lies in the fact that pumps are mass produced and many models exist of
differing sizes. This results in considerably cheaper machinery covering a wide range of flow and

head combinations. However, anticipating their performance is a well-known challenge.

Secondly, the methodology feasibility was evaluated comparing the results predicted in nine
points of an on-demand irrigation network with actual data recorded for the 2015 irrigation
season. Several statistical parameters and efficiency criteria were used to compare the results
coming from simulations and from the application of actual flow observations in a real network,
in high resolution, and over a 1-year period. The validation of this methodology will allow its
application in different irrigation networks to quantify the existing potential and study how PATSs
could improve their energy efficiency. The overall result of the methodology comparing actual
records and predicted data was satisfactory. In the case of the flow, it presented a good fit between
the predicted and the actual values, with a MAE and RMSE of 0.0026 and 0.0068 on the
occurrence probability. Values for R? and efficiency criteria of 0.804 and 0.576 respectively,
were obtained. Therefore, the results showed a feasible average accuracy for flow prediction,

which allowed a more accurate estimation of the hydropower potential.



Once the method was developed and validated, a large-scale energy recovery assessment was
carried out, which could provide an approximation of the potential benefits associated with
hydropower in on-demand irrigation networks. Linear regression models and artificial neural
networks were used to estimate the energy recovery potential in an irrigated surface of about
164,000 ha. Three proxy variables were used, including: irrigated surface, theoretical crop
irrigation requirements and slope. Using the results provided by artificial neural networks, the
economic, environmental and energetic impacts were quantified in the area analysed. A reduction
in energy consumption in the agriculture sector of this magnitude could have significant impacts
on food production and climate change. This was the largest scale assessment of hydropower
potential conducted in irrigation networks to date with the next nearest being an assessment of
4,000 ha.

Finally, an experimental hydropower plant using a pump-as-turbine was designed and
constructed in an actual on-demand irrigation network to supply energy to a local farm in
Southern Spain. A 4 KW pump-as-turbine was installed in a by-pass, recovering around 20 m of
head and turbining 30 | s, connected to a bank of batteries that worked as backup for periods
where no electricity generation was possible. The pilot plant was design using the methodologies
developed in the earlier parts of the thesis. The plant supplied the energy demanded at the farm
during the entire irrigation season, eliminating a diesel generator previously used to fulfil the
energy demand. Significant benefits were achieved, exceeding €2,000 of economic savings and
more than 8 t eCO,. Lastly, an analysis of two pump-as-turbine regulation schemes (hydraulic
and electric), and the global efficiency of the plant were carried out. The results obtained in this
research could lead to a more efficient plant designs and a better understanding of PAT
performance working under actual conditions in irrigation networks. Thereby improving the plant

power and global efficiency, and sustainability of energy sources applied to the agriculture sector.
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Chapter 1. Introduction

1 INTRODUCTION

The continued growth of the worldwide population has had an important effect on the demand
for resources. One of the most significant impacts resides on the Water-Energy-Food Nexus, in
which many investigations have been focused during the last years. The interconnection between
these resources is such that the energy demanded for food production and supply chain was
estimated at around 30% of worldwide consumption (Food and Agriculture Organization of the
United Nations 2011). Moreover, one of the basic activities for food production, like agriculture,

consumes for about 70% of freshwater globally (Mouraviev and Koulouri 2019).

On the other hand, the water sector was reported as one of the largest energy consumers,
accounting for 4% (more than 100 Mtoe) of the global electricity consumption in 2014, used to
extract, distribute and treat water and wastewater, with a predicted increase of 130% up to 275
Mtoe in 2040 (International Energy Agency n.d.). Thus, a change in any of the elements of this
nexus could result in increase of the other two. For instance, the global population is estimated
to grow up to 9.7 billion people by 2050, and this would suppose an increase of 60% in food
demand, and so an increase for water and energy consumption. (FAO, 2015). This increase of
food would have impact on the energy intake, which was predicted to raise up to 36% by 2035

from 2008 levels (International Energy Agency 2010).

Water and most of the activities related to it are indispensable for civilised society and sustainable
development. Nonetheless, its current exploitation is not being carried out efficiently, neither
from the energy sustainability nor the resource management points of view. The energy
consumption associated with the operation of pressurized water networks represents around 2-
3% of global energy consumption (Vilanova and Balestieri 2014). Water services are the fourth

most energy-intensive industry in Europe. The energy dependency of the water sector is also
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reflected in the costs percentage represented by production and supply, which have risen up to
80% of operating budgets (Lofman et al. 2002). This trend of the increasing energy dependency
makes the water sector responsible for significant contributions to climate change (Gallagher et
al. 2015). It was reported that 5% of the CO. emissions in the US were related to the water sector
in 2009, which would be translated in more than 62 coal fired power plants (Griffiths-sattenspiel
and Wilson n.d.). This ratio increased up to 6% in India, where irrigation has an important weight
(Shah 2009).

Contrary to this trend, the increasing pressure to counter the climate change impacts has led to
the fixing of a set of global targets to reduce remarkably greenhouse gases (GHG) emissions.
Such reductions were established to achieve 20% reduction by 2020 compared to 1990 levels and
almost completely by 2050, as well as improving the energy efficiency by 20% (European

Commission 2010).

Among the different activities within the water sector, agriculture is the most significant user of
water resources worldwide, accounting for around 70% of all water use, and close to 95% in
some developing countries (FAO - Food and Agriculture Organization of the United Nations
2015). This issue has made awareness of improving water efficiency in agriculture important.
The modernization process carried out in the irrigation sector in some western countries, in either
hydraulic infrastructure or in irrigation devices, has led to an improvement of water-resource use
efficiency (Rodriguez-Diaz et al. 2008). The modernization of the hydraulic infrastructure
normally implies the replacement of open channels with a pressurised pipe networks. One
example of the magnitude of the improvement of water efficiency that could be achieved with
this upgrade was shown in the Spanish National Plan for Irrigated Areas (Ministry of Food 2001),
which expected to save about 3,000 Mm? per annum. As a proof of the results accomplished,
Fernandez Garcia et al. (2014b) stated that the water demand in five irrigation districts in
Southern Spain decreased by 23% on average comparing levels before and after the

modernization.

This process has also resulted in an increase of the irrigation districts’ energy consumption. In
pressurised irrigation networks, energy reaches around 40% of the total water costs, and therefore
water and energy efficiency cannot be considered independently (Rodriguez-Diaz et al. 2011).
Blanco (2009) carried out a study in 10 irrigation districts, where the energy efficiency was
analysed. It was estimated that the energy cost was around 20-30% of the total water costs, and
the consumption per unit-irrigated surface had increased from 600 kwWh ha* to 1,600 kWh ha'?,

before and after the modernization. These costs reached an important weight in some networks,
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amounting to 65% of the water cost (Ferndndez Garcia et al. 2014b). Thus, the upgrade process
has led to an increase of the water use-efficiency, whilst increasing the water cost.

Areas of excess pressure are unavoidable in pressurised irrigation networks, unless it is situated
in an area with uniform gradient and demand distribution due to changes in elevation and demand
across a typical irrigation network. The existing overpressure in pressurised water networks has
givenrise to the utilization of hydropower technology for energy recovery. Its use and furtherance
would help to decrease the agricultural water fossil and carbon energy dependency, with no
impact in the water supply (McNabola et al. 2014b). In addition, the irrigation devices (drippers,
sprinklers) continue to evolve towards greater efficiency in the consumption of water and energy.
This results in a lower working pressure requirement in some areas of an irrigation network,
triggering the potential for available energy recovery. Therefore, both economic and
environmental advantages could be achieved implementing such technology in irrigation:
through the reduction of water and food costs; and reducing GHG emissions. However, the small
power outputs typically found in these networks, most of them encompassed within the micro
hydropower (MHP) range (5 to 100 kW), has led to the need to seek new economically viable

hydro turbines for this particular setting.

Pump-as-turbines (PATS) were presented as a cost-effective technology for such micro power
ranges, whose cost supposed potentially 10% of the cost of conventional turbines (Carravetta et
al. 2014a; Fecarotta et al. 2014b; Lydon et al. 2017a; Novara et al. 2019; Power et al. 2014;
Ramos, H.M.; Borga, A.; Simdo 2009). As such, PATs have shown a considerable cost advantage
for micro applications. However, despite a high nominal peak efficiency under best performance
conditions, PAT efficiency dramatically drops with large flow fluctuations, which are quite
common in irrigation networks due to the stationarity of the activity. It can be perceived how
flow variability is a crucial factor for this technology and its design, as it will affect operational

performance and viability (Lydon et al. 2017b).

The complexity of the design process for a PAT installation ensuring viable operation becomes
even greater in irrigation due to the lack of flow fluctuations information. Although there is a
high control of the network operation and the farmers’ volume consumption are recorded and
controlled to not exceed the fixed volume assigned by the water authority and regulate the water
payments, it is uncommon to have devices measuring the condition variations of the network
installed (i.e. flow meters). Besides the difficulties found for PAT installations analysis and
design in irrigation networks, another consideration should be taken into account: how the long-

term performance could affect the purpose for which the plant was projected. Changes in demand
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patterns, crops or climatic parameters (rainfall and evapotranspiration), for instance, would affect
the setting operation, and hence to the viability of a PAT in an irrigation setting. This fact requires

analysis of real-world installations, which would lead to an improvement in future plants.

1.1. Research objectives

Throughout the underlying objectives completed in this thesis, the main target was focused on
the assessment and analysis of PAT potential to improve the energy efficiency in irrigation
networks or bring energy to remote locations with no access to electricity. Based on this, the

general objectives aforementioned are resumed below:

1. Gather information on, build and calibrate hydraulic models of pressurised irrigation
networks.

2. Develop an accurate prediction method of flow variations and energy recovery
guantification along an irrigation season.
Contrast the accuracy of the flow forecasted against measured field data.

4. Conduct a large-scale forecast of potential energy recovery in a region and evaluate the

economic and environmental benefits and market potential.

Define a new approach to estimate the costs of a PAT installation in irrigation networks.

Design and construction of a full-scale demonstration plant in the field.

Design guidelines and support tools for PAT installation in irrigation networks.

© N o o

Monitor and assess the long-term performance and viability analysis of an actual plant

compared to predicted results.

1.2. Research contribution

This research will contribute theoretically and practically to the existing literature and
knowledge. Theoretical contributions will be achieved through paper publications in scientific
journals and conference proceedings. These will help to extend the existing literature on the
topics of energy recovery in irrigation networks using PATs and design of these installations to
decrease the energy dependency. Among the different papers written from this research, a

summary of them and their status is outlined below:
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Paper 1: Pump-as-Turbine selection methodology for energy recovery in irrigation networks:
minimising the payback period.

This paper was published on 20" January 2019 in the open access journal Water, within the
section Water-Food-Energy Nexus in the special issue “Modelling and Management of Irrigation
System”, 11 (149), pages 1-20. The full reference to this paper is given in the list of publications

section.

The paper presents a new statistical methodology to predict the flow variability in on-demand
irrigation networks based on the possible combinations of open and closed hydrants and assesses
the energy recovery potential in pre-selected points, identifying the PAT returning the minimum

payback period.

Paper 2: Hydropower energy recovery in irrigation networks: validation of a methodology for

flow prediction and pump-as-turbine selection.

This paper was published on 26 September 2019 in the journal Renewable Energy, within the
issue 147 (2020), pages 1728-1738. The full reference to this paper is given in the list of

publications section.

The paper applied the methodology developed in paper 1 in an on-demand irrigation network,
comparing the results obtained for flow variability with actual flows, recorded hourly at the
network. The paper aimed to validate the method through measuring some statistical performance
indicators. The energy recovery potential was then evaluated and the PATSs selected for both

regimes, comparing the results gathered for predicted and recorded flows.

Paper 3: Estimating regional potential for micro-hydropower energy recovery in irrigation

networks on a large geographical scale.

This paper was published on 24 March 2020 in the journal Renewable Energy, within the issue

155 (2020), pages 396-406. The full reference is given in the list of publications section.

The paper showed an innovative methodology to estimate the energy recovery potential in large
geographical scale in regions with on-demand irrigation networks. The prediction models
presented were linear regression models and non-linear methods. The proxy variables used were
easily gatherable, encompassing irrigated surface, orographic, agronomic and climatic data. It
was applied in two regions in Southern Spain (Cordoba and Seville), which encompassed more
than 25,000 km? and an irrigated surface of almost 200,000 ha, to estimate the energy recovery

potential. This is the largest assessment of this kind conducted to date.
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Paper 4: Evaluation of a micro hydropower plant design and performance in a pressurised

irrigation network: real world application in Southern Spain.
This paper is currently under review in the Journal of Cleaner Production.

The paper presented the design phase and considerations taken into account during the design of
an actual PAT installation for self-consumption of energy recovered in a working agricultural
farm. The plant performance was assessed during a full irrigation season, evaluating the
environmental and economic benefits achieved. As a main achievement, the plant was capable

of supplying the entire power required by the farmer.

The content of these papers will be described more in details in the following chapters of the
thesis. Practical contributions will be made through the construction and analysis of an
experimental demonstration plant, whose results will be used and disseminated to foster this
technology within the irrigation sector. Detailed data is recorded by a sophisticated monitoring
system, which will allow an itemized analysis of the input and output variables used for the plant

design.
The subsequent content of this thesis is distributed as per the following chapters’ structure.

Chapter 2 gives a comprehensive review along the existing literature covering two main fields:
irrigation and hydropower. Irrigation was etymologically introduced, defining its origin and
traditional techniques. A brief conceptualization of on-demand irrigation networks and how they
are designed has been presented. A careful critical review of the key literature dealing with the
problematic of the energy dependency in irrigation networks, and potential solution proposed
have been discussed. Hydropower and pump as turbines as a measure to counteract this issue in
urban water supply networks have been discussed. Based on the thesis’s objectives defined, the
literature review process identifies the gaps and areas towards which the research should be

extended.

Chapter 3 introduces the overall research model adopted in the thesis and explains the inherent
methodological approach. The different work stages in which the thesis is divided and required

to fulfil the thesis’s objectives are outlined.

The next four chapters present the research work carried out in the different scopes of the thesis,

including;
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Chapter 4 describes the methodology developed to predict the flow fluctuations needed to assess
PAT installations, and estimate the energy recovery potential in pre-selected points at on-demand

irrigation networks.

Chapter 5 validates the previous methodology comparing predicted flows with actual values
recorded hourly.

Chapter 6 shows an innovative method to estimate the energy recovery potential on a large
geographical scale for areas using on-demand irrigation networks using artificial neural

networks.

Chapter 7 presents the design, construction and post-construction performance assessment of an
actual PAT installation used for self-consumption in a farm within an on-demand irrigation

network.

Chapter 8 discusses the main results and discoveries exposed along the four previous chapters,

showing the limitations and potential impact of the findings.

Chapter 9 finishes this thesis presenting a set of conclusions to which the findings and results
led, and recommends potential future research to carry irrigation towards becoming a more

sustainable activity.
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2 LITERATURE REVIEW

2.1. Introduction

This chapter presents a critical review of the literature in two main fields: irrigation and
hydropower. Due to the differences found between the irrigation systems used in arid and
semiarid, and in more mild temperate climates, the first part of the chapter deals with irrigation.
Different definitions, origin and development, techniques employed, types of infrastructures or
effects to which the replacement of the systems has led to, are explained among other points. On-
demand irrigation networks are the systems assessed in this research; therefore, they have been
introduced in this chapter. One key point which has arisen is the energy dependency that
pressurised networks entail. The different impacts arising and solutions already proposed to this
issue have been analysed here. As hydropower application in general and PATS in particular,
have been widely studied in the water industry in previous research, an introduction to the
literature related to this is also shown. PATs and their main characteristics, strengths and
weaknesses have been introduced, as well as the different methods to anticipate their
performance. The overarching aim of this research is to improve the energy efficiency in on-
demand pressurised irrigation systems using hydropower solutions through PAT installation,
estimating the existing potential, developing prediction methods for flow fluctuations, and
extrapolating the results obtained in single networks to larger geographical scales, and

implementing the solution proposed into a real working network.
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2.2. lrrigation

Irrigation is one of the oldest and most fundamental activities in human history, representing the
basis for ancient civilizations and being linked to their development. The definition of irrigation
related to agriculture can be found in the different dictionaries as follow: “the watering of land
by artificial means to foster plant growth” (Merriam-Webster Dictionary n.d.); “the action of
supplying land with water by means of channels or streams; the distribution of water over the
surface of the ground, in order to promote the growth and productiveness of plants. Also, the
part which is irrigated” (“Oxford English Dictionary” n.d.); “the practice of supplying land with
water so that crops and plants will grow” (“Cambridge English Dictionary” n.d.). It could be
comprehended that irrigation intends to complement or replace artificially the crop’s water
requirements, fulfilling that which is not supplied naturally by rain or other means. Along the
present chapter, an overview of irrigation history, hydraulic infrastructure and the different kind
of practises will be explained.

2.2.1. A brief overview of the origins of irrigation

The origin of irrigation goes back for about 8,000 years, dating to the first archaeological records
of irrigation farming in 6,000 B.C. at the Jordan Valley (Sojka et al. 2002) and the irrigation
schemes used for its practise around the 5,000 B.C. (Bazza et al. 2006). The first civilizations
using these water structures were the Egyptians and the Mesopotamians, who used the floods of

the Nile, Tigris and Euphrates rivers to provide water to the crops cultivated.

During the initiation of irrigation the Ancient Egyptians constructed flat basins at the Nile banks,
where the crops were grown and took the advantage of the floods to supply them with water. This
technique was modernised building networks of parallel and perpendicular earthen banks and
using regulated sluices that the floodwater was driven into a basin, remaining there until the soil
was saturated. Then, the leftover water was drained and these lands used to cultivate the crops
(Goblot 1963). This process can be seen in Figure 2.1. Mesopotamians used the different riverbed
levels of the Euphrates and Tigris for irrigation and drainage. As the Euphrates bed was
considerably above the alluvial plain, it was used as supply. In contrast, the lower level of Tigris
bed provided a drain, where the lands in between both river were used for the cultivation of crops
(Bazza et al. 2006; Britannica n.d.).

These techniques were expanded towards other Mediterranean regions, arriving to the Roman

Empire in the second century B.C. Romans were focused on water management, for which they
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developed several hydraulic infrastructures. Some of them are even used for current irrigation
practices. Among them could be found: masonry dams with derivation canals; reservoirs and
cisterns to store rainwater; and canals and aqueducts for water conveyance (see Figure 2-2). The
technique has been expanded worldwide and has kept evolving along the centuries, being
nowadays the largest water consumer worldwide by far.

Figure 2-1. Roman aqueduct in Segovia (Spain) in top; Dam constructed by the
Romans between the first and second century A.D. in Spain, still in use in bottom.

10
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2.3. lrrigation infrastructure and techniques: Modernization
process

Some of the ancient infrastructures that have been used for thousands of years and are still
employed to manage and apply the hydraulic resources, being fundamental to preserve the
irrigation activity and food production. Although they incorporate some recent technologies to
either catch water from any source (i.e. river) or boost it (pump) to wherever is required.
However, once the technique was extended and became a regular and essential practise, the
efficient employment of water and management of water resources gained weight, especially in
those warm countries with low precipitations. The continuous evolution of the irrigation
techniques has given a wide variety of infrastructure for water conveyance and distribution,

among which irrigation ditches, canals, weirs, water mills or pipelines, could be found.

The traditional infrastructure associated with water distribution in irrigation could be recognised
as open surface flow constructions (i.e. canals or ditches). The conveyance efficiency were
reported to reach values of approximately 60% - 70% using these (Rodriguez-Diaz et al. 2008).
The type of irrigation traditionally practised was based on the flooding of the land where crops
were cultivated, which led to an excess demand of water, i.e. the amount of water provided was
in excess of requirements and the loss of water in conveyance added to inefficiency in resource

use.

Combining water stress, the conveyance efficiency of this free surface stream constructions, and
the excessive amount of water employed during the practise gave rise to the need of more efficient
and productive means and techniques. This could be accomplished through a modernization of
the hydraulic infrastructure, as well as of the devices employed. The modernization generally
implies the replacement of open surface infrastructure by pressurised pipeline network. In a
semiarid and irrigation-intensive country such as Spain (over 3,000Mha irrigated) important
water savings have been achieved since the Spanish National Plan for Irrigated Areas (Ministry
of Food 2001) as aforementioned, reaching 21% from 1950 to 2007 (Corominas 2010).

Pressurised networks allowed the change in the irrigation techniques, passing from surface to
sprinkler or localized irrigation, which are more water efficient. However, the distribution in
2012 of these three techniques all around the world showed a huge predominance of surface
irrigation over the others, encompassing 86% of the global irrigated land, against 11% for
sprinkler and 3% for localized (FAO - Food and Agriculture Organization of the United Nations
2014). These are described below:

11
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89 2.3.1. Surface irrigation

90  Surface irrigation is the oldest and most common method of applying water to croplands. Also
91  referredto as flood irrigation, the essential feature of this irrigation system is that water is applied
92  at a specific location and allowed to flow freely over the field surface, and thereby apply and
93  distribute the necessary water to refill the crop root zone. This can be contrasted to sprinkle or
94  drip irrigation where water is distributed over the field in pressurized pipes and then applied
95  through sprinklers or drippers to the surface. Surface irrigation has evolved into an extensive
96 array of configurations that can broadly be classified as (Kay, 2009):

97 - Basin irrigation.

98 - Border irrigation.

99 - Furrow irrigation.
100

101

102 Figure 2-2. Surface irrigation methods sketch (Kay, 2009)

103

104  2.3.2. Sprinkler irrigation

105 Inthis method water is sprayed, falling on the soil somewhat resembling rainfall. The pressurised
106  water reaches small orifices or nozzles, from which is sprayed. The pressure is usually obtained

107 by pumping or through gravity. With careful selection of nozzle sizes, operating pressure and

12
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108  sprinkler spacing the amount of irrigation water required to refill the crop root zone can be applied
109  nearly uniform at the rate to suit the infiltration rate of the soil.

110  2.3.3. Localized irrigation

111 Drip irrigation involves dripping water onto the soil at very low rates (2-4 liters/hour) from a
112 system of small diameter plastic pipes fitted with outlets called drippers. Water is applied close
113 to plants so just the part of the soil in which the roots grow is wetted unlike surface or sprinkler
114  irrigation. It is considered as the most advanced and water efficient irrigation method, leading to

115  significant water savings.

116

117

118

119 Figure 2-4. Drip irrigation

13
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Thus, the modernization of infrastructures implied an improvement in the water conveyance
efficiency, reaching values close to 100%. This means that the water delivered by the water
network is the same as the amount of water introduced in the system. This fact together with the
reduction of the water applied in the field has led to significant water savings.

2.3.4. lrrigation Districts or Communities

Before describing the effects brought about by the pressurised infrastructure, and as a remarkable
amount of the information and input data in this research is based on Southern Spanish irrigation

networks, it may be useful to provide an explanation of their structure, design and operation.

The irrigator’s communities (CCRRs) could be defined as “association of landowners of
irrigation areas, who unite obliged by law, for the autonomous and common administration of
the public water, without the intention of profit. Thus, we are talking about a specific area
suitable for irrigation, which benefits from a water concession available for its irrigators * (Del
Campo 2006). The main aims of these associations are focused on the distribution and
management of water resources. The main reason of these communities to exist resides on the
employment of common goods to irrigate, such as water itself or water networks used for the

distribution.

The organization of irrigated land in term of associations is strongly sustained by the Spanish
Water Law, which imposes the requirement for different water users utilizing the same water
outlet to create these users communities. This is referred in the Article 81.1 of the Legislative
Royal Decree 1/2001. Some of their properties are directly related to the hydraulic resources
management and exploitation, as the control on the abuse of water resources by any user or to

facilitate the collection of the users’ costs to the Government, among others (Del Campo 2006).

The origin of these bodies goes back to the Roman age in Spain, where the farms were distributed
around the different hydraulic infrastructure of the time. Over time, the infrastructure employed
for the water distribution has been changing, as aforementioned, improving their efficiency. The
large irrigation networks began to operate more than 50 years ago, replacing the traditional
irrigation systems by the 70s of the previous century. Thus, during the last decades the CCRRs
have been substituting the referred open channels for pressurised irrigation networks. This trend
can be shown in numbers, comparing the surface irrigation level between 2000, where it was
59% of the irrigated land, and 2017 where this ratio decreased down to 24.8%. On the other hand,

the percentage left by the surface irrigation was occupied by localized (drip) irrigation, which

14
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suffered an increase from 17% in 2000 to 51.4% in 2017, raising up by more than 1 million ha
(Del Campo 2006).

Importantly for this thesis we distinguish between the large scale irrigation districts or networks
which are operated by CCRRs (typically pipe diameter over 1200mm), and farm-level irrigation.
Farm-level irrigation occurs beyond the hydrants of the irrigation district or network, and
involves water flows and infrastructure of a smaller scale. Later research examines the resources
for and viability of PAT installation within the irrigation district (see Chapters 4-5) and at farm-

level (see Chapter 7) separately.

2.4. Pressurised irrigation networks

A pressurised irrigation network is a system concerned with distributing water under pressure
from the water source to the irrigated lands. The main differences found with traditional surface
irrigation falls on the operation and applied flow for both systems, as well as the on the energy
dependency of the pressurised systems.

Therefore, the main differences related to the flow are; the flow rate in pressurised systems is
significantly smaller than in open channels, reaching values close 1m3 h. In addition, free
surface flow systems convey the water by gravity as per the field contours, whilst the pipes
systems follow the most convenient route. Regarding the volume provided by unit irrigated area,
traditional systems apply larger volumes than pressurised systems, which distribute the water in

small rates in larger areas (Phocaides 2007).

Independent of the scale of the network and irrigation technique and devices employed, all
pressurised networks count on a common set of elements, such as: head control station, main or
transmission pipelines, hydrants, feeder pipes and irrigating pipes where the irrigation devices
are connected (at farm-level) (Phocaides 2007). Large irrigation districts/networks normally
comprise a group of different farms, each of which has its own farm-level irrigation system,
following after the hydrants of the districts network, as the farm is owed by the farmer, while the
network (including hydrants) is part of the water user association (irrigation community).
Therefore, the farmer decided the type of irrigation technique to use, and thus the emitters to be

installed, as explained below. The following elements commonly apply:

15
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The water source usually corresponds to the catchment zone in a river or a dam.

The head control unit is the responsible for the control of the discharge and pressure in
the entire system. The control head function is carried out by either a pumping station or
a reservoir, by setting the manometric head or the elevation respectively.

The main pipelines, or transmission pipes, are the largest diameter pipes, able to convey
the maximum flow for which the network was designed.

Submains pipes: used for water distribution purpose, they compose the branches, with
smaller diameter than main pipes.

Hydrant: It is an integrated shut-off valve system to ensure the water supply, either of
the whole flow for which it is designed or just part of it.

Mainfolds: Smaller diameter pipelines at the outlet of the hydrant used to feed the laterals
(farm-level).

Laterals: perpendicularly fitted to the mainfolds, placed along the plants where the
emitters are connected (farm-level).

Emitters: These are the responsible to discharge the water. There are different kind of
emitters, depending on the technique employed for the discharge, among could be found:

drippers, sprinklers, sprayers, etc (farm-level).

A general scheme layout showing the main elements of a pressurised irrigation network can be

seen in Figure 2.5. In addition, real pictures of various elements are shown in Figure 2.6 — 2.9.
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Figure 2-5. General scheme and elements of a pressurised irrigation network

Figure 2-6. Pumping station (head control

unit)

Figure 2-8. Irrigation hydrant

Figure 2-7. Main pipelines during

construction

Figure 2-9. Double layer drippers (emitters)

17



202

203
204
205
206
207

208
209
210
211
212
213
214
215
216
217

218
219
220
221
222
223
224
225

226
227
228
229
230
231
232
233

Chapter 2. Literature review

2.4.1. On-demand irrigation networks

In order to guarantee the same rights to every farmer using and irrigation network, the large
traditional systems shared out the water attending to some crops rotation criteria. These systems
have the disadvantage of not always applying irrigation water when required due to availability
issues, directly affecting to the crops’ yield. The main effects of a low production affect to the

farmers, who might not obtain the seek harvest, which could lead to economic losses.

The risk of having losses due to the lack of water is the starting point for the known as on-demand
irrigation networks. In these irrigation systems, the water is available 24 hours per day, being the
farmer the person deciding how much water should be used and the moment of application. These
infrastructures provide a much wider flexibility in the water use, which increase the farmers’
likelihood of improving their benefits. The tariff applied to each farmer generally is divided into
two different parties: the canon and tariff that is a fixed cost per unit irrigated area; the electricity
cost, which is variable and depends on the total water consumed during an irrigation season,
which trends to increase as the water withdrawn does. The volume is usually measured at the
devices installed at the farms for the water delivery, the aforementioned hydrants, which count

with a cumulative flow meter.

The design must be done adequately in order to ensure the minimum pressure required at the
hydrants. Due to the large scale of these systems and different head requirements at the different
farms, hydrants are normally equipped with other devices, such as flow control valves or pressure
reducing valves to control the inlet conditions prior irrigating. The continuous water availability
at on-demand irrigation networks increases the complexity of their design, as the farmers’
freedom to open or close the hydrants makes the calculation of the discharges flowing in the
network a challenge. Furthermore, the network has always to satisfy the hydrant requirements of

demand and pressure.

The flows’ volatility is very significant in on-demand networks, as the discharge varies as the
variables do. Hence, there are periods in which the demand is quite low or null, while massive
flows are demanded in other periods. The spatial and temporal flow variation depends mainly on
three aspects: the crop patterns, the agro-climatic parameters (rainfall and evapotranspiration)
and the farmers’ habits. The different crops cultivated at the farms irrigated by the network have
different irrigation needs in the different annual season. Considering the rainfall and
evapotranspiration, these needs could increase or decrease. Furthermore, each farmer has the

flexibility to apply the water when it suits better. Therefore, the discharge will vary as per the
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combination of all these variables. These variations have to be taken into account in the design
phase.

Lamaddalena and Sagardoy (2000) divided the parameters to be considered in the design of an
on-demand network in two classes: Environmental and decision parameters. While the first ones
cannot be modified and depends on the area, the second ones depends on the designer decisions.
Among the environmental parameters, the most important are: climate and pedologic conditions,
agriculture structure, socioeconomic farmers’ condition or type and location of water source. The
decision parameters are related to the crops cultivated, irrigation technique used and their
requirements and to the properties of the network, such as number of hydrants, design discharge

per hydrant or delivery schedule.

Traditionally, the design of on-demand irrigation networks has been based on statistical
distribution of peak flows. The most employed method was proposed by Clement (1966) more

than 50 years ago.

Clément came up with a probabilistic method to estimate the flow in pipes, supposing a random
distribution of these, which depended on the number of hydrants of the network and their design
flow (d) in | stha™. Each hydrant could be open or closed in a specific moment, being unlikely
that all the hydrants were open at the same time. Therefore, each pipe was sized using the
maximum flow that corresponded to the product of number of hydrants and the design flow.
Thus, the flow running in each line is a random variable obtained from the sum of the binomial

random variables associated to each hydrant (as they have two possible outputs; open or closed).

From the Clement method, it could be extracted that for a high number of hydrants, the flow
running in each pipe follows a normal distribution. The first Clément formula is expressed as
Equation (2.1). Where Q is the flow circuiting in a pipe, N is the number of hydrants open
downstream, p is the probability of a hydrant to be open, d is the design flow for each hydrant
and U is the typified variable corresponding to simultaneity index (number of hydrants that could

be open at the same time) given at the Table 2.1.

The probability of a hydrant to be open (p), defined in Equation (2.2), is estimated as the
relationship between irrigation time required to fulfil the crops water requirements for a given

time period (t"), and the total time for the same period, (t"').

Q =N-dp+Uyp(1 —p)Nd? 2.1)
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p=— 2.2)

Table 2-1. Values of U (typified variable) depending to the simultaneity index

Simultaneity (%) U

90 1.28
91 1.34
92 1.41
93 1.48
94 1.56
95 1.65
96 1.75
97 1.88
98 2.05
99 2.33
99.5 2.58

Where Q is the flow circuiting in a pipe, N is the number of hydrants open downstream, p is the
probability of a hydrant to be open, d is the design flow for each hydrant and U is the typified
variable corresponding to simultaneity index (number of hydrants that could be open at the same

time) given at the Table 2.1.

However, the method considers some incorrect hypotheses, such as the permanent flow rate at
the hydrant, independent of the pressure available or hydrants open in the network. This

behaviour is not followed in actual networks.

Besides the Clement methodology, other methods have been proposed for the design of on-
demand irrigation networks. De Boissezon and Hait (1965) used the formula proposed by
Clément, but introduced some changes to it, taking into account two main points: i) difference
between hydrant requirements and their open/closed likelihood; ii) the statistical approach was
only applied in the main pipelines, while the small pipelines directly used the sum of all the

hydrants downstream working at the same time.

Mavropoulos (1997) proposed a new formula to obtain the peak discharges based on the Weibull

distribution. The author compared the demands with Weibull and normal distribution, where the
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first one fitted the actual demands for a period of three years, whilst the second fitted just for two
years period.

Rodriguez Diaz et al. (2007) developed a model able to simulate and calculate the flows
circulating in the network at any time during the irrigation season, concluding that a gamma

distribution would fit better than normal and Weibull distributions.

In the last years, several research works have been focused on the computational simulation of
flows to analyse the behaviour of the networks. Granados Garcia (2013) classified in two main

groups the techniques investigated using the tool aforementioned:

i) The first ones are related to the peak flows, consisting of running an extensive
number of simulations under different random network performance hypotheses.
The results obtained could be used to design the network and define energy
saving strategies. Among others, application of flow control valves in hydrants
to simplify the network design and reduce the construction costs, optimization
algorithms to minimize the construction and exploitation costs using economic
series methods, simulation models to obtain the daily volumes and hourly
discharges at hydrants or new stochastics methods to get more accurate design
flows (Alandi et al. 2001; Alandi et al. 2007; Khadra and Lamaddalena 2006;
Moreno et al. 2007b).

i) The second group are related to the network assessment to ensure the demands,
having been developed by research on the feasibility of the network (non-failure)
or evaluation of the potential failures (i.e. lack of pressure) (Rodriguez-Diaz et
al. 2012; Juana et al. 2009; Pereira et al. 2003; Pérez Urrestarazu et al. 2009,
2010). However, these studies reached similar results while presenting a greater

application complexity.

Clément’s methodology for designing on-demand irrigation networks has been globally accepted
by many experts in the field, since it has been defined as a simple and flexible method, which
provides good approximate values, returning quite feasible results. Monserrat et al. (2004)
compared the values obtained after applying the Clement method with real data to assess how
both fitted. Although the discharge distributions did not match (real flows did not follow the
normal distribution), the accumulated probability for the flow domain had differences lower than
9.4%. This indicates how the cumulative flow distribution for an entire irrigation season obtained
using Clement is almost the same as the actual one. Although better results were obtained using

other distributions, several authors concluded that the Clement method was a good design
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approach (Monserrat et al. 2004; Rodriguez Diaz et al. 2007). Furthermore, it was also stated that
Clément’s formula generally adjusted better than Mavropoulos, particularly for a small number
of outlets, when a simultaneity index of 95% or 99% was used (Rodriguez Diaz et al. 2007;
Verschaeren 2000).

2.4.2. Effects of the modernization process

More water efficient techniques have been studied and developed during the last decades.
Traditional irrigation methods (open surface channels and ditches) have been replaced by
pressurised irrigation techniques, such as sprinkler or localized irrigation, which encompassed
14% of the total irrigated area globally in 2014 (FAO - Food and Agriculture Organization of the
United Nations 2014). This percentage varied depending on the country analysed, reaching
values of half of the irrigated area in the US, while decreasing in other regions such as India or
China. However, this trend is changing, since China and India were the countries where localized
irrigation gained the most weight in the last two decades, expanding by 88 fold and 111 fold
respectively (National Geographic 2012). In Mediterranean regions, the area represented by
pressurised irrigation was even over half of the irrigated surface in 2013 levels, accounting for
about 60%, and reaching 100% in some countries (Daccache et al. 2014). Looking to the global
perspective, the expansion of drip irrigation kept the same trend, where the drip irrigated surface
passed from around hundred hectares to around 10.3 million from 1974 to 2012 (FAO - Food and
Agriculture Organization of the United Nations n.d.; National Geographic 2012). The new
irrigation methods supposed an improvement in water use efficiency, while increasing the energy

dependency.

Several studies on this field estimated the water saved using pressurised systems. Rodriguez-Diaz
et al. (2011) assessed the water consumption before and after the modernization process carried
out at the Bembezar Margen Derecha irrigation district. The district used to employ an open
surface distribution (channel) as the main network to irrigate around 12,000 ha of crop lands with
1,300 users, whose loses were approximately 25%. The surface irrigation was practised in over
70% of the land irrigated, with just small portions of drip irrigation in few farms where the farmer
employed their own reservoirs, pumps and pipes to pressurise the water. When the pipeline
system replaced the open surface network, the water savings achieved overpassed 40% of the

annual volume employed, passing from 8,000 m® ha'* to 4,700 m® ha™.

Another research focused on the modernization effect on water savings was carried out in five

irrigation districts, which passed also from open surface to pressurised systems. The average
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results showed how the annual irrigation water supply volume decreased by more than 20%,
reaching values close to 40% in some cases (Fernandez Garcia et al. 2014b).

It can be seen how important amounts of water were saved passing from open surface networks
to pressurised systems. However, this achievement in water use efficiency had an impact on the
energy consumption and water cost. Various researchers had been focused on the effect of the
modernization on this issue, assessing how the pressurisation of irrigation networks influenced
the energy efficiency, how the cost of energy had repercussions on the farmers’ water costs, and

hence in the food production cost.

Rodriguez Diaz et al. (2011) studied how the modernization had affected water and energy
consumption in more than 58,000 ha distributed in 10 irrigation districts distributed all around
Andalusia, Southern Spain, concluding that the average power required per unit-irrigated surface
increased by up to 1.56 kW ha.

Fernandez Garcia et al. (2014b) analysed five irrigation districts located in Cordoba and Seville,
Southern Spain, using performance indicators, before and after modernization, stating that the
average water savings were 23%, but the energy cost was increased by 149%, resulting in an
average rise in the water cost of 52%. This increase in energy consumption has also increased the
contribution of irrigation to climate change, as well as reducing its competitiveness due to

associated costs.

Regarding the energy efficiency of these networks, traditional systems require almost no energy
to distribute the water. Nonetheless, the energy dependency of pressurised irrigation networks
has led to a percentage increase of the energy consumption of 657% in Spain from 1950 to 2007,
supposing an increase from 206 kWh ha to 1,560 kWh ha* (Corominas 2010). To this fact
should be added the continuous increase of the energy cost, whose trend showed an increase of
around 40% between 2014 and 2018 and the disappearance of the electricity special tariff for
irrigation in 2008 (Red Eléctrica de Espafia 2019a).

Hence, the energy dependency has arisen as one of the most dramatic issues within the irrigation.
The cost related to the energy are usually included in the water costs. The analysis in the water
cost of several networks before and after the modernization showed this bias. From one side, the
energy dependency and the management, operation and maintenance (MOM) costs from €0.02
m2 to around €0.10 m?3, because of the energy demand increase, but also because of the
associated costs to maintenance, exploitation and amortisation (Rodriguez-Diaz et al. 2008). In

another research. Rodriguez Diaz et al. (2011) studied the weight represented by the water costs
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within the MOM costs after the modernization. The results showed how these oscillated between
0.04 — 0.18 € m®, contrasting the higher cost and energy requirements when the modernised
infrastructures are compared with the traditional channels. Whereas the energy cost per unit
volume supplied raised up to €0.04 m=3, supposing 36.4% of the MOM costs. When the energy
costs per unit irrigated area were analysed, the study concluded an increase from almost zero
before the modernization to €103 ha™ for pressurised networks.

Another effect noticed in other studies focused in Southern Spain was the trend to change the
cropping pattern with the pressurised network and on-demand water availability. In Bembezar
Margen Derecha irrigation district a dramatic decrease of the cotton was noted, moving from
24% of the irrigated area to 5%. On the other hand, citrus increased from 15 to 46%, occupying
almost half of the irrigated area (Rodriguez-Diaz et al. 2011). Another research, which assessed
this fact in four other districts, presented the same trend. Citrus suffered the highest increase in
Bembezar Margen Izquierda and Guadalmellato irrigation districts, passing from 9 and 34% to
47 and 64% respectively. While cotton, which represented 13% in the first district, was
completely removed and was reduced from 25 to 5% in the second (Fernandez Garcia et al.
2014b). The change of crops pattern, in which farmers look for more profitable crops to

counteract the higher water costs is evident here.

Nevertheless, the consequences emerged from this energy dependency did not simply rebound in
the water cost, but also in the volume applied. The analysis of the index known as Relative
Irrigation Supply (RIS) demonstrates how the farmers’ practises changed after the modernization.
This index is defined as the ratio of the total annual volume of water diverted for irrigation and
the volume of crop theoretical irrigation requirements. If the RIS value is over 1, it could be
concluded that excess irrigation was occuring, whilst values lower than 1 show deficit irrigation
(Garcia-Vila et al. 2008). In the Bembezar Margen Derecha irrigation district, the RIS index
varied from 1.36 before the modernization was carried out to 0.68, that shows deficit irrigation,
in the post-modernization era, clearly showing a big difference in the amount of water employed
(Rodriguez-Diaz et al. 2011).

Furthermore, the practice of deficit irrigation became prevalent as a result of the rising cost of
water suffered due to the energy demand increase. When water costs are high, applying the
optimum amount of water to obtain the maximum yield from a farm may not be the most
economically advantageous approach. It is very usual in irrigation districts with high energy
requirements not to use the whole amount of water assigned by the water authority, which may
affect to the annual yield (Rodriguez-Diaz et al. 2004; Rodriguez Diaz et al. 2011).
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Therefore, despite significant improvements in the water use efficiency, the pressurised systems
have led to a dramatic increase of the energy demand, which caused some impacts in the farmers’
exploitations. It could be stated that the modernization process of irrigation infrastructures steers
the activity from a water to an energy efficiency issue. Hence, energy could be considered as one
of the crucial factors for crops production in pressurised water networks, together with water
availability and agro-climatic parameters (rainfall and evapotranspiration).

2.5. Measures studied to cushion the increase of energy demand

The aforementioned impacts brought on by on-demand pressurised systems arose the interest of
researchers of the field to find solutions to counteract them. The investigations focused on
improving the energy efficiency in irrigation covered measures related with the operation and
management of the networks; rehabilitation of critical elements; or employment of renewable

energies.

Among the solutions proposed within the irrigation network operation and management, they
could be highlighted as irrigation sectoring, and the critical hydrant detection. Another solution
studied within this field was the optimisation of the pumping station management using variable
speed drives to adapt the manometric head to the network pressure requirements. Regarding the
rehabilitation of irrigation networks, some studies were focused on how the energy demand could
be decreased by redesigning the network employing optimisation algorithms. Lastly, the

improvement of the energy efficiency was also studied using renewable energies.

These techniques are explained in detail below:

2.5.1. Irrigation Sectoring

As it was previously described, on-demand irrigation networks are designed to supply water
constantly, water is continuously available to farmers, thus requiring enough pressure in all the
hydrants fed. However, the orography, distance from the source or pipes diameter make the head
requirements different for each hydrant. This fact is translated into an excess pressure in some

hydrants, which should be dissipated for the irrigation devices to work properly.

The irrigation sectoring consists of grouping hydrants with similar head requirements. Thus, the
head required at the source could be decreased to the value necessary to reach the most critical

hydrant within each sector with at the service pressure, or minimum pressure needed to irrigate
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(see Figure 2-9). The hydrants with similar head requirements would form sectors that would
operate independently by turns during some hours along the day. This technique has been studied
several times for the last years, achieving significant energy savings. Furthermore, it has been
applied together with some optimization algorithms, which allowed the minimisation of the

energy consumption.

An investigation developed in an on-demand irrigation network located in Southern Spain
analysed the energy decrease applying pressure dynamic regulation and sectoring. Energy
savings of about 27% were estimated that could be achieved when the network was sectored,
with 12 working hours per day and sector, and dynamic head at the pump station (Diaz et al.
2009).

A study carried out in central Spain compared four irrigation networks, two of which operated
on-demand and the other two under rotation scheduling or sectoring. All of them had similar
infrastructures (extraction station, reservoir and pumping station) but with different water
sources. Therefore, the energy required for the extraction was not taken into account. It was
concluded that energy efficiency could be improved, varying between 3.5 — 24.9%, showing a

higher potential in sectored networks (Moreno et al. 2010a).
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Figure 2-10. Irrigation sectoring scheme with two sectors. Lower energy required at red hydrants and
pink irrigated areas; Greater head required in yellow hydrants and green irrigated area.
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Another research carried out in an irrigation network in Eastern Spain, assessed the theoretical
energy consumption decrease by using genetic algorithms and hydraulic models. The network
irrigated a total area of 116 ha using 52 hydrants. The results of such a study showed important
energy savings, decreasing by 36.4% in the best scenario (Jiménez-Bello et al. 2010).

Navarro Navajas et al. (2012) studied how irrigation sectoring improved the energy efficiency in
a real case study of an olive grove network in Southern Spain. A modified version of the WEBSO
algorithm (Water and Energy Based Sectoring Operation) (Cobo et al. 2011) was used. The
research concluded that the energy consumption was reduced by almost 30%, increasing the

farmers’ profit in around 13%.

However while network sectoring can clearly save energy, a network with sectoring is no longer
an on-demand network, which imposes limitations on users, as they would have water available

during the irrigation turn.

2.5.2. Critical points detection

This method is based on the recognition of points (hydrants) with extraordinary energy
requirements, which influence the pressure head required at the source. This can be caused due
to the travel distance from the source, the elevation at which the point is located or undersizing
of the network at those particular points (i.e. small diameter pipes, important head-losses). These

points increase the total energy required by the network.

Several measures have been proposed and studied as potential solutions for these critical points,
such as booster pumps installation or network rehabilitation changing the critical pipes’ diameter,

which led to significant energy savings in the main pumping stations.

Rodriguez Diaz et al. (2009) found 15 critical points in an on-demand irrigation network in
Southern Spain, which were responsible for 15m of additional pressure at the main pumping
station. Installing three boosting pumps at the three most critical points, it was estimated that an

energy saving of 3MWh day* during the intensive irrigation period could be achieved.

Another research developed a General Energy Optimiser (GEO) to select the best strategy at the
critical points to improve the energy efficiency in on-demand irrigation networks. It was applied
in two irrigation networks in Southern Spain. The actions required to achieved in the first network
implied the increase of the diameter in three pipes and installation of two booster stations; the

first one with a fixed head of 20m and the second with a fixed head of 10m. The measures
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required at the second network needed the replacement of three pipes with different lengths for a
greater diameter pipes. Energy reductions of 10.5% and 31.4% respectively, for a RIS = 1 were
achieved (Rodriguez-Diaz et al. 2012).

— %4

PS3 { 4 A32

A35

Figure 2-11. Three critical points found at El Villar irrigation network, responsible of remarkable energy
consumption and pipes to be replaced to improve its energy efficiency (Rodriguez-Diaz et al. 2012).

Fernandez Garcia et al. (2016) employed multi-objective algorithms to optimise both, installation
and operational costs while rehabilitating the irrigation network. The method was applied in an
irrigation network. The redesign costs as well as the operation costs were analysed, selecting the
optimal one in the long-term. Ten critical points were found, for which were proposed an increase
of the diameter and calculated the optimal redesign cost. Besides, the most cost-effective

operation schedule for the pump station in each stage of the irrigation season was also obtained.

The critical points detection was also tested in irrigation networks with multiple water supply
points (pumping stations or reservoirs). The genetic algorithm NSGA-II was implemented in the
Palos de la Frontera irrigation district to find the operation rule returning the lowest energy
consumption in the set of a set of pumping stations when the critical points were disabled. The
results showed 36% of energy savings when compared to the network operation. Moreover, this
method achieved an additional 10% of energy savings when it was compared to irrigation

sectoring (Fernandez Garcia et al., 2014c).
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2.5.3. Improving the energy efficiency at pumping station

Another solution assessed was the improvement of energy efficiency at pumping stations, which
are usually designed to supply water for the maximum demand period. For on-demand irrigation
networks, the maximum demand coincides with the opening of all the hydrants simultaneously.
Nonetheless, the likelihood for this high demands to occur is very small, provoking an inefficient

operation at the pumping station during most of the irrigation season.

Using variable speed drives (VSDs) was proposed as a potential solution to fit the energy
demanded at the pumping station to the energy required to supply water demanded at the
irrigation network. Several studies analysed this measure, quantifying the energy savings that
could be achieved.

Ait Kadi et al. (1998) studied how the application of variable speed pumps could influence in the
energy consumption at the Massa irrigation scheme, located in Southern Morocco. The water
demand records from 1991, 1992 and 1993 irrigation seasons showed that the pumping station
discharge did not exceed 66% of the maximum design value. The energy savings were estimated
at around 16%, reaching values close to 18% when sprinklers were replaced by drippers.

Another research carried out in Southern Italy evaluated how the implementation of variable
speed drives could affect the energy consumption of the pumping station in two irrigation
networks. The results showed that energy savings of 27% and 35% could be achieved

respectively (Lamaddalena and Khila 2012).

Fernandez Garcia et al. (2014a) developed a new model (WEBSOMPE) to optimise the irrigation
sectoring and the manometric head at the pumping station using various VSDs. The different
results obtained as per the number of VSDs considered can be seen in Figure 2-11. The best
scenario indicated an energy saving of 26% annually, using three VSDs and three sectors in the

Bembezar Margen Izquierda irrigation district.
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Figure 2-12. Pumping station efficiency depending on the variable speed drives considered (Fernandez
Garcia et al. 2014a).

2.5.4. Renewable Energies

Previous measures were aimed to improve the energy efficiency by decreasing the energy
consumption of irrigation networks. However, they did not suppose any change of the energy
sources used to supply the energy demanded. Renewable energies relevance became significantly
important during the last years, thus being the core of numerous investigations carried out during
in order to replace fossil sources. The different studies developed proposed various approaches
in different scales using solutions such as: photovoltaic for solar pumping; hybrid solutions using
solar and wind energy to satisfy the energy requirements; smart networks fed with solar energy;
incorporating hydropower; etc. A review of these studies is presented below:

Hamidat et al. (2003) evaluated the viability of installing two solar plants to feed two pumping
stations in Algerian Sahara to irrigate small plots of about 2 ha. The crops cultivated, together
with the climatic conditions of the area, and the solar radiation recorded indicated the suitability
of this solution in Saharan regions with low water head.

Another research compared the performance and economic viability of diesel pumps to
photovoltaic (PV) pumps for small irrigation schemes. In a life span of ten years, the solar pump
was estimated to be around 64% of the cost of diesel pump. Furthermore, the potential of this
technology in India was estimated as a volume oscillating between 9 and 70 million solar
pumping sets, which would be able to avoid a diesel consumption of around 255 billion litres
annually (V and S 2015).
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Regarding the hybrid solutions, Vick (2010) studied how wind-solar systems could be
implemented in the Great Plains (US). The author concluded that to make this solution could be
cost-effective in large irrigation schemes when the crops cultivated were divided into winter and
summer crops rather than being focused in one of them.

One of the latest solutions assessed consisted of smart irrigation management systems using solar
pumping. In this research, the Smart Photovoltaic Irrigation Manager (SPIM) model was
developed. The SPIM was defined as a real-time model able to couple the PV power available,
depending on the solar radiation, with the energy required to fulfil the irrigation requirements of
the different sectors. In order to avoid the use of diesel pumps in those days with lack of PV
power, the irrigation water requirements were fulfilled either using the soil water stored or over-
irrigating in the following days. The model was applied in a 13.4 ha experimental farm divided
in three sectors, located in Southern Spain, where a 15.4 kW system of peak power was installed
to feed a 13 kW submersible pump. The irrigation water requirements were fulfilled during the
entire irrigation season, saving 100% of the energy previously consumed by the system and
avoiding 1.2 t eCO emissions (Mérida Garcia et al. 2018). Some large solar pumping systems
for irrigation in part of a conventional irrigation district is being implemented, supplying energy
to some of the pumps installed and selling energy to the grid when there is no consumption.
However, the farmers generally require energy while they are irrigating, as it is needed for the
practise (i.e. fertigation), which not always coincides with the light time when the solar panels

would generate power.

The numerous measures explained in this section aimed to improve the energy efficiency in
irrigation networks, either reducing the energy consumed by modifying the irrigation
management or pumping station or by replacing the energy source feeding the network.
Nonetheless, the largest renewable energy producer was not taken into account yet. The
application of hydropower to improve the energy efficiency in irrigation networks is the core of
this thesis, therefore we first discussed the concept, application in water networks and challenges
faced in irrigation. A first approach to micro-hydropower and its application in urban water

networks (drinking and wastewater) is given below, where this technology has been more studied.

2.6. Hydropower

Hydropower is the energy obtained from flowing water, taking advantage of its existing potential

or kinetic energy. This energy was already exploited by the ancient Greek civilisation, using
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water wheels to grind grains. The technology has been developed along the years, becoming the
largest renewable energy source nowadays accounting for around 1307 GW installed capacity.
Furthermore, the capacity is forecasted to be increased by 9% in the next five years (IEA 2019).

Hydropower can be divided into six different categories depending on the power output of the

installation:

Table 2-2. Hydropower classification depending on the power production

Hydropower category Power range
Pico — Hydro 0 kW -5 kw
Micro — Hydro 5 kW — 100 kW
Small — Hydro 100 kW -1 MW
Mini — Hydro 1 MW -10 MW
Medium — Hydro 10 MW- 100 MW
Large - Hydro 100 MW+

There are many existing dams across the world, which do not have installed hydropower plants
for electricity generation. The largest environmental impact associated with conventional
hydropower lies in the construction of a dam and the related changes to the local eco-system. The
IPCC report on hydropower reports that only 25% of the world’s large dams contain a
hydropower turbine (IPPC 2011). According to Lehner et al. (2011) this unexploited potential in
existing large dams could raise to over the 900GWh per year, including non-EU European

countries.

However, projects encompassing power between large and mini hydro have been limited due to
the environmental pressure and the impacts related to their construction and power generation.
Although the scale of the impacts will vary as per the plant location, hydropower has been
traditionally associated with dams, where the formation of reservoirs has caused dramatic effects
on the autochthonous flora and fauna and their habitat. Nonetheless, it must be borne in mind that
the construction of dams has helped to storage water in arid and semi-arid regions, making it

available during dry periods, and avoid other catastrophe, such as floods.

Therefore, the latest research on the field of hydropower have been orientated to investigate and
assess the existing resources on pico, micro and small hydro generation and the technology to be

applied in sites with minimal environmental impacts. Within these sites, different existing
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hydraulic infrastructures could be found, such as: water supply networks (WSN), wastewater

network or irrigation channels.

Hydropower generation in WSNs has been the aim of a diverse range of studies in the last
decades. Various authors highlighted the potential for energy recovery using micro-hydropower
(MHP) turbines at points of excess pressure. Dating back to 1996, Wallace (1996) enhanced the
need of reducing the existing potential energy in piped water networks before the treatment
process, that could be translated in an output energy recovery ranging between 10 and 1000 kW.
In addition, other places mentioned by Wallace where this solution could be adopted, referred to
intermediate storage reservoirs, filtration processes where it is required to break all the pressure,
break pressure tanks, colander valves or pressure reducing valves. Nonetheless, the energy
potential was not quantified in this study, but MHP was proposed as a solution for energy

recovery.

Gaius-obaseki et al. (2010) presented an overview of the potential locations within water and
wastewater networks for hydropower application. It was stated that hydropower could be
exploited at the outlet of wastewater treatment plants, diverting the treated sewage and turbining
it before discharging into the water body. The author also stated that turbines could be installed
into wastewater treatment process flows instead, previously evaluating the blocking likelihood
of the turbine and network. An output power of about 19kW could be obtained if the turbine
would be installed at the exit of the tertiary sand filter, where a head of around 6m exists in most
of the cases. The main disadvantage found at the wastewater treatment plant is the low head
available, which increases the risk of the investment and makes many of the installations
unviable. Regarding the WSNs, pressure reducing valves (PRVSs) or break pressure tanks (BPTSs)
appeared as an opportunity for hydropower applications. As the energy is dissipated in both cases,
previous literature proposed the use of turbines to recover that energy. In the case of PRVs, either
the installation of inline turbines replacing them or turbines in parallel to the PRVs were

proposed.

McNabola et al. (2014a) extoled MHP as a technically feasible technology to decrease the energy
dependency and its impacts of water industry in urban networks. The study presented a review
of the energy use to extract, produce, distribute and treat water and CO. associated to these
activities. Due to the high energy consumption (2-3% globally, 30-60% at city level, 0.8 kwWh m"
%) and the dramatic economic and environmental impacts (5m t CO; per year in the UK, €600
million per year in Ireland) reported in previous literature (Environmental Agency 2009; Kwok
et al. 2010; Li et al. 2010; Venkatesh and Brattebg 2011; Zilberman et al. 2008), McNabola et al.
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(McNabola et al. 2014a) highlighted the existing energy recovery potential in the water industry
and presented the challenges to be faced for MHP application. The location proposed
encompassed PRVs, BPTs, storage reservoirs and wastewater treatment plants. Different results
from previous studies carried out in each of the locations were shown. Nonetheless, the author
outlined the challenges to be faced in future research in order to have a feasible quantification of
the energy recovery potential and cost-effective solutions. One of the main challenges related to
the energy estimation was the flow fluctuations. Thereby, many of the previous analysis used
average data, not considering the performance variability of turbines, hence over or

underestimating the energy recovery potential.

Nevertheless, a major barrier that restricts the application of turbines in many cases is the cost of
traditional turbines with small power outputs are not economically viable, requiring of more cost-

effective turbines in order to make this solution a reality.

One of the first approaches of MHP in water networks, coming up with cost-effective and small
power output turbine was carried out by Williams et al. (1996, 1995; 1998). Pumps as turbines
(PATSs) were proposed to be installed in parallel to PRVS, thus recovering part of the energy
dissipated. The practical application for such solution was developed in 1998 (Williams et al.
1998) installing a PAT at a water treatment plant at Blackpoll, parallel to an existing PRV.
Conclusions showed that energy could be recovered, but further research should be conducted in

order to improve the predictions of the conditions, and hence the performance.

Since then, many investigations have studied the use of PATSs in piped water networks. These
studies dealt with the different issues, encompassing topics that varied from, where the turbines
should be installed within a network to optimise a pre-set variable, anticipate the PAT
performance using different computational techniques or summarising different strategies for
which this kind of installations could be constructed. In the next sections, different works focused
on the application of hydropower in urban and irrigation water networks and PATS properties,

threats and strengths, are discussed.

2.7. Pump-as-Turbine technology

PATSs are conventional pumps working in reverse as turbines. Using them for energy recovery
has been shown to be cost-effective at sites with small power output capacity rather than
conventional turbines. Their cost-effectiveness lies in the fact that pumps are mass produced and

many models exist of differing sizes. This results in considerable cheaper machinery covering a
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wide range of flow and head combinations. The cost competitiveness over traditional turbines
extends from 1-2kw to 50-100kW. However, anticipating their performance is a well-known
challenge.

Ramos et al. (2009) compared conventional turbines with low cost solutions for MHP schemes.
It was shown how the initial investment difference between both solutions increases as the
nominal power decreases. The author stated that PATSs installed in water networks with a payback
period of six years would be economically viable for power outputs greater than 10kW,
concluding that increasing the initial investment, the power output and profits could be also

increased, hence reducing the investment return.

Power et al. (2014) developed a methodology to assess the energy recovery potential in
wastewater treatment plants considering conventional hydro turbines and PATs. The cost
difference found between both technologies was discussed, stating that the cost of PATs was

hanging around five times less than traditional turbines.

Motwani et al. (2013) carried out a cost analysis which compared the viability of a pico
hydropower plant of 3kW using a PAT, and comparing the results with a theoretical Francis
turbine. Despite of a lower peak efficiency and relative performance of the second option (60%
maximum against 80% for the Francis), the annual life cycle cost justified the potential
installation of a PAT rather than using the Francis turbine. Based on previous reference, the
author highlighted the significant differences on the cost of both technologies, stating that the
installation of a PAT could lead to an investment reduction of the order of 90%. The results of
the research showed how the cost of the Francis turbine for the proposed installation could

suppose up to eight times more than the PAT.

Novara et al. (2019) developed a cost model able to quantify the electromechanical devices
(pump + generator) cost based on the BEP. The model proposed four cost equations, using
generator of two, four or six magnetic poles with radial pumps. A database of 343 pumps and

286 generators were used. The equation used were single linear regressions.

Nonetheless, as stated before, PATs have the disadvantage of relatively low efficiency, which
can reduce further with large flow fluctuations. It has been shown that efficiency of the PAT can
reduce to approximately 70% of the maximum efficiency when the flow was 20% below the Best
Efficiency Point (BEP) flow rate (see Figure 2-13) (Lydon et al. 2017a). This important efficiency
variance is due to the lack of control mechanisms, which exist in conventional turbines. In order

to avoid an over or undersize of the plant when using PATS, the conditions of variability have to
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be thoroughly studied. A bad design and power selection of a PAT for a specific site can lead to
higher returning periods of the investment, which sometimes could turn the installation not
economically viable. This fact together with the anticipation of the PAT performance increases
the complexity and risk when designing this kind of installations.

100%

90%

Mmax
s oo 205 MMAX
80% | wwsmnszmas =200 Nmax

NMumax (%)

: | 1 | :
T0% 80% 90% 100% 110% 120% 130% 140%

Q/Qyax (%)

Figure 2-13. PAT relative variation efficiency depending on the flow rate (Lydon et al. 2017a)

Another difficulty found when this solution was assessed to be applied in WSNs was the location
to be installed. As previously stated, PATs were proposed to be installed in parallel to existing
PRVs or even to replace them. However, PRVs locations are not selected to maximise the energy
production, but they are installed in strategic points to decrease the pressure down to values close

to the required.

In order to control the hydraulic working conditions of the PAT, two main schemes were
primarily proposed: i) Hydraulic regulation (HR), in which the flow and head of the system are
controlled by hydraulic devices (valves); ii) Electric regulation (ER), in which the rotational
speed of the PAT is adjusted depending on the available conditions at the network. Carravetta et
al. (2014a) carried out a comparison between both schemes, concluding that HR performed better
for low backpressures. However, a door was let open to explore the possibility of aggregating

both schemes in a hybrid one, which was defined as promising by the author.
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One of the greatest challenges that researchers faced in the last years was to anticipate the PAT
performance. This is required to foresee the energy recovery potential based on a flow variability,
and is core of every feasibility study before the construction of a plant. The main reason why the
PAT performance variation as per the flowrate is unknown is because of the lack of curves
provided by the manufacturers. Pump manufacturers might not be interested at the moment on
testing pumps working in reverse as there is not a big market for its application on real world.
Therefore, large-scale impacts of the technology within the water industry should be carried out
to thus assess not just the potential benefits, but the economic market as well. This lack of actual
information has led to different approaches and methods to face this challenge, providing
different but quite interesting results. Considering the working point of a PAT is unknown at the
start of the design process, that there is considerable errors in the conversion methods, and that
the PAT has poor part-load efficiency, these factors combine to make the use of PATs complex

and high risk for designers.

Barbarelli et al. (2016) presented a one-dimensional numerical model, which could be divided in
two stages to convert from pump to PAT. During the first part of the calculation, the model
calculated the geometric properties of the PAT. On the second, the losses were estimated and the
characteristic curve of the PAT defined, obtaining errors ranging 5-20%. As input requirements
to estimate the geometry of the device, the author defined six parameters: Flow (Q) and head (H)
at the BEP of the pump, maximum power, head at the shut off, impeller diameter and size of the

pump, generally available on the manufacturers’ catalogues.

One of the first research works on the prediction of PAT performance proposed comprised two
equations to obtain the characteristic curves of centrifugal pumps working as PATS, in study
developed by Derakhshan and Nourbakhsh (2008). The equations were formulated based on a
set of centrifugal pumps, which were experimentally tested as turbines, obtaining the relationship
among the head and the flow at BEP, and the power and the flow at BEP. Thus, Derakhshan
proposed a simple way to calculate the power and head curves, very useful in preliminary stages

of MHP, where manufacturers usually never provide this information.

Fecarotta et al. (2016) opted to use classic affinity law and the Sutter model to obtain the
characteristic and efficiency curves. To understand how it works, it could be helpful to know that
two pumps of the same type can be considered similar if they have the same specific speed.
Hence, the properties at BEP of a prototype was related to the BEP properties of a similar pump

requiring the diameter of the impeller and the rotational speed for both. The study used five PATSs
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working at different velocities, obtaining their characteristic and efficiency curves, which were
compared to the curves estimated by using the model described.

Huang et al. (2017) introduced a new method to estimate the characteristic PAT curve known as
the rotor-volute matching principle. Deriving the theoretical formula of rotor characteristic, the
equation obtained could be used to obtained the flow and head at BEP for a given PAT. The
author stated that the impeller, rotor and volute had an important weight on the hydraulic
performance. The BEP of the device working as pump and as turbine could be obtained matching
the characteristics of the impeller and the rotor for the first case and matching the characteristics

of the volute and the rotor for turbine mode.

One of the latest works to anticipate the PAT performance used computational deep learning
techniques for such purposes. Artificial Neural Networks (ANNSs) were proposed by Rossi and
Renzi et al. (2018) to foresee PATs’ characteristic curves and BEP. The model required the
operating points in pump mode as input, returning the operating points of the device working in
turbine mode for a specific device. The model accuracy was tested, showing maximum errors of
+5% and +£1.85% for the BEP and characteristic curve respectively, when the experimental and

predicted data were compared.

Another technique used in previous research for the purpose discussed has been the application
of computational fluid dynamics (CFD). Rossi et al. (2019) developed a numerical model using
CFD capable to predict the performance curve of a given PAT inputting a few parameters related
to the BEP, such as flow and head coefficients, specific speed and power coefficient. The model

predicted the performance curve with an error of +7%.

Barbarelli et al. (2017) tested 12 pumps working in natural operation and in reverse mode. Heads
and conversion factors were defined from this test between both modes. As result of this research,
Barbarelli proposed a quadratic equation, which allowed the characterisation of any PAT defining
its BEP.

Comparing the different methods proposed in the existing literature, the weaknesses found for
each of them are discussed. CFD requires of the building of models for each case, as the different
characteristics of the devices might change (i.e. diameter of the impeller). This fact turns
impractical the CFD methods for designing PAT installations for energy recovery, as pumps are
product standardised and can be found easily in the market. Moreover, the method proposed by
Rossi et al. (2019) did not suppose an improvement with respect to other simpler methods based

on quadratic equations. Other methods as the rotor-volute (Huang et al., 2017) or the geometrical
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model proposed by Barbarelli et al. (2016) are impractical as they required of much data generally
not provided by the manufacturers, such as dimension of the impeller, dimension of the volute,
number of blades, etc. The affinity law requires of at least one characteristic curve to estimate
the behaviour of other PATs. During the design phase, it might be difficult to obtain this
information, as manufacturers keep this information for the selling stage. Thus, methods
proposing quadratic equations obtained from the extrapolation of different curves were concluded
to be the one with the higher scope of application, in addition of greater simplicity for their
application. The equation proposed by Barbarelli et al. (2017) was selected in this thesis to obtain
the PATSs characteristic curves, due to the good fit obtained by the author (R?=0.93). In addition,
as many theoretical PATSs were evaluated in this thesis, this method resulted the best to be applied,

as it just required of the BEP to estimate the characteristic curves.

Novara et al. (2018) used a larger dataset of PAT characteristic and efficiency curves to develop
a polynomial model to estimate the characteristic curve of any PAT. Based on data of 113 PATS,
the model required of given parameters prior to obtain the curves, such as BEP, rotational speed
or specific speed. The efficiency was also cautiously assessed, highlighting the risk of a bad
design plant, which could lead to very low global efficiency issues. Following the previous
considerations for the characteristic curve, the efficiency behaviour proposed by Novara et al.
(2018) was used in this thesis to characterise the plant efficiency depending on the flowrate, as it
was the method based on the largest PATs database, as it could be estimated as per a quadratic
equation based on the BEP.

Based on all the previous research about PAT, a SWOT matrix has been developed, showing the
most important points found within each of the fields (Strengths, Weaknesses, Opportunities,
Threats) (Figure 2-14).
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, N
[ Strengths Weaknesses
| - Low cost technology - Lower peak efficiencies

- Acceptable performance under BEP - Flow fluctuations

- Massive production P N
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|

- Reduce investment costs - Anticipate behaviour as turbine ‘

- Pressure management - PRV location not usually optimal
\ - Reduce GHG emissions /.1

Figure 2-14. PAT SWOT matrix

Strength

PATSs have been reported as a cost-effective solution for energy recovery in water networks.
Numerous authors stated that PATs could be for about 1/10 of the cost of small-scale
conventional hydro turbines for small power outputs (Ramos et al., 2009; Carravetta et al., 2014;
Fecarotta et al., 2015; Lydon et al., 2017; Novara et al., 2019). The fact turning PATs in a cost-
effective technology is the massive production of traditional water pumps. This makes easier the
search of a turbine for any point required. While conventional turbines are usually manufactured
under order for a particular site, PATs can be ordinarily found in the market. Furthermore, this
technology was found to have an acceptable performance under best efficiency conditions,

reaching peak global efficiencies over 70% (Caravetta et al., 2013; Novara et al., 2018).
Weaknesses:

Although PATSs could have a high peak efficiency, it dramatically drops when the flow fluctuates
from the best efficiency point. This has been proved in numerous studies. Lydon et al. (2017a)
analysed the behaviour of the efficiency when the flow rate changed, concluding that the PAT
efficiency was reduced by 22% and 70% at flow conditions of +10% BEP and +20% BEP
respectively, and dropped off completely at flow conditions of £50% BEP. To solve this
efficiency drop, Carravetta et al. (2013) proposed the regulation of the operating conditions at
the PAT, by either using hydraulic (control valves; Hydraulic Regulation) or electric devices

(variable speed drives; Electric Regulation).
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Opportunities:

The adoption of PATSs for MHP solutions might provide a number of opportunities to enhance its
application. The cost-effectiveness presented in the strengths would reduce the investment costs
required build this kind of systems. The construction of MHP plants would suppose a new
renewable energy resource, which would help to reduce the GHG emissions related to the water
industry. Furthermore, PATs have been proposed as potential solution for pressure management
in WSNs, which sought the leakages reduction through the pressure regulation (Fecarotta et al.,
2017).

Threats:

PATSs present some difficulties when anticipating its behaviour as turbines. Divers methods,
discussed previously in this section, have been proposed for this task. However, all the methods
presented some advantages and disadvantages. Thus, to anticipate the PAT behaviour is still one

of the challenge to be solved to foster this technology in the water industry.

Another threat found during the literature review was that the location of the PRVs in WSNs
usually do not coincide with the optimal points to maximise the energy recovery or minimise the
leakage. The option of installing PATs in parallel to PRVs could be fostered within water
schemes, assessing the optimal locations for such purposes before installing the PRVs. This

would lead to a reduction of the operational cost.

2.8. Hydropower in urban water networks

Water networks are commonly sub-optimal in terms of their use of energy and water resources,
because of changes in elevation, demand, water-pressure and leakage rates across many
kilometres of pipelines. Recent research has studied the application of MHP turbines in drinking
water supply and wastewater infrastructure to reduce pressure to desired levels and recover

energy in the form of electricity.

Independent of the technology proposed, many studies have been developed on hydropower in
water networks during the last years. A critical overview of some of them is shown below,
presenting the different approaches used and locations within the water supply and wastewater

networks.

41



863
864
865
866
867

868
869
870
871
872
873
874
875
876

877
878
879
880
881
882
883
884

885
886
887
888
889
890

891
892
893
894
895

Chapter 2. Literature review

McNabola et al. (2014) presented the opportunity of energy recovery at BPTSs, assessing the
existing potential on 10 tanks distributed around Ireland. Although initially just three of the BPTs
evaluated presented economic viability, most of them turned viable when UK feed-in tariff was
applied instead. Significant economic and environmental savings could be achieved by adopting
MHP in these locations.

Corcoran et al. (2013) carried out an analysis of the existing MHP potential using data coming
from PRVs, BPTs and reservoirs distributed around Ireland and the UK. A total of 95 sites were
assessed, accounting for an existing potential greater than 600kW. However, the diversity of the
data used increased the uncertainty of the results presented, since for some of sites the data
corresponded to 15 min records during a whole year, and for other average flows and heads were
used. Different type of turbines were evaluated, all of them within the catalogue of conventional
turbines. For those sites with actual data recorded, the variation of the efficiency of the turbine
was considered, whilst average efficiency was considered for the sites with average values. This

last fact could lead to overestimation of the existing potential, as it was stated previously.

Power et al. (2014) evaluated the potential at more than 100 wastewater treatment plants,
gathering data from plant of Ireland and the UK, from which just 25 were found to be
economically viable. The main barrier found in wastewater treatment plant to have such a small
ratio of viable MHP sites is the small head available. However, the power found for the viable
sites was over 1 MW. The emission savings were estimated in more than 1,000 teCO,. It could
be extracted from the research how population associated to a wastewater treatment plant affected
to the viability of MHP solutions in this infrastructure, as the head available is too low and it

would require large flow values to have enough power potential.

Gallagher et al. (2015) estimated an annual energy recovery potential of 20.1 GWh in 238 sites
in water and wastewater networks in Ireland and the UK, which would be capable of supplying
energy to 4,702 households in Ireland and Wales. Notwithstanding the great potential found, the
author highlighted the need of more cost-effective solutions, rather than conventional turbines,
as many of the sites analysed showed low power potential, which would turn into a non-

consideration of this solution.

Carravetta et al. (2012) defined a PATSs design methodology for energy recovery in pressurised
networks. This method presented was known as Variable Operating Strategy (VOS), which
aimed to maximise the energy production in the variable working conditions of a hydropower
plant within a water network. One of the main novelties found in this work was the consideration

of seasonal variations of the variables present at the network, which would directly affect the
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plant efficiency and provided a more realistic approach for the potential assessment. This was
achieved considering the interaction among the PAT characteristic curve and the available flow
and head at the network in each case, defining the domain of the flows and heads to be diverted
and turbined. This can be seen and understood more clearly in Figure 2-15, taken from the

referenced work.
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Hi i !
90 - S
80 -

Pressure-head ¢——H, Q
70 - reduction HT QT P
i,~i Discharge reduction

T T

H,Q

60 -

50

15 20 25 qi/s] 30
= PAT characteristic curve

¢ Flow rate - head points

Figure 2-15. Operation scheme of the Variable Operating Strategy (Carravetta et al. 2012).

Lydon et al. (2017b) evaluated the application of PATS for energy recovery and pressure control
in three PRVs of the Dublin water network. For such purpose, a lab-scale prototype PAT was
characterised. Using the affinity law and Sutter model mentioned at the previous section, the
performance of PAT to install in each of the sites was obtained. The energy recovery potential
using the predicted characteristic curves and performances, were then assessed inputting high-
definition flow and upstream and downstream head readings data, recorded every 15min for one
year long (2013). The results showed that 40% of the potential energy dissipated by the PRVs
could be converted into electricity. Moreover, it was highlighted that the use of two PATS in
parallel would increase the global efficiency of the system. This scheme is typically
recommended in those sites with high flow fluctuations, installing one PAT with a smaller power
output and one with a greater power. In this way, the flow would be diverted to either one of the

bypasses or to both, depending on the value.
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2.9. Hydropower in pressurised irrigation networks

Besides the solutions studied by other researchers to decrease the energy dependency in
pressurised on-demand irrigation networks, which were discussed in previous sections, MHP
could be introduced as an attractive solution for such purpose. A significant body of research has
been conducted on this MHP in recent years for drinking water networks; however, very limited
attention has been given to its application in the irrigation sector, each of them presenting
different approaches. Despite the aforementioned challenges, a few authors have studied the
application of PATSs for energy recovery in irrigation networks, proposing different assessment
and design approaches.

Tarrag6 (2015) assessed the potential energy that could be recovered annually in the Alqueva
irrigation district (Portugal). A division was made by the author between irrigation channels and
pressurised systems. For the second one, the core of this thesis, annual mean flow and available
head were used to estimate the power potential using PATSs for an irrigated area of 68 ha. The
nominal power proposed raised up to 0.24 kW, producing 2.1 MWh per year. This approach did
not consider the flow fluctuations within the network, which could suppose an
under/overestimation of the MHP potential. The method also only considered power potential

within the network and not at farm-level.

Pérez-Sanchez et al. (2016) used historical data records to quantify maximum potential energy
recovery, where flow and head fluctuations were considered when the power production was
calculated. A maximum annual potential energy recovery of 188.23 MWh was estimated to be
achieved at all the consumption points in an area of 290.2 ha, that would avoid an amount varying
between 137.4 t eCO; and 216.2 t eCO; yearly, depending if coal or gas was considered.

However, PAT performance was considered constant regardless of the flow rate.

Another investigation studied optimization strategies to maximise the energy recovery using
PATSs considering different objectives function (Pérez-Sanchez et al. 2017). For such purpose,
the main properties of the devices had to be defined (i.e. specific speed, rotational speed, impeller
diameter). Different experimental curves were obtained, from which the characteristic and head
curves were obtained depending on the flowrate. The method returned a yearly energy recovery
potential of 58.18 MWh in an irrigation district of 290.2 ha. Nevertheless, economic feasibility
was not included. This a critical variable when considering PAT installation in irrigation

networks for energy recovery.
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Perez Sanchez et al. (2018) developed an innovative methodology to select PATSs for energy
recovery at irrigation networks using simulated annealing techniques. The method sought to
maximise the energy recovery, selecting actual devices from which the curves were known. To
test the service conditions at the network, the PATs were simulated, confirming that no impacts
on pressure limits would be suffered after their installation. A maximum energy recovery
potential of 26.51 MWh was estimated, which supposed an annual energy saving of 10% at a
290.2 ha irrigation district. The method used a limited number of curves, excluding other that

may be available at the market, which could suit better to the points analysed.

Garcia Morillo et al. (2018) studied the energy recovery potential in an irrigation network using
average and most likely predicted flows and heads, assuming constant efficiency as well. Four
points showing excess pressure were analysed, for which different hydropower solutions were
assessed. The author proposed one Francis turbine and three PATS for the points studied, able to
recover 270.5 MWh per year and avoid 108 t eCO; annually. Nonetheless, the facts previously
commented (no flows nor efficiency variations) could lead to overestimation of the existing

potential.

These investigations, which applied very interesting techniques, supposed a first approach to the
consideration of MHP generally and PAT particularly, as a potential solution to decrease the
energy dependency of irrigation networks. However, it was found that some important analyses
or considerations were missing in each of them, which could influence into the feasibility of this

technology, making it as not suitable for application at these systems.

The flow fluctuations at irrigation networks tend to be considerably more pronounced than in
WSN:s, since the demand will depend on the irrigation requirements of the crops cultivated and
the yearly climatic parameters, such as rainfall and potential evapotranspiration. The water
demand is also concentrated in just a few months of the year in certain cases, meaning the
economic viability must be achieved from flows occurring across typically 5-6 months of the
year. These considerations directly affect to the plant efficiency variation, as it was presented in
the previous sections. Although a detailed control of the volume consumed is carried out in order
to set the energy tariff to each farmer, the limited existence of high-definition data recording
devices (i.e. flow meters recording hourly flows) turn the assessment and the device selection

into a complex challenge.

Moreover, the consideration of a limited number of actual characteristic and performance PAT
curves limit the potential employment of actual PATs whose BEPs suits better for a specific case.

Since manufacturer are usually reluctant to share this information or simply do not possess it,
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theoretical curves should be used at this stage, hence defining the theoretical BEP that fits the
best for each actual particular site. This BEP could be shared afterwards to different
manufacturers, getting actual PAT curves whose BEPs are the closest to the theoretical one, if
not the same. In addition, considering constant efficiency would lead to an overestimation of the
energy recovery potential, as large flow fluctuations would considerably reduce the plant
efficiency.

Although some limitations have been shown at the literature, it has been highlighted that
hydropower energy recovery is possible within pressurised irrigation networks. PATs have been
also remarked as cost-effective devices to be used in micro hydro scale solutions, showing a good
performance if the working conditions are controlled. To prove the feasibility of this technology,
actual scale pilots should be constructed and tested, which would also incentivize the adoption
of PATs at these locations. Significant economic, energetic and environmental savings could be
achieved implementing MHP in irrigation sector, at both, water distribution and farms, where
usually there is no grid connection due to the large areas covered by the network and energy is

required for the irrigating for different devices (i.e. filters or electric fertilizers).

2.10. Summary

Pressurised irrigation techniques are gaining weight continuously worldwide, since they are
leading to important water savings in the largest water consuming activity on the planet.
Furthermore, this fact is even more important in semi-arid and arid regions, where the water
scarcity is an actual threat for irrigation. Therefore, this has carried to a replacement of the
irrigation infrastructure in some areas, characterised by the replacement of traditional open
channel or mills for pressurised pipe networks. A direct consequence of this change is the increase
of energy consumption, required to either boost the water to a reservoir or raise the manometric

pressure to reach every water consumption point of a network.

This fact has caused some effects on the irrigation activity, such as the increase of the water costs
or the emissions associated to the energy consumption, previously avoided. To counteract these
effects, different solutions were proposed and assessed. Some of them were related to the
irrigation network management and showed how the energy consumption could be reduced by
sectoring the irrigation or replacing some elements on the network, which had been undersized
during the design phase. Renewable energies were also studied as a potential solution to decrease

the energy dependency of pressurised irrigation networks. Solar energy was successfully applied
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in an experimental farm feeding a pump station, avoiding any extra energy consumption.
Moreover, it is also becoming a real solution adopted for big pumping station in large irrigation
communities, where part of the pumps might be feed with the electricity produced by the solar
panels. Nevertheless, this solution showed a use limitation: it can only work during the daytime.
While in large irrigation networks there are periods of night time irrigation.

Hydropower has been proposed as a viable solution capable of reducing the energy dependency
and bring electricity to remote places with energy requirements, such as farms. However, some
effects present in irrigation required a deeper research in order to improve their selection and
design. The large flow variability in on-demand pressurised irrigation networks is a real threat
for PATSs application. Theoretical and experimental works are needed in order to check the
feasibility of the technology in the field, as well as define the procedure and different stages along

a MHP project life span.

This research will investigate the different issues found at the previous literature, being focused
on the characterisation of the flow variability, the feasibility of flow prediction methods,
guantification of MHP energy recovery potential and the design and analysis of an actual scale
PAT installation.
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3 RESEARCH APPROACH

To achieve the aim and objectives proposed and address the questions formulated, this research
incorporates a combination of experimental work, economic and environmental analysis and

fieldwork.

3.1. Research Model

The stages in which the research was divided coincided with the different prerequisites needed
to quantify the potential hydropower and the scale in which was carried out. Hence, three main
stages can be found: a desk work period, in which all the theoretical requirements were fulfilled,
a second stage in which the validation and application of the theoretical concepts and approaches
were compiled; the third and last stage encompassed the field work and actual experimental
analysis, of everything that was developed in the two previous stages. The impact on the energy
efficiency, as well as the economic and environmental impacts, were assessed in every stage and
compared among them. A synthetic diagram of all the different scopes and parts of the research
can be seen in Figure 3.1. These stages can be found independently along this thesis in the

different sections comprised between Chapter 5 and Chapter 8.
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Figure 3-1. Research model

3.1.1. Theoretical approach

Regarding the theoretical part of the research, it aimed to address a crucial issue found in
irrigation networks generally for MHP technology, and for PATS particularly: the lack of flow
data. This information was the required baseline from which the design and selection of a turbine
for energy recovery. Thus, the desk work part was focused on the accurate prediction of flow
variations with a limited amount of input parameters. This could be of great help for irrigation
district’s managers, since they could feasibly obtain this distribution to make viability studies for
implementing hydropower in the networks. However the use of the flow variation predictions in
the networks could have many uses aside from hydropower design. In addition, the theoretical
behaviour of PATs depending on the flow variations and design point was added in the model,

characterising how its installation would affect to the network operability.
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3.1.2. Feasibility evaluation

A model based on theoretical calculations should be tested and validated comparing the predicted
data to actual observations. If the theoretical values match with the real ones, the validity of the
model could be confirmed. Otherwise, the model should be adjusted for the data calculated to be
more feasible. Different statistical indices were used to measure the difference between both
values and ascertain the accuracy of the model. Once tested and calibrated, the method could be

used in similar networks.

3.1.3. Extrapolation

One of the biggest uncertainties found in the hydropower in water networks is the quantification
of its potential in large geographical scale. Previous studies have focused only on case studies of
single networks, which does not inform us about the wider sector level potential. Conducting a
large scale assessment would facilitate the estimation of the benefits to which this solution would
lead and have an idea of the investment required to insert it in the current settings in the sector.
Through the application of the accurate theoretical model in many networks with similar
properties, a wide data set could be obtained. Then, looking for parallels between the hydropower
potential and regional irrigation variables, a more sophisticated technique could be employed to

guantify the potential and its impact.

3.1.4. Real-scale and experimental application

The fieldwork and experimental analysis were related with the construction of an experimental
demonstration plant in an actual irrigation network. Its main target was the complete replacement
of a diesel-source energy generation, being capable of completely feeding the energy
requirements of a local farm with hydropower. Therefore, it would ensure a reduction of 100%
of the emissions associated to the previous energy system and a significant economic saving due
to the avoidance of diesel purchase. Different settings, discussed in previous investigations, were
tested on it evaluating their pros and cons, which will be useful for future installations. It will

have also an added value: reducing the food production costs and carbon print.

3.2. Research scope

This thesis is also part of the multidisciplinary REDAWN project (Reducing Energy Dependency
in Atlantic Area Water Networks). REDAWN aims to assess and foster the adoption of
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hydropower technology in existing water networks within the European Atlantic Area (see Figure
4.2) as a potential innovative and feasible measure to recover the existing energy and improve
energy efficiency. It is part funded by the European Regional Development Fund (ERDF)
through the Interreg Atlantic Area Programme 2014-2020.

Trinity College Dublin (TCD) is leading one of the eight work packages that comprise
REDAWN, as well as directly participating in most of the other seven. Gather the existing
information, the assessment of the existing potential and the extrapolation to the whole AA are
the main targets of TCD as project leader of WP4. In addition, three real scale demonstration
plants were constructed in three different water activities (drinking, process industry and
irrigation), for which TCD has directly participated in the viability study, pre-design of the

installation and tender process.

Border, Midland
and Western

Southern
and Eastemn

Haute-Normandie

Agores - Bretagne Basse-Normandie
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Andalucia

ATLANTIC AREA PROGRAMME 2014-2020

Figure 3-2. Atlantic Area region

3.3. Summary

According to the structure and objectives defined in Chapter 1, and the research model presented

in this Chapter, the four stages previously exposed will be addressed in the thesis in the following
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chapters: Theoretical approach (Chapter 4), Feasibility evaluation (Chapter 5), Extrapolation
(Chapter 6) and Real-scale and experimental application (Chapter 7).

52



Chapter 4. Theoretical Approach

4 FLOWS PREDICTION AND
ENERGY RECOVERY
METHODOLOGY

4.1. Introduction

The fluctuations in water demand in on-demand irrigation networks were previously defined as
particularly important. This kind of infrastructure allows greater flexibility to the farmers since
water is available at any time every day and year, and the flow circulating at any point of the
network depends on the number of downstream hydrants that are open (Rodriguez Diaz et al.
2007). Therefore, depending on the combination of open and closed hydrants, the flow and head
at an issue point varies greatly. When analysing MHP installations, these variations will directly
affect the energy recovery as flow vary from zero during winter periods to maximums in July
and August, coupled with very large daily and hourly variations. Designing MHP for these

conditions requires careful consideration and unique solutions.

To characterise a network and the different monthly flow values, statistical methods are
commonly used based on the probability of each hydrant being open or closed. Several methods
have been used to calculate the monthly open hydrant probability. Rodriguez Diaz et al. (2007)
stated that the gamma function adjusts better to this demand than other distributions, but local
farmers’ practices and the desired constraints of the network have to be taken into account.
However, Clément’s methodology (Clement 1966) requires fewer initial data and several

previous investigators concluded that the methodology provides good approximate values that
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can be used to design on-demand irrigation networks (Monserrat et al. 2004; Rodriguez Diaz et
al. 2007).

In this chapter, an advanced statistical methodology is developed to predict the flow variations
and determine the power available for energy recovery through radial PATs in on-demand
irrigation networks. The methodology is applied to the common scenario where no flow data are
recorded within the irrigation network and seeks to minimise the PAT investment payback
period. The methodology is developed and applied in a real case study in Southern Spain. This
methodology uses statistical methods to estimate the variability of flows and heads during the
irrigation season. It also provides a useful tool to select the PAT with the lowest payback period

for pre-selected locations.

4.2. Materials and Methods

4.2.1. Methodology

The proposed methodology is based on the characterisation of the monthly behaviour of the
network through the statistical experiment known as a Bernoulli Experiment. The experiment
results define the value domain of the flow, considered a random variable Q, and their occurrence
probabilities each month. The objective was to determine the PAT power for each selected Excess
Pressure Point (EPP), while minimising the PAT installations payback period (PP). Experimental
curves approximating the head recovered and the relative PAT efficiency, both depending on the
flow rate together with the flow-head (Q-H) curve of the system, were used to estimate the power
ranges and energy recovered. The methodology was defined as a general strategy for reducing
the investment risks for PAT installations in irrigation networks. The methodology schematic

diagram can be seen in Figure 4-1 and it is divided into five main steps, explained below:

4.2.1.1. Location of excess pressure points and calculation of downstream open/closed hydrant

combinations.

The first stage in Figure 4-1 was to simulate the network’s hydraulic performance and find the
excess pressure points along it, considering a pre-set hypothesis, such as design hypothesis or
100% of hydrants open. Considering all hydrants to be open presents the worst case scenario with
maximum head losses and minimum pressures. Any excess pressure available in this condition

will therefore be available all year around as a conservative minimum.
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STAGE 1: IDENTIFICATION OF EXCESS PRESSURE
AREAS AND FLOW COMEINATIONS
CALCULATION

STAGE 2: OPEN HYDRANT FROBABILITY

STAGE 3: NETWORK MONTHLY
CHARACTERISATION

STAGE 4: PAT OPERATION CONDITING ANALYSIS
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Figure 4-1. Flowchart of the methodology
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Within this first step, the next boundary condition was applied: BEP head (Hggp) is equal to the
head available for each EPP in the first simulation under the hypothesis used, ensuring no lack
of pressure in any scenario. Hggp had the same value for every scenario analysed within each
EPP. Novara et al. (2019) presented a Q-H space to locate the BEP conditions for a large set with
323 PATSs, showing several points where the head could reach up to 3m for certain flows (see
Figure 4-2). Considering this space, the minimum head (excess pressure) for a point to be

evaluated as an EPP was fixed at 3m above the service pressure.

B Radial PAT, pp=1
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A Radial PAT, pp=3
© Multistage vertical PAT, pp=1
e R 2dial PAT application frontier (Chapallaz, 1992)
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Figure 4-2. Location of the estimated PAT Best Efficiency Points (BEP) for the 323 selected machines
over the H-Q space (Novara et al., 2019).

The flow fluctuations depended on the crop irrigated by each hydrant and their water
requirements along the irrigation season. These fluctuations defined the values of the domain of
the random variable Q, and were analysed through a Bernoulli Experiment. Hence, in each EPP,
the range of possible values for Q was determined depending on the amount of possible
combinations of downstream open/closed hydrants. Supposing a number of hydrants n, the
number of possible combinations C, was calculated as defined by Equations (4.1) and (4.2), for

a random combination of open hydrants a, with 0 < a < n. Each combination represents a
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different distribution of open/closed hydrant downstream the EPP analysed. In the scheme shown
in Figure 4-3, 11 hydrants can be found downstream the EPP. A random combination a for this
EPP is represented, where four hydrants (H1, H4, H7 and H10) are open. The flow at the EPP
will vary depending on the combination of open hydrants, as another combination of four open
hydrants different to the one shown in the Figure would return a different flow running through
the EPP. Thus, the analysis of these combinations is important, as it will define the range of the

flow values.
n n n n
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Figure 4-3. Random combination of downstream open hydrant for a general EPP.
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4.2.1.2. Open hydrant probability calculation

This step aimed to calculate the monthly probability of each hydrant to be open. To obtain these
probabilities, the formula proposed by Clément (Clement 1966) was used. The distribution of
crops irrigated by each hydrant and their monthly irrigation requirements were needed. Hence,
the monthly water requirements matrix, IN;; (I ha™* month™), was obtained, with i referring to the

hydrant and j to the month.

Clément defined that one hydrant has two possible working states, open, with a probability of p,
and closed with a probability of 1-p (Clement 1966; Lamaddalena and Sagardoy 2000). Thus, the
monthly probability of an open hydrant (p;;), defined in Equation (4.3), was estimated as the
relationship between monthly irrigation hours required by the crops, associated to each hydrant,
ti; (hours month), and the monthly water availability, T{; (hours month?) for each hydrant i in
each month j. These were calculated following Equations (4.4) and (4.5) respectively. Finally,
hours; refers to the daily water availability (hours) per hydrant and days; (days month) to the

number of days in the month j. g4 1S the design flow allowed per unit of irrigated area.

Py~ (4.3)

ty = ey (4.4
Y3600 qmax '

T;; = hours; days; (4.5)

4.2.1.3. Irrigation requirements calculation using CROPWAT

The CROPWAT software is a tool developed by the Land and Water Development Division of
the FAO. The calculations conducted by the software are based on the methods proposed by
Allen (1998) and by Doorenbos et al. (1980), which dealt with the computing crop water
requirements and crop yield response to water respectively. The FAO recommends that the
software should be used just when no local information about the crop irrigation volume to be

applied is known.
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This was one of the first challenges faced in this thesis, since the complexity to gather information
on the irrigation sector is quite high, considering the large areas involved, large varieties of crops
and numbers of individual farms. This lack of actual information regarding actual volumes used
for irrigation was therefore fulfilled using CROPWAT, which returned the theoretical crop
irrigation volumes to be applied. The final output searched for this thesis was the crops irrigation
requirements, calculated based on the local characteristics of the area analysed. These
requirements could be obtained either every day, 10 days or monthly, and they were needed to
calculate the probability of each hydrant to be open or closed. As it was stated before, the monthly
values were calculated, as values every ten days would increase exponentially the computational

time required to obtain the flows variability.

Cropwat 8.0

for Windows _

©2000-2006 FAO Rome

Figure 4-4.CROPWAT logo

To make all the calculations the software asked for four inputs; i) evapotranspiration; ii) rainfall;

iii) crop properties; iv) soil properties.

The evapotranspiration (ET,) is inputted in daily values, whilst monthly cumulative values are
inputted for the rainfall. These data can be gathered from climatic stations close to the study area.
Inputting them into CROPWAT, it directly estimates the effective rainfall. Then, the crop
properties have to be defined. Among others, the planting date, the crop coefficient (K¢) along
the different season stages (initial, mid and end of the season stage), the duration of each stage in
days or the yield response factor, all have to be defined. The crop coefficient is defined in order
to take into account the effects of both crop and soil evapotranspiration. The values for each
parameter can be found in the “Crop Evapotranspiration - Guidelines for computing crop water

requirements” (Allen, 1998). The crop evapotranspiration is estimated following Equation 4.6:
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ET. = K.ET, (4.6)

The results obtained for the crop water requirements can be seen graphically in Figure 4-4. The
crop water requirements (IN) obtained at this stage are used to calculate the crop irrigation time
(¢") previously defined as per Equation 4.5, needed to calculate the open probability of a hydrant.
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Figure 4-5. Graphic results obtained in CROPWAT for crop evapotranspiration and crop irrigation
requirement.

4.2.1.4. Monthly characterisation of the network: Mass probability function, py (x) calculation.

The Bernoulli Experiment involved repeated independent trials of an experiment, called
Bernoulli Trials (BTs), with two possible outcomes, arbitrarily called success (S) and failure (F)
(Olkin, 1980). Knowing that the trials are independent and assigning the value 1to Sand 0 to F,
the combinations of open and closed hydrants downstream of the EPPs were obtained, depending
on the results of the trials. Therefore, every BT had two possible outcomes, X = 1 is understood
as success, and the issue hydrant is open. On the other hand, if the result was X = 0, then the
result is failure and the issue hydrant is closed. Depending on the number of possible downstream
open hydrant combinations (C), a number of BTs, N, is defined, since the greater the number of
hydrants the greater the number of combinations, and so the greater the domain of Q. N will be
at least double the number of combinations, in order to obtain every possible combination. Thus,

every BT consisted of the generation of N random vectors, R;, with values between [0, 1], and its
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comparison with monthly probability of each hydrant to be open. The results obtained in each
BT followed Equations (4.7) and (4.8):

The aim of the BTs was to generate matrices with dimensions [N x j], which contained all the
possible monthly values of the domain of the random variable Q, depending on the different
combinations of open and closed hydrants. With these matrices, the behaviour of the network

downstream of the EPPs could be characterized on a monthly basis.

The Bernoulli Experiment was run integrating the EPANET engine into Python (v2.7.15) through
its Dynamic Link Library (DLL). Bernoulli distributions were obtained after each trial. These
distributions are directly related with the Binomial distribution. The Binomial distribution is
defined by the number of independent trials carried out, N, and the probability of success, p.
When the number of trials is 1, then the Binomial distribution is called a Bernoulli distribution.
Therefore, the results obtained for every EPP composed the domain of Q. Analysing these results,
the monthly flow values and their occurrence probability could be calculated. Hence, for each

EPP, 12 (monthly) Binomial Distributions were obtained.

The probability mass function of a discrete random variable X conveys the same information as
a table of probabilities of simple events for the possible values of X (Olkin, 1980). Thus, after
calculating every possible flow value Q;, the next step was to calculate how often these values
occur monthly. The mass probability function for the whole domain was obtained dividing the
times, n;;, that each value Q; was repeated in each month j, by the number of total BTs (N). The

occurrence probability of each flow value was obtained following Equation (4.9).

p(Qy) = % (4.9)

A comparison between the monthly experimental volume and the monthly theoretical volume
required was made in each EPP. Its aim was to check how good the experiment fitted with the
theoretical values. To calculate the monthly experimental volumes per unit of irrigated surface,
the monthly flow distributions and their probabilities were required. Applying Equation (4.10),

the monthly experimental volumes were calculated as:
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C
EV; = 3600 T}, qm‘“‘z Q P(Qy) (4.10)
v =

Where EV; is the monthly experimental volume; g,q, is the design flow allowed per unit of

irrigated area; q,, is the maximum flow circulating through the EPP.

4.2.1.5. PAT operating conditions analysis

The different demand patterns and available existing head makes necessary the installation of a
regulation system to control the working conditions of a PAT. This regulation has been proposed

to be done using either hydraulic or electric devices.

When the conditions are hydraulically controlled by means of control valves, the scheme is
denominated hydraulic regulation (HR). This solution generally comprises of two valves, one in
series and one in parallel to the PAT. The valve in series duty is to dissipate the head exceedance
that cannot be used by the PAT. While the valve in parallel fixes the backpressure required of the
flow diverted, moving the flow and head on to the PAT curve. When the head at the network is
greater than the head drop caused by the PAT, the valve in series dissipates the exceedance. For
larger flows, PATSs tend to have greater head drops, reducing the backpressure below than the
value required. At this point is where the parallel valve starts operating, offering less resistance
for the water to stream, hence reducing the flow running through the PAT. These operating rules
are latterly shown in Figure 4-5, where the range of points for which the in series and parallel
valves are marked by the intersection point between the network curve and the PAT characteristic

curve.

Another other way proposed to regulate the turbine working conditions is through electric
devices, which are able to adjust the rotational speed increasing or decreasing the pair moment
of the PAT, and thus the resistance of the water to run through the turbine. This duty is normally
carried out by a variable speed drive (VSD), which moves the characteristic curve of the PAT

adjusting its operation point to the existing conditions at the network.

Lastly, the combination of both regulation schemes can be used, installing the hydraulic valves
in the bypass scheme and the VSD to adjust the existing conditions after the hydraulic regulation

to the PAT characteristic curve.
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The strategy employed followed that known as Variable Operating Strategy (Carravetta et al.
2012), which aims to design PATSs installation considering the variation of the working
conditions. This strategy takes into account the different flow and head values, and how the PAT
performance would vary under these conditions. Carravetta et al. (2012) suggested the following
criteria for PAT VOS design:

1. Flow rate and head variations should be available in order to determine the available
head depending on the required backpressure.

2. PAT type should be considered.

3. A broad number of PAT characteristic and efficiency curves should be considered and
theoretically tested.

4. For each curve, the overall plant efficiency is calculated.

5. The PAT maximising the energy production is selected as the optimal design solution.

6. The near-optimal machine is selected from the market.

Most of the steps recommended by Carravetta et al. (2012) were followed in this methodology,
but with small changes. Firstly, as it was previously stated, it is significantly tedious to find actual
flow or head records, due to the lack of recording devices in irrigation networks. Hence, a need
existed to predict the flow fluctuations, which was explained in the subsections 1-4 of the
methodology section of the present chapter. In this way, the first requirement to apply the VOS
was fulfilled. The PAT types were not considered, as the methodology supposed a theoretical
approach to study the potential and viability of MHP within irrigation networks. Regarding the
third consideration proposed, an extensive number of PATs were tested, as every BEP flow
within the flow domain was used to obtain different PAT characteristic and efficiency curves.
For the efficiency of the PATS, the relative global performance depending on the flow rate was
estimated and considered for each PAT. A small change was introduced in this methodology with
regard to the fifth point. The minimisation of the payback period was defined as objective
function, as the viability of each plant depends on the return of the investment rather than in the
energy produced. Finally, the sixth point was not taken into account in the current method, as it
proposes a theoretical approach rather than the actual design, which is addressed in Chapter 7.
Therefore, this method could be defined as a simplified VOS for PAT installation feasibility

assessment and design for on-demand irrigation networks.

In this methodology, every possible flow circulating through the EPP pipe was considered as a
possible BEP flow of a theoretical PAT to be selected. Hence, | different scenarios were defined,

each of them corresponding to one PAT, whose BEP was (Q;ggp, Hggp)- TO regulate the PAT
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inlet conditions and keep the network service conditions downstream, the by-pass scheme
proposed by previous researchers (Carravetta et al. 2014a; Lydon et al. 2017a), has been
considered, in which there are two control valves, one before the PAT and the other in parallel.
This HR scheme, was used in this methodology, since previous investigations concluded that HR
is generally more efficient than electric regulation, showing larger efficiencies when the working
conditions vary from the design values. In addition, they were also shown to be less expensive
(Carravetta et al. 2014a). This can be observed in Figure 4-5.

Control valve
Qlm QPAT
Him HPAT /\
” ' QT/ >
V' N

QsBP
Hsp

0

By-pass regulating valve

Figure 4-6. Typical HR PAT installation scheme (Carraveta et al., 2012)

The methodology followed to estimate the flows running through the turbine, simulated the
interaction between the Q-H system and PAT curves. The two operating rules fixed were: i) the
flow demanded downstream of the EPP would fully circulate through the turbine if its value is
lower than or equal to the maximum flow to be turbined Q;,,4x in each scenario I (This value was
calculated obtaining the intersection between both, PAT and system Q-H curves); ii) if the flow
demanded downstream is greater than the maximum fixed for each scenario Q;p4x, this flow
would be diverted to the by-pass. To obtain the amount of flow diverted in each scenario | for
each flow demanded downstream m, Q;,,,5p, the interaction between both system and PAT curves

is required again.
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Operating Rules

Qpar = Qim
i) If Qun < Qumax
Qumep =0

Qpar = Qunpar
ii) If Qum > Qumax

Qumpr = Qim — Qumpar

The methodology assumes that the selection of a pump to operate in reverse as a turbine with the
specified BEP can be carried out independently, using the approach described in Lydon et al.
(2017a). This approach used different analytical methods that converted different ratios related
to the BEP of a pump to that of a PAT. In this research, the method adopted the approach proposed
by Barbarelli et al. (2017) to estimate the PAT characteristic curves (head & flow). Barbarelli,
proposed an alternative curve to the curve suggested by Derakhshan and Nourbakhsh (2008) to
obtain the relative head for any given machine based on 12 pumps tested as turbines. This curve
followed Equation (4.11). The method presented a coefficient of determination of 0.923, thus
providing a significant accuracy when estimating PATs’ behaviour. Although other methods
returned a slightly better accuracy, the difference was insignificant, while the method used was
based on a greater database than previous method and was simpler to apply. Thus, all the relative
heads were obtained for every flow demanded downstream Q;,,, in the scenario |. The value of
the head recovered by the PAT H,,, was calculated multiplying the relative heads by the BEP
head, Hggp. With these heads quantified for every PAT associated to every scenario |, all the Q-
H curves for the specific system were obtained. These equations had the form of Equation (4.12),

where the coefficients changed for each hypothetical PAT tested.

H 2
m = 0.922( Qun ) - 0.406( Qum )+ 0.483 (4.11)
Hpgp IBEP IBEP
Hympar = aQfnpar + bQumpar + ¢ (4.12)

Where Hyp,par 1S the head recovered for a certain flow Qy,,,p4r running through the PAT. In
Figure 4-6, this interaction and intersection between a potential PAT and the system curve for a
random site is displayed. To calculate the amount of flow turbined and the amount diverted
through the by-pass, every possible flow value greater than Q;4x, Was introduced in the system

curve, obtaining the head available (H;p,—system) in the system for such a flow (Q;,,,). Using this

head (Hjm—system) in the PAT curve as the head recovered (Hjm,par), the flow circulating
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through the PAT was fixed. Applying this sequence to every possible flow greater than Qpax.
all the pairs (Qumpar, Humpar), for which the device could work, were calculated. Consequently,
in scenario |, the portion of flow diverted through the by-pass for values greater than Q;u;4x Was

the difference between the flow demanded downstream and the flow turbined (Qyn — Qunpar)-

Each of these pairs (Qunpar, Himpar) had an associated relative efficiency, under which the PAT
operates. Novara and McNabola (2018) proposed a model, through the extrapolation of 116
measured PAT characteristic curves, estimating the behaviour of their relative efficiency
depending on the flow rate. Thus, the mechanical relative efficiency was obtained for each flow,
Qimpar, in scenario I, following Equation (4.13). As a conservative estimate the maximum
efficiency was fixed at 55% (0.65 PATS + generator efficiency and 0.85 to take into account the
hydraulic regulation losses) (Carravetta et al. 2012). For very low flow rates, this relative
efficiency has negative values, for which the device should be switched off or the flow would be
diverted. The power production for each scenario I, whose BEP is (Q;ggp » Higep), fOr each pair
(Qum, Him), Was obtained as per Equation (4.14).

PAT CURVE -~
7~
~

SYSTEM CURVE - -

QImax, Himax -
-

FLOW DIVERTED BY-PASS

HEAD

SERVICE PRESSURE

|¢— QimPAT ,}4 QImBY-PASS ‘—ﬂ

FlOW ' ' Qm

Figure 4-7. Representation of a potential PAT flow-head curve for a hypothetical site, and working pairs

(Qimpat, Himpat) for a random flow Qim greater than the maximum Qimax in the Q-H space.
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Nim = 0.5197 (%)3 — 2.3328 (%)2 +3.0931 (%) —0.2757 (4.13)

IBEP LBEP LBEP

Py = 0.55 Qumpar Himpar ¥ Nim (4.14)

Where Q,ggp is the value of the BEP flow for each scenario I; y is the specific weight of the
water; 1, is the relative efficiency value for each pair for scenario I. Lastly, to estimate the
monthly energy recovered, the powers produced by each PAT for each pair (Qumpar, Himpar) I
scenario | were used, together with the monthly mass probability function and the monthly
available time. The monthly available time matrix was reduced to a single vector, since it was an
on-demand irrigation network, where every hydrant had 24 hours of availability every day of the
year. Its calculation followed Equation (4.15).

Ej = Ppy p(qy) T} (4.15)
4.2.1.6. Economic viability

The last stage of the methodology was to assess the economic viability of each scenario studied.
Payback Period (PP) was used here to determine the period needed to recover the investment

made, neglecting the time value of money.

To quantify the total installation cost, three different main components have been considered:
electromechanical (PAT + generator), civil works and additional works. Regarding the
electromechanical part, different investigations have given different approaches. Ramos et al.
(2009) estimated the cost of a PAT to vary between 200-400 €/kW for nominal power lower than
40 kW. Carravetta et al. (2013a) proposed the sum of nominal power of the turbine, 230 €/kW,
and the maximum PAT power accounting for the cost of the generator, 115 €/kW. De Marchis et
al. (2014) proposed a cost per power unit of 2,000 €/kW for PAT plus generator. In this research,
a cost model, which estimates the unitary price for PAT and generator, has been used. This model
estimates different kinds of radial PATSs, including generator with 1, 2 or 3 pairs of magnetic

poles (pp) (Novara et al. 2019). The cost per kW of the centrifugal PATs coupled with induction
generators with the number of pp mentioned is related to the parameter Q;zgp+/Hggp. Thus, the

electromechanical cost has been calculated for every possible BEP flow value and the BEP head
was fixed, using Equations (4.16), (4.17) and (4.18).
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Cpp1; = 11,589.32 Q3gp+/Hgep + 1,380.79 (4.16)
CPPZl = 12;86477 QlBEP HBEP + 9494‘3 (417)
Cpp31 = 15,484.97 Qiggp+/Hpep + 1,172.72 (4.18)

In addition to the PAT costs, other works have to be added, such as civil work and the cost of the
by-pass. Regarding the civil works, a new approach has been developed within this research. The
percentage of the civil works costs depending on the power installed was calculated using
Equation (4.19), proposed in this research. For additional works, such as electric connection or
maintenance, 20% of the total costs has been considered. Following Equation (4.20), the total

costs for the installations were obtained as:

Pewr = 1-1077Phpp —2-107° P3p + 0.0011 Pigp — 0.0349 Pgpp
+0.6714

(4.19)

CCPPnl

TCp = ——
n (1 - pcwl) 0.8

(4.20)

Where p.,,; is the percentage of the civil works over the total installation cost in scenario I, and
Cppny 1S the total installation cost for each flow value and number of polar pairs, n, of the
electromechanical devices. To complete the economic analysis, the calculation of the annual
revenues (AR) and the PP was carried out. For the first term, the total energy produced in each
scenario has been multiplied by the income rate, in case of selling to the grid, or the energy tariff
in case of auto consumption. This rate will depend on the country where the installation is made.

Thus, applying Equations (4.21) and (4.22) the AR and PP for each scenario was calculated:

12
AR, = Z Eyr; (4.21)
=1
CPPnl
- 4.22
PPnl ARl ( )

Where E;; is the monthly energy recovered in each scenario I; the vector r; represents the money
received or saved per kilowatt every month. Finally, analysing all the PPs associated to scenario
| and every potential PAT, n, the selected scenario would be the one whose PP is the lowest,

considering the respective BEP power to be installed. It has to be highlighted, that for MHP
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technology, the PP has to be lower than 10 years (Corcoran et al. 2013) to be considered
economically viable in the water sector. Thus, of all the points studied, those with PP >

10 years, were discarded.

The description of the civil works considered in this research is explained below. Previous
investigations stated that the civil work costs could be taken into account as a fixed percentage
of the total installation, independently on the PAT costs and power. This consideration does not
match with reality since the civil works to be made will depend on the power to be installed, and
its cost then. Therefore, for general cases, the percentage represented by the civil works would
depend on the power of the PAT, or rather, the PAT cost. The method proposed in this thesis, is
based in the estimation of the parties that would be involved in a general PAT installation in
irrigation networks. Concrete foundation for the PAT, earthworks, materials and construction of
the by-pass, backfilling and protection house have been considered as general parties for a general
PAT installation in these infrastructures. In some cases, the parties involved would be less and in
some cases greater. Nonetheless, this approach provides a better estimation of the civil works,
since they will be almost the same for any specific point, independently of the power to be
installed. Thus, it can be said that the lower the power is, the higher percentage will be represented
by the civil works in the total costs. A brief bill of quantities (BOQ), whose unitary prices has
been fixed from the Spanish Price Generator for Construction Database [41], is explained in the
Table 4-1. From this BOQ, Figure 4-8, which shows the percentage represented by the civil works

over the total installation costs, has been developed.

Table 4-1. Parties accounted in the civil work costs.

CIVIL WORKS
CW.1  Manual trench excavation (20 x 2 x 1.5 m) m3 76 €49.45 €3,758.20
By-pass: Supply + fixing 300mm ductile iron
Cw.2 -y P PP : Lm 18 €96.35 €1,734.30
pipes
CW.3  Reinforced concrete slab 10cm m?> 8 €1623 €129.84
Protection House: Concrete blocks (40x20x10
Cw.4 m2 30 €41.78 €1,253.40

cm) supply and fixing (4 x 2 x 2.5 m)
CW.5  Manual back-filling: Same material excavation —m*® 76  €3.54 €269.04

Total €7,144.78
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Figure 4-8. Costs percentage represented by the civil works depending on the PAT power.

4.3. Study Area

Sector VII of the right bank of the Bembezar River (BMD) is a pressurized water distribution
network located in Seville (Spain). The network is composed of pipes with diameters between
150 and 800 mm. It contains 162 hydrants which irrigate a total surface of 920 hectares. The
main crops cultivated in the district are: Citrus (56%), maize (32%), cotton (9%) and sunflower

(3%). The hydrants are distributed in levels which vary between 47 m and 97 m.

A pumping station is located at 86 m.O.D. and is composed of two kinds of pumps. The first type
has a power of 90 kW, and there are three of these units. The second type has a power of 270
kW, and there are two of these units. The network was designed to supply 1.2 I/s/ha on demand,
so water is continuously available to farmers (24 hours per day). The network was designed for
100% of open hydrants simultaneity. The methodology developed here has been applied for the
2017 irrigation season, for which the agronomic parameters (rainfall and evapotranspiration)
have been considered. The total values of these parameters for the 2017 irrigation season

amounted 440 mm and 1,210 mm respectively.
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Figure 4-9. EPPs in the sector VII of the right bank of the Bembezar River Irrigation District.

4.4. Results

4.4.1. Location of excess pressure areas and calculation of downstream open/closed
hydrant combinations.

In this first stage, hydraulic simulation following the design hypothesis, 100% of the hydrants of
the network set as open, was conducted, using EPANET (Rossman 2000) As a result, five points
have been identified as potential EPPs, with an available excess pressure of 19.1 m, 13.9 m, 19.8
m, 18 m and 14.3 m respectively. In this first assessment, the BEP head for the turbine was fixed,
since the first simulation has been carried out under the most unfavourable conditions. In this
way, it was ensured that the service pressure reaching the hydrants located downstream was
always greater than or equal to the minimal pressure required, 35 m in this case. The location of
these points can be seen in Figure 4-7, noting that each EPP was located on a separate branch of

the network.

The number of hydrants located downstream of each EPP was then counted, to obtain the number

of possible open hydrant combinations, following Equations (4.1) and (4.2).
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4.4.2. Open hydrant probability calculation

As there is no record available of the actual open hydrant time, it has to be estimated by means
of the formula proposed by Clément (Clement 1966). Regarding the crop distribution, the crops
irrigated by each hydrant were also not available, and just the percentage of total land for each
crop was known. Therefore, this general distribution has been applied to each hydrant. These two
first steps of the second stage could be replaced by actual information in case that the irrigation

network studied had this data available.

Thus, firstly, the monthly crop water requirements were calculated. The required irrigation time
per hydrant and month was then calculated using Equation (4.4). Specifically, this network is an
on-demand irrigation network, so the water availability is 24 hours every day. Then, the monthly
probability of open hydrant was calculated for each hydrant using Equation (4.3). Since the crop
distribution per hydrant was not available, the general percentage of crops mentioned in the
description of the case study has been applied to each hydrant, assuming all of them had the same
open hydrant probability, as shown in Table 4.1. The characteristics of each EPP before running
the experiment and the input information are shown in Table 4.2.

Table 4-2. Monthly open hydrant probability by crops depending on the surface occupied, and total
monthly open hydrant applied to every hydrant during the irrigation season.

Crop Surface Monthly Open Hydrant Probability (%)
Percentage Mar Apr May Jun Jul Aug Sep Oct
Citrus 56 0.3 4.1 14.7 25.5 28.1 24.4 13.0 1.0
Maize 32 0.0 0.0 7.6 23.8 26.7 14.6 0.0 0.0
Cotton 9 0.0 0.0 1.8 6.0 7.1 4.2 0.0 0.0
Sunflower 3 0.0 0.0 1.1 2.5 2.4 0.3 0.0 0.0
Total (%) 100 0.3 4.1 252 578 643 435 13.0 1.0

Table 4-3. Summary of the EPPs found, downstream hydrants, number of possible flow values, flow range
and monthly and yearly number of Bernoulli Trials run conducted.

EPP Downstream Flow values Q (I/s) Bernoulli Trials  Total simulations
hydrants
1 23 8,388,608 0-297 17,000,000 204,000,000
2 5 32 0-82 15,000 180,000
3 21 2,097,152 0-179 5,000,000 60,000,000
4 26 67,108,864 0-101 140,000,000 1,680,000,000
5 21 2,097,152 0-75 5,000,000 60,000,000
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4.4.3. Monthly characterisation of the network: Mass probability function, px(x)
calculation.

Once the monthly open hydrant matrices were defined for every hydrant of the network, several
BTs were run, in order to characterise the behaviour of the network across the year. Thus,
analysing the results obtained for each EPP it can be seen that the flow values varied from 0-297
Is? 0-821s?, 0-1791s?, 0-101 I st and 0-75 | st respectively. From these results, a distribution
of the flows along the irrigation season was obtained, and the monthly behaviour of the network
could be characterised by analysing the 12 monthly binomial distributions. The mass probability
functions were calculated using Equation (4.9).

In Figures 4-9 - 4-11, the mass probability functions corresponding to the months of irrigation
season for EPP3 can be seen. The mass probability function illustrates the monthly occurrence
probability of every flow of the domain of Q. Higher probabilities can be seen for lower flows in
months where the irrigation requirements are lower, and higher probabilities for greater flows in
months with more irrigation requirements.

The monthly predicted volumes were calculated using Equation (4.9). The variations between
the theoretical and predicted values for the EPPs can be seen in Figures 4-10 - 4-12. The annual
variations found between the theoretical and predicted volumes in the five EPPs were -0.0873%,
0.3867%, 0.0816%, -0.08024% and 1.2287% respectively.
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Figure 4-10. Mass probability functions for the possible flow values during the irrigation season for EPP
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Figure 4-11. Theoretical irrigation volume requirements and experimental irrigation volume requirements
for EPP 1.
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Figure 4-12. Mass probability functions for the possible flow values during the irrigation season for EPP
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Figure 4-13. Theoretical irrigation volume requirements and experimental irrigation volume requirements

for EPP 5.
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4.4.4. PAT operating conditions analysis

Every experimental Q-H and PAT curve had to be defined. Every Q-H system curve was obtained
from the hydraulic model. For the different EPPs, an average of 16 million experimental curves
were tested per EPP using Equation (4.10). Calculating the intersection between every PAT curve
and the system curve, the maximum flow allowed to run through each device was obtained in
each scenario I. Once these maximum flows were defined, the space of (Qumpar, Himpar) fOr
each PAT associated to each scenario | were also defined for each possible value of Q. The
relative efficiencies that every pair of (Qumpar, Himpar) Would produce in each PAT were
calculated using Equation (4.13), depending on the BEP flow of each device. With all the flows
and heads for which the PATs would operate under, and the relative efficiencies associated to

these values, the power produced in each circumstance was estimated.

4.4.5. Economic viability

The cost associated to each scenario and every PAT evaluated was calculated using Equations
(4.16), (4.17) and (4.18). To estimate the civil works associated to each scenario, Equation (4.19)
was applied. Depending on the power, the percentage represented by the civil works varies from
low values, close to 10% of the total installation cost for greater powers, up to high values close

to 70% for lower powers.

For the five EPPs analysed in the network studied, the energy that would be recovered varies
within the range [0.9 — 43.3], [2.4-6.9], [1.1 — 30.4], [0.5 — 11.2] and [0.4 — 5.6] MWh
respectively. To calculate the annual revenues, several authors have used different values in their
research. Perez-Sanchez et al. (2016) fixed a price of 0.0842 €kWh™1, whilst Garcia Morillo et
al. (2018) applied the monthly average of the Spanish tariff based on 6-periods. In this case, the
application LUMIOS (Red Eléctrica de Espafia n.d.), developed by the Spanish Electrical Grid,
which provides the monthly average tariff for a selected period, has been used to calculate the

monthly tariff for the year 2017.

The values, in € kWh™1, for the months in which energy is produced, were: April (0.111242),
May (0.112542), June (0.113439), July (0.113044), August (0.113056) and September
(0.113611). These tariffs were considered since the energy recovered has been assumed to be for
self-consumption instead of selling it to the grid, as in many cases, there are no grid connection
points close to the installation and it would be considered as saved energy. Thus, this connection
could make the installation much more expensive, and was not considered as a viable solution

for energy production in the irrigation sector.
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Using Equations (4.21) and (4.22) to calculate the annual revenues and the payback period
respectively for each scenario, and following the boundary conditions imposed for the payback
period, the optimal PAT for each EPP was obtained, or the EPP was rejected. Thus, for the five
EPPs, the summarised results can be seen in Table 4-4. Two of them were considered as viable
individually for a PAT installation for energy recovery, two of them were rejected because of
their PP exceeded 10 years, and one could be considered as potentially viable for being just in
the border of the 10 years for returning the investment. These three EPPs would recover a sum
of 81.4 MWh. Nevertheless, considering the five EPPs as a single investement, the PP would be

6.4 years, increasing the energy recovered up to 93.9MWh for the whole set.

The civil works, which were calculated following Equation (4.21), for the optimal solution of
each EPP represented 43.5%, 58%, 50.3%, 53.5% and 58.2% of total cost, respectively.

Table 4-4. Summary of the results obtained for each EPP and for the set, showing the optimal scenario,
BEP flow, BEP power of the optimal scenario, number of polar pairs of the electromechanical device, total
installation costs, energy recovered in the optimal scenario.

Optimal BEP Flow BEP Polar Ener PP
EPP Scznario (I/s) Power Pairs Cost (©) (MW% (years)
(kW)
1 2,743,236 88 9.1 1 16,438 40.8 35
2 13 39 2.9 2 12,339 6.9 15.8
3 631,784 54 5.8 2 14,207 29.5 4.2
4 30,122,847 46 4.5 2 13,352 11.1 10.6
5 1,051,433 36 2.8 2 12,278 5.6 19.4
Total - - 25.1 - 68,614 93.9 6.4

4.5. Discussions

Flow fluctuations are very significant in irrigation networks, since the irrigation requirements
vary along the irrigation season, depending on the crops. Furthermore, the farmers’ irrigation
habits are not standardized in on-demand irrigation networks. Due to the lack of, or difficulty to
access data in this sector, one method to obtain the performance of the network is a statistical
analysis based on the crop water requirements. Applying Clément’s methodology and Bernoulli
Experiments to an on-demand irrigation network, an estimation of the data along the network can
be obtained. Characterising the network through their application makes the estimation of the

flow fluctuations possible, approximating the monthly probability that each flow has of occurring

77



Chapter 4. Theoretical Approach

and the probability to be exceeded. This analysis estimated the different values that could run
through a specific pipe during the whole irrigation season. All of these flows have been evaluated
as BEP flows simulating as many theoretical PATSs as the number of flow values there were for
each EPP. However only one machine can be selected for installation, and this methodology
allows us to select a PAT whose BEP gives the best return on investment from all possible
flow/head combinations across the irrigation season.

A limitation of this methodology is that a general PAT performance curve has been considered
for all of the possible PATs that could be installed, underestimating in some cases and
overestimating in others, the energy that could be recovered using each specific PAT studied.
This general performance curve has been developed from the characteristic curves of 116
different PATS, extrapolating them and obtaining a general curve (Novara and McNabola 2018).
Therefore, this methodology, applied the general PAT performance curve, helping to study all
the possible scenarios for an energy recovery installation, pre-selecting the possible power
outputs and choosing the best one regarding their payback period. However, a deeper
investigation would be necessary in each EPP site once it is established by this methodology that

the economic viability is predicted to be favourable.

Another limitation of the methodology is the fact that while many theoretical PAT BEPs were
analysed among the possible combinations of flow across the irrigation season, a finite number
of pumps exist in the market. The PAT curves were obtained using Equation (4.11), which is
based on experimental data from 12 pumps tested as turbines (Barbarelli et al. 2017). In reverse,
these pumps function as PATs and are considerably cheaper than traditional turbines due to mass
production. Therefore, not every theoretical PAT is in existence in the marketplace and to retain
cost competiveness, in practice we would need to select the closest available machine to the
selected theoretical one for a specific EPP. The current methodology may under- or over-estimate

economic viability at specific EPPs as a result of this limitation.

Regarding the domain of the random variable Q, formed by the number of possible combinations
of downstream open and closed hydrants, it will be greater as the number of downstream hydrants
increases. This means that the possible flow values will increase as the number of downstream
hydrants does, having a larger probability of flow fluctuations as the quantity of hydrants
increases. In the present case study, four of the EPPs had more than 20 hydrants downstream,

where, > two million possible flows could occur.

The consideration of relative efficiencies in this study are very important. For the flow

fluctuations, as their occurrence probabilities change significantly along the irrigation season, the
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energy that would be produced using other methodologies which just account for the energy
recovered under BEP for average flows and heads, would not give realistic results. Thus, the
variation of the PATs efficiency depending on the flow rate variation, allows a more realistic
power output capacity to be installed in a specific EPP. Different variables could be considered
when the viability of a PAT installation is being examined, such as the energy maximization.
Nonetheless, if the variable to be maximised was the energy, then, the optimal scenarios would
divert to higher BEP powers, where the PP would raise up to levels which could make the
investment unviable. In spite of this, maximising the energy has been used in other research, and
this methodology selects the best PAT for which the investment would be recovered the soonest.

This would be more inviting for the farmers to install.

A comparison between the energy recovered in the scenario with the lowest PP and the scenario
producing the greatest energy is displayed in Figure 4-19 (EPP3). The energy would increase up
to 30.2MWh. This would amount to 2.3% more energy recovery. However, the PP would increase
by 4.4%.

The civil works accounted for here differed from the civil works used by other authors. Some
authors stated that 65% of the total installation corresponded to the cost of the PAT and the
generator, and the other 35% was accounted for other works (Lydon et al. 2017b). In other cases,
the civil works were considered to be around 25% of the total installation costs (Lydon et al.
2017a). Both considerations linked the civil work costs to the power to be installed and many
previous papers were also not considering costs in the irrigation setting which differs in nature

from urban constructions.

Nonetheless, for a random installation, the percentage of costs represented by civil works will
change with the power. Thus, different power values of PAT for the same point will not vary the
civil works to be conducted, but the percentage of these will change, being lower as the power
increases. Therefore, for this research, an estimation of the general civil works to be carried out
in these kind of installations in irrigation networks has been calculated, which contains general
works and the main elements to be carried out. The result of this is a curve relating the power of
the installation with the percentage represented by the civil works within the total costs of the

installation. This gives a more realistic weight to the civil works than the previously used.
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Figure 4-14. Comparison between the most energy producing scenario and the lowest PP scenario in
EPP3.

The energy prices to be considered depend on the location of the irrigation network and energy
use. In this case, the energy recovered has been considered to be auto-consumed by the farmers
or the irrigation district itself. Hence, the energy recovered could be considered as a saving on
the energy consumption.

The case studies pump station accounts for a power consumption of 1,080 kW. The power
estimated to be potentially viable, was 25.1 kW. This amount represents 2.3% of the total power
of the pump station. However, the power production of 25.1 kW represents the average power
output across the year, where peak production of up to 45.8 kW would be reached in some stages
of the irrigation season. The five PATs would be able to recover 93.9 kWh in an irrigation season.
If the nominal power of the whole set is compared with the unitary pumps’ power, the PATSs’

power amounts to 28.0% of the total power for the first type and 9.3% for the second type.

However, these points were found in remote place with no energy demand nor grid connection,
far from the main consumption point of the irrigation district, the pumping station. The distance
between the EPPs and the pumping station was at least of a few kilometres. The connection with
the consumption points or the grid would importantly increase the cost of the plants, turning them
in some cases not economically viable. This issue might be present in many nodes showing power
potential in irrigation networks. Hence, deeper analysis should be carried out in feasibility studies
for actual plants.
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Depending on the stage of the irrigation season, the number of pumps working changes.
Therefore, this could translate to an important energy saving in those stages where a lower
number of pumps work. The index of the annual energy recovered per irrigated surface area was
0.10 MWh year™ ha'. This shows that the potential available in this specific network is not large.
Previous investigations showed values of 0.65 and 0.08 MWh year? ha* (Garcia Morillo et al.
2018; Pérez-Sanchez et al. 2016). However, these values cannot be compared, since each index
will partially depend on the topography in which the network is built. In addition, these previous
estimates did not consider both flow variations and turbine efficiency variations and may

therefore be over-estimates.

Finally, the application of MHP for energy recovery together with other potential energy saving
measures proposed in other investigations would have a positive effect, reducing the energy
dependency of the activity. For instance, the optimisation of pump stations would not remove the
excess pressure in every area of a network. The excess pressure due to change in elevation among
others would still exist, and therefore, the application of MHP would be a viable solution for

both, reducing the excess pressure and energy dependency in the network.

4.6. Conclusions

In pressurized irrigation networks, energy reaches around 40% of the total water costs. The use
of renewable energy sources in the agricultural sector will increase in the next few years. The
percentage of crop water costs related to the energy comprise an important percentage of the total
costs paid by farmers. In addition, the environmental pressure to reduce the greenhouse gases
emissions will be a critical driver in this issue. PAT installations in these infrastructures have
been shown as viable solutions to improve the sustainability and economic viability of this sector,
due to their low cost in comparison with other technologies, as such traditional turbines in the

case of hydropower, or solar and wind power in the case of €/kWh produced.

Reducing operating costs by this amount will result in lower food prices for consumers and
potential for greater crop yields (avoiding deficit irrigation). As a result, the incorporation of
MHP energy recovery in irrigation networks has an important role to play in the water-energy-
food nexus, lowering GHG emissions, lowering food prices, reducing energy consumption and

increasing crop yields.

This research develops a new methodology to optimise the PAT power to install at pre-selected

sites in irrigation networks, where no data is recorded, minimising the payback period of the
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investment and combining combinatorial and statistical analysis. Three constraint conditions
were fixed to achieve this goal. There can be no lack of pressure in the network after the
installation with these constraints applied. The installation PP had to be lower than 10 years.
Moreover, the scenario with the lowest PP was selected, whose power is the basis of the PAT
selected.

The energy recovery for the set including the five EPPs, summed to 93.9 MWh. These energy
savings estimated in this chapter could comprise important economical savings for farmers.
Future works will study the validation of this methodology with actual measured data, and its use
in irrigation networks where there is no access to actual data, to assess the potential available in

this sector and the percentage represented by energy saved over the total energy consume
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5> METHODOLOGY
VALIDATION

5.1. Introduction

MHP has been shown as an attractive technology for reducing energy dependency in water
networks where an excess pressure exists. A significant body of research has been conducted on
this topic in recent years for drinking water networks, however limited attention has been given
to its application in the irrigation sector. Using MHP, energy may be recovered at excess pressure
points without affecting the water supply service (McNabola et al. 2014b). PATSs were presented
as cost effective devices for energy recovery in sites with the small power output capacities
typical of this setting (Fecarotta et al. 2014b; Lydon et al. 2017a).

However, anticipating their performance is a well-known challenge (Novara and McNabola
2018). There are several methods to predict this performance, such as computational fluids
dynamics (CFD), experimental testing, using the rotor-volute matching principle, geometry
recreation or machine learning techniques (Barbarelli et al. 2016; Huang et al. 2017; Rossi et al.
2019; Rossi and Renzi 2018). Some authors (Barbarelli et al. 2017; Derakhshan and Nourbakhsh
2008; Fecarotta et al. 2016) have also proposed equations to predict the flow-head (Q-H)
characteristic curve of PATSs inputting the flow and head for which the device works with the
highest efficiency, known as best efficiency point (BEP). These equations estimate the relative

head depending on the flow rate. Flow variability has been shown as one of the crucial factors
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when selecting a PAT, since it will greatly affect the design point and operational efficiency of
the selected device (Lydon et al. 2017b).

Flow fluctuations are generally more significant in irrigation networks, since the demand is
normally concentrated in summer. This fact affects the viability of PAT installations directly for
this purpose. Furthermore, it is not common to have detailed records for flow and pressure in
irrigation networks, which makes the selection of a turbine more challenging as a result.

Subsequently, in the previous chapter a new methodology to select PATSs for energy recovery at
excess pressure points (EPPS), estimating the monthly occurrence probability for each possible
flow value was proposed. The EPPs were located by running a hydraulic model of the network
considering a set a percentage of hydrants to be open simultaneously and ensuring minimum
pressure requirements in critical nodes. The excess pressure found using this analysis was fixed
as the best efficiency head in each EPP. It also took into account both flow fluctuations and PAT
efficiency performance variability, testing different theoretical PATs and choosing the one with
the lowest payback period. The interaction between the predicted flow and recovered head PAT
curves and the theoretical flow-head curve of the pipe system were also considered to define the

range of flows that could be turbined, and the head that could be recovered.

This chapter presents the evaluation and validation of the methodology proposed in Chapter 4 as
a method to quantify the existing power and the potential energy recovery in excess pressure
areas within irrigation networks. Several statistical parameters and efficiency criteria were used
to compare the results coming from simulations and from the application of actual flow and
pressure observations in a real network, in high resolution, and over a 1-year period. The
validation of this methodology will allow its application in different irrigation networks to
guantify the existing potential and study how PATSs could improve their energy efficiency. The
accuracy of the method is also compared with previous approaches to demonstrate its improved

effectiveness.

5.2. Methodology

Regardless of the different methods proposed to assess hydropower potential in irrigation
networks, the evaluation of the performance of these models against measured data is required.
To carry this out, efficiency criteria have to be used to measure how well the predicted

observations fit with the measured field data (Beven 2012). The methodology validation was
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conducted using actual recorded flow data, comparing this with predicted experimental flow data

and their occurrence probabilities along an irrigation season.

A statistical analysis of the flow domains was carried out, comparing the goodness of fit between
predicted and actual values. Subsequently, theoretical PATs were simulated in the network using
both, actual and predicted flow data, selecting the best solutions in each case in terms of
minimising payback period. Among the output variables, the power generated under best
efficiency conditions, the energy recovery potential, the best efficiency flows and heads, and the
payback periods were used to analyse the accuracy of the predicted results. Different statistical
parameters to measure error and goodness of fit of the model were calculated for the output

variables.

Flow data was obtained from the Canal del Zujar Irrigation District (CZID), located in South-
Western Spain. This district is composed of ten independent hydraulic sectors, and the data used
corresponded to Sector Il. This sector irrigates 2,691 ha, with tomato, maize and rice as the main
crops, accounting for around 90% of the irrigated area. The network, comprised pipes with
diameters between 80 and 1000 mm, supplying water to 196 hydrants. The hydrants were at
levels varying from 250 m to 285 m. The network was designed to supply 1,2 I s ha'* on-demand
(24 h per day), under the hypothesis of 100% of simultaneity (i.e. all hydrants simultaneously
open). The service pressure required at hydrant level was 35m. The annual rainfall and
evapotranspiration during 2015 summed to 202 mm and 1,372 mm respectively. A telemetry
system was installed to record the hourly water demand through flow meters installed at the 196
hydrants during the 2015 irrigation season (Gonzélez Perea et al. 2019). It is very uncommon to
have this kind of system installed in irrigation networks and therefore access to this dataset

presented a unique opportunity to perform this validation.

Grouping these water demands, the hourly flow running through each pipe of the network and
the hourly volume pumped within the whole district, could be obtained. As highlighted earlier,
recorded flow information at this level of spatial and temporal resolution is not commonly
available in irrigation districts and thus this dataset provided a unique opportunity to validate

PAT selection methodologies.

The methodology developed in the previous chapter consisted of the evaluation of MHP potential
and PAT selection for pre-selected points in pressurised irrigation networks where no flow or
head data was available. Due to the difficulty to find actual data in pressurised irrigation
networks, this method predicted the flow and head distributions along an irrigation season

inputting the crops distribution of each hydrant and the agro-climatic parameters (rainfall and
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evapotranspiration), to an EPANET hydraulic model of the network. Once the domains were
defined, different theoretical PATs were simulated in the hydraulic model, following a simplified
method of the variable operating strategy (VOS) (Carravetta et al. 2012; Fecarotta et al. 2016).

In this VOS, the flow and head ranges running through the turbine and the relative efficiencies
were estimated depending on the flow rate, following two approaches: i) The characteristic flow-
head drop curve of each PAT was defined following the model proposed by Barbarelli et al.
(2017); ii) The relative efficiency was estimated following the model proposed by Novara et al.
(2018).

A cost model was also included in the method, in which the total costs could be divided in:
electromechanical devices costs, which included the PAT and the generator, following the cost
model proposed by Novara et al. (2019); the civil works, which were defined for this kind of
installations in irrigation networks specifically; and the electric cost that were defined as 20% of
the total installation costs, following previous literature. Finally, the payback period was selected

as objective function, choosing the PAT with minimum value for each point studied.

A limitation presented in the methodology was the fact of using a large number of theoretical
PAT curves, which do not all necessarily correspond to an actual machine available in the market
for purchase. The mass production of pumps makes them cost effective in reverse working as
PATSs and they are considerably cheaper than traditional turbines. Therefore, in reality, not every
theoretical PAT can be found in the marketplace, and to retain cost-competitiveness in practice,
the closest available machine to the selected theoretical one would need to be selected for a
specific EPP. Thus, this limitation could lead the methodology to under- or over-estimate
economic viability at specific EPPs.

This research was divided in different stages. Foremost, the characterisation of the flow
fluctuations along the irrigation season was conducted, using both actual flow and predicted data
at nine potential EPPs identified (as described below). The EPPs analysed can be seen highlighted
on the skeleton of the irrigation network, shown in Figure 5-1. Next, the occurrence probability
of each possible flow value was determined for both predicted and actual flow domains.
Subsequently a hydraulic analysis was carried out applying previously calculated probabilities to
estimate the energy recovery potential of every theoretical PAT simulated in the network. Finally,
statistical parameters and efficiency criteria were used to check how good flows, energy and
power variables fitted with their estimate using the measured data, providing more information

on the model errors.
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5.2.1. Excess Pressure Points

An EPANET (Rossman 2000) hydraulic model of the network was developed from several input
files: i) A dwg file with the structure of the network; ii) database including the properties of the
network (pipes, materials, diameters, consumption points, design properties, such as flow
requirements in 1/(s ha)); iii) Crops distribution for each hydrant; iv) and digital elevation model

of the area to extract the nodes’ elevation. With all this information, the model was developed.

Then, the model was validated comparing flows predicted by the model with the flows recorded
distributions from a telemetry system. After, the excess pressure points were identified running
the hydraulic model considering 100% of simultaneity (i.e. all hydrants open), as the network
was designed for this hypothesis. In doing this, different branches of the network showed an
existing excess pressure under these set conditions. Reducing this excess was conducted placing
by PATS, such that the minimum service pressure was maintained in the network in these most

unfavourable flow conditions.
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Figure 5-1. Sector 11 of the Canal del Zujar Irrigation District skeleton and EPPs studied.
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The EPPs were fixed following two criteria: Minimising the existing excess pressure in the
network to its service pressure, dividing the network into a set of hydrants with similar existing
pressure; and to reduce pressure in as many hydrants as possible with existing excess pressure.
This last consideration affected the working time of the PAT directly and, therefore the payback
period, since the greater the number of hydrants downstream of a PAT, the lower the probability
of null flow. This concentrated many of the flow values in a central range, increasing the energy

recovery.

5.2.2. Flow fluctuations characterisation

The records gathered from the telemetry system reported the hourly demand of each hydrant.
After the irrigation season, 860,832 values were registered. Therefore, the flow variability
characterisation was conducted grouping all of the records of those hydrants located downstream
of each EPP studied. Once grouped, the monthly occurrence probability of each flow was
obtained. This occurrence probability was used to calculate the energy recovery for every flow
demanded in every PAT. The predicted flow characterisation was carried out by running the
Bernoulli Experiment as described in Chapter 4 and calculating the mass probability function.
The Bernoulli Experiment was run integrating the EPANET engine into Python (v. 2.7.15)
through its Dynamic Link Library. The occurrence probability of each flow was calculated
following Equation (5.1):

p(Qij) = % (5.1)

Where n;; represents the time that each value i was repeated in the month j; N is the number of
observations in each case. For the actual data, the number of observations corresponded to the
daily records (24) multiplied by the number of days in each month. In the prediction case, N was

the number of simulations run.

5.2.3. Hydraulic Analysis

The methodology developed in Chapter 4 considered every flow running through an EPP as a
possible best efficiency flow for a theoretical PAT. The best efficiency head was fixed as the
minimum allowable head available to turbine downstream of each EPP for PAT selection. This

allowable minimum was applied to ensure that the minimum service pressure was available
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downstream during the most intensive periods of irrigation. The head drop produced by the PAT
for the maximum flow was thus fixed. Fixing this condition, a simplified VOS was applied,
considering the PAT characteristic curve and the flow and head domains of the network. Then,
as many PATSs as different flow values obtained in the simulations or recorded in the network,
were simulated in each EPP, with the previously defined best efficiency head and different values
of best efficiency flows.

Once the actual and predicted flow domains were defined, the different PATs were simulated in
the hydraulic model, applying both predicted and actual flow and head conditions. To simulate
the different PATs in the network, the equations 5.2 and 5.3, which are described below, were
implemented into the EPANET toolkit for Python, considering the flow distributions previously
predicted. The flows and heads running through the turbine and the bypass were estimated for
each PAT. Thus, every PAT showed a maximum flow that could be turbined, from which larger
flows started being diverted using hydraulic regulation following the scheme proposed by Lydon
etal. (2017a) (see Figure 5-2). The variations of flows turbined and head recovered were obtained
through the interaction between the flow-head system values and flow-head drop PAT curve. The
head drop values were calculated depending on the flow rate, following the Equation (5.2),
proposed by Barbarelli et al. (2017). The relative PAT efficiency for each flow demanded was
obtained using the flow rate-relative efficiency equation proposed by Novara and McNabola
(2018), Equation (5.3). The power produced depending on the flow rate was also calculated
depending on the flow rate, relative head drop and relative efficiency, following Equation (5.4).
The energy recovered by each PAT was calculated applying both predicted and actual occurrence
probabilities during the irrigation season. Finally, the PAT selected in each case, presented the
lowest payback period. A sample of the results of this process is shown later in this paper chapter
in Figure 5-2. Finally, the specific speed was calculated following the Equation (5.5), considering
a nominal speed of 1500 rpm.
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5.2.4. Statistical analysis

The methodology aimed to predict irrigation network flow fluctuations to enable the selection of
the PAT with the lowest payback period. Thus, the variables used for the statistical analysis of
the performance of this methodology were: from one side, the flow values, and from the other

side, the variables related with the PATSs performance, such as power, energy recovery and BEP.

In this stage, different parameters were used to measure the statistical significance of differences
between the results obtained applying predicted and actual data. The mean absolute error (MAE)
and the root mean square error (RMSE), both expressed in the same unit as the variable studied,
were used to quantify the differences between the predicted and observed values. The efficiency
of the model was also measured calculating the coefficient of determination (R?), and Nash-
Sutcliffe model efficiency (E). Low values of MAE and RMSE show a better fit of the model.
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The coefficient of determination is widely used in the analysis of quality of regression and
prediction models, and is a measure of precision. It is defined as the squared value of the
coefficient of correlation according to Bravais-Pearson (Krause et al. 2005). The Nash-Sutcliffe
model efficiency (E) estimates how well a simulation can predict an outcome variable. As well
as the R?, a value of zero for E represents no correlation, and 1 that predicted values are equal to
the observed. These parameters can be calculated using Equations (5.6), (5.7), (5.8) and (5.9).

n 0. — .
MAE = W (5.6)
NS a2
RMSE = M‘Ty‘) (5.7)

R2 = Y i =G —y) (5.8)

VIR =92 B G — )2

L On =9

E=1 —
Z?:l(yi _Y)z

(5.9)

Where y; is the value of the variable using the predicted data; y; the value of the variable analysed
with the observed data; N is the number of observations; y is the mean value of the values
obtained using observed data; y is the mean value of the results obtained with the predicted data;

and n is the number of observations in the sample in each EPP.

A comparison between PATSs obtained under predicted and actual conditions was carried out
when both worked under actual conditions. This was conducted to see if the differences in flow
values obtained between the predicted and measured data, made a substantial difference to the
energy produced by PAT designs based on the predicted data or based on the actual measured
data. Differences in flow data may not translate into the same difference in energy production.
The energy recovery was analysed, studying the differences found between the total amount

found in the network and the amount found in each of the EPPs.
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5.3. Results

The predicted and actual flow fluctuations of the nine EPPs chosen were calculated along the
irrigation season. The actual flow fluctuations were obtained from 4392 hourly data entries
registered in each hydrant located downstream of each EPP from the April 1 to September 30,
during the irrigation season in 2015. Grouping these entries, 4,392 flow values were obtained for
each EPP. Using these records, the actual occurrence probability was calculated for each flow
value. To obtain the experimental variability, the combinations of open/closed hydrants
downstream were calculated for each EPP. Monthly simulations were run for at least twice the
number of possible combinations of open/closed hydrants downstream of each EPP site. Table
5-1 shows a summary of the information used to calculate the flow fluctuations and occurrence
probability for actual and predicted values in the nine EPPs, accounting for almost 10 billion
simulations. In Figure 5-3, a comparison between the predicted and actual occurrence probability
of every flow is presented, for four of the nine EPPs analysed.
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Figure 5-3. Predicted and actual occurrence probabilities for the different flow values along the irrigation
season in four of the nine EPPs studied.
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With the flow domains characterised, different PATs were simulated considering these
fluctuations. A finite number of PATSs simulated in one of the EPPs, together with the selected
PAT and its power production, can be seen for illustration of this process in Figure 5-4. The black
line represents the branch flow-available head curve. The horizontal dashed line is the best
efficiency head, fixed as a boundary condition in the methodology. The coloured dashed lines
are the flow-head recovered curves of the theoretical PATs simulated (205 PATS in this case).

The thickest line in blue represents the selected PAT with the lowest payback period. The red
thick line represents its corresponding power production under each flow demanded. Its power
production starts decreasing when the flow demanded is greater than the maximum flow to be
turbined. Thus, the flow is diverted and the amount of flow turbined is lower when the demanded
flow increases. The working conditions of the PAT installation were fixed in order to always
have sufficient pressure in all of the hydrants. To ensure this, the interaction between the system
and the PAT curves in the methodology, it was introduced in the previous chapter. The different
characteristic curves for predicted conditions together with the specific speed of each, can be

seen in Figure 5-5.

Table 5-1. Number of downstream hydrants, number of entries used to obtain the flow fluctuations,
observations to obtain the actual occurrence probability and the number of simulations run in each EPP.

Actual

Hydrants Flow . Simulations
- observations
downstream entries (N) (N)

EPP1 15 65,880 4392 393,216
EPP2 14 61,488 4392 196,608
EPP3 23 101,016 4392 100,663,296
EPP4 14 61,488 4392 196,608
EPP5 10 43,920 4392 12,288
EPP6 18 79,056 4392 3,145,728
EPP7 18 79,056 4392 3,145,728
EPP8 29 127,368 4392 6,442,450,944
EPP9 28 122,976 4392 3,221,225,472
Total - 742,248 - 9,771,429,888
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Figure 5-4. 205 experimental PATs simulated in the EPP3, the system flow-available head curve, the
selected PAT flow-head recovered curve, the power generated under each demanded flow and the best
efficiency head line.
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Figure 5-5. Nine characteristic curves and specific speed for the PATSs selected for predicted conditions.
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Statistical analysis was carried out to validate the predictions of the methodology from different
perspectives. Firstly, the goodness of the fit was analysed between the predicted and actual flows
for the nine EPPs identified. Second, the goodness of fit was also analysed between the power,
energy and BEP for predicted and actual PAT performance. Finally, a comparison was made of
the performance of the predicted PAT operating under the actual flow conditions.

The values for the different statistical parameters for every EPP can be seen in Table 5-2
comparing actual and predicted flow occurrence probabilities. The result for MAE and RMSE of
the occurrence probability on average resulted in values of 0.0026 and 0.0068 respectively, what
would suppose a difference of 11.4 hours and 29.9 hours during the irrigation season. The
parameters analysing the model efficiency yielded 0.804 for the coefficient of determination and
0.576 for the efficiency criteria. The nominal power, potential energy recovery and BEP of the
best solution obtained with the predicted flows and the actual records, can be seen in Table 5-3
for each of EPP. In Table 5-4, the statistical parameters calculated to compare these variables

considered are also shown.

A total power of 72.8 kW and 68.2 kW were obtained when the methodology was applied with
predicted and actual flows respectively. Regarding the energy recovery, these values were 281.0
MWh and 230.5 MWh respectively, with an energy recovery potential per unit irrigated area of
0.104 MWh ha* and 0.086 MWh ha* respectively.

The analysis of PATs obtained under predicted and actual conditions, both working under actual
conditions, showed quite close results of energy recovery for both cases. The total energy
recovery found when the PATSs obtained for predicted conditions were simulated under actual
conditions was 229.9 MWh. The average error found was 3.9% for each EPP, with an error of
0.2% when the total energy recovery was compared. A summary of these results can be seen in
the Table 5-5. Therefore, the impact of the errors in flow prediction is reduced when PAT
performance is considered due to the wide variety of the machines characteristic curve taken into

account.
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Table 5-2. Summary of the statistical parameters values obtained for each EPP comparing predicted and
actual flows’ occurrence probabilities.

MAE RMSE R2 E
EPP1 0.0028 0.0056 0.79 0.65
EPP2 0.0022 0.0033 0.92 0.81
EPP3 0.0016 0.0072 0.74 0.42
EPP4 0.0033 0.0122 0.86 0.55
EPP5 0.0049 0.0110 0.89 0.73
EPP6 0.0026 0.0073 0.72 0.50
EPP7 0.0023 0.0050 0.81 0.62
EPP8 0.0018 0.0044 0.71 0.44
EPP9 0.0019 0.0048 0.80 0.46
Average 0.0026 0.0067 0.80 0.58

Table 5-3. Results obtained for predicted flow (y;) and actual flow (y;) distributions.

EPP Power Energy BEP Flow BEP Head Payback
(kW) (MWh) (Is?) (m) (years)
i Vi i Vi i Vi i Vi i Vi
1 5.7 5.7 190 16.3 62 62 169 169 6.7 7.8
2 11.4 7.8 41.0 346 83 69 255 210 3.7 3.9
3 4.4 6.6 37.8  40.0 72 87 11.3 141 3.3 3.4
4 7.5 105 343 259 66 63 209 310 3.9 5.4
5 4.1 4.1 10.5 8.0 48 45 156 169 113 149
6 3.3 2.8 12.5 8.5 81 72 7.6 7.1 9.7 13.7
7 11.0 8.3 36.1 274 81 66 252 232 4.1 4.9
8 11.0 7.8 47.4 34.7 95 85 22.4 17.0 3.3 4.0
9 144 147 424 351 104 111 256 245 3.9 4.7

Table 5-4. Average value of statistical indices for the output variables.

Power Energy BEP Flow BEP Head Payback

(kW) (MWh) (I/s) (m) (years)
MAE 1.73 6.10 8.78 3.08 1.44
RSME 0.74 2.32 3.49 1.43 0.65
R2 0.72 0.90 0.90 0.65 0.98
E 0.55 0.62 0.65 0.56 0.77

Table 5-5. Energy recovery potential of PATs obtained under predicted and actual conditions when both
were simulated under actual conditions

EPP 1 2 3 4 5 6 7 8 9  Total
Actual (MWh) 162 346 400 259 79 85 274 347 351 2304
Predicted (MWh) 162 36.6 357 266 79 87 285 36.2 335 2299
Difference (%) 04 58 108 27 01 22 40 43 46 0.2
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5.4. Discussion

The variations of flow and head have been presented as determinant parameters when selecting
a PAT for energy recovery. The difficulty to find actual flow records in irrigation networks makes
the generation of this data necessary when studying their existing hydropower potential. The
existence of a recording system registering data with the grade of detail found in this network is
very uncommon. It is more likely to find systems recording the total volume consumed in the
whole irrigation season or periodic volumes to adjust the payment for the water consumed of
each farmer. This fact makes the design of MHP plant for energy recovery quite difficult, since
just the yearly volume used could be found, but no flow values. Nonetheless, the existing trend
towards modernization in irrigation will lead to more installation of systems recording data with
a higher grade of detail over time. Just under 10 billion simulations were conducted here to
predict the flow fluctuations in all nine EPPs. Due to memory constraint, these simulations were
split in different stages for those EPPs with a greater number of combinations, requiring more
than two months to predict the flow domains for the nine EPPs. The results obtained showed a

slight difference between the domains of the actual and predicted flows.

The actual data domain was generally slightly greater, as can be seen in Figure 5-2, since the
existing excess pressure allows the farmers to have greater demands than the original network
design limits of 1.2 1 s hal, if required. This can be seen in the largest flow values of each EPP,
where the predicted probability is zero but the actual flow has a small occurrence probability. In
addition to this difference in domain size, the predicted flow domain concentrates higher
occurrence probabilities in the extreme values. This difference is due to the excess demand
compared to the design hypothesis. As the network is designed to supply water on-demand, an
excess may occur at some hydrants, allowing greater demands at them in low intensive irrigation
periods. Furthermore, EPANET is not a pressure-driven model, not allowing demand variations
at consumption points depending on the available pressure. To take this variation into account,
an EPANET toolkit based application should be developed. However, another key aspect would
be missing; the farmers’ irrigation habits, which are crucial to obtain the demand excess. Despite
finding an actual greater demand than the theoretical, for most of the values in the different EPPs,
the variation of the probability is not high, presenting a maximum difference value lower than
0.7%.

The main aim of this research was to validate the selection of PATS, based on the flow variations
mentioned. Thus, after applying the hydraulic method proposed by in the previous chapter,

inputting actual and predicted flows, the nominal powers of the PATs presenting the lowest
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payback periods were selected, and the potential energy recovery was determined. The results
obtained when applying actual and predicted data showed a good fit between both results. Firstly,
the analysis carried out in flow domains showed good results for the predicted values when
compared to the recorded ones.

Analysing the MAE and RMSE, both presented maximum values in the EPP5, of 0.0049 and
0.0110 respectively. However, the values obtained in the other eight EPPs were significantly
lower. Average values for the nine EPPs of 0.0026 and 0.0068 were obtained. These values
measured the difference in the occurrence probability of each flow, where smaller values indicate
a smaller difference between them. Analysing the hydrants downstream, EPP5 has the lowest
number of hydrants; 11, while the average for the other eight EPPs is 20. This fact has impact on
the number of open/closed hydrants combinations, and hence in the flow domain. For lower
number of hydrants, the number of possible flows decreases, and thus their occurrence
probabilities and vice versa. Therefore, the model seems to be more accurate when it is applied
in pipes with a higher number of hydrants. Regarding the efficiency criteria used, maximum and
minimum R? of 0.92 and 0.71 were obtained in the EPP2 and EPP8 respectively. The model
efficiency E presented a maximum value of 0.81 and 0.42 of minimum. EPP2 presented the most
accurate metrics, as the maximum flow actually demanded just exceeded 4% the design demand,
being 222 | s* and 213 | s respectively. Regarding the EPP8, the fact of returning the lowest
efficiency criteria values seems to be related to the farmers’ irrigation habits. The greatest
difference was found in high flow values, more specifically within the range 200-250 | s (see
Figure B1-8 in Appendix B), where the predicted flows curve showed a greater occurrence
probability, whilst the actual flows curve presented a lower probabilities values for the specified
range. Thus, it appears to be more unlikely that farmers downstream the EPP8 irrigated at the
same time, which had a direct impact on both metrics. The average values for the nine EPPs for
both criteria were 0.80 and 0.58 respectively. From these values, and the small difference found
in the errors, it could be surmised that predicted and actual flows, and their probabilities,

presented a good fit.

The methodology validated in this research selects PATs with the minimum payback period for
pre-selected locations. It would be interesting to implement this into the methodology of an
optimisation algorithm to obtain the optimal location of points to install turbines as well as the
optimal machine to select. To do this, the flow fluctuations would need to be predicted for each
pipe of the network. Thus, it would be necessary to consider every possible combination of

open/closed hydrants in the network.
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Considering that there are 191 hydrants in the current case study, the number of combinations of
open/closed hydrants would raise up to 3.2 million x 10°. This fact would lead to a very large
number of simulations and computational time, which cannot be afforded by normal computers.
To make both algorithms work together, some variables would need to be limited. However, the
application of optimisation algorithms for optimal locations together with PATSs selection could
be implemented when actual data is available, thus avoiding the computational time used for flow
and head prediction.

The output variables, such as nominal power, potential energy recovery, BEP and payback
period, were obtained running the hydraulic analysis with predicted and actual data. Four of the
EPPs presented differences in the nominal power lower than 1 kW, obtaining an average MAE
and RMSE for the nine EPPs of 1.73 kW and 0.75 kW. The total power obtained with predicted
conditions accounted for 72.8 kW, differing by 5.6 kW from the power obtained under actual
conditions (68.2 kW). Thus, the power obtained with predicted conditions was 8.2% greater. This
fact shows very small differences between the power obtained when the methodology was run
inputting predicted and actual flows and heads. The potential energy recovery presented an
average MAE and RMSE of 6.10 MWh and 2.32 MWh respectively. The total energy recovery
estimated under actual conditions summed to 230.5 MWh, raising up to 280.9 MWh for predicted
conditions. In this case, the difference was 22%. The committed error per unit irrigated area for
the nominal power and energy recovery potential was 0.0017 kW ha* and 0.0187 MWh ha*
respectively. These values may be useful as a calibration of potential future research findings

using this methodology.

The PATSs resulting from the predicted and actual data were also compared. The BEPs were
usually different, which affected their efficiency depending on the flow demanded, and so too
their power generation. This fact is because of a combination of circumstances. Firstly, the greater
demands mentioned before affected the available head in the system. In addition, the actual
irrigation volume registered was 24.9% lower than the theoretical required value. This is a
common practice (deficit irrigation), and the value is within the general range registered, which
explains the differences found in the potential energy recovery in both cases. Rodriguez Diaz et
al. (2011) used the Relative Irrigation Supply (RIS) index, defined as the ratio of the total annual
volume of water diverted or pumped for irrigation and the theoretical crop irrigation
requirements, to show these differences. The values found varied between 0.24 and 0.96, showing
deficits varying between 4% and 76%. They concluded that deficit irrigation is a common
practice for extensive field crops in this region. In this particular case (Zujar), the RIS index

found was 0.75.
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The best efficiency flows presented an average MAE of 8.8 | s%. This fact could affect the PAT
behaviour, particularly for those PATs with a small best efficiency flow. For greater values, this
would not be that significant, as the relative percentage represented by the MAE would be lower.
Hence, the performance of the PATs obtained with predicted flows were also studied under actual
flow conditions. With this test, the power production and the total energy recovered by both set
of PATSs could be analysed and compared.

This comparison for EPP7 can be seen in Figure 5-6. The power production is lower for the PAT
obtained inputting actual flows, since its BEP was lower. The difference in the power production
was around 1.1 kW for every flow, having a peak of difference of 2.7 kW when 97 | s were
demanded. However, the total energy recovery was very similar when both PATs were simulated
under actual flow conditions. It was estimated that the PATSs obtained with predicted flows would
recover 229.94 MWh, while the ones obtained with actual conditions would recover 230.42
MWh. The small difference between both PATs working under actual conditions (=0.48 MWh)
shows that although the PATS obtained in the predicted and actual cases are different, the energy

recovery would be very similar.
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Figure 5-6. Comparison between the power production and energy recovery by the PATs obtained under
predicted and actual conditions, both running under actual conditions.

From this fact, it can be highlighted that the methodology provides a PAT that would recover
practically the same amount of energy in real conditions as the PAT resulting from the analysis
run under real conditions. An overall difference of 0.2% over the total energy recovered in the
network and an average of £ 3.9% in the points analysed were obtained from this analysis. In
addition, it can be seen in Figure 5-6 how the energy recovery under each flow demanded is
similar for both PATs. This fact highlights the importance of having precise and clear flow
fluctuations defined, since the occurrence probability of each flow is going to influence the total

energy recovery.

The importance of the number of simulations run was also evaluated, comparing the results
obtained when different percentages of the theoretical simulations proposed in Chapter 4 were
run. Seven different scenarios with different percentages of the theoretical simulations were run
five times each. Namely 1%, 5%, 10%, 30%, 50%, 70% and 100%. The results for energy
recovery potential showed a large dispersion and greater cumulative errors in those cases where

the percentage of simulations were smaller. The dispersion and errors decreased as the number
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of simulations increased. The cumulative error for 1% of the simulations run was +1.90 MWh,
while for 100% of the simulations it decreased up to 0.15 MWh in EPP5.

The results obtained for the different scenarios in EPP5 can be seen in Figure 5-7, where the red
dashed line represents the energy recovery potential obtained after applying the methodology for
the first time in EPP5, and the triangles are the results obtained for each time that the different
percentage of simulations were run. The cumulative error for each of the cases is also highlighted.
From Figure 5-7, it can be seen how important the number of simulations to run are depending
on the combinations of open hydrants. If the number of combinations is too high and the number
of simulations run is too low, the error committed in the flow prediction will lead to larger errors

in the output variables analysed (i.e. energy recovery potential).

A comparison between the results obtained from the methodology developed in this thesis and
analysed in this chapter, and the results obtained when some assumptions were adopted from
previous alternative approaches was also carried out. These assumptions included: i) taking
average network flows and constant PAT efficiency; and ii) considering flow variations but

assuming constant PAT efficiency.

Firstly, average flows from the simulations and constant efficiency were considered. The output
power resulted in 82.9 kW, 14% greater than the power obtained using the current methodology,
and 21% greater than the actual conditions. Nonetheless, the energy recovery potential dropped
to 174.8 MWh, 38% less, raising the average payback period by 71%.

Despite the power potential obtained being greater, the average flows were greater than the best
efficiency flows obtained in this methodology, and the energy recovery was therefore much lower
leading to a higher payback period. The main reason to explain this difference lies in the
cumulative occurrence probability. As the average flow was greater than the best efficiency flow
obtained in this methodology, its cumulative occurrence probability was lower, since it decreases
as the flow increases, steering to a shorter working time. Therefore, although the nominal power
result was greater, the working time of the PAT when considering average flows was lower,

reducing the energy recovery.
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Figure 5-7. Results obtained after running the methodology running different percentage of theoretical
simulations compared to the result obtained after applying the methodology for the first time, showing the
cumulative errors obtained for each scenario.

The methodology was then applied considering variations on flows and heads, but keeping the
PAT efficiency constant. The output power potential was 77.1 kW and the energy recovery 301.8
MWh, being 6% and 7.4% greater than the results obtained when considered variations on the
PAT performance. The payback period was 6% lower on average. This assumption resulted in
an overestimation of the power and the energy recovery potential, due to the performance of the
PAT being kept constant independently on the flow rate. Nevertheless, previous research focused
on PAT performance highlighted the importance of flow variations on the variations of PAT
efficiency. Thus, it is unrealistic to consider constant efficiency, since the results obtained could

show greater potential than the existing one.

Finally, an analysis of the pressure available in the most critical hydrant of each EPP of the actual
system was also carried out, simulating the PATSs obtained under predicted flows in the network,
but working under actual conditions. With this test, it can be observed how these PATS can affect
network functionality. Comparing actual conditions of the network and conditions after
simulating the PAT, it can be seen how the pressure was considerably reduced, particularly in
those months where the peaks in demand were concentrated (see Figure 5-8). Furthermore, it can

also be seen how the by-pass system would work during these months (difference between grey
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continuous line and blue dashed line). In those months with lower demands, the flow demanded
is completely turbined, since there is sufficient pressure in the system compared to the pressure
recovered by the PAT for such flows.

It is also interesting to analyse how the pressure behaves for those flow values where the by-pass
starts working to ensure the minimum service pressure. From this fact, two main points can be
extracted: the interaction between the PAT and the system curves considered in the methodology
is fulfilled and the service pressure is ensured. The results obtained from this analysis showed an
average pressure reduction of 35% during the whole irrigation season, raising up to 42% in those
periods where greater demands are concentrated, obtaining a maximum pressure reduction of
50%.
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Figure 5-8. Analysis of the actual pressure available in the EPP7 and its variation when the predicted
PAT works.

5.5. Conclusions

Micro hydropower has been shown as a potential measure to improve the energy efficiency of
water networks. In recent years, pump-as-turbines (PATs) have been highlighted for their
potential benefits as an application of micro-hydropower (MHP) in water distribution networks.

However, PATs come with disadvantages of relatively low peak efficiencies, which can be
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reduced further with large flow fluctuations. MHP and PATS in particular applied in irrigation
networks is a relatively new area of research focus for these devices, and one that poses
significant opportunities for energy saving as well as significant challenges due to variations in
flow rate. This chapter aimed to validate a methodology for quantifying the existing potential

energy recovery in pressurised irrigation networks where no flow or pressure data is recorded.

The overall result of the methodology comparing actual records and predicted data was
satisfactory. In the case of the flow, it presented a good fit between the predicted and the actual
values, with a MAE and RMSE of 0.0026 and 0.0068 on the occurrence probability. Values for
R? and efficiency criteria of 0.804 and 0.576 respectively, were obtained. The PAT output
variables of the methodology were also analysed, checking how the results varied when applying
predicted and actual conditions. The results were very similar, presenting a MAE of 1.73 kW and
6.1 MWh, and RMSE 0.74 kW and 2.32 MWh for the nominal power and potential energy
recovery respectively. The efficiency criteria for these two variables were R? of 0.720 and 0.903
and E of 0.553 and 0.622 respectively. The use of this methodology in networks with no recording
devices installed could help network managers to estimate power and the energy recovery
potential. Once quantified, the potential economic and environmental savings could be measured,
and the viability of PAT installations deeply studied. An important point to stand out is the results
achieved when PATSs obtained under both conditions, predicted and actual, were simulated in
under actual conditions. The energy recovery predictions were almost identical, with a difference

of 0.2% over the whole amount of energy recovery in the network.

Future research will apply this methodology on a much larger set of irrigation networks. Thus,
the potential improvements that MHP could cause on energy efficiency in pressurised irrigation
networks will be assessed. Potential economic and environmental benefits will be quantified,
comparing them with the results obtained in previous research where other energy reducing
measures were applied. The application of MHP together with other of these measures will be
studied.
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6 LARGE-SCALE ASSESSMENT

6.1. Introduction

Previous studies on hydropower energy recovery in water networks were limited to drinking
water, assessing the potential from measured flow and pressure data in networks with existing
hydraulics models in some cases. These investigations also covered just a small part of the
existing infrastructure in those locations. Different studies also assessed the potential of MHP as
a measure to improve the energy efficiency in pressurised irrigation networks. Nonetheless, each
of them used different approaches to quantify the potential, and different input flow and head
data. These encompassed predicted or recorded annual mean values, or predicted or annual
recorded values. This fact makes joining all these results in one study to assess the large-scale

potential, significantly complex.

As previously mentioned, none of the previous investigations examined this impact beyond a
single case study or on a large regional scale. The difficulty in obtaining the detailed water
network information required for such investigations is a major barrier to conducting large-scale
assessments. Network information on pipe size, layout, water demands and pressure, are often
absent, not recorded, or not publicly available. As such, an alternative approach to MHP potential
prediction is required using proxy measures of key variables. Mitrovic et al. (2018) analysed the
linear correlation between MHP power potential and different proxy variables, such as
population, population density and land topography, as predictors of water demand and system

overpressure, key variables in MHP potential for drinking water networks.

The 238 sites studied by Gallagher et al. (2015), were analysed by Mitrovic et al. (2018) with a

view to predicting large scale energy potential in the absence of network data in Ireland. The
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results showed a coefficient of determination (R?) of 0.26 for the population as a proxy measure
of MHP potential, and in general failed to offer a reliable prediction of MHP potential for the
drinking water sector using this method. Nevertheless, these works were focussed on drinking

water and there are not previous investigations for the irrigation sector.

This section of the thesis aims to develop a model to predict the energy recovery potential in
pressurised irrigation networks on a large-scale using proxy indicators of irrigation demand and
network pressure. Its main novelty falls on being the first attempt at exploring on a large
geographical scale, energy recovery prediction in pressurised irrigation networks using
hydropower, providing an approximation of the existing resources for such technology.
Furthermore, two approaches were assessed: Single linear regression models, as well as non-
linear analysis through artificial neural networks (ANNS). These models were evaluated using a
database with 177 observations obtained from the detailed hydraulic model of 18 irrigation
networks employing data from the 2018 irrigation season. Three different variables were utilised
to evaluate their relationship with the energy recovery potential, measuring distinct statistical
metrics in each model. ANNSs provided the best results and were finally applied to prediction of
large-scale the energy recovery potential. The prediction was conducted for every municipality
forming the provinces of Seville and Cordoba, in Southern Spain. The potential in more than
160,000 ha of irrigated surface was evaluated, assessing the economic and environmental

benefits.

6.2. Methodology

The observations required to develop and test a prediction model were obtained from 18
pressurised on-demand irrigation networks, most of them located within the provinces of
Cordoba and Seville, in Southern Spain. Two of the networks were out of this region, one located
in Southern Portugal and the other in South Western Spain (see Figure 6-1). The annual energy
recovery potential was calculated for these networks for the 2018 irrigation season, using the
methodology developed and validated in Chapter 4 and 5. The aforementioned methodology
aimed to predict the flow distribution along the irrigation season, assessing every possible flow

value predicted as a best efficiency flow for different theoretical hydropower turbines.

The methodology in particular relies on the use of pump-as-turbines (PATS), conventional pumps
operated in reverse as turbines, which have been shown to be suited to the micro scale

applications present in irrigation networks (Tarrago, 2015; Pérez-Sanchez et al., 2016; Pérez-
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Sanchez et al., 2017; Pérez-Sanchez et al., 2018; Garcia-Morillo et al., 2018) and also be to be
economically viable in this setting due to their low-cost nature (Novara et al. 2019). The
methodology developed in Chapter 4 and validated in Chapter 5 enables the selection of the PAT
that returned the minimum payback period from all possible best efficiency flows within the
analysed network. It used a simplified variable operating strategy (VOS) (Carravetta et al. 2013b;
Fecarotta et al. 2016), which considered the whole flow and head distribution, simulating the
theoretical behaviour of the machine for these values.

Ty
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Figure 6-1. Location and summary of the networks analysed to obtain the observations.

The 18 networks irrigated a total surface of 36,536 ha, where a wide distribution of crops were
cultivated. The infrastructure was either gravity fed or supplied through direct pumping,
depending on the network. The service pressure required at hydrant level in every case was 35m.
The irrigation networks worked as 18 independent hydraulic infrastructures, corresponding to
nine different irrigation districts. Eight of the networks belonged to nine different districts, while
the other ten were different sectors within the same district. The different districts analysed were:

Genil Margen Izquierda (GMI), Bembézar Margen Izquierda (BMI), Bembézar Margen Derecha
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(BMD), El Villar (EV), Genil-Cabra (GC), Guadalmellato (GU), Fuente Palmera (FP), Aboro
(AB) and Zujar (ZJ).

A summary of each irrigation district, their crops and characteristics, can be seen in Table 6-1.
In addition, all the networks analysed were fed by surface water coming from different
infrastructures (rivers or irrigation channels), from which the water was pumped either to a
reservoir, if the network was gravity fed, or directly pumped into the network. The networks were
designed for a high demand, 1-1.2 | s*ha on demand (24 hours per day) and simultaneity of
100%, which means that all the hydrants could be open at the same time. Lastly, the dominant

irrigation system in all the networks was drip irrigation.

Table 6-1. Summary of the main properties of the irrigation districts assessed.

o Networks Irrigated . Feeding
District Dominant Crops Country
Analysed  Surface (ha) system
Genil Margen Citrus, Almond, ) )
) 1 4450 ) Gravity Spain
Izquierda Olive, Walnuts
Bembézar Citrus, Maize,
) 1 3900 ) Pumping Spain
Margen lzquierda Olive, Sunflower
Bembézar Citrus, Maize, ] ]
10 11,163 Pumping Spain
Margen Derecha Cotton, Sunflower
El Villar 1 2726 Cereals, Cotton Pumping Spain
) Cotton, Sunflower, ) )
Genil-Cabra 1 4320 Pumping Spain
Wheat
Maize, Cotton, ) )
Guadalmellato 1 475 Pumping Spain
Sunflower, Wheat
Cotton, Sunflower, ] ]
Fuente Palmera 1 5611 Pumping Spain
Wheat
Olive, Maize, .
Aboro 1 1200 Gravity Portugal
Almond
) Tomatoes, Maize, ) )
Zujar 1 2691 Pumping Spain

Vine, Fruit, Rice

6.2.1. Potential MHP locations

Applying the methodology developed and validated in Chapter 4 and Chapter 5 respectively, to

the 18 irrigation networks resulted in the identification of 177 specific locations where the
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installation of a PAT was economically viable. The irrigated surface encompassed by the 177
potential points for micro-hydropower energy recovery was 27,417 ha, accounting for an energy
recovery potential of 6.11 GWh. Table 6-2 shows a summary of the results obtained for each
independent irrigation network, showing among others the number of viable points for MHP
application, total energy potential or percentage of surface where potential was found.

Table 6-2. Results summary obtained for the 18 irrigation networks.

) Average Average
Energy Surface Surface with

Network Points Power Energy
(Mwh) (ha) MHP potential

(KW) (MWh)
GMI 17 662 4450 62.0% 15.4 39.0
BMI 15 744 3900 88.7% 245 49.6
BMD-S3 4 46 631 56.8% 2.9 114
BMD-S4 8 98 1679 48.6% 5.5 12.3
BMD-S5 3 59 1186 47.8% 8.4 19.5
BMD-S6.1 15 452 726 92.9% 17.1 30.1
BMD-S6.2 3 107 924 92.5% 11.3 35.5
BMD-S7 5 94 922 66.3% 5.0 18.8
BMD-S8.1 4 123 1141 70.1% 9.9 30.8
BMD-S8.2 8 127 1686 53.7% 15.8 15.8
BMD-S9 5 132 1275 83.0% 7.1 26.5
BMD-S10 3 80 993 70.2% 8.9 26.7
EV 13 917 2726 94.3% 28.8 70.5
GC 34 1165 4320 88.4% 24.9 34.3
GU 1 16 475 21.1% 6.5 16.3
FP 26 934 5611 91.0% 20.0 35.9
AB 4 79 1200 74.6% 6.4 19.7
Z] 9 281 2691 58.2% 8.1 31.2
Total/Average 177 6114 36,536 70% 16.9 34.6

Relating the irrigated surface, where energy recovery potential was found, with the total irrigated
surface analysed in the 18 networks, resulted in a ratio of 0.75. However, looking individually to
each network analysed, the average value of this factor decreased to 0.70. This factor showed the
portion of irrigated surface where MHP potential was found with a payback period less than 10
years. The mean power found per observation was 12.6 kW, with minimum and maximum power

of 1.6 kW and 62.3 kW respectively. With respect to energy, the average amount found per
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location was 29.1 MWh, with minimum and maximum values of 3.8 MWh and 214.7 MWh

respectively.

These 177 potential MHP installations were used as the basis for the assessment of the large-
scale prediction methodology described in the following sections. Using linear and non-linear
techniques, proxy variables were used to attempt to predict this potential energy production in
the absence of specific measured irrigation network data on flow, pressure, pipe layout, pipe
diameter, etc.

6.2.2. Proxy Variables Definition

Like in any prediction model, the definition of one or several explanatory variables, determined
as inputs, was required to predict the output or response variable. To allow the application of this
model to regions with pressurised irrigation networks, the explanatory variables were chosen
considering the possibility of easily gathering these independently of the area studied. The output
variable used was the MHP energy recovery potential. The explanatory variables selected in this
model were selected to characterise different aspects of the area where the potential was analysed.
Therefore, these variables were: the irrigated surface area; theoretical irrigation requirements;

and mean slope.

The irrigated surface area, in hectares, was the first variable considered, since the larger surface,
the higher the probability to find MHP potential. Irrigated surface area was a proxy measure of
pipe flow rate as large surface areas will require greater flows and therefore could have a higher

potential for hydropower production.

The irrigation requirements, in m® year?, depended on the crops cultivated and on the agro-
climatic parameters (rainfall and evapotranspiration) of the area studied. Crops with higher
irrigation requirements would lead to a greater irrigation time, which would again affect flow
rates and potential energy production in a turbine. On the other hand, in areas with high rainfall
and low evapotranspiration, the irrigation requirements would be lower and so the irrigation time

and vice versa. Therefore, this variable also considered climatic conditions as a proxy.

Finally, the mean slope in percentage was introduced in the model to represent how the terrains
topography affected the energy recovery potential. It was assumed that the mean ground slope
would be related to potential overpressure within the network and areas with higher slopes were

more likely to contain overpressures. In this way, the model was applied in each area analysed,
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once the proxy variables were gathered, identifying more or less potential depending on the
distribution of these variables in each specific site.

Downstream of the 177 potential MHP locations found in each network, the irrigated surface was
considered as a unique plot, independent of the number of hydrants found. Therefore, the irrigated
surface, defined as one of the explanatory variables, was obtained. To calculate theoretical
irrigation requirements for every location, the crop distribution as well as the agro-climatic
parameters (rainfall and evapotranspiration) were required. The crop distribution was known for
every location from the development of the 18 hydraulic models. Regarding the agro-climatic
parameters, the information was gathered from the closest weather stations in each case. The
theoretical irrigation requirements were then calculated applying the method proposed by Allen
(1998) using the CROPWAT software (Smith 1992). The mean slope in percentage was
calculated for each point considering the distance and the height difference between the water
source and the most critical hydrant for each location. This was the hydrant with the lowest head

available of the branch assessed, when 100% of the hydrants were open simultaneously.

6.2.3. Linear analysis

The first stage of the study was conducted assuming the relationship among the variables was
linear, which reduced the complexity of the problem. Thus, single linear analysis was first carried.
The input variables were related one on one to the response variable. The correlation coefficient
(r), coefficient of determination (R?), the mean squared error and the mean absolute error (MAE)
were used as statistical metrics to evaluate the existing relationship. High values of the coefficient
of determination would indicate linearity, against low values, which would indicate no linearity
in their relationship. The entire sample of 177 locations was used to do this analysis. The different
linear models evaluated followed Equation (6.1), where a is the y-intercept vector, b is the slope

vector and x; referred to the different input variables used.

Y(x;) = a+ bx; (6.1)

6.2.4. Non-linear analysis

In order to consider non-linearity among the variables selected, ANNs were used for this analysis.
ANNSs are structures or models used for the learning process carried out in machine and deep
learning approaches, structured in layers stacked on top of each other (Chollet 2018). The general

structure of these models is composed by an input layer, which corresponds to the explanatory
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variables, hidden layers, used to transform the inputs into outputs, and an output layer, which is
the expected value. Each of these layers has a number of neurons, which should be defined
specifically for each problem. Multilayer neural network general scheme is shown in Figure 6-2.

Input layer | Hidden layers i Output layer

] h, h, h 0

“M Vi

Output 1

X

Input 2 q"’ ."“’. ‘%"’. v
o’;“'}“:?i - )"'?1.‘}5(

Q "‘" ‘s' \

Figure 6-2. Multilayer ANN general scheme

ANNSs are able to predict an output using different input variables, and are capable of adapting to
non-linear relationship between output and input. ANNs have been applied in several engineering
fields, such as rainfall forecasting, time variables prediction or water demand forecasting in
irrigation networks (Abrahart and See 2000; French et al. 1992; Gutiérrez Estrada et al. 2015;
Kuligowski and Barros 2002; Park 1998; Perea et al. 2015; Pulido-Calvo et al. 2007, 2003;
Pulido-Calvo and Gutiérrez-Estrada 2009; Pulido-Calvo and Portela 2007; Pulido et al. 2002;
Zhang et al. 1997).

A first barrier was found when ANN was used as the forecasting method: the small sample set.
Although some literature advises that big data sets are required to use deep learning techniques
in order to avoid overfitting and have a good performance, it was also found that the samples
should be greater than 100 (Github, 2017). In this case, 177 observations were taken into account
when the model was created, fulfilling this requirement. Moreover, the overfitting was analysed

when the ANN was being defined, as it can be latterly seen in Figure 6-5.
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In addition, ANNSs are considered as a powerful tool for forecasting. Despite their complexity,
more accurate results could be obtained using them rather than other prediction methods.
Furthermore, ANNSs have been used in several research studies for predicting different variables
related to irrigation, as aforementioned. Thus, the use ANNs would spread their application in
the irrigation field. Another key aspect considered was the ability of ANNSs to fit to non-linear
problems, modelling those returning feasible results.

6.2.4.1. Data Transformation

As the different input variables had different units, this fact could lead to some difficulties during
the ANN learning process, since the range of values for each input variable could be widely
different. There are several methods to avoid such problems while improving the accuracy of the
model, such as normalisation or transformation. Different variable transformations were tested.
In this case, logarithmic transformation was selected just for the irrigation requirements, since
the range of values found for this variable was normally much higher than the other two variables
and the results obtained were significantly better than with other transformations. Using this
transformation, the values were brought into a more similar value range to the other explanatory

variables, following Equation (6.2).
X' =log(X) (6.2)
Where X'is the value transformed, X is the actual input data.

6.2.4.2. ANN Network structure

During the model definition, we have to set, among others, the number of neurons on each layer,
the number of hidden layers and the number of epochs. In addition, inputs and outputs were
previously defined. The number of hidden layers tested varied between one and two, in which
different numbers of neurons were tried, varying between 2 and 64. The sample was divided into
a training and validation set. Different size distributions of these sets were tested, analysing the
minimum squared error (MSE) for each distribution in each fold, which refers to the number of
random groups that a given data sample is to be split into, and selecting the one returning the
minimum mean value. Four different folds were randomly selected, optimising the objective
function for each number of hidden layers, neurons and sample distribution in every fold. Since
the size of the sample was small, the scores obtained for each fold could vary from one fold to
another. Thus, average results for the four folds were considered in order to obtain more accurate

results. The minimum average of the four folds was calculated, whose structure was fixed as the
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optimal. The number of epochs tried oscillated between 1 and 300 for each possible

configuration.

The gradient descent optimisation algorithm ADAM (Adaptive Moment Estimation) (Kingma
and Ba 2014) was implemented in Python for the learning process, aiming to obtain an optimal
prediction of the energy recovery existing potential. The adaptive moment estimation algorithm
(Kingma and Ba 2014) is a first-order gradient-based optimization of stochastic objective
functions. It was defined by its developers as a straightforward method to implement, that
requires little memory and is computationally efficient. The ADAM method combines the main
advantages of two methods: AdaGrad (Duchi et al. 2010) and the RMSProp (Tieleman and
Hinton 2012), two other gradient-based methods. The method was tested in three different types
of deep learning problems (logistic regression, multilayer ANNs and convolutional ANNS),
returning better outputs that other gradient-based methods (see Figure 6-3 for multilayer ANNs

comparison). ADAM returned a better convergence than the other methods.

The objective function was used to measure the performance on the training and validation data.
The MSE was used as the objective function (Equation 6.3), which measured the average of the
square of the errors. The optimal configuration was provided by the structure whose MSE was
the minimum. The relationship between the input and output in a neuron was analysed using an
activation function. To consider non-linearity, the Rectified Linear Unit function (ReLU) was
used, since it was more computationally efficient than other non-linear functions, such as the
sigmoid (normally used for binary classification problems), hyperbolic tangent (used for zero-
concentrated problems) or softmax (used for multilabel classification problems). Mathematically,

this function is expressed as per the Equation (6.4).

1
MSE == (i = 90)? (6:3)

f(x) = max(0, x) (6.4)
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Figure 6-3. Comparison between Adam algorithm and other stochastic first order methods applied in
multilayer ANNs (Kingma and Ba 2014).

6.2.5. K-fold cross validation

The validation of the ANN model was carried out running k-fold cross validation, consisting of
the partition of the whole sample into k equal sets randomly selected (see Figure 6.4). For this
purpose, the observations were split into training and validation sets, corresponding to the
distribution, which returned the best results during the network architecture definition. For each
fold, the input data corresponded to the training data of the explanatory variables and the output
to the energy recovery potential of the same set. Using the validation data, the output variable
was predicted inputting the data corresponding to the explanatory variables of the same set.
Comparing the predicted values with the observed ones, two statistical metrics were calculated:
the mean absolute error, expressed in the same units to the output variable; and the coefficient of

determination, whose value varies within the range [0-1].
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Figure 6-4. General scheme of the K-fold validation method

6.2.6. Application to large geographical scale predictions

Finally, the models were compared, selecting the one that provided the best metrics. This was
used to predict the energy recovery potential in every municipality in the whole province of
Seville and the province of Cordoba. The potential of 180 municipalities was predicted, 105 of
them corresponded to Seville and 75 to Cordoba. The input variables were gathered for these
municipalities from the SIGPAC platform (Junta de Andalucia 2019), where different
information, such as crop cultivated, mean slope or irrigation coefficient were found for all the
plots of each municipality. A database with around 20 million data points was compiled and
analysed for the whole region. Thus, the surfaces with crop cultivations were extracted,
calculating the theoretical irrigation requirements for all of them. The agro-climatic parameters
were obtained from 29 weather stations distributed around Seville and Cordoba. For the mean
slope of each municipality, a weighted measure was calculated, considering the mean slope for
each plot containing crops, as per Equation (6.5). The irrigated surface found in every
municipality was corrected with the average relation factor aforementioned, which showed the
ratio of surface area with viable energy recovery potential found for the networks analysed
individually (0.70). This correction was necessary, since otherwise the whole irrigated surface
found for each municipality would have potential, which is unrealistic. The dominant crops found
were olive trees and citrus, which occupied 66.7% and 23.4% of the total irrigated surface
respectively.
Ay A,

A,
S = S +—S, +:--4+—8 6.5
m AT 1 AT 2 AT n ( )
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Where Sm is the mean slope for each municipality; A1, Az, An correspond to the area of the plots
1,2 and n respectively, where crops were found; Ar is the total irrigated area with crops; and Sy,
S2, Snwere the mean slope for the plots 1, 2 and n.

6.2.7. Environmental, energetic and economic analysis

To assess the potential benefits associated with the adoption of MHP technology, two analyses
were carried out for the outputs predicted for Seville and Cordoba. The environmental
guantification of these benefits were measured calculating the potential emission savings in t
eCO-, using the energy predicted for both provinces, and the national emission factor of Spain
for 2018, 0.246 t eCO, MWh (Red Eléctrica de Espafia 2019b). For the energy analysis, a
general comparison between the energy consumption and the potential recovery was conducted.
Rodriguez Diaz et al. (2011) estimated an average energy consumption per unit of irrigated area
of 1,003 kW ha? for ten pressurised irrigation districts located in Southern Spain, which
contained 11 of the networks used in this research, all of them located in Andalusia. Regarding
the economic analysis, the potential savings for the energy cost per irrigated surface unit was
calculated. Fernandez Garcia et al. (2014b) studied how the energy cost, related to the total water
cost, per unit of irrigated area, changed after the modernisation process. Its value was reported
for five pressurised irrigation districts, including some of the networks analysed in this research.
This value for pressurised infrastructure varied between €48.9 ha! and €147.6 hal. A mean

weighted value of €127.5 ha™* was used.

6.3. Results

6.3.1. Linear Analysis

The results of simple linear regression approach varied widely depending on the variable
considered. The highest r and R? were obtained for the irrigated surface area (0.754 and 0.569
respectively) whilst the lowest was obtained for the slope (0.0071 and 0.005). Nevertheless, it
could be seen that the relationship between the irrigated surface area and the energy potential was
not strongly linear. Concerning the MSE and MAE, the model using the irrigated surface area as
an input returned the best results for both metrics, with 479.67 MWh and 15.27 MWh
respectively. The outcomes of this analysis were shown in Table 6-3. The graphical results of the

fitting can be seen in Figure 6-5.
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Table 6-3. Linear analysis results for single models.

Single a b r R? MSE MAE
Irrigated Surface 9.691 0.157 0.754 0.569 479.67 15.27
Irrigation Requirement  -249.464 48.95 0.609 0.37 700.36 18.85
Slope 36.754 -2.749 0.071 0.005 1106.92 22.69
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Figure 6-5. Linear regression trendlines for the three proxy variables

6.3.2.  Non-linear analysis

The different results from the non-linear analysis carried out to define the ANN network structure
can be seen in Figure 6-6, where each line represented a different number of neuron
configurations. The average MSE for the four folds is represented for each configuration for
every number of epochs run for two hidden layers. The observation distributions among training
and validation sets that provided the best results yielded 74%-26% respectively. In order to
evaluate how this distribution could affect the model performance, the mean and standard
deviation was calculated for each fold, obtaining slight differences between the training and
validation sets. More specifically, the maximum differences were obtained in fold 2 for the mean
value (17.6%) and in fold 4 for the standard deviation (17%). Therefore, the training data set
included 130 observations and the validation set included 47. Two hidden layers composed the
structure with the minimum MSE, with 26 and 18 neurons respectively. The minimum MSE
obtained by the aforementioned structure can be seen and compared with the rest of the structures

tested in the zoom plot of Figure 6-6.
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Concerning the overfitting, all of the lines tended to increase their slope after reaching a certain
number of epochs, so a greater number of epochs for those would be translated in an overfitting
on the model. The minimum MSE was achieved by the previously defined structure after running
36 epochs, with an average value of 383.3 MWh for the four folds.
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Figure 6-6. Average MSE of the four folds for each configuration of neurons in each epoch.

Once the structure of network was defined, the validation was carried out. The results of MSE,
which was the objective function, was obtained for each epoch and fold run. The metrics R? and
MAE were also calculated for every fold. The predicted values compared to the validation ones
can be graphically seen in the Figure 6-7. The results showed how the R? changed as per the
training and validation data. The best approach was obtained using the sets configured in the third
fold, with an R? of 0.736. The fourth fold prediction was the weakest with R? equal to 0.462. The
average R? obtained from the four folds was 0.631. On the other hand, the MAE of the different
folds varied between 13.25 MWh and 15.59 MWh, with an average value of 14.52 MWh. This
average obtained from the four folds MAE was used to correct the predicted values of each the

municipality in Seville and Cordoba, since it represented a more reliable metric than using the
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MAE obtained from a unique fold. The correction was carried out considering both, positive and
negative MAE, thus adding or subtracting it to the value predicted.

Comparing the test and predicted values for the folds considered and analysing the errors
aforementioned, it was found that the sum of energy of the test set was lower than the predicted
for the first fold and greater for the three remaining. The difference found between the total
amount of energy for both, test and predicted sets, varied between 5% and 18%. Although the
MAE showed high relative errors for single observations (44% in the worst case), when the whole
set was compared, these errors significantly decreased. Furthermore, when the total average
energy value, for test and predicted sets, of the four folds were compared, the difference found
was just 6.5%, which could be considered acceptable for prediction purposes. This overall error

was also used to correct the potential forecasted in the municipalities.
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Figure 6-7. Comparison between test observations and predicted values for each fold.

The objective function (MSE) got its minimum in the third fold (320.90 MWh), with an average
value of 383.3 MWHh. The difference between the results obtained for first three folds and the
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fourth one could come from different distribution of MHP locations on the training set used. The
distribution of MHP turbine energy around the mean value is uniform in the first three folds (see
Figure 6-8), with a percentage of observations below and over the mean value of 62.3% - 37.7%,
61.5% - 38.5% and 63.8% - 36.2% respectively. Although for the fourth fold this percentage is
similar to the other folds (64.6% - 35.4%), analysing the standard deviation (in MWHh), it could
be deduced where this difference in the coefficient of determination is coming from. The values
obtained for the first three folds were 32.4, 32.8 and 32.4, while for the last one it was 34.8. This

fact showed a wider distribution of the training set points of the fourth fold from its mean value.

On the other hand, when the validation sets were analysed the results showed opposite trends
than in the training sets. Thus, the standard deviation of the first three folds was 35.6, 34.4 and
35.8 respectively, while for the fourth it was 28.9. A summary for each fold for the different

results is shown in Table 6-4, as well as the mean and standard deviation values for the train and

test sets.
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Figure 6-8. Training set distributions from the mean value for each fold.
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Comparing the results obtained using ANNs with the linear analysis, it can be seen how the MSE
values are significantly lower. The MSE achieved in the third fold was around 36% lower than
the MSE accomplished in the multivariate linear analysis using all the variables. This difference
kept increasing when the number of variables decreased. The four folds average minimum MSE
achieved in this last model was 20.5% lower than the MSE obtained in the three variables linear

multivariate analysis.

When other metrics were compared, ANN also showed better results. The maximum R? attained
in the third fold was almost 30% greater than the best value achieved in the linear analysis. When
the average result was equated, the results improved by 10%. However, a 10% improvement
could be considered large in this case, as the sample was split into two sets for the ANN model
but used in its entirety for the linear analysis. Finally, the MAE obtained in the first fold was
13.5% smaller than the best result obtained in the linear analysis, decreasing this difference down

to 5% when the average MAE was compared.

Table 6-4. Mean values and standard deviations obtained for each fold for the train and test sets.

Standard
Mean o

K R? MAE MSE Deviation
Train Test Train Test
15t Fold 0.698 1325 369.8 35.9 30.8 324 35.6
2" Fold 0.627 1543 396.8 36.3 29.9 32.8 34.4
3" Fold 0.736 13.82 320.9 345 34.7 32.4 35.8
4" Fold 0.462 1559 4458 34.5 34.8 34.8 28.9

Average 0.631 1452 383.3 - - - -

6.3.3.  Prediction in municipalities

With the network already defined and validated, the energy recovery potential for every
municipality of the provinces of Seville and Cordoba was predicted. The pressurised irrigated
surface raised up to 163,472 ha, comprising around 6% of the total surfaced encompassed in both
provinces, from which 114,430 ha were analysed, obtained after applying the correction factor
outlined in the Materials and Methods Section (0.7).
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The total energy potential predicted for the whole region varied between 19.64 and 22.38 GWh,
depending on the fold used. The average potential predicted was 21.05 GWh for 2018. Applying
corrections for the previous errors observed between test and predicted sets for the four folds,
6.5%, the energy varied between 19.7 and 22.4 MWh. Applying the average MAE from the folds
analysis, 14.52 MWh to the average value obtained for each municipality as correction measure,
a minimum and maximum energy of 18.95 GWh and 23.70 GWh were obtained. This value was
distributed among the 180 municipalities, among which, six were found not to have irrigated
surface or energy recovery potential (see Figure 6). It can be observed how the different values
obtained after applying different correction measures were similar, with differences oscillating

between 6.5% and 12.5%. An average value of 114.4 MWh per municipality was found.

The greatest potential was predicted to be found in Ecija (Seville), with an annual value of 1.63
GWh. If the variables were analysed, it seems rational that the maximum potential was found
there, since more than 9,000 ha were found to be irrigated, whilst the average irrigated surface
per municipality was 636 ha. Its average slope was 7.8%, whilst the average slope of the
municipalities was 5.5% However, most of the municipalities showed a potential lower than the
average, accounting for around 71.7%, with a potential lower than 100 MWh per year. More than
50% of the potential predicted was concentrated in 20 of the sites analysed, which irrigated
around 60% of the surface considered. Evaluating the case of Ecija and inputting a slope of zero,
the energy potential estimated increases in every fold, giving an average value of 1.82GWh per
year. Therefore, it could be extracted that high slope values return lower values of predicted

energy recovery. The map showing the predicted potential is presented in Figure 6-9.

6.3.4.  Energetic and economic analysis

Considering the energy consumed in the entire irrigated surface found in Seville and Cordoba,
the percentage of energy that could have been saved in 2018 in the irrigation sector was 12.8%.
Introducing this percentage of energy savings into the energy cost index per unit of irrigated
surface area, it was estimated that this index could be reduced from €127.5 ha™ to €111.1 ha?

using the average value given by Fernandez Garcia et al. (2014b).

Accounting for the average energy potential predicted and using the emission factor for Spain
during 2018, the greenhouse gases emissions that could have been saved for 2018 increased to
over 5,000 t eCO.. These results showed the potential environmental benefits that could be

achieved if all of this energy was introduced into the grid or consumed on site.
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However, it would be optimistic to suggest that all of this energy potential could be directly
introduced to the grid or used at the point of production as self-consumption. In the irrigation
sector located in agricultural and often rural areas, the likelihood of lack of grid connections or
local energy demands close to points where MHP turbines could be installed is moderate.
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Figure 6-9. Energy recovery potential found for every municipality of Seville and Cordoba during the year
2018.

6.4. Discussion

Sustainability requires, among others factors, enhancement of the use of non-fossil fuel energy
sources. The existing water networks present, in many cases, an overpressure that is being
dissipated in different ways. Micro hydropower (MHP) appears as a potential solution for
renewable energy to be implemented in different fields within the water industry, transforming
part of the potential energy, represented in the form of overpressure in pipelines, into electricity.
Previous research for assessing MHP potential were focused in the analysis of those locations

where detailed network information was gathered. However, the lack of larger scale assessment
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in the different sectors encompassed within this industry makes having a clear idea of the existing
potential and its benefits more difficult.

The analysis of the energy recovery potential in the 18 networks returned 177 points showing
excess pressure. However, the distribution of the number of points found in each network did not
follow any statistical trend, but changed in each district due to different causes. An abrupt
orography, presenting important elevation differences among the hydrants of a network, large
areas irrigated or the undersize of certain parts of the network appeared as the main reasons for
this excess pressure to appear. Although most of the networks presenting important energy
recovery potential were due to the large irrigated surface or large elevation differences between

hydrants (80m — 100m), a few critical points were identified in others.

For instance, Genil-Cabra irrigation network, with an irrigated surface of 4,320 ha and an
elevation difference of 80m between the lowest and the highest hydrant, showed the greatest
energy recovery potential with more than 1GWh per year. In this case, the most critical hydrant
was located at 242 m.O.D. (meters above the Ordenance Datum) and relatively near the pumping
station, around 1.8 km far. Thus, the pressure requirements of nodes located at higher elevations
influenced on the existing pressure of the entire network under the current exploitation way. One
potential solution to decrease the pressure requirements at these nodes would be the installation
of booster pumps. This may reduce the overall energy consumption at the network, and hence the
MHP potential. Nonetheless, as the orography found was very steep and the irrigated area quite
large, the network would still present energy recovery potential at some nodes of the network.
Therefore, a combination of potential solutions (critical point detection + MHP) could be applied,
which might lead to a significant reduction of the energy consumption. In the case of El Villar
irrigation network, a critical node was found. The elevation difference in this network was not as
significant as in Genil-Cabra. However, important headlosses were found in the pipe feeding the
most critical hydrant, presenting a unit headloss of 51 m km, and accounting a total headloss of
55 m. The rate was dramatically improved (7 m km*) by changing the pipe diameter from 200mm
to 300mm. This would decrease the MHP potential, but there would be still some excess pressure
due to elevation changes. Therefore, combining the replacement of some pipes and MHP could

importantly decrease the annual energy consumption of the irrigation district.

Although other networks irrigated large areas, presented a less pronounced orography, which
reduced the MHP potential. Al

An analysis for Andalusia’s historical electricity consumption, GHG emissions and renewable

energy generation was made from 2013 to 2018 (see Figure 6-10). The Spanish emission factors
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for the different years were used to quantify the emissions of Andalusia (Red Eléctrica de Espafa
2019b). The energy consumption tended to decrease related to 2013 levels, however from 2014
onwards, it kept increasing by around 1 TWh per year until 2017. The 2018 levels kept constant
when compared to 2017. Nevertheless, the GHG emissions, measured in Mt eCO; did not follow
the same trend as the consumption. They were more related to the ratio of renewable energy
generation. When this ratio decreased, it could be seen how the emissions for that year increased
and vice versa. Thus, both parameters had a variable trend along those years. Considering that
irrigation is the main economic and energy consuming activity in Andalusia and that more
activities are included within the water industry, MHP could make an important contribution for

the renewable energy sector and the sustainability of irrigation activities.

50

Hll Consumption (TWh)
I Renewable Energy generation rate (%)
I Emissions (Mt eCO2)

2013 2014 2015 2016 2017 2018

Figure 6-10. Historical levels of electricity consumption, renewable energy generation rate and emissions
for Andalusia.

The estimated energy savings here would affect the operational cost of irrigation networks, which
suffered an increase of 500% after replacing traditional open channels with pressurised networks
in Andalusia (Rodriguez-Diaz et al. 2008). Going further, Andalusia accounts for more than a
million ha of irrigated surface, of which 84% is pressurised (Ministerio de Agricultura y Pesca
2018). However, the prediction here was carried out just for 15% of this pressurised irrigated
surface. The method proposed in this research was employed in regions with similar irrigation

infrastructures and design parameters for networks. All of them were design for 100%
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simultaneity and a high design demand, which ranged between 1-1.2 | s* ha?, as previously
stated. Thus, the application of the trained ANN obtained would be limited to regions with similar
networks’ properties, where the water source was surface water with the same simultaneity index
and design demand. The method could also be applied to other areas with different network
characteristics, but the ANN would have to be defined again using networks typical from the
region to be analysed. Future research could be focused on the analysis of networks from different

regions and the quantification of MHP’s benefits in the whole Andalusia.

The results obtained in this research showed a mean R? of 0.63, which reached its highest value
(0.74) in the third fold of the cross validation. The potential predicted for provinces accounted
21.05 GWh found in an irrigated surface of 163,472 ha during 2018. The potential found per
irrigated unit area was 0.129 MWh ha*. This compares well with the measured potential of 0.167
MWh hatin the 18 detailed hydraulic networks. The difference between the observations and the
predicted values was of 0.038 MW ha’. Comparing the MAE corrected potential, the energy
recovery per unit irrigated area varied from 0.116 MWh ha* to 0.145 MWh ha'.

The energy recovery potential per unit irrigated surface indices found in previous research, in
MWh ha?, varied as 0.65 and 0.08 (Garcia Morillo et al. 2018; Pérez-Sanchez et al. 2016) and
0.10 and 0.11 in Chapter 4 and Chapter 5 respectively. The results obtained in this research
remained within acceptable values when compared to these previous ratios. If the index extracted
from the 18 networks would have been used to predict the existing potential in the irrigated
surface for both provinces, 7.5 GWh more would be estimated. Thus, the method proposed in
this research, is able to go beyond the simple assumption of a linear trend between the irrigated
surface and the existing potential, through a deep learning process and the introduction of other
proxy variables. In addition, the correction factor of 0.7 was used to limit the predicted output to
show just energy recovery potential which was economically viable. Therefore, the surface taken
into account in Seville and Cordoba could be increased if the economical parameters used in the
methodology developed Chapter 4 changed (i.e. economical savings per energy unit, installation

costs, grants, etc).

On the other hand, it would be very complex to find points with existing potential within the
irrigation sector where the energy recovered could be directly sold to the grid, stored or used for
direct purposes, such as pumping. For either use, the installation costs could be importantly
increased, making too many of the plants not economically attractive for investors. MHP
solutions together with storage systems could be a potential way to apply the energy recovered

at points where energy is required. Nevertheless, costs and logistic make this solution unviable
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currently for those points where no energy is needed. An attractive use for recovering energy
could be at farm levels, where farmers with no access to electric grid tend to use diesel generators
if some energy consumption is required. Adopting this alternative would reduce the amount of
energy to be recovered using MHP as turbines located at farm level will inevitably have less flow
and pressure available than those located higher up in the pipe network. However, this could still
be considered as a potential measure to reduce the energy dependency of irrigation networks.

Comparing the energy savings obtained by MHP with other measures for improving the energy
dependency in irrigation, the results obtained here showed that MHP could be an important
solution. Furthermore, it could also be applied in tandem with the different energy saving
measures previously highlighted in Chapter 2. For example, irrigation scheduling together with
MHP could be a potential solution to improve energy dependency. Concerning the photovoltaic
solution, this is limited for power production just during the sunlight hours. In big irrigation
infrastructures, pumping using photovoltaic energy is considered as a potential solution to reduce
the energy dependency. The addition of MHP to this solution in the networks could lead to an
important reduction of the energy consumption in this sector. Coupling both technologies could

be of special interest for future research.

6.5. Conclusion

Sustainable development requires clean energy sources for GHG emissions to be reduced in the
short term, and completely avoided in the long term. Hydropower accounted for almost 40% of
the total renewable generation in the EU (European Commission 2018). Nonetheless, micro
hydro resources are not very well exploited yet. It is first necessary to conduct a large
geographical scale assessment of these available resources in different sectors, quantifying the
existing potential and its intrinsic environmental and economic benefits, in order to allow targeted

investment in micro-hydropower.

Linear models, single and multivariate, and ANNs were studied in this research for predicting
the MHP energy recovery in pressurised irrigation networks. Three variables that could be easily
obtained for the different irrigated areas in many regions around the world were used as input
data, through which the energy recovery potential was predicted. Irrigated surface area of
pressurised systems, irrigation requirements (directly related to the crops and the agro-climatic

parameters), and mean slope of the area were the input variables. Inputs and outputs, were first
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obtained for 18 irrigation networks, using detailed hydraulic models, where 177 potential MHP
installation (as observations), composed the database of economically viable sites.

ANNs showed the best results and was used for large-scale prediction in two provinces in
Andalusia. Using the ADAM optimisation algorithm and minimising the mean squared error as
objective function, the network was able to predict the energy recovery potential with a R?
varying from 0.46 to 0.74, with an average value of 0.63. The minimum MSE varied between
320.9 and 445.8 MWh, with a mean value of 383.3 MWh. Two hidden layers with 26 neurons in
the first and 18 in the second composed the network’s structure. A total potential of 21.05 GWh
during 2018 for the regions of Seville and Cordoba, in Southern Spain, was predicted. Important
environmental and economic benefits would be linked to this energy recovery, with more than
5,000 t eCO; per year and more than 12% of reduction in energy costs in irrigation. A reduction
in energy consumption in the agriculture sector of this magnitude could have significant impacts

on food production and climate change.
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7 REAL-SCALE
IMPLEMENTATION

7.1. Introduction

Various solutions have been proposed to improve the energy efficiency of the sector. These were
related to either the operational management of the networks, optimisation of the pump stations,
optimisation techniques, or the use of renewable energies (Abadia et al. 2010; Cobo et al. 2011;
Diaz et al. 2009; Fernandez Garcia et al. 2014a; Garcia Morillo et al. 2018; Gonzéalez Perea et al.
2016; Jiménez-Bello et al. 2010; Lamaddalena and Khila 2012; Mérida Garcia et al. 2018;
Moreno et al. 2010a; b, 2007a; Pérez-Sanchez et al. 2016, 2017). These studies were focused on
the improvement of the energy efficiency in irrigation pipe network distribution systems,
attaining energy savings of around 30% in several cases or even the total avoidance of fossil fuel
sources for the energy supply. However, there are other locations within irrigation systems as a
whole where energy could be saved, such as at farm level. In many cases, the required energy at
farm level is produced in situ, using diesel generators to feed the different devices required during
irrigation due to the lack of electric grid connections in rural areas. These cases increase the
energy dependency of the activity while also increasing the air pollution and climate change

contributions.

Renewable energies could be a viable alternative to replace farm-level diesel generators, reducing
CO, emissions and local air pollution, whilst bringing electricity to remote places with no grid
connection. The issue of energy supply in remote places is a universal sustainability challenge
for the agricultural sector, and MHP could be applied to supply this local farm-level energy

demands sustainably. The excess pressure at hydrant- or farm-level in some cases would make
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the generation of MHP while irrigating and its consumption on site, possible. The total
replacement of diesel generation would lead to significant environmental savings, taking
advantage of existing hydraulic resources to supply the energy demanded. Moreover, using PATs
would make MHP an even more attractive solution. Some authors referred to cost-effectiveness
as an advantage of PAT technology when compared to traditional hydraulic turbines for small
power output schemes (Carravetta et al. 2014b; Fecarotta et al. 2014a; Lydon et al. 2017a).
Previous investigations studied the theoretical or experimental performance of PATS installed in
labs. However, no research was made of a PAT operating under actual real world irrigation

network conditions.

This chapter presents new knowledge for the design phase of an MHP plant at irrigation farm
level. The chapter presents new knowledge on MHP operation in irrigation networks, informed
by the first data on actual performance of an MHP plant, installed in a pressurised irrigation
network and constructed at farm level. A PAT was designed to replace a diesel generator and to
feed the local electrical devices used during irrigation. The plant was designed to take advantage
of a small amount of head from the existing excess pressure in the network and a small amount
of flow from the farmer’s total demand. The considerations taken into account during the design
were focused on ensuring no effect on the farmer’s activity while guaranteeing the energy supply.
The assessment of the potential economic and environmental benefits were first carried out,
estimating the farm irrigation time and the plants operation length. A study of the return on
investment was made, predicting the payback period of the plant. Both, design benefits and
predicted investment return were then contrasted with the actual performance results measured
during the 2019 irrigation season. The actual performance of the plant was recorded using a
remote monitoring system implemented at the plant, which allowed the analysis of the plant
working under actual conditions. The novelty of the work resides on being the first research
conducted on the actual operation, design and performance of a pump-as-turbine installation in a
real working water network. Lastly, an analysis of two PAT regulation schemes (hydraulic and
electric), and the global efficiency of the plant were carried out. The results obtained in this
research could lead to a more efficient plant designs and a better understanding of PAT
performance working under actual conditions, thus improving the plant power and global

efficiency, and sustainability of energy sources applied to the agriculture sector.

132



Chapter 7. Implementation

7.2. Study area

A pilot PAT power plant was designed, and subsequently constructed at a farm located within
the left bank of the Genil river irrigation district (GMI), in Southern Spain. The total area irrigated
in this district was approximately 6400 ha with a predominance of citrus and almond crops,
although other crop types could also be found, including walnuts and olive trees. The hydraulic
infrastructure is composed of a pressurised branched network with pipe diameters that varied
between 75mm and 1200mm, supplying water to a set of 88 hydrants distributed around the
district. The network is fed by two sets of water reservoirs and decanting pools. The set of main
reservoir and decanting pools, shown in Figure 4-2, feed the pipes that reaches the farm and
amounts to a storage capacity greater than 1 hm?. This set is fed by a pumping station with a
power capacity installed over IMW, which usually works during the night period, when the
energy tariff is lower. The service pressure or minimum head required at hydrant level was 35m.
The network was designed to supply 1.2 | s* ha! on-demand (24 h per day) under the hypothesis
of 100% simultaneity (i.e. all hydrants simultaneously open).

The aforementioned farm was fed by a single hydrant, irrigating a surface of about 170 ha
distributed in three plots, with walnut as the sole crop. A main 400mm diameter steel pipe formed
the water distribution system feeding the irrigation infrastructure within the farm. Three smaller
distribution pipes were also present and these had a diameter of 200mm distributing water around
the plots. Three pressure reducing valves (PRVs) were installed in these distribution pipes, as
drip irrigation was practised at the farm and low heads were required in the inlet of the drippers.
A location map and the layout of the irrigation district can be seen in Figure 7-1, as well as the

farm, highlighted in dashed green.

The farm relied on a 6kVVA diesel generator for energy consumption due to its location, isolated
from the grid. Energy demands included two fertigation pumps, 78 electro-valves for a water
filtering system (irrigation water is untreated), and an air compressor for maintenance operations.
The maximum local energy requirements, considering all of these devices requiring power at the

same, was 3.6 kW.

The mean annual rainfall and evapotranspiration over the last ten years (2009-2018) amounted
to 641.8 mm and 1,328.6 mm respectively. The monthly average evapotranspiration and rainfall

distribution for this period can be seen in Figure 7-2.

Different pictures of the farm crops and installations, as well as the aerial view of the reservoir

feeding the network can be seen in Figure 7-3. The existing facilities and devices at the farm
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shown in Figure 7-3 were: i) Operating, storage and maintenance area (Figure 7-3b); ii) 2m x
2.4m concrete chamber keeping the three hydrant’s valves (green valves in Figure 7-3); iii)
Filtering system composed by the 78 electro-valves aforementioned (system in red in Figure 7-
3); iv) PRVs at the output of the hydrant to control the inlet pressure at the drippers (Figure 7-
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Figure 7-1. Location and layout of the network and farm where the plant was constructed (Genil river

irrigation district, Southern Spain).
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Figure 7-2. Average rainfall and evapotransporation between 2009-2018
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Figure 7-3. Aerial view of the reservoir feeding the irrigation networks and different views of the farm
prior the PAT installation. a) Reservoir that feeds the irrigation network; b) Operating, storage and
maintenance area; c)PRVs at the output of the hydrant; d) Filtering system located within the operating
area; e) Diesel generator used at the farm; f) valves composing the hydrants inside of the concrete
chamber; g) walnuts irrigated downstream of the hydrant.

Although walnut is not a typical crop cultivated in this part of Spain, the study farm started

cultivating it in 2016. Since then, the farmer main challenge has been to reduce environmental
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impact, being fundamental to maintain the balance generated through the harmonious
relationship between the society and the nature around it.

The farmer manages the full production of the nuts, so that it controls the entire activity process,
from selection and planting, to delivery. Being present throughout the value chain allows the
application of good practices in the sector and harnessing, which leads to greater efficiency in
the production of nuts.

As part of this environmental compromise mentioned, the farmer agreed to build the experimental
plant described in this chapter. The plant eliminated a diesel generator, which contributed
significantly to the air pollution of the surrounded area. Thus, the farmer would decrease the
eCOs; related to the nuts production down to null through recovering the energy previously
dissipated at the PRV showed in Figure 7-3c.

7.3. Methodology

7.3.1. Hydraulic modelling and flow and head predictions

An EPANET hydraulic model of the whole network shown in Figure 7-1 was developed
(Rossman 2000). The model was developed using several input files described in Chapter 5: i) A
dwg file with the structure of the network, which was gathered from the irrigation district; ii)
database including the properties of the network (pipes, materials, diameters, consumption points,
design properties, such as flow requirements in I/(s ha)). This data was collected from the
irrigation network design project, available at the main office of the irrigation district; iii) Crops
distribution for each hydrant; iv) and digital elevation model of the area to extract the nodes’
elevation. The 10m elevation model was available online (Instituto de Estadistica y Cartografia,
Junta de Andalucia).The model enabled the analysis of the existing working conditions in the
farm along the entire irrigation season. Modelling was conducted as described in detail in
Chapters 4 and 5. Obtaining accurate flow and head distributions for the network was important
since the operation of PATSs are sensitive to fluctuations in flow and head. Inaccurate flow
predictions could result in significantly underperforming PATSs. Furthermore, measurements of
flow and head in irrigation networks are not commonly available and were not available at this

network.

For the different flow values at this location, the three plots irrigated by the hydrant were included

individually in the hydraulic model, taking into account the areas irrigated and the base demand
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of each of them. The flow and head distributions were predicted for the issue hydrant using the
methodology developed and validated in Chapters 4 and 5. Summarising, this methodology
considered all possible combinations of the 88 open/closed hydrants to obtain the flow occurrence
probability, and thus occurrence time, for every possible flow applying the Bernoulli Experiment.

The Bernoulli Experiment was run in the hydraulic model of the network integrating the
EPANET engine into Python (v. 2.7.15) through EPANET’s programmer toolkit. Once the
Bernoulli Experiment was run, the flow and head distributions were obtained, thus enabling the
analysis of the flow and head conditions during the entire irrigation season. This allowed the
variation in excess pressure at the farm to be predicted. The occurrence probability for each
combination of flow and head was calculated using the mass probability function (see Equation
(7.1)). The cumulative probability function was then obtained and the exceedance probability for
every flow and head was estimated.

(XD = &

Where X refers to each of the variables (flow and head); n is the number of times that each value
was obtained; N is the number of simulations runs; i refers to each of the values of the domains

of the variables.

7.3.2.  Design approach and performance prediction

The energy requirement prior to the plant construction was supplied by the diesel generator
previously mentioned. The main aim of this PAT installation was to replace this completely,
therefore avoiding the use of fossil fuelled generation. The employment of a PAT together with
an energy storage system would allow the full replacement of the diesel generator. This system
must be able to supply the required energy even when the farmer was not irrigating (and therefore
no flow was occurring at the turbine). Energy storage devices were used to store energy when
excess was available and supply it when energy was required outside of irrigation occurring. This
solution involved saving 100% of diesel consumption and GHG emissions. The theoretical
analysis conducted for the plant design used average climatic conditions from the last 10 years
(2009-2018) to account for evapotranspiration and hence water demands. The PAT was installed
in a bypass scheme, diverting only the flow required to cover the maximum energy demand of
the farmer (3.6 kW). The PAT was selected based on four considerations: i) operability of the
farm; ii) maximum energy requirement; iii) best efficiency point (BEP) of the PAT; and iv)

economic and environmental benefits.
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7.3.2.1. Irrigation operability

One fundamental aspect that the PAT design took into account was the extent to which the
operation of the farm would be affected by the presence of the turbine. The activity of the farmer
could not be altered when the PAT was installed, as the primary function of the network
(irrigation), must not be affected by hydropower production. There is a minimum head required
at hydrant level for the proper functioning of the irrigation infrastructure. Hence, the head after
the PAT installation had to be at least equal to this service pressure. In order to ensure no effect
on the irrigation network operation, backup energy systems were also required to feed local
demands in case of insufficient available head for energy production. As the main purpose was
the total replacement of the diesel generator and due to the lack of grid connections, energy

storage systems could be used as backup.

7.3.2.2. Power requirements

The energy requirements could vary depending on the activity of the farmer and the stage of the
irrigation season. Therefore, the nominal power was fixed to always ensure the maximum energy
demand (3.6 kW). Nevertheless, as the energy demanded could vary, the power produced could
be higher than the energy demanded on a regular basis. Two 4kW resistors in series were installed
to dissipate the energy recovered and not used by the farmer in those periods where not all the

power was required. A resistor is an electrical device that can dissipate power as heat.

7.3.2.3. BEP selection

Regarding the BEP, the flow demanded and available head at the hydrant suffered significant
fluctuations, greater than in other types of water network. Therefore, the occurrence probability
of flows and heads were analysed, finally selecting the BEP that ensured the energy supply along
the irrigation season or, in case of lack of flow or head, during most of the irrigation season,

including those periods of intensive demands, concentrated in June, July and August.

7.3.2.4. Economic and environmental savings

The payback period was an important variable to consider the investment risk in designing the
MHP installation within the irrigation sector. These networks only work during concentrated
periods from approximately March to October and with high variability within the irrigation

season, thus limiting the operation time of the plants and their cost-effectiveness. To carry out
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the economic analysis, the economic savings generated by the plant and its cost were evaluated.
The savings depended directly on the annual volume of diesel saved. The diesel volume
consumed per unit time, the cost of diesel per litre, and the operation time of the farm were hence
required.

The diesel consumption per working hour was obtained from the technical sheet of the generator,
fixed at 1.2 | h™. The operation time during the season depended on the BEP of the PAT design
and its occurrence probability. This was previously estimated for each flow and head. The
seasonal volume consumed was obtained multiplying the unit consumption by the operation time.
A mean cost of €0.77 per litre for the 2019 irrigation season was obtained from the records of
agricultural diesel prices for that period in Spain (Expansion: Datos Macro 2019). The savings
were then estimated multiplying the seasonal diesel volume estimated by the mean cost of the

diesel.

The cost of the PAT and civil and electric works were estimated using the model proposed in
Chapter 4. This considered the cost model for electromechanical devices (PAT + generator)
developed by Novara et al. (2019) and civil works costs for MHP plants in irrigation networks
depending on the nominal power of the PAT. The cost of the backup system and heatsinks were

also taken into account.

Another key aspect to be considered was the avoidance of GHG emissions. The environmental
benefits would be related to the existing supply system, in the form of emissions saved. Thus, to
estimate the emissions, two parameters were required: i) the diesel volume used for the whole
season; and ii) the emission factor for diesel generators. The Spanish emission factor for fixed
diesel generation equipment was used (2.868 kg eCO, I-*for diesel type C) for 2018 (Ministerio
para la Transicion Ecologica 2019). The amount of emissions savings was then calculated

multiplying the seasonal volume of diesel employed by the emission factor.

7.3.3. Installation and Performance measurements

The final plant installation was completed following the guidelines given in the previous section
but with small differences. The final plant had a 4 kW nominal power output and was composed
of a PAT installed in a 150mm bypass with a set of four batteries connected in series. The PAT
installed was a KSB INLINE 080-B pump, whose BEP as a turbine corresponded to 301 s* and
20 m.
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The theoretical and actual power and BEP of the PAT differed slightly. This was one of the
limitations reported in Chapter 4 for the methodology developed, where the optimum theoretical
PAT recommend by method must be matched with the closet actual PAT available on the market.
Other properties of the PAT were an 80mm diameter inlet and outlet flange and a 174 mm
impeller. The nominal speed of the device was 1800 rpm. The generator used was a Eura Drives
EVPM model with a four poles permanent magnet motor, and a nominal power of 4kW. The
nominal rotational speed was 1500 rpm. The maximum global efficiency of the plant was 68%.
The batteries employed corresponded to the monoblock sealed AGM model MEBA12-220 from
the manufacturer ME. These had a voltage of 12V, an Ah capacity of 220Ah, and a total capacity
of 10.56 kWh. The head drop, power and efficiency curve as per the flow rate can be seen in

Figure 7-4.

The working conditions of the PAT were set using both electric and hydraulic regulations (ER
and HR) (Carravetta et al. 2014a). ER and HR were used to control the operation of the PAT to
be close to its BEP for the majority of its operation. In practice, both control systems are not
required and the plant could work using just HR. However, the experimental aim of the pilot
plant allowed comparison of both control methods. To achieve this a variable speed drive (VSD)
and a pressure reducing valve (PRV) were installed. Both schemes had been previously compared
by other authors theoretically, concluding a slightly better performance of the ER against a more

economic option in case of HR (Carravetta et al. 2014a).

Firstly, the PRV was operated completely open, therefore allowing to the VSD to regulate the
rotational speed on its own, depending on the inlet conditions at the PAT. To test the HR, the
PRV was set using a certain backpressure, thus regulating the PAT inlet conditions, which varied
depending on the conditions available at the farm. The charge regulator installed to test the ER
was a Schneider Electric model Conext MPPT 80 600. The installation scheme can be seen in

Figure 7-5.

In addition to the PAT, generator and the energy storage system, two solar panels were installed
with a total nominal power of 660W. The model used was the Amerisolar AS-6P. The aim of
solar panels was to maintain the charge level of the batteries in those periods outside of the
irrigation season (October to March). This would avoid the total discharge of the batteries leading

to their damage or failure over the long term.

A monitoring system was also installed at the plant in order to record the working conditions and
the actual results obtained. The system was based on a GPRS datalogger, which allowed remote

access, displayed live data, and stored the data monitored in historical files. The datalogger
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installed was a Hermes M100 combined with the model M120, from Microcom. The system used

a SIM card to send the data to the ZEUS server, a cloud provided by Microcom where the data

was stored and displayed (see Figure 7-6).

The devices used for the data monitoring included: a Hidroconta ultrasonic flow meter; two

pressure gauges recording the inlet and outlet pressure at the turbine (Danfoss model MBS 1700);

the voltage of the batteries was monitored directly in one of the inputs of the datalogger; power

generated by the turbine and consumed by the local irrigation devices were also registered in the

datalogger. These variables were registered every 30 seconds, amounting to a high definition data

set, which allowed the quantification of the actual benefits achieved during the irrigation season

in 2019 and the plant performance.
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7.3.4.  Plant construction and testing

There was a main barrier found during the design phase related to the irrigation activity of the
farmer: any work affecting the water network had to be done out of the irrigation season in order
to not affect the crop irrigation and the farmer’s annual yield. The MHP plant was constructed
January and April 2019 after confirming the starting date of the irrigation season with the farmer,
set up at the end of April. Figure 7-7 showed the different elements and devices of the plant after
finishing the construction. The 4 KW PAT installed in the bypass is presented in Figure 7-7a. The
existing chamber and the extension, as well as the solar panels and the resistors (covered by the
aluminium case) can be observed in Figure 7-7b. Two different views of the bypass made to
install the PAT can be seen in Figures 7-7¢ (connection downstream the turbine) and 7-7d (output
of the turbine). Figure 7-7e showed the bench of batteries, where the energy is stored. The PRV
required for the HR, installed upstream the PAT, is shown in Figure 7-7f. The flow meter installed
in the bypass, upstream the PAT, to measure the flow turbined can be observed in Figure 7-7g.
Finally, the protection cover for the datalogger, charge regulator and VSD is shown in Figure 7-
7h.

Due to the space limitation of the chamber where all the hydraulic devices were installed, an
extension was made next to this chamber to keep all the control and electric devices (VSD,

batteries, charge regulator...).

After all the civil works were completed, the PAT installation and electrical and monitoring
devices connection was carried out. The plant was tested on the 28" of March 2019, giving the

results shown below:

- Turbine Output Voltage: 389V
- Turbine Output Intensity: 12,5A

- Turbine power production: 4.86 kW
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Figure 7-7. Different views of the MHP plant, showing the PAT, PRV, bypass connection, monitoring
system (flow meter) and regulation chart.
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Once the electromechanical devices were tested and checked that they were operating correctly,
the plant started operating two weeks later, with the beginning of the irrigation season for the
farmer. However, an issue related to the monitoring system arose, which led to missing the data
record of the energy produced and irrigation time in April. This is further discussed later in the
thesis.

7.4. Results

7.4.1. Performance Prediction prior to installation

The irrigation period for the farm was estimated to be carried out between April and September.
Considering the existence of the three different sectors irrigated by the selected hydrant as
individual hydrants, eight combinations of open/closed hydrants were possible within the farm.
It was stated in Chapter 4 that the number of monthly simulations should be at least double the
possible combinations in order to increase the likelihood of every possible combination to occur.
Nonetheless, the minimum pressure found at the hydrant at the farm when all the hydrants in the
remainder of the district (87 hydrants) were open (100% simultaneity) was 32m. This was a little
lower than the required head of 35m. This fact meant that no head could be recovered by the PAT
under these conditions. Thus, the amount of combinations of open/closed hydrants for the
network of the entire irrigation district had to be examined to study the head conditions at the

farm hydrant in more detail.

The required number of combinations considering the 88 hydrants in the full distribution network
was up to 5.8 x 102, However, the number of simulations to be run had to be reduced, since it
was not possible to carry out this number of simulations due to limitations of computational
resources. Thus, the Bernoulli Experiment was run employing three million simulations, for

which the flow and head values were predicted.

To inform the design of the PAT, the flow was predicted at the inlet pipe, and the pressure at the
main hydrant was also predicted. This data can be seen in Figure 7-8a for the whole irrigation
season. The minimum head predicted at the hydrant was 35m, which appeared just once out of
the three million simulations. This head occurred when around 90% of the farmers in the district
were simultaneously irrigating and reflected how for those intensive irrigation periods there was
a small probability of not having any excess pressure available. This issue made the inclusion of
the energy storage system necessary as backup to ensure the reliability of the energy supply.

Although the occurrence probability for those high simultaneity events was predicted to be low,
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as shown in Figure 7-8b, the main aim of the plant was ensuring the energy supply, fully replacing
the diesel generator. The minimum flow demanded was estimated to have an exceedance
probability of 73% (see Figure 7-8b), which means that the farmer would irrigate for around 73%
of the time available between April and September.

The PAT design objective was to ensure the maximum energy requirements of the farm were
supplied. Thus, the nominal power was fixed at 3.6 KW. The green line in Figure 7-8a represents
the flow and head BEPs for all theoretical PATs which are predicted to return 3.6kW of power
under the flow and head conditions predicted at the farm and considering a 55% global plant
efficiency. In order to have the maximum power requirements each time that the farmer irrigated
without affecting the activity, the nominal flow through the PAT was fixed as the minimum flow
estimated to be required by the farmer, 25.4 | s. For this flow value, the excess head required to

return 3.6kW was approximately 26m.
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Figure 7-8. a) Set of flow-head pair of points obtained for the Bernoulli Experiment, best efficiency flow-
head line returning 3.6kW and minimum head found in the simulations; b) Cumulative distribution
functions for flow and head at the farm.

The farm irrigation time was estimated at around 73% of the irrigation season, using the flow
prediction methodology. The minimum head that allowed the energy production was present 99%
of the irrigation time. Thus, the energy storage system would ensure the supply in those periods
where no head was available for MHP production. Translating this into time, around 40 hours
were found where the pressure would not be enough to allow the energy recovery. The size of
the energy storage system was defined according to this lack of head found in the very intensive

irrigation periods. This head absence was predicted to occur during small intermittent periods in
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July and August. Considering the most intensive irrigation periods concentrated in one week in
July and one week in August, the time was daily distributed along these two weeks, rather than
distribute it for the two months, which would return a smaller batteries capacity. Thus, around
the daily lack of head was estimated in around two hours and half for these two weeks. Therefore,
the backup system was designed to have capacity for around two and half hours of maximum
energy requirements. This approach was done conservatively, in order to avoid the absence of
energy at the farm, but not increasing the cost significantly, as no actual information of head was
available. Once the size of the storage system was defined, the installation cost was then

estimated.

Electromechanical devices, civil and electrical works, energy storage system and heatsinks to
dissipate the excess energy produced, and design costs were included in cost estimations. The
energy storage system and energy dissipation costs were accounted for using market prices, and

design costs were assumed to be 20% of the other costs. The final cost was estimated at €21,318.

The operation time at the farm was estimated at up to 3,199 hours per annum. During the
irrigation time, in previous years the diesel generator was working. With this operation time, the
annual diesel volume required by the generator was estimated at 3,839 litres. The economic
savings were therefore predicted as approximately €2,956 per year, achieving an attractive
payback period of 7.2 years. Furthermore, the environmental savings which could be achieved

was estimated at up to 11 t eCO. per annum.

7.4.2. Installation and Actual Performance Measurements

The plant was constructed during March 2019, starting its operation in April 2019 at the same
time that the irrigation activity at the farm commenced. The final cost of the plant was €22,350,

which included the devices for the plant to operate correctly and ensuring the energy demand.

During the first month of operation, the monitoring system was not functioning fully and the data
during April 2019 was not recorded. The irrigation activity in 2019 lasted until the end of
September at the farm. The monitoring system allowed remote access to the live data, daily
summaries or historic register (see Figure 7-9), which permitted a constant oversight of the plant.
The total operation time recorded between May and September was 2,443 hours, to which the
irrigation time in April should be added (but was not recorded). The total energy demanded in
this period amounted to 222 kWh, which was supplied entirely by the pilot plant. The diesel saved
was estimated at 2,932 litres. Considering the mean diesel cost for the 2019 irrigation season, the

economic savings were €2,258, not including activity in April.
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The energy demanded by the farmer between May and September and the energy produced by
the PAT can be seen in Figure 7-10. It can be observed how the production was similar to the
demand most of the time. Regarding the energy demand of the farm, it can also be seen that this
was generally lower than the maximum energy considered (3.6 kW), although it was demanded

at some stages of the irrigation season.
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Figure 7-9. Plant synoptic shown at the monitoring platform displaying live data.
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Figure 7-10. Energy demanded at the farm and energy produced by the PAT during the 2019 irrigation
season.
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Considering the plant operations, both hydraulic and electrical regulation were tested. During the

first part of the irrigation season (May and June) the plant operated using just the VSD (ER).

From July until the end of the season, HR was used, setting the PRV installed upstream the PAT.

Due to the seasonality of the activity and the variation of the weather and crop irrigation

requirements, the flow fluctuations along the season were quite significant. This variability in the

working conditions provides one of the main drawbacks of using PATS in this setting, as their

performance can be greatly affected in the absence of a regulation system.

Using ER system presented problems when the variations in pressure were high, due to the lack

of devices controlling the inlet conditions. However, the HR system regulated the inlet pressure

using a PRV upstream, thus stabilising the operation of the PAT. This difference can be seen in

Figure 7-11, in which the PAT flow, inlet and outlet pressure were represented in May and July.
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Figure 7-11. PAT working conditions for ER (May) and HR (July) registered during the irrigation season.
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The fluctuations of the inlet pressure found in May were larger than in July, therefore affecting
the working conditions of the PAT as well as its rotational speed. Thus, the employment of ER
in networks with large fluctuations would need to be accompanied by hydraulic control devices
to regulate the inlet conditions in order to maintain the integrity of the installation. This fact
would increase the plant cost, hence affecting the investment viability. Therefore, HR schemes

on their own seem more appropriate for plants at farms in large pressurised irrigation networks.

Considering the actual cost of the plant taking into account only the required devices for the plant
operation, the payback period was estimated at 9.9 years, i.e. excluding data monitoring system.
Moreover, 100% of the GHG emissions were avoided, which were close to the 8.4 t eCO.. If the
predicted /irrigation time for April was used to quantify the whole season benefits, 191 hours
more should be added to the time recorded. Thus, the emissions and diesel avoided raised up to
9.1teCO- and €2,433, dropping the payback to 9.2 years. A summary of the results obtained at

the design stage and the actual results recorded can be seen at Table 7-1.

The annual volume applied to the crops are not always exactly the same as the theoretical
irrigation requirements and usually farmers apply deficit irrigation. This effect is common in the
area and can be explained by factors such as limitations in the water allocation by the water
authority or the irrigation costs. This explains the difference between the number of hours of

actual and theoretical irrigation in some months of the year.

Table 7-1. Summary of the theoretical and actual results.* actual operating time in April not recorded and
theoretical value is used in calculations of total time, costs and savings.

Month Theoretical Actual
April 191.2 (191.2)*
May 644.5 420.4
_ June 682.0 386.3
Operation July 684.1 689.0
Time (hours) August 605.5 642.0
September 391.7 305.2
Total 3,199 2,443
Cost (€) 21,318 22,350
Litres 3,839 2,932
Savings € 2,956 2,258
teCO; 11.0 8.4
PP 7.2 9.2
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7.5. Discussion

Several measures have been proposed in literature and tested in practice in order to reduce the
energy dependency of irrigation networks achieving important results in some cases. However,
most of these studies analysed the energy dependency of the irrigation distribution network,
which is the largest overall energy consumer in an irrigation district. However, these have not
considered the energy requirements at farm level. Farms often require energy to carry out the
irrigation activity on the farm, either for water filtering, automatic fertilisation or boosting water
pressure. In addition, these farms can often be remotely located, not having access to the electric
grid, and therefore necessitating the use of other sources to cover the energy demand, most
commonly a diesel generator.

For this particular pilot installation, the irrigation requirements increased as the irrigation season
went on, therefore incrementing the farm operation time. This fact was also noticed in the data
monitored. During the beginning of the season, the farmer mostly irrigated during the daytime,
thus not demanding energy at night. This trend then changed for those hotter periods between
July and August, in which long night periods of energy demands were also recorded. Analysing
the amount of energy requested for day and night time, a considerable difference was found.
While it is true that during the day time the demand was significant, oscillating between 1 and 2
kW in most of the cases, and reaching peaks of almost 4 kW for some hours, it dropped for the
night period to around 40 W. This was related to the habits practised by the farmer. During the
day time, energy was used for one or two fertigation pumps, for the filtering station and for an
air compressor, according to the farm requirements. Most of these devices were not used during
the night time, typically only energy the filter station was required, which consumed a small
amount of energy. This energy was previously supplied by the 6kVA diesel generator, which
worked for the entire night time just to feed this small output. Thus, a significant amount of diesel

consumption was removed, generating valuable economic and environmental savings.

In addition, as just a small amount of energy was demanded during the night, the bypass where
the PAT was installed was closed as the batteries were able to feed this small energy output. The
differences in energy demand for day and night time can be seen in Figure 7-12, as well as the
flow, inlet and outlet pressure of the plant for an average day in July. If the energy demand was
needed to be increased during the night time, the bypass could be open and the turbine could
work, thus ensuring the energy supply during the whole period. This an important advantage

found when this solution was compared to solar energy, another renewable energy source that is
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becoming popular in irrigated farms, as the generation for this last one would be limited to
daytime hours.

On the one hand, the demand is very low for the first hours of an average day in July (0 to 7am),
with about 40 W consumed. At this time, the turbine is not working, as can be noticed in Figure
7-12b, since the flow is zero. An increase in the energy consumption coincides with the beginning
of the working day, when the some of the farm level devices were switched on and the bypass
open for the turbine to start working again. After a few hours, the consumption again dropped to
almost none and kept constant in small values of around 40 W for the rest of the day. The turbine
kept working to charge the batteries and recover the energy consumed during the previous night.
Thus, the plant ensured the local energy demands were met at each moment, avoiding the use of

diesel and leading to the benefits already explained.
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Figure 7-12. a) Hourly power demand for an average day of July; b) Plant working variables for an
average day of July.

A seasonal evaluation of the plant global efficiency was conducted. The mean efficiency obtained
was 29.5%, which is considerably lower than the 68% given as the peak efficiency of the PAT
selected and the peak of 55% assumed in the design and performance estimation process. The
fluctuation of the available flow and head conditions in the network has been reported in several
studies as one of the main factors affecting the system efficiency for PAT installations. In low
intensity irrigation periods, high head values reached the hydrant due to the low flow demands
in the network. Hence, the average efficiency obtained in May and June, when the PRV was not
working, oscillated around 29.5%, reaching its minimum in June, with an average efficiency of
28.3%.
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The efficiency increased in July, when the PRV began operating, reaching a monthly average
efficiency of 32.1%. Nevertheless, the mean value obtained for August and September decreased
down to 26.5% and 26% respectively. The efficiency in these months could have increased up to
design values if the PRV setting value would have been adjusted upwards. The plant efficiency
variation can be seen at the top of Figure 13, while the flow diverted for such efficiencies during
the whole season can be seen at the bottom in Figure 13. Overlapping both images, it could be
deducted how the unstable conditions, caused by the lack of hydraulic regulation in the inlet,
affected to the performance of the system. The inlet pressure is oscillating along the whole range

of the head values, going from 0 (when not irrigating) to more than 7 bars (while irrigating).

From the end of June onwards, the inlet conditions were regulated as aforementioned. The
analysis of the demand for the first two months indicated a very low energy consumption during
most of the time (97 W on average for May and June). These high demands were concentrated
in the central hours of the day, but did not reach 2 kW and lasted for only a few hours each time.
Thus, when the HR was started using the upstream PRV, the inlet head was fixed to 47m,
therefore allowing a maximum head drop of 12m (service head of 35m) and limiting the capacity
of production of the PAT. From July forwards, it can be appreciated how the inlet head was
regularised, being almost constant when the installation worked (bypass open, day time) and
decreasing down to 35m (service head) when the installation was stopped but the farmer irrigated

(bypass closed, night time).

It can also be noted in Figure 7-13 that there was a gap in the power production in June. This was
due to a maintenance works carried out at the plant caused by a blockage of the turbine by
mussels. This blockage occurred as a result during an exceptional maintenance event in the
network at the filtering station of the irrigation district. Nonetheless, although the PAT was
stopped the plant kept working during this period, supplying the farmer’s energy demand using
the solar panels and batteries, as these requirements were low enough to be satisfied with the
power produced by these in June. This would not have been the case had the blockage occurred

in July or August, since the demands grew as can be seen in Figure 7-10.

The inlet head for both ER and HR can be seen in Figure 7-14 when the bypass was open in both
cases. However, this was already considered in the design phase, and the batteries satisfied the
demand required. Although the power production capacity was lowered by using the HR, it could
be easily increased by raising up the head setting of the PRV (i.e. up to 55m, where the PAT
would provoke a 20m head drop) if the farmer’s power requirements were greater. However, the

mean consumption was 91 W during the whole irrigation season. Higher energy demands would
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have increased the global efficiency of the plant, since the PAT would work closer to the BEP
for which it was designed.
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Two aspects could be highlighted from this analysis. On the one hand, the low power demanded
at the farm could be translated into a low global efficiency, as the plant was designed to feed the
maximum energy requirements (3.6 kW). If the future demands of the farm are kept this low, it
could be deduced that the plant was oversized. In order to obtain greater efficiency for such small
power outputs, a smaller PAT could have been installed. Otherwise, if the energy demand
increased to values closer to the maximum energy requirements considered during the design,
the PAT installed would work with a global efficiency closer to the maximum. The installation
of a slightly larger or smaller PAT would not greatly affect the economic performance of the
plant, as the cost of the electromechanical devices would not significantly differ from one power

output to other at this scale. However a smaller PAT could impact on the plant efficiency.

On the other hand, it has been shown how the stabilisation of the inlet conditions had an important
role in the PAT performance. High variations of the flow and head with no hydraulic control
would result in a dramatic variation of the PAT working conditions, and hence of its performance.
High variations of the flow and head with only electrical regulation was also found to be
insufficient to maintain a high performance. This fact could even affect to life span of the
installation, as in many occasions the PAT and the generator could work under conditions much

greater than specified by the manufacturer.

The theoretical approach considered 55% as the maximum efficiency, which has been
demonstrated as conservative when compared to the actual maximum, 68%. Despite the fact that
mean efficiency was lower, this could be increased if the demand required at farm level was

greater, by setting the PRV at a higher head downstream.

Lastly, in the analysis carried out above the cost of the diesel generator was not considered in the
economic analysis as it was already in existence at the pilot site. However, this may not be the
case in every scenario where MHP potential exists at farm level. Considering the cost of the
generator used at the farm and the diesel required annually, the payback period of the PAT to
cover such investment was re-estimated. On the one hand, the total cost of the plant was reported
as €22,350. On the other hand, the 2018 model of the generator used at the farm was found to
have a cost of €5,151. If this capital cost was subtracted from the total cost of the PAT plant and
the annual savings including April were taken into account, the payback period would decrease

down to 7.1 years.
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7.6. Conclusions

The existence of excess pressure in large pressurised irrigation networks has been assessed by
different authors for the application of MHP energy recovery. MHP has been shown here to be
an attractive solution to supply local farm-level energy demand, which is required when the
farmers need to irrigate. The conditions required for MHP production are subject to large
fluctuations in irrigation networks, which directly affects the energy production achievable.
However, this can be partly addressed with a deep analysis of the conditions available in each
case and the use of regulation and energy storage systems. The excess pressure found at the farm
suffered significant fluctuations, going from almost no excess pressure to more than 50m across
the season. Nevertheless, as the main aim of this MHP pilot plant was to replace a diesel
generator, the energy demands could be satisfied by just taking advantage of a small amount of
the head available. During the design analysis, it was seen that there was a small likelihood of no
excess pressure being available during July/August, which necessitated an energy backup system.

The theoretical results predicted that the plant would be able to completely replace the diesel
generator, leading to benefits in both, environmental and economical fields. 11 teCO, were
predicted to be avoided annually and around €3,000 saved. Once the plant was constructed, the
results were contrasted with the actuals performance recorded. The actual plant supplied the
entire energy requirement at the farm, saving almost 3,000 litres of diesel from May to
September, which offset 8.4 teCO; and saved over €2,250. These results increased up to 9.1
teCO, and more than €2,400 when the irrigation time estimated for April was considered,

decreasing the payback period from 9.9 to 9.2 years.

It was also observed that HR was necessary instead of or to complement ER for high fluctuations
of the PAT working conditions, as the global efficiency was affected and the life span of the plant
could be reduced. Moreover, the global average efficiency obtained was significantly lower than
the maximum efficiency. If the power demands kept close to the small values registered during
the 2019 irrigation season, it could be deduced that the plant was oversized. On the other hand,
the power installed would allow an increase of the farm’s demand, as the production capacity of
the plant is greater than the production required for the last campaign. This fact would allow the
farmer to raise the consumption. Thus, if the demands increased to values closer to the maximum
energy requirements (3.6 kW) the global efficiency of the plant would grow and the size of the

plant would be justified.
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Finally, fostering the adoption of sustainable solutions is an essential factor for agriculture in the
short-term. Hydropower and PATSs have been proven as a viable solution to satisfy the power
requirements of irrigation activity at farms level, while also avoiding the use of fossil sources
and all their negative impacts to the climate change. This approach gives an added value in the
market to the agricultural products cultivated, which would be even bigger than the economic
savings in diesel since consumers increasingly value food produced in a sustainable way. The
use of diesel generators at farm level is widespread in large irrigation networks and this research

presents a great opportunity to remove the impact of this activity on the environment.

7.7. Dissemination

One key point of every research is the widespread dissemination of its main findings and results
in order to make them available for other researchers for their own scientific use and increase the
knowledge of the scientific community of the field. Nevertheless, it is also important to bring the
technology, solution or method developed and analysed in the research to the different sectors
related to the research field. This would help for the real application and fostering of the solution
proposed. Due to this fact, the solution proposed and studied in this thesis has been presented to
different organisations related to the agriculture sector, as a potential and real technology to
recover energy previously dissipated and improve the energy efficiency of water networks. This
was done by means of presentations or articles, carried out during different phases of the thesis,
and have been addressed to international governments, national, regional and local energy and

irrigation organisations or professionals related to the issue topic among others.

Rather than the journal publications mentioned in the beginning of this thesis, the main events

carried out could be divided in four, explained below:

An article about micro hydropower potential in the Spanish Technical Magazine of the
Environment (RETEMA from its Spanish acronym) was published. This article dealt with the
promotion of cost-effective MHP solution to be implemented in water networks in order to reduce
the energy dependency of the water industry and decrease the related environmental impact.
PATSs were presented as a feasible solution for micro hydro generation schemes, presenting the
results of some previous theoretical studies. The magazine has one of the highest technical impact
in Spain and South America, and deals with the waste treatment and management, water
treatment and management, and pollution. The article was published in the January/February
2019 issue.
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Another article was recently published at the International Water Power and Dams Construction
Magazine and at NS Energy online portal. This article was focused on the real application of
MHP in water networks, highlighting three real plants encompassed within the REDAWN
project. The three plants were related to different activities: one PAT was installed within a water
network used by an industrial process paper factory in Portugal (RENOVA); another PAT was
installed at the inlet of a water treatment plant in France; Finally, the irrigation experimental plant
designed, constructed and analysed within this thesis, which was the only one operating by the
time, was also explained. This article, called “Micro hydropower and the water-energy-food

nexus”, was published within the November 2019 issue, available under subscription.

In addition, the plant installed in the irrigation network was also promoted and presented to public
institutions, such as the Government of Tunisia or the Andalusian Energy Agency. The first
presentation was held in Seville (Spain) on the 4™ of April of 2019, for a delegation composed of
13 people of the different ministries of the Government of Tunisia, including Agriculture,
Hydrological Resources and Fishing Ministry or the Energy Ministry. Taking into account that
agriculture supposes around 15% of the GDP of Tunisia, the solution researched in this thesis
(MHP and PAT) was presented to this delegation as potential solution to bring electricity to
remote places with no grid connection. Two facts that could bring this solution to this country
and other with similar water use climatic conditions are: i) part of Tunisia is semiarid region,
where the water stress makes the need of improving the water efficiency an activity of significant
importance. Furthermore, the agriculture water consumption was estimated in 80% in 2015 (Food
and Agriculture Organization of the United Nations 2015). This could be translated in pressurised
irrigation techniques leading to much lower water consumption; ii) and cost-effective
technologies like PATSs could bring electricity to remote areas with no grid connection. A picture

of the event can be seen in Figure 7-15.

Finally, the PAT installation was officially launched on the 29" May 2019 during the European
Energy Day organised by the REDAWN project team, celebrated in Palma del Rio (Spain), where
the plant was constructed. Local farmers could be found among the people who attended to the
event and their presence was highly important. Regional and local politicians were also present,
as political barriers are normally found to develop this kind of projects. Researchers related to
the fields of hydropower and agriculture were also present. The event was a success, with more

than 50 people who attended (see Figure 7-16).
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Figure 7-15. Presentation of the PAT experimental plant to the Tunisian Government (April 2019)

¢ [T

Figure 7-16. Terry Waugh (on the left) REDAWN project leader, Professor McNabola (on the right) and
Miguel Crespo (mid) presenting the experimental plant during the European Energy Day (May 2019).
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8 DISCUSSION

8.1. Introduction

This chapter summarises and discusses the main results of the thesis, as well as the potential
impact on the irrigation sector, focused on the themes developed in the four previous chapters:

flow fluctuations prediction and its validation, resource extrapolation and plant implementation.

8.2. Novelties of the thesis

The research carried out in this thesis was focused on the fulfilment of several targets, whose
achievement has led to fill several gaps in the previous literature. The main novelties of this thesis

could be summarised as follow:

1 How important flow fluctuations are for PAT design and how consideration of mean or
wrong values can affect the installation economic and technical feasibility.

2 The consideration of the total combinations of open/closed hydrants is an important
variable to take into account when predicting the flows, as a low number of simulations
can lead to dramatic errors.

3 The average accuracy of the methodology developed in this thesis, 80%, confirmed that
it could be used for flow prediction in on-demand irrigation networks and thus allowing
the assessment of PATS for energy recovery.

4 The large-scale impacts of PATs, which would reduce in around 13% the energy cost in
on-demand irrigation networks in Seville and Cordoba and would avoid more than 5,000
tonnes of eCO2.
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5 How PATSs could be used to generate electricity in remote places taking advantage of a
small portion of the existing excess pressure in the network.

6 The better suitability of HR schemes for irrigation networks, where the main target is to
supply the required energy rather than maximise it. With HR the working conditions of
the PAT are more controlled than with ER, also with a lower cost and lower PP thus.

7 The actual effects of flow fluctuations on PAT within an irrigation network. How relative
efficiency can drop and consequences of this fact on the installation performance.

8.3. Flow variation prediction and validation

The continuing upwards trend in energy consumption in the irrigation sector has led researchers
to seek solutions to improve the energy efficiency. Although micro hydropower (MHP) and
pumps-as-turbines (PATs) were previously analysed in these networks, some key factors must
be taken into account in every evaluation: feasible flow fluctuations, variability of the turbine
efficiency, operating conditions of the plant. The main aim of Chapters 4 and 5 was to develop a
methodology to forecast the flow fluctuations in on-demand irrigation networks, needed to assess
the MHP potential. Then, the methodology was validated comparing the results predicted with
actual data from a recording system installed in an actual irrigation network. The different
operating conditions were considered, as well as the variation on the turbine performance

depending on the flow rate.

The seasonality of the activity makes the fluctuations very significant, passing from null flows in
some stages of the year to dramatically important demands, which require the uses of very large
hydraulic infrastructure (e.g. pipe diameters >1m were commonly found in networks). The
method developed in Chapter 4 returned the monthly flow values, obtaining their monthly
occurrence time, as well as the seasonal value. This allowed the evaluation of PATSs for energy

recovery.

The methodology was applied into two different on-demand irrigation networks. Firstly, in one
irrigation network with no flow data, where the fluctuations were predicted and the energy
recovery potential quantified. Secondly, in another network, which had a telemetry system that
recorded the hourly flow. From the second case study, the comparison between actual and
predicted value was carried out. The results showed a good fit, showing an average coefficient
of determination (R?) of 0.80 for the nine locations analysed. Therefore, the method was

considered as reliable to predict the seasonal flow fluctuations in on-demand irrigation networks.
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The results of both studies returned an energy recovery potential of 324.3 MWh in a total irrigated
area of 3,611 ha. However, this potential was only found in pre-selected locations. It would be
interesting to implement this into the methodology of an optimisation algorithm to obtain the
optimal location of points to install turbines as well as the optimal machine to select. To do this,
the flow fluctuations would need to be predicted for each pipe of the network. Thus, it would be
necessary to consider every possible combination of open/closed hydrants in the network, which
would require a simplification of the number of simulations in networks with high number of
hydrants, since the combinations increased exponentially as per the number of hydrant. The
application of optimisation algorithms for optimal locations together with PATSs selection could
be implemented when actual data is available, thus avoiding the computational time used for flow

and head prediction.

The results of the methodology were also compared when general considerations of average flow
and head or constant efficiency were used instead. These assumptions resulted in an
overestimation of the power and the energy recovery potential, due to the performance of the
PAT being kept constant independently on the flow rate or considering mean values.
Nevertheless, previous research focused on PAT performance highlighted the importance of flow
variations on the variations of PAT efficiency. Thus, it is unrealistic to consider constant

efficiency, since the results obtained could show greater.

During the validation of the method, actual and predicted annual volumes consumed in the
locations studied were compared. The actual irrigation volume registered was 24.9% lower than
the theoretical required value. This is a common practice (deficit irrigation), and the value is
within the general range registered. This deficit has come preceded by the increase of the energy
consumption required in on-demand irrigation networks, which led to raise up the water costs
forcing to the farmers to reduce their cost by using less water. Therefore, a dramatic increase of
water costs can turn into a significant reduction of the irrigation water requirements, and thus in
lower crop yields and impacts on food prices. Sustainable solutions have to be sought, which can
lead to a more accessible water tariffs and no affection to farmers’ productions. Incorporating
MHP energy recovery in these settings could offset these operating costs and reduce deficit
irrigation practices, helping to the farmers to decrease their production costs and thus the required

irrigation water requirements.

The application of the method in 18 irrigation networks showed energy recovery potential all of
them, founding a sum of 177 locations. The average power per location varied between 2.9 and
28.8 kW, depending on the network, with a global average of 16.9 kW. Although MHP could not
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supply all the energy required at irrigation districts, it is presented as an attractive and innovative
solution, which takes advantage of the energy wasted in some nodes of the network. Sustainable
irrigation will need the combination of different solutions, which together can decrease the

energy cost to non-significant values for farmers.

One weakness of MHP application in irrigation networks would be the complexity to find points
with existing potential within the irrigation sector where the energy recovered could be directly
sold to the grid, stored or used for direct purposes, such as pumping. For either use, the
installation costs could be importantly increased, making too many of the plants not economically
attractive for investors. MHP solutions together with storage systems could be a potential way to
apply the energy recovered at points where energy is required. Nevertheless, costs and logistics
make this solution unviable currently for those points where no energy is needed. An attractive
use for recovering energy could be at final points of the network (farm levels), where farmers
with no access to electric grid tend to use diesel generators if some energy consumption is
required. Adopting this alternative would reduce the amount of energy to be recovered using
MHP as turbines located at farm level will inevitably have less flow and pressure available than
those located higher up in the pipe network. However, this could still be considered as a potential

measure to reduce the energy dependency of irrigation networks.

Comparing the energy savings obtained by MHP with other measures for improving the energy
dependency in irrigation, the results obtained here showed that MHP could be an important
complimentary solution. Furthermore, it could also be applied in tandem with the different energy
saving measures previously highlighted in the introduction. For example, irrigation scheduling
together with MHP could be a potential solution to improve energy dependency. Concerning the
photovoltaic solution, this is limited for power production just during the sunlight hours. In large
irrigation infrastructures, pumping using photovoltaic energy is considered as a potential solution
to reduce the energy dependency. The addition of MHP to this solution in the networks could

lead to an important reduction of the energy consumption in this sector.

A key endorsement of the methodology developed in Chapters 4 and 5 was its application at farm
and district level in the design of the pilot plant in Chapter 7. This plant successfully replaced an
on-site diesel generator with clean renewable energy for an entire irrigation season, based on the
methodologies developed here. While the method has limitations due to deficit irrigation and
other factors it has been shown to be a reliable basis for MHP plant design in irrigation on-

demand networks.
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8.4. Resource Extrapolation

The evaluation of MHP resources on a large geographical scale is important when analysing the
viability of the solution proposed and the potential impacts that its application would bring at
sector level. MHP and PATSs have been core of many studies during the last years. However, the
difficulty to obtain actual information makes the quantification of the existing resources a real
challenge, which is further amplified in a large-scale geographic scope. This fact makes quite
complex the estimation of the potential economic and environmental impact that would arise
from the adoption of MHP quite difficult. Furthermore, as it was mentioned in Chapter 2, pumps
manufacturers do not test pumps working in reverse, not providing actual PATSs curves. In fact,
divers methods have been developed to estimate PAT performance. Nevertheless, if large-scale
assessments were developed in different water industries showing the market potential for using
PATSs, this could incentive pumps manufacturers to develop these curves and give precise

behaviours.

A first assessment for 18 on-demand irrigation networks was done, estimating the energy
recovery potential applying the methodology developed in Chapter 4. The results of this
evaluation presented an interesting distribution of the potential. The two networks with the
greatest potential also had the largest irrigated area, which show the strong relationship between
the potential found and the irrigated surface. However, another facts influenced on the potential
found in some networks. On the one hand, the elevation difference among the hydrants had
impact on the pressure required at the pumping stations, increasing the pressure at many of the
hydrants. On the other hand, a few undersized pipes were found at the end of some networks,
increasing the pressure requirements of the issue hydrant, and thus of the entire network. It could
be highlighted from this analysis that a previous analysis identifying critical points could be done

prior to an energy recovery assessment using MHP.

One of the complexities of the problem approached was the relationship among the variable
sought and other variables, as well as the type of relationship. Thus, Artificial Neural Networks
(ANNSs), which was described in Chapter 6 as powerful tool to predict variables considering no
linear relationship, were used to estimate the existing energy recovery potential in on-demand
irrigation networks in two regions in Andalusia (Seville and Cordoba). As samples of networks
with different operating conditions (non on-demand), the method was employed in regions with
similar irrigation infrastructures and design parameters for networks. The application range could

be extended to areas with different type of networks, prior increasing the dataset including the
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network type and redefining the model (i.e. include a new proxy variable indicating the type of

network, number of layers and neurons, weights, etc.).

ANNs showed a decent coefficient of determination, with a mean value of 0.63, reaching a
maximum value of 0.74. The total energy recovery potential during the 2018 irrigation season
raised up to 21.05 GWh. This amount was found in 180 towns located within the regions of
Seville and Cordoba, areas where the irrigation is one of the most important activities, implying
a significant amount of resources, personnel and economic. The assessment of the economic
impact that this energy recovery would suppose to the irrigation showed a water cost decrease of
€16.4 m®, saving around 13% of the costs associated to water and energy. In addition, a significant

amount of emissions would be avoided, summing more than 5 kt eCO; per year.

Although it is very complex and unlikely to have access to real data to carry out these kind of
assessments, uncertainty must be considered in future, as this method involves non-deterministic
analysis. Hence, it would be unrealistic to believe that all the energy could be either introduced
to the grid or directly used at the district nowadays, due to two main reasons: lack of electric
infrastructures in remote locations and increment of the cost that would turn unviable many of
the installations. In the irrigation sector however, an interesting application for MHP could be

the presented in Chapter 7: provide energy for self-consumption in rural farms.

8.5. Plant Implementation

Hydropower energy recovery has been proposed in literature as potential measure to reduce the
energy dependency in irrigation networks. However, these studies analysed the energy
dependency of the irrigation distribution network, which is the largest overall energy consumer
in an irrigation district. However, these have not considered the energy requirements at farm
level. Farms often require energy to carry out the irrigation activity on the farm, either for water
filtering, automatic fertilisation or boosting water pressure. In addition, these farms can often be
remotely located, not having access to the electric grid, and therefore necessitating the use of

other sources to cover the energy demand, most commonly a diesel generator.

Due to the difficulties aforementioned about using the energy recovered, irrigation farms become
alternative locations for MHP energy recovery. Two consequences have to occur at the same for
such purpose: i) there must be excess pressure at the farm; ii) there must be energy consumption.

If there was not excess pressure, it would not be possible to recover energy. If there was no energy
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consumption at the farm, there would be the same problem that in the distribution system of the

irrigation network: no demand for the energy recovered.

Along this thesis, an actual scale implementation of the technology proposed was carried out.
Previous investigations studied the theoretical or experimental performance of PATSs installed in
labs. However, no research was made of a PAT operating under actual real world irrigation
network conditions. A PAT was designed to replace a diesel generator and feed the local electrical
devices used during irrigation. The plant was designed to take advantage of a small amount of
head from the existing excess pressure in the network and a small amount of flow from the
farmer’s total demand. The plant operated for over 2,400 hours in 2019, saving more than €2,200
and 8.4t eCO..

Looking back to the solutions proposed in previous literature to decrease the energy dependency
of irrigation networks, the adoption of one or several of these together with hydropower could
suppose an important step to face the energy efficiency challenge. Comparing the energy savings
obtained by MHP with other measures for improving the energy dependency in irrigation, the
results obtained here showed that MHP could be an important solution. Furthermore, it could
also be applied in tandem with the different energy saving measures previously highlighted in
the introduction. For instance, pumping station optimtisation (first) together with MHP
(secondly) could be a potential solution to improve energy dependency. Concerning the
photovoltaic solution, this is limited for power production just during the sunlight hours. In large
irrigation infrastructures, pumping using photovoltaic energy is considered as a potential solution
to reduce the energy dependency. The addition of MHP to this solution in the networks could
lead to an important reduction of the energy consumption in this sector. Coupling both

technologies could be of special interest for future research.

8.6. Summary

In this chapter, the key results and findings presented in this thesis were discussed. In summary,
the theoretical approach developed was able to predict the flow fluctuations during an irrigation
season reliably. A coefficient of determination of 0.8 was obtained on average when the predicted
values were compared to actual records. The hydropower potential estimated in large-scale
returned some optimistic results for the MHP technology, but finding some barriers in the
application of this energy due to lack of electric infrastructure, consumption points close to the

recovery locations or cost-effective storage system. The energy recovery potential raised over 21
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GWh in an irrigated area of around 160,000 ha. In addition, it was noticed that the current way
to exploit the existing hydropower resources in on-demand irrigation networks could also take
advantage of them at small consumption points, such as farm, where the energy could be directly
used. Thus, the experimental plant was constructed at a farm that required energy during the
irrigation activity. A 4 kW PAT completely replaced a diesel generator previously used, saving
more than €2,200 and avoided more than 8.4 t eCO; for the 2019 irrigation season. The research
sequence followed in this thesis provided responses to different questions within the theoretical,
large-scale impact, and implementation fields: How could an annual flow distribution be feasibly
obtained? What is the large-scale impact for MHP resources in on-demand irrigation networks?
Where could PATSs be actually installed within on-demand irrigation networks and how would it

affect single users?

169



Chapter 9. Conclusions and future research

9 RESEARCH CONCLUSIONS
AND FUTURE RESEARCH

9.1. Introduction

This chapter presents a summary of the key conclusions, highlights the primary contribution to

knowledge and outlines any recommendations and areas requiring further research.

9.2. Contribution to knowledge

The primary contributions of this thesis were to the research and practise of hydropower energy
recovery in on-demand irrigation networks. These contributions, which aimed to fulfil the targets

aforementioned, included:

1. A broad gather of information and development hydraulic models related to 20 on-
demand irrigation networks. This contribution led to fulfil the first target “gather

information, build and calibrate hydraulic models of pressurised irrigation networks”.

2. Development of a methodology to predict the flow fluctuations and estimate the energy
recovery potential selecting the theoretical PAT returning the minimum payback period
in any pipe of an on-demand irrigation network. Due to the lack of actual and/or feasible
flow data, which is mandatory to assess the hydropower potential, a method outputting
flow fluctuation was needed. Furthermore, it seems unrealistic to consider a fix

percentage over the total installation cost for civil works. Thus a cost estimation for civil
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works at micro hydropower installations in irrigation networks was developed. With this
methodology, targets 2 and 5 were achieved.

Validation of the methodology to predict the flow fluctuations comparing the results
forecasted vs the actual values recorded using a telemetry system during the 2015
irrigation season in an on-demand irrigation network. With this contribution, the
accuracy of the flow predictions using the method aforementioned was confirmed,
fulfilling the third target set for this thesis.

Large-scale assessments are crucial to estimate the potential impacts of MHP on the
sector and foster the technology over the PATs manufacturers and engineers working in
on-demand irrigation networks. Application of linear regression models and artificial
neural networks to forecast the energy recovery potential in large-scale, for an irrigated
area of almost 200,000 ha, and quantification of the impacts associated to water cost and
emission savings. Hence, after carrying out this analysis, the objective number four of

this thesis was completed.

Development of the design process and construction of an actual micro hydropower plant
at an irrigation farm supplied by an on-demand network, for self-consumption energy,
evaluating the potential and actual impact to the farmer’s economy and the environmental
savings achieved. This contribution confirmed the validity of PATs to work in on-
demand irrigation networks and the considerations proposed in Chapter 7 to design PAT
installations could be used as guidelines for future designs and constructions. This

contribution helped to fulfil targets 6, 7 and 8.

9.3. Research findings

The research carried out in this thesis resulted in numerous key findings. The first key finding

was related to the variation of the energy recovery potential in on-demand irrigation networks

depending on the considerations assumed. Previous investigations considered either average flow

and head values or constant efficiency, which has been demonstrated that can lead to an

overestimation of the power. This is mainly due to the high fluctuations suffered during the

irrigation season. Thus, feasible operating values have to be used when assessing the energy

recovery potential, as well as the variation of the plant performance with the operating condition

variations.
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Regarding the prediction of the flow fluctuations, a reliable methodology was developed to
forecast them. Based on previous works, this methodology showed how important the number of
simulations needed was, depending on the number of hydrants located downstream. The error on
the flow values increased importantly when the number of simulations run was not enough to
characterise all the open/closed hydrants combination. This fact was demonstrated when the flow
predictions were compared to the actual records registered by a telemetry system installed in an
on-demand irrigation network during the 2015 irrigation season. The accuracy of the predictions

raised up to 80% when the steps given in the methodology developed in Chapter 4 were followed.

Linear regression models and artificial neural networks, used to consider the non-linearity, were
used to estimate the annual energy recovery potential in an irrigated surface of around 160,000
ha, characterised for using on-demand irrigation networks. ANNs showed a better performance
than linear models, although the complexity to define their structure was higher. The results
showed how the energy efficiency could be increased if the energy could be used straight. A total
potential of 21.05 GWh during 2018 for the regions of Seville and Cordoba, in Southern Spain,
was predicted. Important environmental and economic benefits would be linked to this energy
recovery, with more than 5,000 t eCO. per year and 12.8% of reduction in energy costs in
irrigation. However, it was found that despite the finding energy recovery potential, generally
there was no close infrastructure, to either introduce the electricity in the grid or be directly

consumed.

This finding led to a change on the points where the energy recovery should be assessed: points
with a local energy consumption with an existing excess pressure. Hence, the experimental plant
was built at an irrigation farm. Due to the small amount of energy required at these points, just a
small amount of flow and head was found to be needed at this point to satisfy the energy
requirements of farmers. Therefore, the affect on the operation of the farm would be minimum.
The construction of the MHP plant at an irrigation farm showed two positive impacts: i) energy
would be brought to remote areas with no electricity access and where energy is required for the
irrigation practice; ii) MHP could entirely substitute fossil source generators that might be used
to fill in the farmer’s energy requirements. Hydropower has been proven as a viable solution to
satisfy the power requirements of irrigation activity at farms level, while also avoiding the use of
fossil sources and all their negative impacts on air quality and climate change. This approach
gives an added value in the market to the agricultural products cultivated, which would be even
bigger than the economic savings in diesel since consumers increasingly value food produced in

a sustainable way. The use of diesel generators at farm level is widespread in large irrigation
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networks and this research presents a great opportunity to remove the impact of this activity on

the environment.

Another conclusion of this research thesis is related to the regulation of the working conditions
of PATSs in irrigation networks. Hence, HR was necessary instead of or to complement ER for
high fluctuations of the PAT working conditions, as the global efficiency was affected and the
life span of the plant could be reduced. Moreover, the global average efficiency obtained was
significantly lower than the maximum efficiency, with an average efficiency lower than 40%.
The power installed would allow an increase of the farm’s demand, as the production capacity of
the plant is greater than the production required for the last campaign. This fact would allow the
farmer to raise the consumption. Thus, if the demands increased to values closer to the maximum
energy requirements (3.6 kW) the global efficiency of the plant would grow and the size of the
plant would be justified. However, a deeper analysis of the consumption pattern is required in
order to adjust the energy production to the farmer’s requirement, taking into account the future

possible variation of the demand, which would allow greater/lower power outputs.

Finally, it has been proved during this thesis the value of undertaking cross-disciplinary research.
Though innovative methods might work theoretically, their implementation may not be viable in
actual conditions. Therefore, these solutions require of the consideration of the organisations or
people involved, and a clear understanding of the regulations and management of the necessary

actions.

9.4. Impact of Research

This research has been disseminated in relevant in relevant water and energy platforms, both

journal and conference papers, as referenced in this thesis, including:

Journal Publications

1. M. Crespo Chacon, J. A. Rodriguez Diaz, J. Garcia-Morillo, and A. McNabola (2019).
“Pump-as-turbine selection methodology for energy recovery in irrigation networks:

Minimising the payback period,” Water (Switzerland), MDPI, vol. 11, no. 1, pp 1-20.

2. M. Crespo Chacon, J. A. Rodriguez Diaz, J. Garcia-Morillo, and A. McNabola (2020).

“Hydropower energy recovery in irrigation networks: validation of a methodology for
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flow prediction and pump as turbine selection,” Renewable Energy, 147, 1728-1738.

3. M. Crespo Chacon, J. A. Rodriguez Diaz, J. Garcia-Morillo, and A. McNabola (2020).
“Estimating regional potential for micro-hydropower energy recovery in irrigation
networks on a large geographical scale,” Renewable Energy, 155, 396-406.

4. M. Crespo Chacon, J. A. Rodriguez Diaz, J. Garcia-Morillo, and A. McNabola.
“Evaluation of the design and long-term performance of a micro hydropower plant in a
pressurised irrigation network: real world application at farm-level in Southern Spain”,

Renewable Energy (Under review).

Conference Publications

5. M. Crespo Chacoén, J. A. Rodriguez Diaz, J. Garcia-Morillo, J. Gallagher, P. Coughlan
and A. McNabola (2018). “Potential Energy Recovery Using Micro-Hydropower
Technology in Irrigation Networks: Real-World Case Studies in the South of Spain.”
Proceedings, 679. 3" International EWaS Conference: “Insights on the Water-Energy-
Food Nexus”, Lefkada Island, Greece 27-30 June 2018.

6. M. Crespo Chacon, J. A. Rodriguez Diaz, J. Garcia-Morillo, and A. McNabola (2019).
“Pump-as-turbines for energy recovery: An attractive solution for auto consumption in
agricultural farms”. International Conference on Green Construction, 8-9 April 2019,

Cordoba, Spain.

7. M. Crespo Chacon, J. A. Rodriguez Diaz, J. Garcia-Morillo, and A. McNabola (2020).
“Evaluation of the design of a micro hydropower plant at farm level in a pressurised
irrigation network in Southern Spain”. 6" IAHR Europe Congress, June 30" — July 2",
2020, Warsaw, Poland.

The practical contribution of this research was enhanced by the collaborative nature of the
REDAWN research project. The quarterly steering committee meetings and the experimental
plant constructed as part of the project provided the opportunity to get valuable feedback from
the key industry stakeholders and develop a unique experience on the exploitation of micro
hydropower resources for self-consumption in irrigation farms or remote locations with excess

pressure conditions.
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9.5. Areas for future research

Developing this thesis research, various areas for future research were identified. Once the flow
fluctuations can be predicted feasibly, the methodology could be implemented through
optimisation algorithm to find automatically the optimal points for energy recovery. Different
possibilities could be investigated, such as maximising the energy recovery or minimising the
investment risk and compare the potential impacts of both strategies. This comparison could help
to select the design strategy to be followed in future MHP projects in on-demand irrigation

networks, depending on the existing infrastructure on each case.

Pressurised infrastructure has been shown to be water efficient while demanding an important
amount of energy. On the other hand, free surface infrastructure (channels or ditches) required
less energy for the water conveyance, but with a lower water efficiency. The long-term impact
of the MHP is an important field to be evaluated. The importance of water and energy efficient
systems and the impact of climate change on irrigation habits may change the existing hydro
resources, therefore increasing or reducing the energy recovery potential. Statistical methods to
assess the future climatic conditions, as well as the evolution of the cropping patterns could be

useful to analyse the variation of MHP in on-demand irrigation networks.

One interesting research field would be the implementation of MHP with other solutions
proposed by previous researchers (i.e. sectoring, critical points detection or renewable energy).
While for solutions related to the network management, the first action to be taken should be the
one reducing the energy consumption (i.e. sectoring or replace the critical points) and then
identify areas with excess pressure if existed; for solutions related to other renewable energy
generation, MHP and the other source(s) could be complementary, creating hybrid systems for

energy supply (i.e. wind-hydro, solar-hydro).

Further research should be focused in areas related to the potential prints of MHP solutions in
the irrigation sector. Thus, life cycle assessment would provide an idea of the carbon print of this
technology, comparing it with other renewable energy solutions, selecting the most appropriate
for each particular case. Another interesting field could evaluate how MHP would affect to food
production, through reducing the costs associated to food production and increasing the added

value due to green energy and the CO, reduction.

Finally, the research on the energy storage systems is of highly importance for the irrigation
sector. The remote location of many excess pressure points makes unviable to develop plants for

energy recovery. This fact makes the current potential to decrease, as much of the energy that
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could be recover is not technically nor economically viable. Thus, cost-effective energy storage
systems could significantly increase the viable energy recovery potential.
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Appendix A

Appendix A: Chapter 4 Further Details

A.1. Monthly mass probability values for each flow for the different EPPs

Q EPP 1 Mass probability function f(x)

(5s) " 3an Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec
0 1.000 1.000 0.938 0.383 0.002 0.000 0.000 0.000 0.043 0.800 1.000 1.000
1 0.000 0.000 0.002 0.017 0.000 0.000 0.000 0.000 0.007 0.007 0.000 0.000
2 0.000 0.000 0.004 0.032 0.001 0.000 0.000 0.000 0.010 0.017 0.000 0.000
3 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000
4 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000
5 0.000 0.000 0.012 0.065 0.002 0.000 0.000 0.000 0.024 0.030 0.000 0.000
6 0.000 0.000 0.002 0.019 0.001 0.000 0.000 0.000 0.009 0.008 0.000 0.000
7 0.000 0.000 0.009 0.054 0.003 0.000 0.000 0.000 0.026 0.024 0.000 0.000
8 0.000 0.000 0.003 0.022 0.002 0.000 0.000 0.000 0.010 0.008 0.000 0.000
9 0.000 0.000 0.000 0.006 0.002 0.000 0.000 0.000 0.009 0.000 0.000 0.000
10 0.000 0.000 0.004 0.042 0.002 0.000 0.000 0.000 0.020 0.017 0.000 0.000
11 0.000 0.000 0.000 0.004 0.001 0.000 0.000 0.000 0.006 0.000 0.000 0.000
12 0.000 0.000 0.003 0.029 0003 0000 0000 0.000 0.024 0010 0.000 0.000
13 0.000 0.000 0.000 0.006 0.002 0.000 0.000 0.000 0011 0.001 0.000 0.000
14 0.000 0.000 0.000 0.006 0.003 0.000 0000 0.000 0011 0.000 0.000 0.000
15 0.000 0.000 0.003 0.026 0.004 0.000 0000 0.000 0019 0.010 0.000 0.000
16 0.000 0.000 0.003 0019 0003 0.000 0.000 0.000 0012 0.008 0.000 0.000
17 0.000 0.000 0.003 0.024 0005 0.000 0.000 0.000 0022 0.009 0.000 0.000
18 0.000 0.000 0.003 0.020 0003 0000 0.000 0.000 0018 0.008 0.000 0.000
19 0.000 0.000 0.002 0.020 0004 0.000 0000 0.000 0014 0.008 0.000 0.000
20 0.000 0.000 0.000 0.008 0.004 0.000 0.000 0.000 0.016 0.001 0.000 0.000
21 0000 0.000 0.000 0.005 0.005 0.000 0.000 0.000 0.010 0.000 0.000 0.000
22 0,000 0.000 0.000 0.009 0.006 0.000 0.000 0.000 0.020 0.001 0.000 0.000
23 0.000 0.000 0.002 0.021 0.005 0.000 0.000 0.000 0.017 0.008 0.000 0.000
24 0000 0.000 0.000 0.009 0.006 0.000 0.000 0.000 0.019 0.001 0.000 0.000
25 0.000 0.000 0.000 0.009 0.006 0.000 0.000 0.000 0.018 0.001 0.000 0.000
26 0,000 0.000 0.000 0.005 0.007 0.000 0.000 0.001 0.013 0.000 0.000 0.000
27 0,000 0.000 0.000 0.006 0.008 0.000 0.000 0.000 0.018 0.000 0.000 0.000
28 0,000 0.000 0.000 0.004 0.006 0.000 0.000 0.001 0012 0.000 0.000 0.000
29 0000 0.000 0.000 0.006 0.007 0.000 0.000 0.000 0.016 0.001 0.000 0.000
30 0.000 0.000 0.000 0.005 0.007 0.000 0.000 0.000 0.018 0.000 0.000 0.000
31 0.000 0.000 0.003 0.018 0.008 0.000 0.000 0.000 0.019 0.008 0.000 0.000
32 0.000 0.000 0.000 0.003 0.009 0.000 0.000 0.000 0.014 0.000 0.000 0.000
33 0.000 0.000 0.000 0.005 0.007 0.000 0.000 0.000 0.014 0.001 0.000 0.000
34 0.000 0.000 0.000 0.004 0.009 0.000 0.000 0.001 0.015 0.000 0.000 0.000
35 0.000 0.000 0.000 0.003 0.009 0.000 0.000 0.001 0.014 0.000 0.000 0.000
36 0.000 0.000 0.000 0.003 0.009 0.000 0.000 0.001 0.015 0.000 0.000 0.000
37 0.000 0.000 0.000 0.004 0.010 0.000 0.000 0.000 0.013 0.000 0.000 0.000
38 0.000 0.000 0.000 0.004 0.009 0.000 0.000 0.001 0.013 0.000 0.000 0.000
39 0.000 0.000 0.000 0.004 0.010 0.000 0.000 0.001 0.015 0.001 0.000 0.000
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90  0.000 0.000 0.000 0.000 0.07 0.001 0001 0.007 0.003 0.000 0.000 0.000
91  0.000 0.000 0.000 0.000 0.007 0.002 0.001 0.007 0.003 0.000 0.000 0.000
92 0000 0.000 0.000 0.000 0.007 0.002 0001 0.008 0.003 0.000 0.000 0.000
93  0.000 0.000 0.000 0.000 0.008 0.002 0001 0.007 0.003 0.000 0.000 0.000
94 0000 0.000 0.000 0.000 0.07 0.003 0001 0.007 0.003 0.000 0.000 0.000
95  0.000 0.000 0.000 0.000 0.007 0.002 0.001 0.008 0.003 0.000 0.000 0.000
96  0.000 0.000 0.000 0.000 0.005 0.002 0001 0.006 0.001 0.000 0.000 0.000
97  0.000 0.000 0.000 0.000 0.007 0.002 0.001 0.009 0.003 0.000 0.000 0.000
98  0.000 0.000 0.000 0.000 0.006 0.003 0.001 0.007 0.002 0.000 0.000 0.000
99  0.000 0.000 0.000 0.000 0.006 0.003 0.001 0.007 0.003 0.000 0.000 0.000
100  0.000 0.000 0.000 0.000 0.006 0.003 0.001 0.007 0.002 0.000 0.000 0.000
101  0.000 0.000 0.000 0.000 0.007 0.003 0.001 0.008 0.003 0.000 0.000 0.000
102 0.000 0.000 0.000 0.000 0.006 0.003 0.002 0.008 0.002 0.000 0.000 0.000
103 0.000 0.000 0.000 0.000 0.006 0.003 0.002 0.009 0.002 0.000 0.000 0.000
104 0.000 0.000 0.000 0.000 0.006 0.003 0.002 0.007 0.002 0.000 0.000 0.000
105 0.000 0.000 0.000 0.000 0.006 0.004 0.002 0.009 0.002 0.000 0.000 0.000
106  0.000 0.000 0.000 0.000 0.006 0.004 0.001 0.008 0.002 0.000 0.000 0.000
107 0.000 0.000 0.000 0.000 0.006 0.004 0.002 0.008 0.002 0.000 0.000 0.000
108  0.000 0.000 0.000 0.000 0.005 0.005 0.002 0.008 0.002 0.000 0.000 0.000
109 0.000 0.000 0.000 0.000 0.006 0.003 0.002 0.008 0.002 0.000 0.000 0.000
110 0.000 0.000 0.000 0.000 0.004 0.003 0.001 0.008 0.002 0.000 0.000 0.000
111 0.000 0.000 0.000 0.000 0.007 0.005 0.002 0.008 0.002 0.000 0.000 0.000
112 0.000 0.000 0.000 0.000 0.005 0.004 0.002 0.008 0.002 0.000 0.000 0.000
113 0.000 0.000 0.000 0.000 0.005 0.004 0.003 0.007 0.001 0.000 0.000 0.000
114 0.000 0.000 0.000 0.000 0.005 0.005 0.002 0.008 0.001 0.000 0.000 0.000
115 0.000 0.000 0.000 0.000 0.006 0.005 0.003 0.008 0.001 0.000 0.000 0.000
116  0.000 0.000 0.000 0.000 0.005 0.005 0.003 0.008 0.001 0.000 0.000 0.000
117 0.000 0.000 0.000 0.000 0.005 0.005 0.002 0.008 0.001 0.000 0.000 0.000
118 0.000 0.000 0.000 0.000 0.004 0.004 0.002 0.008 0.001 0.000 0.000 0.000
119 0.000 0.000 0.000 0.000 0.005 0.005 0.003 0.009 0.001 0.000 0.000 0.000
120 0.000 0.000 0.000 0.000 0.004 0.006 0.003 0.009 0.001 0.000 0.000 0.000
121 0.000 0.000 0.000 0.000 0.004 0.006 0.003 0.007 0.001 0.000 0.000 0.000
122 0.000 0.000 0.000 0.000 0.004 0.006 0.003 0.008 0.001 0.000 0.000 0.000
123 0.000 0.000 0.000 0.000 0.006 0.005 0.003 0.007 0.001 0.000 0.000 0.000
124 0.000 0.000 0.000 0.000 0.004 0.006 0.004 0.009 0.001 0.000 0.000 0.000
125 0.000 0.000 0.000 0.000 0.005 0.005 0.004 0.007 0.001 0.000 0.000 0.000
126 0.000 0.000 0.000 0.000 0.004 0.006 0.003 0.008 0.000 0.000 0.000 0.000
127 0.000 0.000 0.000 0.000 0.004 0.006 0.004 0.009 0.001 0.000 0.000 0.000
128  0.000 0.000 0.000 0.000 0.003 0.006 0.004 0.009 0.001 0.000 0.000 0.000
129 0.000 0.000 0.000 0.000 0.004 0.006 0.003 0.008 0.001 0.000 0.000 0.000
130 0.000 0.000 0.000 0.000 0.004 0.006 0.004 0.009 0.000 0.000 0.000 0.000
131 0.000 0.000 0.000 0.000 0.003 0.006 0.004 0.008 0.001 0.000 0.000 0.000
132 0.000 0.000 0.000 0.000 0.004 0.007 0.005 0.007 0.000 0.000 0.000 0.000
133 0.000 0.000 0.000 0.000 0.004 0.006 0.005 0.008 0.000 0.000 0.000 0.000
134 0.000 0.000 0.000 0.000 0.003 0.007 0.004 0.008 0.001 0.000 0.000 0.000
135 0.000 0.000 0.000 0.000 0.003 0.007 0.003 0.008 0.001 0.000 0.000 0.000
136 0.000 0.000 0.000 0.000 0.003 0.006 0.005 0.008 0.000 0.000 0.000 0.000
137 0.000 0.000 0.000 0.000 0.003 0.007 0.005 0.007 0.000 0.000 0.000 0.000
138 0.000 0.000 0.000 0.000 0.003 0.005 0.004 0.008 0.001 0.000 0.000 0.000
139 0.000 0.000 0.000 0.000 0.003 0.006 0.004 0.009 0.000 0.000 0.000 0.000
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0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.004
0.003
0.003
0.003
0.002
0.003
0.002
0.003
0.002
0.002
0.002
0.003
0.002
0.001
0.002
0.002
0.002
0.001
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.001
0.001
0.001
0.001
0.000
0.000
0.001
0.000
0.001
0.001
0.000
0.000
0.000
0.000
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.006
0.007
0.007
0.007
0.007
0.006
0.008
0.006
0.006
0.006
0.007
0.008
0.005
0.007
0.007
0.007
0.008
0.008
0.008
0.008
0.008
0.007
0.008
0.007
0.008
0.008
0.008
0.008
0.009
0.007
0.008
0.008
0.008
0.007
0.008
0.009
0.009
0.007
0.007
0.010
0.008
0.008
0.009
0.009
0.009
0.010
0.007
0.009
0.008
0.008

0.005
0.005
0.006
0.005
0.005
0.006
0.006
0.006
0.006
0.005
0.006
0.005
0.006
0.006
0.005
0.005
0.006
0.006
0.005
0.007
0.006
0.007
0.007
0.006
0.007
0.007
0.006
0.008
0.006
0.007
0.005
0.008
0.008
0.008
0.007
0.008
0.007
0.008
0.008
0.008
0.007
0.007
0.008
0.009
0.007
0.007
0.007
0.009
0.006
0.007

0.007
0.009
0.009
0.007
0.007
0.006
0.007
0.007
0.006
0.008
0.008
0.007
0.007
0.006
0.007
0.007
0.007
0.007
0.008
0.007
0.007
0.006
0.006
0.007
0.006
0.006
0.007
0.006
0.006
0.007
0.005
0.006
0.004
0.005
0.005
0.006
0.005
0.005
0.005
0.005
0.005
0.004
0.006
0.004
0.006
0.004
0.005
0.005
0.005
0.004

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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190 0.000 0.000 0.000 0.000 0.000 0.008 0.007 0.004 0.000 0.000 0.000 0.000
191 0.000 0.000 0.000 0.000 0.000 0.008 0.008 0.004 0.000 0.000 0.000 0.000
192 0.000 0.000 0.000 0.000 0.000 0.007 0.008 0.004 0.000 0.000 0.000 0.000
193 0.000 0.000 0.000 0.000 0.000 0.008 0.009 0.004 0.000 0.000 0.000 0.000
194 0.000 0.000 0.000 0.000 0.000 0.008 0.008 0.004 0.000 0.000 0.000 0.000
195 0.000 0.000 0.000 0.000 0.000 0.006 0.009 0.003 0.000 0.000 0.000 0.000
196 0.000 0.000 0.000 0.000 0.000 0.007 0.008 0.002 0.000 0.000 0.000 0.000
197 0.000 0.000 0.000 0.000 0.000 0.007 0.009 0.003 0.000 0.000 0.000 0.000
198 0.000 0.000 0.000 0.000 0.000 0.009 0.010 0.003 0.000 0.000 0.000 0.000
199 0.000 0.000 0.000 0.000 0.000 0.009 0.010 0.003 0.000 0.000 0.000 0.000
200 0.000 0.000 0.000 0.000 0.000 0.008 0.007 0.002 0.000 0.000 0.000 0.000
201 0.000 0.000 0.000 0.000 0.000 0.007 0.009 0.003 0.000 0.000 0.000 0.000
202 0.000 0.000 0.000 0.000 0.000 0.008 0.010 0.003 0.000 0.000 0.000 0.000
203 0.000 0.000 0.000 0.000 0.000 0.008 0.010 0.002 0.000 0.000 0.000 0.000
204 0.000 0.000 0.000 0.000 0.000 0.007 0.008 0.003 0.000 0.000 0.000 0.000
205 0.000 0.000 0.000 0.000 0.000 0.007 0.008 0.003 0.000 0.000 0.000 0.000
206 0.000 0.000 0.000 0.000 0.000 0.006 0.009 0.002 0.000 0.000 0.000 0.000
207 0.000 0.000 0.000 0.000 0.000 0.007 0.008 0.003 0.000 0.000 0.000 0.000
208 0.000 0.000 0.000 0.000 0.000 0.008 0.010 0.002 0.000 0.000 0.000 0.000
209 0.000 0.000 0.000 0.000 0.000 0.006 0.009 0.002 0.000 0.000 0.000 0.000
210 0.000 0.000 0.000 0.000 0.000 0.007 0.009 0.001 0.000 0.000 0.000 0.000
211 0.000 0.000 0.000 0.000 0.000 0.008 0.008 0.002 0.000 0.000 0.000 0.000
212 0.000 0.000 0.000 0.000 0.000 0.007 0.008 0.002 0.000 0.000 0.000 0.000
213 0.000 0.000 0.000 0.000 0.000 0.007 0.008 0.001 0.000 0.000 0.000 0.000
214 0.000 0.000 0.000 0.000 0.000 0.008 0.009 0.001 0.000 0.000 0.000 0.000
215 0.000 0.000 0.000 0.000 0.000 0.007 0.009 0.001 0.000 0.000 0.000 0.000
216 0.000 0.000 0.000 0.000 0.000 0.006 0.008 0.002 0.000 0.000 0.000 0.000
217 0.000 0.000 0.000 0.000 0.000 0.008 0.009 0.002 0.000 0.000 0.000 0.000
218 0.000 0.000 0.000 0.000 0.000 0.006 0.009 0.001 0.000 0.000 0.000 0.000
219 0.000 0.000 0.000 0.000 0.000 0.007 0.008 0.001 0.000 0.000 0.000 0.000
220 0.000 0.000 0.000 0.000 0.000 0.007 0.009 0.001 0.000 0.000 0.000 0.000
221 0.000 0.000 0.000 0.000 0.000 0.006 0.008 0.001 0.000 0.000 0.000 0.000
222 0.000 0.000 0.000 0.000 0.000 0.006 0.009 0.001 0.000 0.000 0.000 0.000
223 0.000 0.000 0.000 0.000 0.000 0.005 0.008 0.001 0.000 0.000 0.000 0.000
224 0.000 0.000 0.000 0.000 0.000 0.006 0.008 0.001 0.000 0.000 0.000 0.000
225 0.000 0.000 0.000 0.000 0.000 0.005 0.009 0.001 0.000 0.000 0.000 0.000
226 0.000 0.000 0.000 0.000 0.000 0.005 0.009 0.001 0.000 0.000 0.000 0.000
227 0.000 0.000 0.000 0.000 0.000 0.005 0.009 0.001 0.000 0.000 0.000 0.000
228 0.000 0.000 0.000 0.000 0.000 0.004 0.010 0.001 0.000 0.000 0.000 0.000
229 0.000 0.000 0.000 0.000 0.000 0.005 0.008 0.001 0.000 0.000 0.000 0.000
230 0.000 0.000 0.000 0.000 0.000 0.006 0.008 0.001 0.000 0.000 0.000 0.000
231 0.000 0.000 0.000 0.000 0.000 0.005 0.007 0.000 0.000 0.000 0.000 0.000
232 0.000 0.000 0.000 0.000 0.000 0.006 0.007 0.001 0.000 0.000 0.000 0.000
233 0.000 0.000 0.000 0.000 0.000 0.003 0.009 0.000 0.000 0.000 0.000 0.000
234 0.000 0.000 0.000 0.000 0.000 0.004 0.007 0.000 0.000 0.000 0.000 0.000
235 0.000 0.000 0.000 0.000 0.000 0.004 0.007 0.001 0.000 0.000 0.000 0.000
236 0.000 0.000 0.000 0.000 0.000 0.003 0.007 0.000 0.000 0.000 0.000 0.000
237 0.000 0.000 0.000 0.000 0.000 0.004 0.007 0.000 0.000 0.000 0.000 0.000
238 0.000 0.000 0.000 0.000 0.000 0.003 0.007 0.001 0.000 0.000 0.000 0.000
239 0.000 0.000 0.000 0.000 0.000 0.003 0.006 0.000 0.000 0.000 0.000 0.000
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240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289

198

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.004
0.003
0.003
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.002
0.001
0.001
0.001
0.001
0.001
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.005
0.006
0.007
0.005
0.005
0.006
0.005
0.006
0.005
0.005
0.005
0.005
0.003
0.004
0.003
0.003
0.003
0.003
0.004
0.003
0.003
0.002
0.002
0.002
0.002
0.003
0.002
0.002
0.001
0.001
0.001
0.001
0.002
0.001
0.001
0.001
0.001
0.001
0.000
0.001
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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290 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
291 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
293 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Q EPP 2 Mass probability function f(x)

(1)  Jan Feb Mar Apr May Jun  Jul Aug Sep Oct Nov  Dec
0 1.000 1.000 0985 0.808 0.232 0.014 0.006 0.058 0.493 0.951 1.000 1.000
1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
8 0.000 0.000 0.003 0.032 0.079 0.017 0.011 0.046 0.077 0.009 0.000 0.000
9 0.000 0.000 0.003 0.035 0.076 0.017 0.011 0.044 0.076 0.010 0.000 0.000
10 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
11 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
12 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
13 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
14 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
15 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
16 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
17 0.000 0.000 0.000 0.001 0.027 0.024 0.018 0.032 0.011 0.000 0.000 0.000
18 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
19 0.000 0.000 0.003 0.035 0.079 0.019 0.011 0.042 0.075 0.010 0.000 0.000
20 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
21 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
22 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
23 0.000 0.000 0.003 0.035 0.078 0.019 0.011 0.045 0.075 0.009 0.000 0.000
24 0.000 0.000 0.003 0.038 0.081 0.019 0.010 0.044 0.077 0.010 0.000 0.000
25 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
26 0.000 0.000 0.000 0.002 0.028 0.026 0.020 0.035 0.011 0.000 0.000 0.000
27 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
28 0.000 0.000 0.000 0.002 0.024 0.024 0.019 0.034 0.010 0.000 0.000 0.000
29 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
30 0.000 0.000 0.000 0.001 0.028 0.024 0.018 0.035 0.011 0.000 0.000 0.000
31 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
32 0.000 0.000 0.000 0.003 0.051 0.048 0.037 0.070 0.022 0.000 0.000 0.000
33 0.000 0.000 0.000 0.001 0.028 0.025 0.019 0.032 0.011 0.000 0.000 0.000
34 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
35 0.000 0.000 0.000 0.000 0.011 0.035 0.032 0.028 0.0010 0.000 0.000 0.000
36 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
39 0.000 0.000 0.000 0.000 0.009 0.034 0.034 0.026 0.002 0.000 0.000 0.000
40 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
41 0.000 0.000 0.000 0.000 0.009 0.033 0.035 0.026 0.002 0.000 0.000 0.000
42 0.000 0.000 0.000 0.002 0.026 0.025 0.021 0.033 0.011 0.000 0.000 0.000
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43 0.000 0.000 0.000 0.001 0.026 0.027 0.019 0.034 0.011 0.000 0.000 0.000
44 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
45 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
46 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
47 0.000 0.000 0.000 0.002 0.026 0.023 0.018 0.035 0.011 0.000 0.000 0.000
48 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
49 0.000 0.000 0.000 0.000 0.010 0.032 0.033 0.025 0.002 0.000 0.000 0.000
50 0.000 0.000 0.000 0.000 0.010 0.033 0.034 0.027 0.001 0.000 0.000 0.000
51 0.000 0.000 0.000 0.000 0.010 0.032 0.034 0.027 0.002 0.000 0.000 0.000
52 0.000 0.000 0.000 0.000 0.008 0.034 0.034 0.025 0.002 0.000 0.000 0.000
53 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
54  0.000 0.000 0.000 0.000 0.009 0.037 0.038 0.027 0.002 0.000 0.000 0.000
55 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
56 0.000 0.000 0.000 0.000 0.010 0.037 0.033 0.027 0.002 0.000 0.000 0.000
57 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
58 0.000 0.000 0.000 0.000 0.003 0.047 0.061 0.020 0.000 0.000 0.000 0.000
59 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
60 0.000 0.000 0.000 0.000 0.003 0.049 0.062 0.021 0.000 0.000 0.000 0.000
61 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
62 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
63 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
64 0.000 0.000 0.000 0.000 0.004 0.047 0.061 0.020 0.000 0.000 0.000 0.000
65 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
66 0.000 0.000 0.000 0.000 0.010 0.035 0.033 0.027 0.001 0.000 0.000 0.000
67 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
68 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
69 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
70 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
71 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
72 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
73 0.000 0.000 0.000 0.000 0.002 0.049 0.059 0.019 0.000 0.000 0.000 0.000
74 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
75 0.000 0.000 0.000 0.000 0.003 0.049 0.060 0.020 0.000 0.000 0.000 0.000
76 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
17 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
78 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
79 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
80 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
81 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
82 0.000 0.000 0.000 0.000 0.001 0.066 0.110 0.015 0.000 0.000 0.000 0.000
Q EPP 3 Mass probability function f(x)

(1s)  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
0 1.000 1.000 0.941 0423 0.002 0.000 0.000 0.000 0.051 0.813 1.000 1.000
1 0.000 0.000 0.006 0.035 0.001 0.000 0.000 0.000 0.015 0.016 0.000 0.000
2 0.000 0.000 0.005 0.040 0.002 0.000 0.000 0.000 0.018 0.007 0.000 0.000
3 0.000 0.000 0.006 0.037 0.003 0.000 0.000 0.000 0.019 0.016 0.000 0.000
4 0.000 0.000 0.000 0.004 0.002 0.000 0.000 0.000 0.006 0.000 0.000 0.000
5 0.000 0.000 0.006 0.039 0.003 0.000 0.000 0.000 0.022 0.018 0.000 0.000
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56
57
58
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0.000
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106 0.000 0.000 0.000 0.000 0.001 0.015 0.014 0.010 0.000 0.000 0.000 0.000
107 0.000 0.000 0.000 0.000 0.001 0.016 0.016 0.009 0.000 0.000 0.000 0.000
108 0.000 0.000 0.000 0.000 0.001 0.018 0.016 0.006 0.000 0.000 0.000 0.000
109 0.000 0.000 0.000 0.000 0.000 0.015 0.015 0.008 0.000 0.000 0.000 0.000
110 0.000 0.000 0.000 0.000 0.001 0.015 0.016 0.006 0.000 0.000 0.000 0.000
111 0.000 0.000 0.000 0.000 0.000 0.016 0.017 0.007 0.000 0.000 0.000 0.000
112 0.000 0.000 0.000 0.000 0.000 0.015 0.017 0.006 0.000 0.000 0.000 0.000
113 0.000 0.000 0.000 0.000 0.000 0.014 0.015 0.006 0.000 0.000 0.000 0.000
114 0.000 0.000 0.000 0.000 0.000 0.015 0.016 0.006 0.000 0.000 0.000 0.000
115 0.000 0.000 0.000 0.000 0.000 0.014 0.017 0.005 0.000 0.000 0.000 0.000
116 0.000 0.000 0.000 0.000 0.000 0.013 0.017 0.005 0.000 0.000 0.000 0.000
117 0.000 0.000 0.000 0.000 0.000 0.014 0.014 0.005 0.000 0.000 0.000 0.000
118 0.000 0.000 0.000 0.000 0.000 0.013 0.015 0.005 0.000 0.000 0.000 0.000
119 0.000 0.000 0.000 0.000 0.000 0.014 0.013 0.005 0.000 0.000 0.000 0.000
120 0.000 0.000 0.000 0.000 0.000 0.013 0.018 0.005 0.000 0.000 0.000 0.000
121 0.000 0.000 0.000 0.000 0.000 0.016 0.016 0.005 0.000 0.000 0.000 0.000
122 0.000 0.000 0.000 0.000 0.000 0.012 0.016 0.003 0.000 0.000 0.000 0.000
123 0.000 0.000 0.000 0.000 0.000 0.011 0.012 0.003 0.000 0.000 0.000 0.000
124 0.000 0.000 0.000 0.000 0.000 0.012 0.016 0.003 0.000 0.000 0.000 0.000
125 0.000 0.000 0.000 0.000 0.000 0.012 0.016 0.003 0.000 0.000 0.000 0.000
126 0.000 0.000 0.000 0.000 0.000 0.010 0.015 0.003 0.000 0.000 0.000 0.000
127 0.000 0.000 0.000 0.000 0.000 0.010 0.016 0.003 0.000 0.000 0.000 0.000
128 0.000 0.000 0.000 0.000 0.000 0.012 0.013 0.002 0.000 0.000 0.000 0.000
129 0.000 0.000 0.000 0.000 0.000 0.011 0.015 0.002 0.000 0.000 0.000 0.000
130 0.000 0.000 0.000 0.000 0.000 0.011 0.015 0.002 0.000 0.000 0.000 0.000
131 0.000 0.000 0.000 0.000 0.000 0.011 0.014 0.001 0.000 0.000 0.000 0.000
132 0.000 0.000 0.000 0.000 0.000 0.009 0.015 0.001 0.000 0.000 0.000 0.000
133 0.000 0.000 0.000 0.000 0.000 0.009 0.014 0.001 0.000 0.000 0.000 0.000
134 0.000 0.000 0.000 0.000 0.000 0.008 0.012 0.001 0.000 0.000 0.000 0.000
135 0.000 0.000 0.000 0.000 0.000 0.007 0.013 0.001 0.000 0.000 0.000 0.000
136 0.000 0.000 0.000 0.000 0.000 0.006 0.013 0.001 0.000 0.000 0.000 0.000
137 0.000 0.000 0.000 0.000 0.000 0.007 0.011 0.001 0.000 0.000 0.000 0.000
138 0.000 0.000 0.000 0.000 0.000 0.006 0.013 0.001 0.000 0.000 0.000 0.000
139 0.000 0.000 0.000 0.000 0.000 0.006 0.010 0.001 0.000 0.000 0.000 0.000
140 0.000 0.000 0.000 0.000 0.000 0.005 0.011 0.001 0.000 0.000 0.000 0.000
141 0.000 0.000 0.000 0.000 0.000 0.006 0.010 0.001 0.000 0.000 0.000 0.000
142 0.000 0.000 0.000 0.000 0.000 0.005 0.009 0.001 0.000 0.000 0.000 0.000
143 0.000 0.000 0.000 0.000 0.000 0.005 0.011 0.000 0.000 0.000 0.000 0.000
144 0.000 0.000 0.000 0.000 0.000 0.004 0.009 0.000 0.000 0.000 0.000 0.000
145 0.000 0.000 0.000 0.000 0.000 0.004 0.008 0.001 0.000 0.000 0.000 0.000
146  0.000 0.000 0.000 0.000 0.000 0.004 0.009 0.001 0.000 0.000 0.000 0.000
147 0.000 0.000 0.000 0.000 0.000 0.004 0.008 0.001 0.000 0.000 0.000 0.000
148 0.000 0.000 0.000 0.000 0.000 0.004 0.007 0.000 0.000 0.000 0.000 0.000
149 0.000 0.000 0.000 0.000 0.000 0.003 0.008 0.001 0.000 0.000 0.000 0.000
150 0.000 0.000 0.000 0.000 0.000 0.004 0.007 0.000 0.000 0.000 0.000 0.000
151 0.000 0.000 0.000 0.000 0.000 0.003 0.005 0.000 0.000 0.000 0.000 0.000
152 0.000 0.000 0.000 0.000 0.000 0.003 0.006 0.000 0.000 0.000 0.000 0.000
153 0.000 0.000 0.000 0.000 0.000 0.002 0.004 0.000 0.000 0.000 0.000 0.000
154 0.000 0.000 0.000 0.000 0.000 0.002 0.005 0.000 0.000 0.000 0.000 0.000
155 0.000 0.000 0.000 0.000 0.000 0.002 0.004 0.000 0.000 0.000 0.000 0.000
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156 0.000 0.000 0.000 0.000 0.000 0.002 0.004 0.000 0.000 0.000 0.000 0.000

157 0.000 0.000 0.000 0.000 0.000 0.001 0.004 0.000 0.000 0.000 0.000 0.000

158 0.000 0.000 0.000 0.000 0.000 0.002 0.003 0.000 0.000 0.000 0.000 0.000

159 0.000 0.000 0.000 0.000 0.000 0.001 0.004 0.000 0.000 0.000 0.000 0.000

160 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.000 0.000 0.000 0.000 0.000

161 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.000

162 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.000

163 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.000 0.000 0.000 0.000 0.000

164 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000

165 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.000

166 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000

167 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

168 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

169 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

170 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

171 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

172 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

173 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

174 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

175 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

176 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

177 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

178 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

179 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Q EPP 4 Mass probability function f(x)

(/s)  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
0 1.000 1.000 0.930 0.341 0.001 0.000 0.000 0.000 0.026 0.787 1.000 1.000
1 0.000 0.000 0.016 0.092 0.001 0.000 0.000 0.000 0.023 0.043 0.000 0.000
2 0.000 0.000 0.016 0.100 0.003 0.000 0.000 0.000 0.037 0.044 0.000 0.000
3 0.000 0.000 0.014 0.092 0.004 0.000 0.000 0.000 0.046 0.040 0.000 0.000
4 0.000 0.000 0.003 0.045 0.005 0.000 0.000 0.000 0.043 0.011 0.000 0.000
5 0.000 0.000 0.005 0.053 0.007 0.000 0.000 0.000 0.049 0.016 0.000 0.000
6 0.000 0.000 0.007 0.063 0.008 0.000 0.000 0.000 0.051 0.023 0.000 0.000
7 0.000 0.000 0.000 0.026 0.010 0.000 0.000 0.000 0.044 0.003 0.000 0.000
8 0.000 0.000 0.002 0.037 0.016 0.000 0.000 0.000 0.053 0.009 0.000 0.000
9 0.000 0.000 0.002 0.038 0.016 0.000 0.000 0.001 0.054 0.010 0.000 0.000
10 0.000 0.000 0.000 0.016 0.023 0.000 0.000 0.001 0.049 0.001 0.000 0.000
11 0.000 0.000 0.000 0.016 0.023 0.000 0.000 0.001 0.048 0.001 0.000 0.000
12 0.000 0.000 0.000 0.011 0.026 0.000 0.000 0.002 0.044 0.001 0.000 0.000
13 0.000 0.000 0.000 0.006 0.028 0.000 0.000 0.002 0.040 0.000 0.000 0.000
14 0.000 0.000 0.000 0.007 0.029 0.000 0.000 0.002 0.038 0.000 0.000 0.000
15 0.000 0.000 0.000 0.005 0.031 0.000 0.000 0.003 0.035 0.000 0.000 0.000
16 0.000 0.000 0.000 0.002 0.036 0.000 0.000 0.004 0.029 0.000 0.000 0.000
17 0.000 0.000 0.000 0.004 0.033 0.000 0.000 0.004 0.029 0.000 0.000 0.000
18 0.000 0.000 0.000 0.002 0.034 0.000 0.000 0.006 0.024 0.000 0.000 0.000
19 0.000 0.000 0.000 0.001 0.033 0.000 0.000 0.007 0.018 0.000 0.000 0.000

20 0.000 0.000 0.000 0.001 0.033 0.000 0.000 0.009 0.016 0.000 0.000 0.000
21 0.000 0.000 0.002 0.014 0.034 0.001 0.000 0.009 0.018 0.008 0.000 0.000
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22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.005
0.004
0.002
0.002
0.002
0.003
0.001
0.002
0.002
0.001
0.001
0.001
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.034
0.030
0.029
0.028
0.026
0.027
0.023
0.024
0.025
0.021
0.022
0.020
0.021
0.018
0.017
0.016
0.018
0.016
0.016
0.014
0.012
0.013
0.011
0.009
0.010
0.009
0.009
0.007
0.007
0.005
0.005
0.004
0.004
0.003
0.003
0.002
0.002
0.001
0.001
0.001
0.000
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.001
0.002
0.001
0.002
0.002
0.003
0.004
0.005
0.006
0.007
0.007
0.008
0.007
0.010
0.011
0.011
0.015
0.015
0.015
0.016
0.014
0.017
0.020
0.018
0.019
0.019
0.022
0.022
0.022
0.024
0.021
0.026
0.023
0.023
0.025
0.023
0.024
0.024
0.023
0.025
0.026
0.025
0.028
0.023
0.024
0.026
0.023
0.021
0.022

0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.002
0.003
0.002
0.003
0.005
0.005
0.006
0.007
0.007
0.009
0.007
0.010
0.011
0.013
0.014
0.015
0.016
0.016
0.015
0.016
0.017
0.018
0.019
0.019
0.022
0.020
0.023
0.021
0.023
0.020
0.024
0.023
0.024
0.025
0.027
0.026
0.025
0.026
0.028
0.025

0.010
0.013
0.014
0.013
0.017
0.017
0.021
0.020
0.021
0.020
0.025
0.025
0.024
0.024
0.024
0.023
0.026
0.026
0.025
0.025
0.025
0.023
0.024
0.022
0.024
0.022
0.021
0.023
0.024
0.021
0.022
0.021
0.019
0.021
0.019
0.017
0.019
0.017
0.016
0.016
0.013
0.013
0.012
0.010
0.011
0.010
0.008
0.009
0.006
0.004

0.016
0.015
0.012
0.012
0.013
0.015
0.011
0.011
0.010
0.009
0.009
0.007
0.007
0.007
0.005
0.005
0.004
0.003
0.003
0.003
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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72 0.000 0.000 0.000 0.000 0.000 0.022 0.028 0.005 0.000 0.000 0.000 0.000
73 0.000 0.000 0.000 0.000 0.000 0.018 0.026 0.004 0.000 0.000 0.000 0.000
74 0.000 0.000 0.000 0.000 0.000 0.020 0.026 0.003 0.000 0.000 0.000 0.000
75 0.000 0.000 0.000 0.000 0.000 0.019 0.028 0.002 0.000 0.000 0.000 0.000
76 0.000 0.000 0.000 0.000 0.000 0.016 0.025 0.002 0.000 0.000 0.000 0.000
77 0.000 0.000 0.000 0.000 0.000 0.014 0.024 0.002 0.000 0.000 0.000 0.000
78 0.000 0.000 0.000 0.000 0.000 0.014 0.027 0.001 0.000 0.000 0.000 0.000
79 0.000 0.000 0.000 0.000 0.000 0.012 0.024 0.001 0.000 0.000 0.000 0.000
80 0.000 0.000 0.000 0.000 0.000 0.011 0.020 0.001 0.000 0.000 0.000 0.000
81 0.000 0.000 0.000 0.000 0.000 0.010 0.020 0.001 0.000 0.000 0.000 0.000
82 0.000 0.000 0.000 0.000 0.000 0.008 0.018 0.001 0.000 0.000 0.000 0.000
83 0.000 0.000 0.000 0.000 0.000 0.006 0.015 0.000 0.000 0.000 0.000 0.000
84 0.000 0.000 0.000 0.000 0.000 0.007 0.014 0.000 0.000 0.000 0.000 0.000
85 0.000 0.000 0.000 0.000 0.000 0.004 0.013 0.000 0.000 0.000 0.000 0.000
86 0.000 0.000 0.000 0.000 0.000 0.004 0.011 0.000 0.000 0.000 0.000 0.000
87 0.000 0.000 0.000 0.000 0.000 0.003 0.010 0.000 0.000 0.000 0.000 0.000
88 0.000 0.000 0.000 0.000 0.000 0.003 0.007 0.000 0.000 0.000 0.000 0.000
89 0.000 0.000 0.000 0.000 0.000 0.002 0.005 0.000 0.000 0.000 0.000 0.000
90 0.000 0.000 0.000 0.000 0.000 0.002 0.004 0.000 0.000 0.000 0.000 0.000
91 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.000 0.000 0.000 0.000 0.000
92 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000
93 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000
94 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
95 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
96 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
97 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
98 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
99 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Q EPP 5 Mass probability function f(x)

(1s)  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
0 1.000 1.000 0.948 0437 0.003 0.000 0.000 0.000 0.061 0.826 1.000 1.000
1 0.000 0.000 0.010 0.076 0.006 0.000 0.000 0.000 0.042 0.031 0.000 0.000
2 0.000 0.000 0.008 0.062 0.006 0.000 0.000 0.000 0.038 0.024 0.000 0.000
3 0.000 0.000 0.008 0.070 0.007 0.000 0.000 0.000 0.049 0.024 0.000 0.000
4 0.000 0.000 0.005 0.049 0.010 0.000 0.000 0.000 0.042 0.017 0.000 0.000
5 0.000 0.000 0.007 0.065 0.014 0.000 0.000 0.000 0.055 0.026 0.000 0.000
6 0.000 0.000 0.002 0.038 0.016 0.000 0.000 0.000 0.050 0.009 0.000 0.000
7 0.000 0.000 0.0112 0.092 0.024 0.000 0.000 0.001 0.085 0.034 0.000 0.000
8 0.000 0.000 0.000 0.025 0.024 0.000 0.000 0.001 0.058 0.002 0.000 0.000
9 0.000 0.000 0.000 0.018 0.025 0.000 0.000 0.002 0.049 0.002 0.000 0.000
10 0.000 0.000 0.000 0.017 0.032 0.000 0.000 0.003 0.059 0.002 0.000 0.000
11 0.000 0.000 0.000 0.010 0.033 0.000 0.000 0.004 0.051 0.001 0.000 0.000
12 0.000 0.000 0.000 0.014 0.038 0.000 0.000 0.006 0.052 0.0010 0.000 0.000
13 0.000 0.000 0.000 0.006 0.039 0.000 0.000 0.005 0.041 0.000 0.000 0.000
14 0.000 0.000 0.000 0.009 0.045 0.001 0.000 0.007 0.046 0.001 0.000 0.000
15 0.000 0.000 0.000 0.005 0.044 0.001 0.000 0.008 0.035 0.000 0.000 0.000
16 0.000 0.000 0.000 0.003 0.045 0.001 0.000 0.011 0.029 0.000 0.000 0.000
17 0.000 0.000 0.000 0.002 0.045 0.001 0.000 0.014 0.024 0.000 0.000 0.000
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18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.001
0.001
0.001
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.042
0.044
0.044
0.042
0.041
0.036
0.037
0.034
0.031
0.027
0.026
0.021
0.019
0.018
0.017
0.012
0.011
0.009
0.006
0.005
0.006
0.004
0.004
0.003
0.002
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.001
0.002
0.002
0.004
0.004
0.006
0.006
0.008
0.009
0.011
0.011
0.012
0.017
0.018
0.020
0.022
0.023
0.029
0.027
0.033
0.034
0.036
0.036
0.040
0.042
0.041
0.038
0.038
0.038
0.039
0.039
0.035
0.036
0.031
0.028
0.025
0.024
0.020
0.019
0.018
0.013
0.012
0.010
0.009
0.006
0.005
0.005
0.003
0.002
0.002

0.000
0.001
0.001
0.002
0.001
0.001
0.002
0.002
0.003
0.004
0.007
0.006
0.007
0.009
0.010
0.012
0.014
0.016
0.020
0.021
0.023
0.026
0.028
0.031
0.032
0.033
0.035
0.036
0.037
0.041
0.041
0.040
0.041
0.041
0.038
0.038
0.038
0.036
0.030
0.030
0.029
0.025
0.021
0.018
0.015
0.013
0.010
0.011
0.006
0.005

0.016
0.015
0.018
0.022
0.027
0.024
0.028
0.029
0.035
0.035
0.037
0.036
0.039
0.040
0.042
0.041
0.038
0.038
0.038
0.036
0.034
0.031
0.029
0.025
0.025
0.023
0.021
0.019
0.015
0.014
0.012
0.010
0.008
0.007
0.007
0.005
0.004
0.003
0.002
0.003
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000

0.025
0.022
0.017
0.015
0.012
0.009
0.009
0.007
0.005
0.004
0.004
0.002
0.001
0.001
0.001
0.001
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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68 0.000 0.000 0.000 0.000 0.000 0.001 0.004 0.000 0.000 0.000 0.000 0.000
69 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.000 0.000 0.000 0.000 0.000
70 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.000
71 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000
72 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
73 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
74 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
75 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A.2. Monthly binomial distributions Figures.
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Figure A.2-1. Monthly binomial distributions for the irrigation season for the EPP2
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EPP 3
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Figure A.2-2. Monthly binomial distributions for the irrigation season for the EPP 3
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Figure A.2-3. Monthly binomial distributions for the irrigation season for the EPP 4
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A.3. Monthly theoretical and predicted irrigation crop requirements.

EPP 2
2500
M Theoretical

2000 Predicted
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Figure A.2-4. Monthly theoretical irrigation crop requirements vs predicted crop irrigation

requirements for the EPP 2
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Figure A.2-5. Monthly theoretical irrigation crop requirements vs predicted crop irrigation

requirements for the EPP 3
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2.5E+06 EPP 4
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Figure A.2-6. Monthly theoretical irrigation crop requirements vs predicted crop irrigation

requirements for the EPP 4
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Appendix B: Chapter 5 Further Details

B.1. Annual mass probability function Figures for predicted and actual flow values.

EPP 1

0.12 —— Predicted
—— Actual
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Figure B.1-1. Annual mass probability function values for predicted and actual flow domains for EPP 1
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Probability

Probability

EPP 2
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—— Actual
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Figure B.1-2. Annual mass probability function values for predicted and actual flow domains for EPP 2
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Figure B.1-3. Annual mass probability function values for predicted and actual flow domains for EPP 3
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EPP 4
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Figure B.1-4. Annual mass probability function values for predicted and actual flow domains for EPP 4
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Figure B.1-5. Annual mass probability function values for predicted and actual flow domains for EPP 5
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Probability

Probability

EPP 6

—— Predicted

—— Actual
0.14 4

0.12

0.10 ~

0.08 A

0.06

0.04 ~

0.02

0.00 ~

T T 1 1
0 50 100 150 200 250
Flow (l/s)

Figure B.1-6. Annual mass probability function values for predicted and actual flow domains for EPP 6
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Figure B.1-7. Annual mass probability function values for predicted and actual flow domains for EPP 7
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EPP 8
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Figure B.1-8. Annual mass probability function values for predicted and actual flow domains for EPP 8
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Figure B.1-9. Annual mass probability function values for predicted and actual flow domains for EPP 9
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—— Energy recovery for predicted flows
350 - —— Energy recovery for actual flows
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Figure B.2-1. Potential energy recovery comparison for each flow between predicted and actual conditions EPP 1

EPP 2
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Figure B.2-2. Potential energy recovery comparison for each flow between predicted and actual conditions EPP 2
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EPP 4

—— Energy recovery for predicted flows
500 - —— Energy recovery for actual flows
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Figure B.2-3. Potential energy recovery comparison for each flow between predicted and actual conditions EPP 4
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Figure B.2-4. Potential energy recovery comparison for each flow between predicted and actual conditions EPP 5
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EPP 6
—— Energy recovery for predicted flows

140 - —— Energy recovery for actual flows
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Figure B.2-5. Potential energy recovery comparison for each flow between predicted and actual conditions EPP 6
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Figure B.2-6. Potential energy recovery comparison for each flow between predicted and actual conditions EPP 7
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EPP 8
—— Energy recovery for predicted flows
—— Energy recovery for actual flows
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Figure B.2-7. Potential energy recovery comparison for each flow between predicted and actual conditions EPP 8
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Figure B.2-8. Potential energy recovery comparison for each flow between predicted and actual conditions EPP 9
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Appendix C: Chapter 6 Further Details

C.1. Input proxy variables and output predicted for each municipality

C . Energy
0,

Municipality Province Surface (ha) log(IR) Slope (%0) (MWh)
Adamuz Coérdoba 1093.54 6.00 3.67 199.69
Aguadulce Sevilla 149.63 6.98 1.92 38.37
Aguilardela g 400, 1043.48 6.78 12.04 188.61
Frontera
Alanis Sevilla 0.64 6.38 15.74 413
Albaida del Sevilla 4.97 7.77 5.29 5.91
Aljarafe
Alcala de Sevilla 1474.98 5.5 2.88 256.83
Guadaira
Alcala del Rio Sevilla 1299.30 6.69 10.27 227.07
Alcaracejos Cordoba 30.92 3.51 4.82 13.95
Qi'go'ea del Sevilla 1199.80 578 10.11 212.75
Algaba (La) Sevilla 553.99 7.00 5.26 100.39
Algamitas Sevilla 2.79 6.36 2.31 6.59
Almaden de Sevilla 1.11 6.64 10.60 10.62
la Plata
Almedinilla Cérdoba 24.79 6.80 8.56 12.91
Almensilla Sevilla 68.09 3.93 3.74 22.44
Almodovar Cordoba 1953.27 4.52 5.23 339.86
del Rio
Afiora Cérdoba 2.33 5.26 7.36 7.23
Arahal Sevilla 870.41 7.05 13.15 155.01
Aznalcazar Sevilla 1814.68 5.09 0.30 314.01
Aznalcollar Sevilla 178.71 5.87 8.57 46.07
Badolatosa Sevilla 507.22 5.76 6.24 109.64
Baena Cérdoba 3073.08 5.10 13.29 532.76
Belalcazar Cérdoba 55.18 7.01 2.82 20.36
Belmez Cérdoba 441.97 6.95 2.52 91.66
Benacazoén Sevilla 713.99 6.11 4.86 128.89
Benameji Cérdoba 358.36 7.10 6.34 80.99
Blazquez Cérdoba 12.41 4.14 13.00 8.81
(Los)
Bollullos de Sevilla 929.97 6.11 13.97 165.42
la Mitacién
Bormujos Sevilla 62.27 6.77 7.15 2151
Brenes Sevilla 870.70 0.00 0.00 153.69
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Bujalance
Burguillos
Cabezas de
San Juan
(Las)

Cabra

Camas
Campana (La)
Cafiada Rosal
Cafiete de las
Torres
Cantillana
Carcabuey
Cardefia
Carlota (La)
Carmona
Carpio (EI
Carrién de los
Céspedes
Casariche
Castilblanco
de los
Arroyos
Castilleja de
Guzman

Castilleja de
la Cuesta

Castilleja del
Campo
Castillo de las
Guardas (EI)
Castro del
Rio

Cazalla de la
Sierra
Conquista
Constantina
Cordoba
Coria del Rio
Coripe
Coronil (EI)
Corrales
(Los)

Cuervo de
Sevilla (EI)
Dofia Mencia
Dos
Hermanas
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Cérdoba
Sevilla

Sevilla

Cordoba
Sevilla
Sevilla
Sevilla

Cordoba

Sevilla
Cordoba
Cordoba
Cordoba

Sevilla
Cordoba

Sevilla

Sevilla

Sevilla

Sevilla

Sevilla

Sevilla

Sevilla

Cérdoba

Sevilla

Cordoba
Sevilla
Cordoba
Sevilla
Sevilla
Sevilla

Sevilla

Sevilla

Cérdoba

Sevilla

543.94
659.12

367.27

235.68
0.52
1128.12
207.15

11.25

1968.24
61.76
0.16
385.52
6623.42
405.23

10.57
593.02

369.74

0.00

0.00

67.10

15.95

1220.06

6.36

0.47
96.17
4132.89
342.12
0.36
34.74

228.13

26.72

3.53
1587.16

6.87
4.13

5.42

6.59
5.86
6.63
6.10

7.27

7.46
4.23
5.52
3.85
6.39
6.44

6.91
3.68

6.43

4.00

5.52

6.11

7.05

5.60

4.22

6.28
6.13
4.81
6.03
7.44
6.47

7.29

5.26

6.77
3.24

5.70
25.55

12.86

0.98
9.43
5.56
1.73

12.61

4.90
10.40
6.73
25.94
7.42
9.12

6.13
6.30

5.24

431

2.54

2.71

6.75

2.94

34.25

10.73
5.46
8.76

15.48
421
2.28

7.57

2.38

2.67
19.45

111.14
122.40

75.04

59.93
4.03
198.68
44.35

9.31

341.06
2251
6.95
75.43
1121.99
81.64

7.38
109.81

80.21

0.71

0.71

23.15

9.22

218.65

7.92

4.69
29.99
706.88
64.99
544
14.88

56.68

12.42

8.66
274.94
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Dos Torres
Ecija
Encinas
Reales
Espartinas
Espejo
Espiel
Estepa
Fernan-Nufez
Fuente la
Lancha
Fuente
Obejuna
Fuente
Palmera
Fuentes de
Andalucia
Fuente-TGjar
Garrobo (El)
Gelves
Gerena
Gilena
Gines
Granjuela
(La)
Guadalcanal
Guadalcazar
Guijo (El
Guillena
Herrera
Hinojosa del
Duque
Hornachuelos
Huévar del
Aljarafe

Isla Mayor
Izndjar
Lantejuela
(La)

Lebrija

Lora de
Estepa

Lora del Rio
Lucena
Luisiana (La)
Luque
Madrofio (El)
Mairena del
Alcor

Cérdoba
Sevilla

Cérdoba

Sevilla
Cordoba
Cordoba

Sevilla
Cordoba

Cordoba

Cérdoba

Cérdoba

Sevilla

Cordoba
Sevilla
Sevilla
Sevilla
Sevilla
Sevilla

Cérdoba

Sevilla
Cordoba
Cordoba

Sevilla

Sevilla

Cérdoba
Cérdoba
Sevilla

Sevilla
Cérdoba

Sevilla
Sevilla
Sevilla

Sevilla
Cordoba
Sevilla
Cordoba
Sevilla

Sevilla

25.85
9654.68

17.81

60.03
132.75
1.64
1500.08
50.13

0.59

488.55

2063.30

368.84

12.73
1.29
18.90
226.18
883.93
0.00

17.81

45.72
1871.38
0.00
697.10
1345.69

17.88
5444.92
461.34

10.34
56.58

56.16
199.32
201.27

4085.30
173.59
475.67
398.11

0.29

279.30

6.54
6.84

7.08

5.35
6.04
6.10
6.31
4.84

6.53

5.50

6.63

4.66

2.85
5.47
7.00
7.46
4.53
5.96

6.73

4.48
5.55
6.37
6.35
414

6.40
6.63
5.87

4.73
6.63

4.96
5.38
5.61

7.06
6.87
3.52
3.39
6.42

5.65

11.61
8.21

2.95

16.62
5.84
9.33
4.16

11.82

14.40

15.95

3.05

7.58

15.95
4.78
4.07
9.53
9.01
6.29

3.24

9.04
4.45
4.08
6.90
10.86

6.20
1.03
2.42

0.69
6.59

10.90
2.95
6.45

6.18
8.95
8.61
7.05
8.60

4.56

12.40
1633.23

9.96

20.63
38.23
8.34
262.91
19.39

4.21

93.21

356.13

70.29

7.97
4.29
9.92
51.87
160.69
0.71

9.99

18.08
326.39
0.71
127.97
237.59

10.02
925.56
88.87

7.40
23.03

19.62
44.63
49.02

696.65
48.80
88.19
94.68

8.24

59.20
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Mairena del
Aljarafe
Marchena
Marinaleda
Martin de la
Jara

Molares (Los)
Montalban de
Cordoba
Montellano
Montemayor
Montilla
Montoro
Monturque
Moriles
Mordn de la
Frontera
Navas de la
Concepcion
(Las)

Nueva
Carteya
Obejo
Olivares
Osuna
Palacios y
Villafranca
(Los)
Palenciana
Palma del Rio
Palomares del
Rio

Paradas
Pedrera
Pedro Abad
Pedroche
Pedroso (EI)
Pefiaflor
Pefarroya-
Pueblonuevo
Pilas
Posadas
Pozoblanco
Priego de
Cordoba
Pruna
Puebla de
Cazalla (La)
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Sevilla

Sevilla
Sevilla

Sevilla

Sevilla
Cérdoba

Sevilla
Cordoba
Cordoba
Cordoba
Cordoba
Cordoba

Sevilla

Sevilla

Cérdoba

Cérdoba
Sevilla
Sevilla

Sevilla
Cérdoba
Cérdoba

Sevilla

Sevilla
Sevilla
Cordoba
Cordoba
Sevilla
Sevilla

Cérdoba

Sevilla
Cérdoba
Cérdoba

Cérdoba

Sevilla

Sevilla

51.67

1618.52
137.37

335.09
104.71

802.92

33.21
98.96
613.06
2012.91
140.13
93.77

1889.73

0.70

212.93

244
122.93
3129.40

483.97
118.67
4515.06

12.28

288.15
605.31
380.65
0.87
26.28
1317.85

1.85

470.97
1876.33
2.75

210.39
14.45

741.38

6.65

2.51
7.32

3.72
6.46

6.41

4.64
3.41
7.44
4.26
6.83
5.19

4.84

4.60

6.99

4.95
6.29
4.59

6.61
7.51
4.82

4.42

5.12
5.54
5.84
3.93
6.92
4.28

6.60

6.44
5.49
6.23

0.00
4.94

6.65

7.37

17.17
4.09

5.23
1.14

5.66

9.08
4.76
7.21
17.04
3.09
7.01

2.82

18.56

4.73

3.74
5.03
3.13

7.57
2.81
2.85

8.97

3.89
5.27
8.26
17.66
4.36
19.44

4.71

3.77
11.58
9.07

0.00
17.14

9.36

19.13

281.86
38.73

71.85
29.52

149.74

14.29
31.20
120.45
355.06
39.95
29.11

329.04

5.29

57.38

10.81
34.49
535.90

88.68
35.45
769.37

8.08

61.80
114.73
79.66
4.71
12.40
231.57

4.59

88.54
327.22
13.49

57.12
11.52

138.71
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Puebla de los
Infantes (La)
Puebla del
Rio (La)
Puente Genil
Rambla (La)
Real de la
Jara (El)
Rinconada
(La)

Roda de
Andalucia
(La)
Ronquillo
(ED

Rubio (EI)
Rute

Salteras

San Juan de
Aznalfarache
San Nicolas
del Puerto
San Sebastian
de los
Ballesteros
Sanldcar la
Mayor

Santa
Eufemia
Santaella
Santiponce
Saucejo (El)
Sevilla
Tocina
Tomares
Torrecampo
Umbrete
Utrera
Valencina de
la Concepcidn
Valenzuela
Valsequillo
Victoria (La)
Villa del Rio
Villafranca de
Cordoba

Villaharta

Sevilla

Sevilla

Cérdoba
Cérdoba

Sevilla

Sevilla

Sevilla

Sevilla

Sevilla
Cérdoba
Sevilla

Sevilla

Sevilla

Cérdoba

Sevilla

Cérdoba

Cordoba
Sevilla
Sevilla
Sevilla
Sevilla
Sevilla

Cordoba
Sevilla
Sevilla

Sevilla

Cordoba
Cordoba
Cordoba
Cordoba

Cérdoba
Cordoba

134.30

116.99

3188.47
1135.70

0.70

2342.60

594.56

0.12

26.66
42.63
117.32

0.00

0.00

7.53

410.32

5.69

4711.96
50.67
120.29
331.12
439.01
0.83
5.22
93.30
1964.58

26.94

2.25
15.22
67.29

482.19

718.40
0.07

5.83

5.83

3.54
0.00

3.56

7.18

6.60

2.84

5.25
6.47
5.88

0.00

0.00

5.62

6.41

4.89

7.08
5.53
5.91
6.34
6.31
3.66
5.02
5.76
7.07

5.15

4.47
5.06
5.65
7.07

0.00
6.34

9.79

3.89

5.06
0.00

27.21

1.16

3.96

13.59

2.45
5.31
3.89

0.00

0.00

6.43

5.01

4.33

3.44
2.26
15.44
1.31
1.17
4.36
6.45
2.03
2.01

5.65

11.96
4.49
8.07
6.73

0.00
1.26

38.93

33.08

548.40
203.88

10.79

401.44

109.48

6.26

12.41
17.78
33.19

0.71

0.71

7.23

81.40

7.05

805.91
18.32
37.11
63.19
81.06

2.98
6.90
27.00
338.48

12.72

6.58
10.10
23.19
97.05

132.98
7.12
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Villamanrique
de la Condesa

Villanueva de
Coérdoba

Villanueva de
San Juan

Villanueva
del Ariscal

Villanueva
del Duque
Villanueva
del Rey
Villanueva
del Rioy
Minas
Villaralto
Villaverde del
Rio
Villaviciosa
de Cérdoba
El Viso

El Viso del
Alcor
Zuheros

Sevilla

Cérdoba

Sevilla

Sevilla

Cordoba

Cérdoba

Sevilla

Cérdoba

Sevilla

Cérdoba
Cérdoba

Sevilla
Cérdoba

838.58

1.16

3.19

23.64

7.20

5.86

1233.82

6.99
1068.10

5.12
57.11
85.26

3.64

6.77

3.36

4.29

5.18

5.04

5.36

6.77

7.53
6.86

5.47
6.21
5.79
5.96

2.19

9.57

14.19

2.98

4.08

4.59

4.26

4.81
5.75

26.12
7.79
5.50

14.64

149.30

4.48

7.80

11.66

7.51

9.71

217.26

5.94
190.66

6.81
20.54
27.09

9.39
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Appendix D: Chapter 7 Further Details

D.1. Monthly energy recovered vs energy demanded and PAT working conditions.

Energy demanded 25 Flow
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Figure D.1-1. Energy recovered and demanded at the farm and PAT working conditions (flow — head) for May

Head (bar})
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Figure D.1-2. Energy recovered and demanded at the farm and PAT working conditions (flow — head) for June
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Figure D.1-3. Energy recovered and demanded at the farm and PAT working conditions (flow — head) for July
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Figure D.1-4. Energy recovered and demanded at the farm and PAT working conditions (flow — head) for August
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Figure D.1-5. Energy recovered and demanded at the farm and PAT working conditions (flow — head) for September
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D.1. Technical sheets of the PAT and solar panels

Turbina hidraulica
Tipo Inline Modelo 080-B

Datos de funcienamiento

Liquido turbinado

Temperatura ambiente

Temperatura del lquikdo
a turbinar

Densidad del fluido

Viscosidad del medio a
bombear

Altitud de trabajo

Detalles constructivos

Mhsaio hidraulico
Orientacion ganarador
Posicion generador
Diam. Mominal de salida

Presion nominal brida salida
Posicion brida de salida

Bnda de salida taladrada de
acuerdo con norma

ham.nominal bnda entrada

Prazidn nominal bnda entrada

Posicidn de la brida da
entrada

Bnda de entrada taladrada
de acuerdo con la noma

Cieme del aje
Fabricante

Tipo

Agua

Agua limpia

Mo contiene sustancias
200°C

15,0 °C

908 kg/m®

1,00 mm&s

B0 msnm.

Entrada y salida alineadas
Eje vertical

Exfenor no sumargido

DN 060

PN 16
En linza

EN 1092-2
DN 080
PN 18

En linea

EN 1002-2

GLRD de efecta sencillo
KSB

1

Caudal nominal
Salte de presidn
Eficiancia hidréulca

Polancia an el ez

veloeidad nominal de
otacion de la twrbina

Velocidad de rotacion maxima

Presion nominal

Cddigo da matanal

108 m*h
20m
T4.7 %

AGA0 W

1800 mpm

3000 rpm

16.00 bar

BOMBEGG-WA

Se asime funcionamisnta con fuida ibre de solidos

Proteccion del eje

Anillo rozante
Diametro del rodete

Direccion de mtacian dal
rodete

Acoplamienio del
qenerador

Reterancia dal cojinsta

Tipo de cojinete
Tipo de lubricacion
Pintura de la turbina

Figure D.2-1. PAT technical sheet.

Con

Anilla partida

174 0 mm

Antihorario

Mediante brida tamafio
tipo V1 {|EC)

6413-C3 con anillo nilos &Y

Rodamiento
Grasa
(RAL 2002)
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Datos del generador

Mormativa

Genaradar suministrada por

Tipologia constructiva
del genrerador

Clase de rendimiento

Velocidad nominal

Voltaje nominal
Patencia naminal

FReserva disponible

Materiales dela
turbina

IEC

Tacnoturbines

W1 con brida segln IEC
(montaje con eje en vertical)

Clase de rendimiento IE3
segun |[ECH00I34-30-1
1500 rpm

200
4,00 kW

0%

Criterios para la seleccion de los materiales:
1.- Agua con un pH de valor>=7
2.- Contenido cloruros {CH<=250 mgkg
3.- Contenide de Cloro (CI2)p<=0.6 mg/kg

Waluta

Tapa de la woluta
Eie

230

Fundieidn esfaralitica EN-
GJS-400-18-LT

Fundicién gris EN-GJL-250
Acero bonficado C45+N

Clase de aislamiento

F segun IEC 34-1

Clase de proteccion del genarador IP 55

Coseno phi a plena carga
[4/4)

Rendimiento del

generador a plena carga
(4/4)

Bobinado dal ganarador

Clase de conexion

Matodo de refigeracion dal
qenerador

Material del generador

Rodete
Piaza acoplamianta
del generador

Anillos de descasts

Figure D.2-2. Generator technical sheet.

0,89

910%

200V

estrella/triangulo

Enfnamienta de la supearficie
mediante ventilador

Fundicion gris

Fundicidn gris EN-GJL-250
Fundicidn gris EN-GAL-250

Fundicidn gris GGICAST
IRON
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®

P
EL%I Amerisolar | New Energy New World
—

AS-6P

POLYCRYSTALLINE MODULE

ADVANCED PERFORMANCE & PROVEN ADVANTAGES

*  High module conversion efficiency up to 17.532% by using high efficient salar cels
and advanced manufaciuring technalogy.

* Low degradation and excellent performance under high temperature and kow Iight
conditions

®  Robust aluminum frame ensures the modules to withstand wind loads up to 2400Pa
and snew leads up te 5400Pa

®  High reliability agains! extreme emvironmental conditions (passing sall mist,
ammonia and hail {ests).
Patential induced degradation (PID) resistance.
Fosiive power tolerance of 0~ +3 %

CERTIFICATIONS

& [ECE1215, |ECE1T30, |ECE2718, IECE17I1, CE. CQC, CGC, ETL{USA),
JET(Japan), J-PEC(Japan) KemcolSouth Keores), KS(South Korea), MCSIUK),
CEC(Ausiralia), FSECIFL-USA), C31 Eligible(CA-USA), lsragl Electricilsrael),
InfMetralBrazil), TSETurkey)

Passionately ®  [SOD001:2008; Quality management system

15014001:2004; Environmental management system

committed to OHSAS18001:2007: Qecupational health and safaly management system

SPECIAL WARRANTY

delivering innovative

® 12 years Imited product warranty,

® Limited lnear power warranty: 12 years $1.2% of the nominal power ocutput,

energy solution
ay 30 ywars B0.6% of the nominal power output.

100%
97.5%

5

Warantad Powar

o
=
=

c @ O « c €
”, 4
@ e v @
.'I} 10 15 20 28 30
Ear
0 @ ; __E_ﬁ Q B Unear performiance warrarm ram Amersolar

Standerd performaca warranty

Worchwide Energy and Manufacturing USA Co., Lid
woarw weamernisclar.com, sales@weamerisalar.com EMN-V1.0-2017
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ELECTRICAL CHARACTERISTICS AT STC

Haminal Power [Prad) Jqaw 305w 310w 15 F2ow 2250 330N 3350w 340
Open Clrcuit Voltage (Vac) 4530 454V 485V 456Y 48TV | 458V 458 460V | 4BV
Shart Circudl Current (o) BEBA  B.TEA BEBA  ES3A 5044 2158 | 9.2BA 2584 2504
\oitage at Nominal Power (Vi mnT  3.av 365 o AV 3TaAV | AV 3T TR
Current at Mominal Povwer (le) E18A 8.29A 8414 E.52A B.53A B.74A 8.854 8.854 S.0TA
Module Effidency (%) 15.48 1572 15.98 18.23 16.49 16.78 17.01 17.26 17.52
Qperating Termperaturs —0°G to +B5°C
Maimum Systam Vollags 1000 DS
Firz Resistance Rating Type 1(in accomance with UL1703)Class CIECE1T30)
Manimum Series Fuse Rating 154

STEC: Imadiance 10004W!m?, Cell temperature 25°C, AM1.5
ELECTRICAL CHARACTERISTICS AT NOCT
MNominal Power (e 29w 224w EaEw 23R ZIGW ZIEN 243w 24TW 281N
Cpen Cireuit Veltage (Vac) 417 418y dsv 420V 42V 422Y A2EV ) 424y 42.5v
Short Cincult Current (lec) 7034 T.10A T.A7TA T.23A T.32A TA1A 7.504 T.50A T.T0A
\aitage at Mominal Power (Vi) D4y 338 Jaey A 33AV sy | 3oV MV M
Current at Mominal Power (1) BE2A  G.69A 6784  BA3A 6884  TOSA 0 T8A 7254 T34

ROET: Irmadiance 300W/m?, Amblent temparature 20°C. Wind Spaed 1 mi's

MECHANICAL CHARACTERISTICS

Cal type Polycrystalling 156:x158mm (Bxinches)
Mumber of celis T2 (Ex12)

Module dmensions 1958335 2x40mm (77 .01x39.06x1.57Inches)
\Wiight 22 Bkyg (45 Elbs)

Front cover 3.2mm (0.1 3nches) tempared gass with AR coating
Framme Anodized aluminum alay

Junction bei IPET, & diodes

Cable Aprre (D.008nchess). 1000mm (39.37inches)
Cannecher MC4 or MC4 compatibbe

ENGINEERING DRAWINGS

L s ]

r o N Unit: mm
— Lli:l I___..]‘\—..__ y
L =)
— Hs -
B
aix
B
HHHR e
-+
+ g ]
S . s =z :

Section A-4

Rear View

Specifications in fis datashes! are subject to change without prior notice.

TEMPERATURE CHARACTERISTICS

Merminal Oparating Cell Temperature (NOCT) | 45'Ca2'c
Termperature Coefficents of Pre 0 A1% 5
Terrperature Coafficients of Woc 0,1%C
Terrperature Cosfficents of lx 0.05%"C

[PACKAGING |
Standard packaging Z6pesipallet
Modlle guantly par 20° eontainet 26Dpes
Mol quantly per 40° container  S72pes|GP)E16sesHO)

Current-ioltage and Fower-Vodage Curves
at Different iradiances

Current-'ioltage Curves at Different
Temperatures

Amerisclar and Amerizciar lego dencted with £ are regisiered trademarks of Werldwide Energy and Manufacturing USA Co,, Lid

232

Figure D.2-3. Solar panels technical sheet.
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baterias | Q a : ; .:‘:.

Caracteristicas Generales
+Hermética
+ Libre mantenimiento
+ Bajoratio de autodescarga
+Elevada vida otil
+Rango de temperatura: -15°C a 50°C
- Rendimiento mejorado: hasta 500 ciclos @80% profundidad de descarga
+ Excelente capacidad de recuperacién tras una descarga profunda.

Construccién
» Placa positiva: Plana, con bajo contenido en Ca y empastado especial
+ Placa negativa: Rejilla compensada Pb-Ca para una mejor recombinacién
- Electrolito: Acido sulfurico de alta pureza
+Contenedor y tapaen ABS
-Valvula con sistema de seguridad anti explosion integrada,

Aplicaciones tipicas:
+Vehiculos eléctricos
- Buggies y carros de Golf
+ SAl
- Herramientas, juguetes eléctricos
+Energlas Renavables
« Telecomunicaciones,

Baterias Monobloc AGM

ER Ty R G e L I § P Syt e fAA S T =72 — =
MEBA12-8 12 B8AhCxn 151x 66 x 96{100) mm 26kg
MEBA12-14 12 14 Ah Cxo 151x 98 x 95 (100) mm 41kg
MEBA12-20 12 20 Ah Cao 181x 76 x 167 {167)mm S58kg
MEBA12-22 12 22 AhCxn 181x 76 x 167 (167) mm 6.1kg
MEBA12-24 12 24 Ah Cxo 175 %165 x 125 (125) mm 7.2kg
MEBA12-26 12 26 Ah Cxo 165 x 125 x 175 (180) mm 8.0kg
MEBA12-28 12 28 Ah Czo 165x 125 x 175 (180) mm 8.2kg
MEBA12-33 12 33AhCy 196 x 130 x 157 {200} mm 102 kg
MEBA12-38 12 38AhCu 197 x 165 x 175{175) mm 12.2 kg
MEBA12-45 12 45AhCy 197 x 165 x 175 (175) mm 13.2 kg
MEBA12-50 12 50 Ah Cxo 228 x 137 x 207 (213} mm 15.5kg
MEBA12-55 12 S55AhCyo 228 x 137 x 207 {213) mm 14.5 kg
MEBA12-60 12 60 Ah Cyo 350%x 166 x 175 (175) mm 18.0 kg
MEBA12-65 12 65 AhCuo 350 % 166 x 175 (175) mm 19.5 kg
MEBA12-70 12 TJOAhCyp 260x 168 x210(215) mm 210kg
MEBA12-75 12 75Ah Cxo 260% 168 x 210 (215) mm 220kg
MEBA12-80 12 80AhCy 330x171x217 (220) mm 27.0kg
MEBA12-90 12 90AhCyp- 115 Ah Cico 330x171x 217 (220)mm 28.0 kg
MEBA12-100 12 100 Ah Cyn- 125 Ah Cyeo 330%x171x 217 (220) mm 29.5 kg
MEBA12-120 12 120 Ah Cxo 412 x 173 x 237 (237} mm 350kg
MEBA12-150 12 150 Ah Cyo- 190 Ah C o 484 X 170 x 241 (241) mm 42,5 kg
MEBA12-200 12 200 Ah Cyo 522 %240 x 219 (225) mm 59.5kg
MEBA12-220 12 220 Ah Cyo- 280 Ah C 3o 522 x 260 x 220 (225) mm 64,0 kg
MEBA12-250 12 250 Ah Cyp 522 x 260 x 220 {225) mm 69.0kg
MEBA6-250 é 250 Ah Cyo 260x 180 x 275 (275) mm 35.0kg

Figure D.2-4. Batteries technical sheet.
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Appendix E: Technical publications

E.1. Article published in the Technical Spanish Magazine of the Environment

REDAWN: reduccion de la dependencia
energetica en redes de distribucion de
agua mediante micro turbinas

Miguel Crespo Chacén’, Juan Antonio Rodriguez Diaz’, Jorge Garcia Merillo’, Indalecio Gonzalez Fernandez’
'Trinity College Dubfin | www tcdie « “Universidad de Cérdoba | wvww.uco.es « *Fundacién Asturiana de la Energia | www .faenes

I consumo eléctrico por parte
del sector del agua supone
aproximadamente un 3,5% del
total demandado en la UE, sien-
do el cuarto sector mayor consumidor
dentro de la Zona Atlantica europea.
Ademas, se prevé que esta cifra se in-
cremente en los préximos anos, ha-
biéndose estimado que la demanda al-
canzara el doble de la actual a nivel
mundial en 2040. Esto se traduce en
que el sector del agua contribuye signi-

74 RETEMA

ficativamente al cambio climatico debi-
do a que la mayor parte da la electrici-
dad proviene de combustibles fésiles.
Por otro lado, esta dependencia ener-
gética encarece los costes de produc-
cién y explotacion de las diferentes ac-
tividades. A estos dos efectos hay que
anadirle uno de los principales cbjeti-
vos del tratado de Paris que consiste
en la reduccién de la emision de los
gases de efecto invernadero en un
40% para 2030. De los tres motivos ex-

Enero/Febrero 01

puestos se podria deducir que Ia in-
dustria del agua ha de mejorar su mo-
delo de explotacion, centrandose en la
mejora de su eficiencia energética.

La energla micro hidraulica se ha
prasentade como una solucién técnica
y econémicamente atractiva para redu-
cir esta dependencia energética. Dicha
tacnologia consiste en la instalacion de
turbinas a pequefa escala, con capaci-
dades de produccion que oscilan entre
los 5 y los 100kW, que aprovechan el

www.retemaes
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REDAWN: REDUCCION DE LA DEPENDENCIA ENERGETICA EN REDES DE DISTRIBUCION DE AGUA MEDIANTE MICRO TURBINAS

exceso de presion existents en las re-
des de agua para la generacion de
snergia eléctrica. Ademés, la adopcian
de esta tacnologia en redes presuriza-
das {como pueden ser las redes de
abastecimiento, de nego, o para indus-
tna) ayudaria a reducir las fugas de la
red, que en gran parte se deben a ests
exceso de prasin

EL PROYECTO

El proyecto REDAWN (Reduccion da
la Dependancia Enargética en Redes
da Agua de |z Zona Atlantica europes,
por sus siglas en inglés) es un proyec-
ta financiando por &l programa Interreg
Atlantic Area, mediante los fondes para
el desarrollo regional europec. Tiena
como principal objetivo el fomento da
la tecnologia micro hidréulica en gene-
ral, y de las bombas funcionando comao
turbinas en particular, para mejorar la
eficiencia enargética en el sector de la
distribucion del agua. Dentro del sector
dal agua, REDAWN estudiara el uso da
esta tecnologia en redes presurizadas
de abastecimiento urbano de aguas,
riego e industria. El proyecto nace con
la idea de transformar el exceso de
presién existente en ciertos puntos da
las redes de distribucion en energia hi-
draulica. Actualmente dicha energia no
se aprovecha y se disipa a través da
valvulas reductoras de prasién.

El proyecto esta compussto por 15
sccios de seis paises que se organi-
zan en ocho paquetes de trabajo. Se
trata de una estructura multidisciplinar
en la que participan expertos dentro
de los diferentes campos de conoci-
miento que abarcan los cbjetivos del
proyecto y que pertenecen a entida-
des tzles como empresas de explota-
cion da redes de abastecimiento, uni-
versidades, organismos pGblicos,
comunidades de regantes, asociacio-
nes de regantes, o industnas. El pro-
yecto esta liderado por la empresa Ac-
ticn Renewablas con sade en Baelfast

www.retema.es

Bevaers

Awr

BILANTY ama TR e e

(Reino Unido). El resto de socios son:
Trinity Collegs Dublin (Idanda), Funda-
cion Astunana de la Energia (Espana),
Instituto Técnico de Lisboa (Portugal),
canal WATEF (Universidad de Bath,
Reino Unido), Asociacién de comuni-
dades de regantes (FERAGUA, Espa-
fia), Universidad Fedenco |l de Napo-
les (ltalia), Hidropower (Portugal),
Syndicat de Mutualisation de 'eau Po-
table du Granvillais st da I'Avranchin
(SMPGA, Francia), Universidad de

Enero/Febrero 2019

S nterreg
Atlantic Area

Cérdoba (Espana), Renova (Portugal),
Portuguese Water Patarnship {Portu-
gal), Northern ireland Water (Reino
Unido), Electricidade da Madeira (Por-
tugal) y EDA Renovaveis (Portugal).
Los principales cbjetivos planteades
en el proyecto se centran en el desarro-
llo da un entorno institucional, social y
tecnolégico adecuado para fomentar
una mayor eficiencia de los recursos
disponibles en las redas de distribucion

de agua. Como tales, han de resaltarse:
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REDAWM: REDUCCION DE LA DEPENDENCIA ENERGETICA EN REDES DE DISTRIBLOON DE AGUA MEDIANTE MICR] TURBINAS

Site2

i mas inlerval| |
I = irkerval
_M _

12 18 24
Tirme [h]

de caudal § potensial exisients =0 mn case experimental |Foenie: UMINY)

= Analisis y evaluacidn dal potencizl

anergético disponible, asi como el im-
pacio econdmico y medicambiental da
la implamentacién da esta tacnologia
en |z costa Atlantica europea.

# Desarrcllo de unas pautas para &l di-
safio de instzlaciones para la genars-
cign de energia micro hidraulica me-
diante el uso de PAT=.

# Cuantificacicn de los impactos so-
ciales.

» Construccion de fres plantas exper-
mentales en tres tipos de instzlaciones
diferentes (abastecimientc, nego e in-
dustna) y difusidn de los resultados ob-
tenidos para promocicnar una mejora
de |z eficiencia energética mediante as-
ta tacnologia.

TECHOLOGIA PAT

L=z bombas funcioranda como turks-
nas, o PATs por sus siglas an inglés
{Pump as Turbines), constituyen ura tec-
nologia relativaments antigus, ya que la
generacidn de energia mediante estas
empazd & utilizarse alrededor da 1330
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Genaralmente, supcren una shemativa
m&s econdmica & las turbinas radicio-
nales. Esto 58 debe a la producciin en
zene de las bombas, que hace que su
coste sea aproximadaments una décima
parte del de una turbing, cuyo usc no es-
& tan extendido. Mo cbstante, cuentan
con la desventaja de una menor eficien-
cia. Adermas, esta eficiencia se ve muy
afectzda por las fluctuaciones del cau-
dal (ver Figura 2), con las que la aficien-
cia del sistema se ve muy reducida
cuando no existe un caudal continuo o
cuando no 58 cuenta con dispositives da
control que permita estabdizer & caudal
de alimentacion, lo cual afecta & la po-
tencia generada. En el &mbito urbanc,
estas fluctuaciones puedan ser tanto
diarias como estacionales. Por ello, las
condiciones de trabap da las PATs han

de sar reguladas de forma extema.

En los dltrmos afics se han desarmlls-
do numensas investigacionss que esbu-
diaban diversos esquemas y dispositivos
para la regulacidn dichas condiciones.
Entre estzs estrategias se pusdan en-
contrar la regulecian hidraulica v la regu-
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lzcian elécinca. La regulacicn hidréulca
presenta un esquema en by-pass, me-
diarte el que sa pretende regularles con-
diciores da entrada a |la PAT a través de
vahwlas de control. La PAT funcionaria en
paralelo a ura véhvula reductora de pre-
=idn, que 58 encarga de regular s pre-
=ién da salida dal by-pass. Este esque-
ma as muy adecuado en redes donde se
ancuantren dichas véhulas reductoras
previaments instzladas. Por otro lado, en-
contramas ke regulacion eléctncs, la cual
regula la velocidad de rotacian del gene-
rador mediante un venador da frecuen-
cia, adaptandoss en cada momento & las
condicionas exstentes en lansd.

El use de vélvwulas reductoras de pre-
=i0n es muy comun en redes de sbaste-
cimiento urbano y en redes de nego. En
unos casos para la regulacion de las fu-
gas que sa dan debido a la alta presidn
exastente en las tuberias y 2 su mal este-
do de conservacion y, en otros casos,
para reducir la presidn en la acometida
del bonadao o en &l hidrante de nego dal
agncultor. Por tanto, mediants |a instals-
cion de una PAT se conseguirian vanos
propéstos. Por un lado, la reduccidn de
lz presisn mplica menores pardidas por
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fugas en la red y, por otro lado, la gens-
racion de electncidad, mediante la cusl,
y en funcidn de |z potencia ganerada, sa
podrian alimentar diferentes dispositivos,
como pueden ser sensores instalados
en la red, sstemas de alumbrado urbano
o cargadoras de coches eléctncos o, en
su defecto, vertar a la red y conseguir un
peguefic ingreso por la vena ds energia.

PLANTAS EXPERIMENTALES

Para poder promocionar el uso de
PATs para la recuperacién de energia,
el proyecto REDAWN tiene dentro de
sus objetivos la construccién de tres
plantas piloto o experimentales. Las
plantas sa construiran en tres instala-
ciones con fines diferentes, una de
abaztacimiento urbano (Francia), otra
de abastecimento industrial (Portugal)
y una de nego (Espafia), que sa cons-
truira en la Comunidad de Regantes
del canal de la margen 1zquierda del
Genil, en Palma del Rio (Cérdaba).

Lz planta que se va a nstalar en la red
de nego se realzar en las nstalaciones
de un regante con una explotacion de al-
mendros. Su objetivo es aprovechar el
exceso de presion existente en un hi-
drante {minmo de 20 mca) para k= gane-
racién de energia eléctnca. Con la electn-
cidad genarada se sustituird un
generador diésel que se utiza pera ali-
meantar a un sistama de filtrado, dos bom-
bas inyectoras de fertifizante y un com-
presor. Debido a la estacionalidad de la
actvidad, &l consumo ds diésel aumenta
significativaments en los meses centrales
deal afio, en los qus los cultivos benan ma-
yores necasidadas hidncas, siendo prac-
ticamente nulo en los que no hay nego.

Adamas, la instalacién contara con un
pegquefio almacenamiento energsético
en baterias para cubear los picos de de-
manda y por & exisien Consumos ekc-
tricos cuando se realicen labores de
mantenimiento de la microturbina. La
PAT tendra una potencia nominal de
4kW con un panel eléctrico de nverso-
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res trifésicos de 9 kW de potencia nomi-
nal y 18 kW de potencia pico. En los mo-
mentos en los que la instalacién deman-
da més de los 4 kW generados por la
PAT, el resto de energia lo aportan el
banco de baterias. En momentos en los
gue sa consuma menos y las baterias
se encuentran cargadas, la microturbi-
na se autorregula para generar ok lo
gque demandz la instalacién. Ademas,
dado que la instalacién se encuentra en
una zona con alta radiacion solar, con
unce valores de radiacidn diana media
que varian de 5a 7,5 hsp en épocas da
riego, se complementara la PAT con 2
placas sclares de 330Wp, para que en
periodos donde no s8 regquiere Hego Y,
por tanto, no funcicns la PAT, &l banco
da baterias siempre esté cargado y &l
sistena de monitonzacion funcione.

Los beneficios potencizles de la
planta piloto son bastante clarcs. En &l
ambito medicambiental, habra una no-
table mejoria evitando la emisién de ga-
ses de sfecto invernadera producidos
por el genarador diésel y reduciendo,
de este modo, su huslla de carbono
asociada. En [a parte econémica, el re-
gante aprovechara el exceso de pre-
si6n existente para almantar [a estacion
de fertirriego, ahorrandose la compra
da diésel que, por otro lado, 85 un com-
bustible cuyo pracio esta pravisto que
siga aumantando en ks préximos afios.

Los resultados y bensficios obterni-
dos en cada una de las plantas, al igual
que las diferentas investigacicnas que
za llevaran a cabo en el proyecto, serén
difundidos z través de hojas informati-
Vas, congrasos, revistas écnicas, cien-
tificas y & través de lz web del proyecto
(www.redawn.eu) y las webs de sus
participantes, para asi dar a conocer la
problematica existente y a la vez pro-
mover solucionas innovadoras orienta-
das a reducir la dependencia enargét-
ca de las empresas que gestionan las
redes de distribucién de agua con dis-
tintos fines.
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E.2. Article published at the International Water Power and Dam Construction Magazine

The REDAWN of micro
hydropower

A European funded project is exploring the water-energy-food nexus
and is proposing viable solutions lo convert these diverse challenges
into positive social, economic and environmental opportunities
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THE EU WATER SECTOR uolises atout 25% of tha
total energy cemand. From tha curant global rand
BOIgy use In thi sectar will almast double by 2040
This maioas the watar secior a significant contribuice
10 CUrate Change, (ue 10 1he fossil lusl sourtes used
for the energy production. The trans&on 10 renewadis
enargy sourcas wil help to sllsviars 1his Impact
ancd achiese the Pans Agreament amiitien of 40%
reguction In Qreenhouss gases (GHG) by 2080

Micra hydropower [IMHP) refers [0 & technique of
using turcines silusted within water channeds or ppas
o genarsta powear of batvween 5-100kW. B3 technical
apolicalion taces advantage of the edstng fow
and @xcess prassung within the retwork 1o gensrang
electricy. Using technalogy in pressufisad
water networks [deinking wates, industry, rigation o
wasiewster] could lasd to iImpontant benedts, such s
tha mprovement in engigy elliciency, pressure and
Izakage management. Soctal and sconomic barefts
are also sccruabie such a3 reducion n Cparaton
ardd mainienance casts % provders oo one hand
and reducing water snd ensrgy poverty, espacialy n
reroles araas, on the other

The REDAWN Project
The REDAWN Project (Reducing the Energy
Dapandancy In Atlangc Ares Wistar Networks! &5
a projact pantially fundad by the Interreg Arlantic
Ao program through the Eurcpean Regional
Davsiopment Fund. The prcjact was borm win the
Iea of racovering the existing excess pressure al key
POINEs N Wakar s, whichis typicaly Assipaad
wilh davicas, such as pressurs reducing valves, The
mullidscpt nary project 1sem, whose coniribulion 3
organised N aght work pecksges iwwwredawnsul
WOrk-packages; Comensas ning Main psanars from
#x Ewropean countnes The consomum ncludes
acadamic, ndustry and public organisations

The aim is 1o promoie ¥ 20 Of MHPs with pumgss
Bsurbing [PAT] 10 producs renawalls ensigy, thersby
ImpIoing the energy eficiancy of The walar sector.
Thie progect also seeks 10 understand the contdual
emironmentsl and insahutonsl oppontunitas snd
CONSrants 10 Tha uptake of WHPS Ih e EU's Anlic
Area. Theredore, 1he studdy ancompassas dfferent waam
using sacions such &8 MUNicipsl water supply, wanar for
Frigavon as well 35 process Industry watervaste water
sy15ms 10 deliver ths Solowing cbiectivas

Left: The REDAWN team at the demonstration plant
on a farm in Andalusia, Spain
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@ roduca an anery eCoVENY M350UfCa, BCONONYC
and ernvrermental impact assassment of MHPs 0
Alantic Arga wansr natworks (Rps/iwwwredaan
eumapping-polentis-anegyrecoven~alantic-
areal,

@ Davalop design guideinas snd support 10ols for

Iydropower energy recovery n dnniong waler,

wastewater, Imgation and procass INdustry $6cC

Davalop policy and Institutional suppon 100is 10

nerease he mplemontaion of enargy roconery

e sociatal Impacis of hydropower energy

pavey Inwaler networks

® Construct three plot demaons:iration plants for
diffgrent wangf sectors, such as drinking watdt,
procass Industty and Irgation

® Vidaspread dssemination of the rasulis odtainad
AN promotiol prgy efficioncy n Adantic Avea
WalEr NeIWOrd.

The novelty is PAT
The technical bessclibe
workng in PumpmamTy
Comperad to tradtional turbines, PATS have Daan
hoan 10 De an atlractive, coskeflactive solution for
small ydropower plants. We have found that they
can be 90K chaaper than comentional MHP lurbings.
They are also mass praduced and readly svalable in
tha market PATs could be wsed to enplol the sxdsting
Ex008S (NSSU in SomMe poinls of the natwork end
oo this aregy for different purposes. Howewe:,
PATS have the disadvantages of 3 lowar afficiancy,
wiich drop sgnilicantly wih high flow fluctustions
affeciing to the powsr procuction. Thus, control
glamants are ohien raquirad to ragulate thall working
condiuns and we are also proposng sclutions to
s00rass this chalenge

Thate have been several studie: how thesa
conduans can be regulated and the most welk
krawn apprcachas are the hydraulc and the elecric
reguation The eectn: regulation s basad onhe
control of the rotsdonsl speed of the daviea using
varabe spead ditvas, 10 agjust tha spasd ta the
conduons of the network. The hydraule eguabion

N £rofact s pumps
s {PATs)

1ER/EN 58, O
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| Small hydro
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ombined
wiEn hydraulc denices 16.9. prassuna racucing vatves)
10 conteol the working canditions whilst minimising
dsrupton. Other useful techrical indormabon can be
found hera heipsiAwwwradawn ewpublcations

Demonstration sites

Derronsiraion sites &e vary usehud lor showeasing
nrovation, proaidng the bass for comparlsen aned
10 test and refine tachnologios. Tharefore, this proect
ropases firee demonsration shes in the Atlantic
Areas of Span limgation]. France imunicipalouthc
water] and Portugal iprocass industry)

The Spanish plot plant within pressurised irngation
nenwor< locansd In Andalzsia was used cuning the
entra 2018 engstion season supolyng Imgation and
fartisavon for about 200 hectares of farmlard, The
plant corsisted of a hybrid solution of two back<up
sclar panels of B00W, & KW PAT and! a set of fouwr
batienes. The solar panels wera usad 0 periods outof
ha irgation season 10 mantain ihe opimum evedof
ha Battenias. Tha BAT was used to roplace the dessl

th uses 3 bypass o

VIS

Tep: Flow and head
fluctuations characterisation
for a pressurised imigation
network and theoretical power
production depending on the
imigation stage
Abeve: Diagrammatic

P tation of a hydraulk
by-pass configuration for micro
hydropower

Left: The REDAWN pilot plant
constructed in the irrigation
sector, which worked for the
2019 irrigation season
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Above: A paper manufacturing
plantin Portugal will be used as
a3 demonstration for the process

Industry

economic benefies Nave boeen achikved, complasaty
2V0ing greentiouse Jases emissions ana althe
diract and Ndract diesel generanr Costs Thisisin
a0dition 10 branding markating and productivity value
for she farm because of the ienewabie enemy sysiem

Two shes are proposed In France the st 1o be
Instalied In SMEGA'S arinking waner dissuton
nenwork in Normandy. The daea and resuits obtained
fom this péare will b2 very Imsreseing, dua wothe
significan: renewabie enamy opponunites n
muncnal waer networks, Ncluaing for pressue and
leakage managemen:

The sacond Inssalation ks 3 free moblie phone
changing point near 3 well used bus-S1op © raise
Awenass of the iechnology and wo highiight s
multacesad social benafits whare such faclities
a4 decric carchanging points, woulk! othenwise be
diicult of costly.

The Ormonsirason ion the procass IndusTy will be
nstalied Ina paper faciony in Ponugal indusinies ke
dary, Joohol mining and peper utise 3 10t of water
duning Manufacturnyg ProCasses and e always
IDCAING SO w3y 10 be Doth war 2nd enegy esickant
The curment SUPRl INfrastrucsurs in s ste consiss

on 2n open channal Bow, wiich Wil De pressurised
and e waer channeiad through 3 10KW PAT. Green
ENEngy poines 2ne accruabie by the company and the
resulting eneagy Wil De feusad on she.

Energy efficient
Poputation rowth, INcreasing industnaiisason
coupiad wid 12 rising demand ior food, waer
and enNagy Makes Fesource use sussansbillity and
resfiance essantial The sconamic viabity of mos:
SACHMS - with direct Iinks © jobs, Ivetihoods and
welbalry] - nacessiates efckent pracices as wel a5
the use of renewabie energy Sources. The REDAWN
projact explores this vital water-anergy-food nans
and proposas Viabie SolLons 10 Conven these
dverse chalenges o poskive social economic and
EOVITONMEnal OPRORUNINeS

Our results S0 &r are baing disseminesad n iIndustry
magazAnes and forums, sderelc joumats, iInernational
COMKNENCES 2K OtEr IMDOFtant events, such as
Imemational sschnicd fars. W have aiso oavelopad
3 8r2iNing COUrse, reguiany oRganise dadicaad avents
and webinars with Our pannas

Amone enargy efcEnt water 5a0i0r 5 possbie @

More information

izt the websle WWWLredawn.eu
join the miailing ¥sts or attend any
of the events to find out rmore
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