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Resumen

El agua y la energia son uno de los recursos mas importantes para el desarrollo de la
sociedad. El nexo entre el agua y la energia es de gran interés por su importancia
dentro de los objetivos de desarrollo sostenible (ODS). Como respuesta a la
bisqueda de la sostenibilidad y la mejora de la calidad de vida, se desarrollan
nuevas tecnologias que permiten la recuperaciéon de energia mediante el potencial
hidraulico que existe en las redes de distribucién de agua urbana o de riego. El
exceso de presién, envejecimiento de las tuberias y otros factores externos,
incrementan los niveles de fugas, afectando al rendimiento volumétrico en las redes
de distribucién de agua potable. Esta pérdida del recurso agua es sinébnimo de
pérdidas econémicas, debido a que el caudal inyectado para lograr satisfacer la
demanda hidrica deberd ser mayor para compensar el volumen de agua perdido por
fugas. Las fugas suponen una pérdida de energia en la red, lo que obligard a
incrementar la presién en las estaciones de bombeo para cumplir las presiones
minimas requeridas en las tomas. El aumento de la potencia en estos equipos
generard mayores costes energéticos. Actualmente, la creacién de energia
renovable reemplaza la produccién de energia no renovable, permitiendo la
reduccion de gases de efecto invernadero.

El objetivo principal de esta tesis es desarrollar estrategias hidraulicas para mejorar
la recuperacién de energia en los sistemas de distribucién de agua, considerando la
influencia de las fugas en el sistema, mediante la optimizacién de la ubicacién y
seleccion de bombas funcionando como turbinas (PAT, por su acrénimo en inglés
pumps working as turbines).

El cumplimiento de los objetivos de esta tesis requirié de la elaboracién de cuatro
articulos publicados, que permitieron: (i) la contextualizacién sobre las fugas, los
métodos de calculo existentes para la estimacién de las fugas en las redes de
distribucién y su influencia en el rendimiento volumétrico de los sistemas. En este
punto se han analizado 45 redes de distribucién de agua con fugas y 17 redes
donde se habian instalado PAT, esto permitié definir diferentes indicadores claves
de rendimiento KPI (por su acrénimo en inglés key performance indicators) y
caracterizar el estado de las redes hidrdulicas; (ii) la propuesta de diferentes
expresiones de regresion que permitan definir las tres curvas de operaciones
cuando las PAT operan bajo la estrategia de velocidad de giro variable, estas son:
curva de altura de mejor eficiencia (BEH), curva de mejor altura de potencia (BPH) y
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curva de mejor flujo de potencia (BPF); (iii) la propuesta de una metodologia que
permita definir la ubicacion y la seleccidn del sistema de recuperacion de energia, a
través de un procedimiento “simulated annealing” en una red de riego; y (iv) la
aplicacion y mejora de la metodologia en una red de abastecimiento de agua
urbana.

Se exponen diferentes métodos de célculo de fugas y de calibracién de modelos
hidraulicos en el Articulo 1. Los estudios publicados de tipo experimental han
definido los pardmetros que permiten estimar los niveles de fugas existentes en las
redes. Estos se basan fundamentalmente en el tamafo del orificio en las tuberias,
material, edad, entre otros. La extraccién de informacion de los 62 casos de estudio
analizados permitié calcular los rendimientos volumétricos del sistema, los
porcentajes de fugas, la energia perdida por fugas y el coste asociado. La revisién
bibliogréfica permitié estimar que el uso de las PAT reduce entre 4 y 63 % el
volumen de fugas y se estima que la energia anual recuperada esta entre 28470 y
714679 kWh. Este estudio muestra la influencia de las fugas en las redes de
distribucion.

Para estimar el comportamiento de las PAT se requiere conocer sus curvas
caracteristicas (altura, eficiencia y potencia) y cémo varian en funcién de la
modificacién de la velocidad de giro. Al existir poca informacion sobre las curvas, se
propone en esta tesis una serie de expresiones de regresion, modificando las leyes
de semejanza, a partir de una base de datos de estudios experimentales de 15 PAT
con velocidades especificas entre 5.67 y 50.71 rpm (m, kW), Estas fueron probadas a
87 velocidades de rotacién. Para obtener una mejor aproximacién de las
expresiones, esta propuesta fue validada a través de un andlisis de error en
comparacién con otros métodos publicados. El desarrollo de las curvas se explica en
el Articulo 2.

La primera etapa de la metodologia de optimizacion propuesta para la
determinacién de la mejor ubicacion y seleccién de PAT, parte del desarrollo del
modelado de la red, sea urbana o de riego. Esta requiere del conocimiento de: (i) la
topologia de la red, (ii) los volimenes inyectados y consumidos en la red, (iii) modos
de operacion, entre otros. La simulacién hidraulica realizada en EPANET permite
estimar los valores de caudal en cada linea y la presién en los nudos en periodos de
simulaciéon extendida.

A través de un balance hidrico entre el caudal inyectado y el consumo en la red en
cada instante de tiempo, se determina el volumen de fugas. Cuando los indices KE/
(por su acronimo en inglés, key error index) son aceptables y los errores son
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minimizados, la calibracion finaliza y se realiza el balance de energia. A partir de los
requerimientos hidrdulicos minimos de presion en la red, para no afectar su
comportamiento, se implementan una serie de expresiones que permiten estimar el
total de energia existente en el sistema, la energia teérica disponible y recuperable.
Ademas de los puntos de operacién de altura y caudal.

El primer procedimiento “simulated annealing” es realizado para determinar la
ubicacién 6ptima de los dispositivos de recuperacion de energia a instalarse, a
través de la definicion de una serie de parametros. El segundo procedimiento
“simulated annealing” es realizado para determinar la seleccién de las PAT. En esta
etapa se define el nimero y tipo de PAT a instalarse, ademas del modo de
regulacion y su configuracién en serie o paralelo. El desarrollo y aplicacion de la
metodologia se muestra en el Articulo 3 y 4 de esta tesis.

La metodologia propuesta ha sido aplicada en dos casos de estudio de redes reales,
la primera de riego en Vallada (Espafia) y la segunda de distribuciéon urbana en
Manta (Ecuador). El desarrollo de la metodologia en la red de riego muestra la
influencia en la reduccién de fugas cuando se instalan PAT en la red. La
recuperacion anual de energia se estimé con valores de alrededor de 32000 kWh,
una reduccién anual del volumen fugado de 18000 m® y la disminucién de las
emisiones de CO, de 4.38 a 0.24 kg por cada m? de agua recuperado por fugas. Para
la red urbana ubicada en Manta (Ecuador), en caso de instalarse un sistema de
recuperacion con 3 maquinas, es posible generar anualmente 23624 kWh de
energia, una reduccién del volumen fugado de 96000 m? de agua y 11.58 t de CO..
Al instalar 2 sistemas de recuperaciéon con 3 maquinas en paralelo cada uno, se
recuperaria anualmente un valor de energia de 34490 kWh, se reducirian 120000 m?
de agua fugada y 969 t de CO-al afo.
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Resum

L'aigua i I'energia soén un dels recursos més importants per al desenvolupament de
la societat. El nexe entre l'aigua i I'energia és de gran interés per la seua importancia
dins dels objectius de desenvolupament sostenible (ODS). Com a resposta a la cerca
de la sostenibilitat i la millora de la qualitat de vida, es desenvolupen noves
tecnologies que permeten la recuperacié d'energia mitjancant el potencial hidraulic
que existeix en les xarxes de distribucié d'aigua urbana o de reg. L'excés de pressio,
envelliment de les canonades i altres factors externs, incrementen els nivells de
fugides, afectant el rendiment volumétric en les xarxes de distribucié d'aigua
potable. Aquesta perdua del recurs aigua és sinonim de péerdues economiques, pel
fet que el cabal injectat per a aconseguir satisfer la demanda hidrica haura de ser
major per a compensar el volum d'aigua perdut per fugides. Les fugides suposen
una pérdua d'energia en la xarxa, la qual cosa obligara a incrementar la pressié en
les estacions de bombament per a complir les pressions minimes requerides en les
preses. L'augment de la poténcia en aquests equips generara majors costes
energeétics. Actualment, la creacié d'energia renovable reemplaca la produccié
d'energia no renovable permetent la reduccié de gasos d'efecte d'hivernacle.

L'objectiu principal d'aquesta tesi és desenvolupar estrategies hidrauliques per a
millorar la recuperacié d'energia en els sistemes de distribucié d'aigua, considerant
la influéncia de les fugides en el sistema, mitjancant l'optimitzacié de la ubicacié i
seleccié de bombes funcionant com a turbines (PAT, pel seu acronim en anglés
pumps working as turbines).

El compliment dels objectius d'aquesta tesi va requerir de I'elaboracié de quatre
articles publicats, que van permetre: (i) la contextualitzacié sobre les fugides, els
meétodes de calcul existents per a l'estimacié de les fugides en les xarxes de
distribucié i la seua influéncia en el rendiment volumeétric dels sistemes. En aquest
punt s'han analitzat 45 xarxes de distribucié d'aigua amb fugides i 17 xarxes on
s'havien installat PAT, aix0 va permetre definir diferents indicadors claus de
rendiment KPI (pel seu acronim en anglés key performance indicators) i caracteritzar
I'estat de les xarxes hidrauliques; (ii) la proposta de diferents expressions de
regressio que permeten definir les tres corbes operacions quan les PAT operen sota
I'estrategia de velocitat de gir variable, aquestes sén: corba d'altura de millor
eficiencia (BEH), corba de millor altura de poténcia (BPH) i corba de millor flux de
poténcia (BPF); (iii) la proposta d'una metodologia que permeta definir la ubicacié i
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la seleccié del sistema de recuperacié d'energia, a través d'un procediment
“simulated annealing” en una xarxa de reg; i (iv) l'aplicacié i millora de la
metodologia en una xarxa de proveiment d'aigua urbana.

Diferents métodes de calcul de fugides i de calibratge de models hidraulics sén
exposats en I'Annex |. Estudis publicats de tipus experimental han definit els
parametres que permeten estimar els nivells de fugides existents en les xarxes.
Aquests es basen fonamentalment en la grandaria de l'orifici en les canonades,
material, edat, etc. L'extraccié d'informacioé dels 62 casos d'estudis analitzats va
permetre calcular els rendiments volumétrics del sistema, els percentatges de
fugides, I'energia perduda per fugides i els costes associats. La revisié bibliografica
va permetre estimar que I'Us de les PAT redueix entre 4 i 63 % el percentatge de
fugides, mentre que s'estima que l'energia anual recuperada esta entre 28470 i
714679 kWh. Aquest estudi mostra la influéncia de les fugides en les xarxes de
distribucié.

Per a conéixer el comportament de les PAT es requereix conéixer les seues corbes
caracteristiques (altura, eficiéncia i poténcia) i com varien aquestes corbes en funcié
de la modificacié de la velocitat de gir. En existir poca informacié sobre les corbes, es
proposen en aquesta tesi una seriosa d'expressions de regressio, modificant les lleis
d'afinitat, a partir d'una base de dades d'estudis experimentals de 15 PAT amb
velocitats especifiques entre 5.67 i 50.71 rpm (m, kW) provades a 87 velocitats de
rotacio. Per a obtindre una millor aproximacié de les expressions, aquesta proposta
va ser validada a través d'una analisi d'error en comparacié amb altres métodes
publicats. El desenvolupament de les corbes s'explica en I'Annex II.

La primera etapa de la metodologia d'optimitzacié proposada per a la determinacio
de la millor ubicaci¢ i seleccié de PAT, part del desenvolupament del modelatge de
la xarxa, siga urbana o de reg. Aquesta requereix del coneixement de: (i) la topologia
de la xarxa, (ii) volums injectats i consumits en la xarxa, (iii) manera d'operacio, entre
altres. La simulacié realitzada en EPANET permet conéixer els valors de cabal en
cada linia i la pressié en els nusos en periodes de simulacié estés.

A través d'un balang hidric entre el cabal injectat i el consum en la xarxa en cada
instant de temps es determina volum de fugides. Quan els indexs KEI (pel seu
acronim en anglés, key error index) sén acceptables i els errors sén minimitzats, el
calibratge finalitza i es realitza el balan¢ d'energia. A partir dels requeriments
hidraulics minims de pressié en la xarxa per a no afectar el seu comportament,
s'estima el total d'energia existent, I'energia teorica disponible i recuperable. A més
dels punts d'operacié d'altura i cabal. L'Gs d'una série d'expressions permet estimar

Vil



Resum

el total d'energia existent, les pérdues per friccié, I'energia requerida en el sistema,
I'energia tedrica disponible i recuperable. A més dels punts d'operacié d'altura i
cabal.

El primer procediment “simulated annealing” és realitzat per a determinar la
ubicacié optima dels dispositius de recuperacié d'energia a installarse, a través de la
definicié d'una série de parametres. El segon procediment “simulated annealing” és
realitzat per a determinar la seleccié de les PAT, en aquesta etapa es defineix el
numero i tipus de PAT a installarse, a més de la manera de regulacié i la seua
configuracié en parallel. El desenvolupament i aplicacié de la metodologia es
mostra en I'Annex lll i IV d'aquesta tesi.

La metodologia proposada ha sigut aplicada en dos casos d'estudi de xarxes reals, la
primera de reg a Vallada (Espanya) i la segona xarxa de distribucié urbana en Manta
('Equador). El desenvolupament de la metodologia en la xarxa de reg mostra la
influéncia en la reduccié de fugides quan s'installen PAT en la xarxa. La recuperacio
anual d'energia es va estimar amb valors d'al voltant de 32000 kWh, una reduccié
anual del volum escapolit de 18000 m? i la disminucié de les emissions de CO, de
438 a 0.24 kg per cada m® d'aigua recuperat per fugides. Per a la xarxa urbana
situada en Manta (I'Equador), en cas d'installarse un sistema de recuperacié amb 3
maquines és possible generar anualment 23624 kWh d'energia, una reduccié de
volum escapolit de 96000 m? d'aigua i 11.58 t de CO,. En installar 2 sistemes de
recuperaci6 amb 3 maquines en parallel cadascun, es recuperaria anualment un
valor d'energia de 34490 kWh, una reduccié de 120000 m3 d'aigua i 969 t de CO, a
I'any.
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Summary

Water and energy are one of the most important resources for the development of
society. The nexus between water and energy is of great interest due to its
importance within the sustainable development goals (SDGs). In response to the
search for sustainability and improvement of the quality of life, new technologies
are developed that allow the recovery of energy through the hydraulic potential
that exists in urban water distribution or irrigation networks. Excess pressure, pipe
aging and other external factors increase leak levels, affecting volumetric
performance in drinking water distribution networks. This loss of water resources is
synonymous with economic losses, because the flow injected to satisfy the water
demand must be greater to compensate for the volume of water lost due to leaks.
Leaks entail a loss of energy in the network, which will make it necessary to increase
the pressure at the pumping stations to meet the minimum pressures required at
the intakes. The increase in power in this equipment will generate higher energy
costs. Currently, the creation of renewable energy replaces the production of non-
renewable energy allowing the reduction of greenhouse gases.

The main objective of this thesis is to develop hydraulic strategies to improve
energy recovery in water distribution systems, considering the influence of leaks in
the system, by optimizing the location and selection of pumps operating as turbines
(PATs for its acronym in english pumps working as turbines).

The fulfillment of the objectives of this thesis required the elaboration of four
published articles, which allowed: (i) the contextualization of leaks, the existing
calculation methods for the estimation of leaks in distribution networks and their
influence on the volumetric performance of the systems. At this point, 45 water
distribution networks with leaks and 17 networks where PATs had been installed
have been analyzed, this allowed defining different key performance indicators
(KPIs) and characterizing the state of the networks. hydraulic; (ii) the proposal of
different regression expressions that allow defining the three operating curves
when the PATs operate under the variable rotational speed strategy, these are: best
efficiency height curve (BEH), best power height curve (BPH) and Best Power Flow
(BPF) curve; (iii) the proposal of a methodology that allows defining the location and
selection of the energy recovery system, through a “simulated annealing” procedure
in an irrigation network; and (iv) the application and improvement of the
methodology in an urban water supply network.
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Different methods for calculating leaks and for calibrating hydraulic models are set
out in Annex |. Published experimental studies have defined the parameters that
make it possible to estimate the levels of leaks in networks. These are mainly based
on the size of the hole in the pipes, material, age, etc. The extraction of information
from the 62 case studies analyzed made it possible to calculate the volumetric
performance of the system, the percentages of leaks, the energy lost due to leaks,
and the associated costs. The literature review allowed estimating that the use of
PATs reduces the percentage of leaks between 4 and 63 %, while it is estimated that
the annual energy recovered is between 28470 and 714679 kWh. This study shows
the influence of leaks in distribution networks.

In order to know the behavior of the PATS, it is necessary to know its characteristic
curves (height, efficiency and power) and how these curves vary depending on the
modification of the turning speed. As there is little information about the curves, a
series of regression expressions are proposed in this thesis, modifying the affinity
laws, from a database of experimental studies of 15 PATs with specific speeds
between 5.67 and 50.71 rpm (m, kW) tested at 87 rotational speeds. To obtain a
better approximation of the expressions, this proposal was validated through an
error analysis in comparison with other published methods. The development of the
curves is explained in Annex Il.

The first stage of the proposed optimization methodology for determining the best
location and selection of PATs, part of the development of network modeling,
whether urban or irrigation. This requires knowledge of: (i) network topology, (ii)
volumes injected and consumed in the network, (iii) mode of operation, among
others. The simulation carried out in EPANET allows knowing the flow values in each
line and the pressure in the nodes in extended simulation periods.

Through a water balance between the flow injected and the consumption in the
network at each instant of time, the volume of leaks is determined. When the KE/
indices (for its acronym in english, key error index) are acceptable and the errors are
minimized, the calibration is finished, and the energy balance is performed. Based
on the minimum hydraulic pressure requirements in the network so as not to affect
its behavior, the total existing energy is estimated, as well as the theoretical
available and recoverable energy. In addition to the operating points of head and
flow. The use of a series of expressions allows estimating the total existing energy,
the friction losses, the energy required in the system, the theoretical available and
recoverable energy. In addition to the operating points of head and flow.
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The first “simulated annealing” procedure is performed to determine the optimal
location of the energy recovery devices to be installed, through the definition of a
series of parameters. The second “simulated annealing” procedure is performed to
determine the selection of the PATs. In this stage, the number and type of PATs to
be installed are defined, as well as the regulation mode and their parallel
configuration. The development and application of the methodology is shown in
Annexes lll and IV of this thesis.

The proposed methodology has been applied in two case studies of real networks,
the first irrigation network in Vallada (Spain) and the second urban distribution
network in Manta (Ecuador). The development of the methodology in the irrigation
network shows the influence on the reduction of leaks when PATs are installed in
the network. The annual energy recovery was estimated with values of around
32000 kWh, an annual reduction in the leaked volume of 18000 m* and a decrease in
CO; emissions from 4.38 to 0.24 kg for each m? of water recovered from leaks. For
the urban network located in Manta (Ecuador), if a recovery system with 3 machines
is installed, it is possible to generate 23624 kWh of energy annually, a reduction in
leaked volume of 96000 m* of water and 11.58 t of CO,. By installing 2 recovery
systems with 3 machines in parallel each, an energy value of 34490 kWh would be
recovered annually, a reduction of 120000 m? of water and 969 t of CO, per year.
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1. Introduccion

1.1. Motivacion

El agua es un recurso valioso para la supervivencia humana. En muchos lugares del
mundo, el recurso actual no permite cubrir la demanda minima de consumo de
agua [1]. La falta de cobertura del agua en la poblacién no es solamente producto
del estrés hidrico, sino que esta relacionado también a factores de gestién, politicos,
econdmicos, ambientales, hidrdulicos, entre otros. Actualmente, existen grandes
volumenes de agua que son perdidos a causa de fugas en las redes de distribucion
de agua. Estas pérdidas pueden ser debidas a: (i) excesos de presién en redes, (ii)
envejecimiento de tuberias, (iii) falta de gestion y monitorio [2], (iv) fallos en la
instalacién, defectos del material, entre otras razones [3]. Se estima que entre el 5y
55 % del agua fugada se infiltra en el suelo y no es contabilizada. En los paises
desarrollados, donde se aplican planes de gestion, se alcanzan valores de 15 al 24 %
en pérdidas del volumen total de agua inyectado en la red [4]. Para llevar a cabo una
estimacion de los volumenes fugados, la Asociacion Internacional del Agua (WA,
por su acréonimo en inglés International Water Association) proporciona una serie de
indicadores para ser aplicados a los sistemas de abastecimiento de agua, donde se
contemplan las pérdidas reales de agua, las pérdidas de agua de las conexiones
domiciliarias y la tasa de fugas [5].

A medida que la red de abastecimiento de agua se deteriora estructural y
funcionalmente, las roturas aumentan y se disminuye la capacidad hidraulica de la
red [6], una red con fallos fisicos puede estar expuesta, bajo ciertas condiciones de
operacién a intrusiones de patdgenos que afectan la calidad del agua [7].
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Las investigaciones consultadas han descrito diferentes métodos internos y
externos para la detecciéon de fugas. Entre los métodos de deteccidn externa se
encuentran de tipo: acusticos, fibra éptica, induccién magnética, entre otros [8]. Los
métodos internos son métodos de equilibrio, monitoreo de flujo de presion,
enfoque de procesamiento de sefales, andlisis estadistico, métodos basados en
modelos, entre otros [9]. La reduccién de fugas en las redes de distribucién de agua
es una prioridad absoluta. En la literatura revisada, se han propuesto estrategias de
gestiéon de la presién para abordar este problema, tales como: el indice de
rendimiento de fugas LP! (por su acrénimo en ingles Leakage Performance Index)
[10], algoritmos de optimizacién para la reduccién de fugas [11], implementacién de
valvulas reductoras de presion (VRP) en la red [12] y algoritmos genéticos aplicados
a redes de agua con turbinas hidrdulicas instaladas [13].

Uno de los elementos mas utilizados en la gestién de la presiéon en redes de
distribucion son las VRP. Una VRP consta de una valvula principal y un controlador
que detecta la presion de salida y ajusta la apertura de la valvula principal para
mantener la presién de salida en un punto de ajuste determinado, lo que permite
disipar la energia del fluido y reducir las fugas en la red de distribucion [14]. En las
redes de distribucién de agua, las bombas funcionando como turbinas (PAT) se
pueden usar en lugar de las VRP, tanto para la reduccién de presién como para la
produccién de energia [15].

Las PAT son bombas de agua estandar que se utilizan como turbinas hidraulicas al
invertir la direccion del flujo a través de ellas. El uso de las PAT fue propuesto como
solucién sostenible no convencional para reducir la presién y recuperar energia [16].
Esta recuperacion energética es un proceso en el que se recupera energia de la
presién residual de la red cuando se aplica en sistemas de agua [17]. La poca
disponibilidad de coste y la falta de informacion es probablemente una barrera para
la implementacion de PAT de manera mas generalizada [18]. Las PAT tienen un
coste menor en comparacion de las turbinas hidraulicas. El uso de estas nuevas
tecnologias es clave para mejorar la eficiencia energética en los sistemas de agua a
presion. Otro factor muy importante es el andlisis completo de estas mejoras
energéticas [19].

El conocimiento de sus curvas caracteristicas, que son: curva de altura (HC, por su
acrénimo en ingles Head Curve), curva de eficiencia (EC, por su acrénimo en ingles
Efficiency Curve) y la curva de potencia (PC, por su acrénimo en ingles Power Curve)
es dificil de saber de antemano si los gestores del agua consultan el catdlogo del
fabricante [20]. La falta de esta informaciéon ha sido un desafio, en el que los
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investigadores intentaron suplir esta escasez proponiendo expresiones empiricas
[21]. Estas funciones se basan en el desarrollo de pruebas experimentales. El uso de
estas expresiones ayudaron a comprender mejor el funcionamiento de estas
magquinas cuando estos sistemas de recuperacién funcionan como turbina [22].

Para definir las ecuaciones que permitan estimar el comportamiento de las
maquinas se analizaron dos aspectos: (i) el conocimiento del mejor punto de
operaciéon de la maquina (BEP, por su acrénimo ingles best efficiency point) cuando
opera como turbina y el gestor de agua solo conoce las curvas caracteristicas en
modo bomba; v (ii) la necesidad de regular la velocidad de rotacién de la maquina
para maximizar la efectividad la energia recuperada del sistema cuando se aplica
una estrategia de operacion variable (VOS, por su acréonimo del inglés variable
operation strategy) [23]. El conocimiento de las curvas de operacién a través de los
aspectos mencionados permitira estimar la ubicacién y seleccién éptima de las PAT.

La determinacién de la ubicacion y seleccion éptima de las PAT dentro de una red
de distribucién de agua puede producir energia y reducir las fugas [24]. En un caso
de estudio desarrollado en Estados Unidos, los resultados mostraron que es factible
reemplazar las VRP por PAT. La instalacion de tres PAT generd una potencia total de
47965 kW, que es mas del 30 % de la demanda eléctrica diaria de la red de agua [25].
Lima, Luvizotto y Brentan [26], compararon el uso de PAT frente a las VRP, indicando
que con la instalacién de PAT es posible recuperar un valor anual de energia igual a
169360 kWh y reducir las fugas un 60 %. Un estudio en Polokwane, identificé un
potencial de energia recuperable mediante PAT de 2.3 GWh, lo que supone una
reduccién anual del 4.2 % en fugas de agua. Mediante la instalacién de PAT fue
posible disminuir las fugas, aumentando el rendimiento volumétrico del sistema de
0.73a0.90 [27].

La gestion eficiente de las pérdidas en los sistemas de distribucién de agua es uno
de los temas clave de las empresas de agua. En particular, las herramientas y los
métodos para gestionar las fugas se desarrollan activamente entre los componentes
de las pérdidas [28]. Los KPI aplicados a los sistemas de agua, son una herramienta
de gestion para conocer el estado de la red y poder caracterizarla, estos indicadores
sostenibles estan clasificados en tres grupos diferentes: indices energéticos,
econémicos y ambientales [29].

La instalacién de PAT permite que las ciudades sean mas inclusivas, seguras,
resilientes y sostenibles, esto se relaciona de forma directa con varios de los
objetivos del desarrollo sostenible (ODS) [301.
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1.2. Estructura de la tesis

Este documento se encuentra dividido en ocho capitulos.

En el Capitulo 1, se presenta la introduccion, principal motivacién de esta
investigacion, la estructura de la tesis, los objetivos y herramientas y software
empleados en su desarrollo.

El Capitulo 2, contiene la introducciéon, materiales y métodos, resultados y
conclusiones de la publicacién del Articulo 1, denominada “Leakage Management
and Pipe System Efficiency. Its Influence in the Improvement of the Efficiency
Indexes”. Este articulo describe los principales métodos de cdlculo para la
estimacioén de fugas, analiza los datos de casos de estudios de redes existentes para
proponer una serie de indicadores de rendimiento. Finalmente, se muestra la
influencia de las fugas cuando se instalan PAT en las redes.

El Capitulo 3, contiene la introducciéon, materiales y métodos, resultados y
conclusiones de la publicacion del Articulo 2, denominada “Definition of the
Operational Curves by Modification of the Affinity Laws to Improve the Simulation of
PATs”. Este articulo propone una serie de expresiones de regresion para definir tres
curvas operativas cuando las maquinas operan a velocidad de rotacién variable. La
propuesta es comparada con las expresiones publicadas por otros autores.

El Capitulo 4, contiene la introduccién, materiales y métodos, resultados y
conclusiones de la publicacién del Articulo 3, denomiada “Optimization tool to
improve the management of the leakages and recovered energy in irrigation water
systems”. Este articulo aplica la metodologia propuesta en esta tesis a una red de
riego, ubicada en Vallada (Espafia).

El Capitulo 5, contiene la introducciéon, materiales y métodos, resultados y
conclusiones de la publicacion del Articulo 4, denominada “Improve leakage
management to reach sustainable water supply networks through by green energy
systems. Optimized case study”. Este articulo aplica la metodologia propuesta en
esta tesis a una red urbana de abastecimiento, ubicada en Manta (Ecuador).

En el Capitulo 6, se muestran los Resultados y Discusion, enumerando los
principales resultados de cada uno de los objetivos.

En el Capitulo 7, se muestran las principales conclusiones de la tesis y las futuras
lineas de investigacién para la mejora de los sistemas de recuperacién de energia en
redes presurizadas.
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El Capitulo 8, recoge las referencias utilizadas en los diferentes capitulos de la tesis.

A continuacion, se muestra informacién adicional de cada uno de los articulos
publicados dentro del estudio del doctorado.

Articulo 1: Leakage Management and Pipe System Efficiency. Its Influence in the
Improvement of the Efficiency Indexes.

a. Co-autores:
Carlos Andrés Macias Avila; Francisco-Javier Sdnchez-Romero; P. Amparo
Lopez-Jiménez; Modesto Pérez-Sanchez.
b. Revista:
Water ISSN 2073-4441.
Factor de Impacto 3.103. JCR (Q2; Posicién 36/100). Water Resources.
c. Estado:
Publicado [Water 2021, 7, 9; d0i:10.3390/w13141909].

Articulo 2: Definition of the Operational Curves by Modification of the Affinity Laws
to Improve the Simulation of PATs.

a. Co-autores:
Carlos Andrés Macias Avila; Francisco-Javier Sdnchez-Romero; P. Amparo
Lopez-Jiménez; Modesto Pérez-Sanchez.
b. Revista:
Water ISSN 2073-4441,
Factor de Impacto 3.103. JCR (Q2; Posicién 36/100 Water Resources).
c. Estado:
Publicado [Water 2021, 7, 6; doi: 10.3390/w13141880]

Articulo 3: Optimization tool to improve the management of the leakages and
recovered energy in irrigation water systems.

a. Co-autores:
Carlos Andrés Macias Avila; Francisco-Javier Sdnchez-Romero; P. Amparo
Lopez-Jiménez; Modesto Pérez-Sanchez.

b. Revista:
Agricultural Water Management ISSN 0378-3774.
Factor de Impacto 4.516. JCR (Q1; Posicion 5/90 Agronomy; 11/100 Water
Resources ).

c. Estado:
Publicado [Elsevier 2021, 10, 1; doi: 10.1016/j.agwat.2021.107223].
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Articulo 4: Improve leakage management to reach sustainable water supply
networks through by green energy systems. Optimized case study.

a. Co-autores:
Carlos Andrés Macias Avila; Francisco-Javier Sanchez-Romero; P. Amparo
Lopez-Jiménez; Modesto Pérez-Sanchez.

b. Revista:
Sustainable Cities and Society ISSN 2210-6707.
Factor de Impacto 7.587. (JCRQ1; Posicién 2/68 Construction and Buildings
Tecnology; 16/119 Energy and Fuels).

c. Estado:
Publicado [Elsevier 2022, 3, 15; doi: 10.1016/j.5¢5.2022.103994].

1.3. Objetivos

La presente tesis estd enfocada en el desarrollo de estrategias hidraulicas para
mejorar la recuperaciéon de energia en los sistemas de distribucién de agua
considerando la influencia de las fugas en el sistema, mediante la optimizacién de la
ubicacion y seleccion de PAT.

El objetivo principal posee varios objetivos secundarios que son necesarios para
desarrollar la tesis, estos objetivos son los siguientes:

1. Realizar una revisidn del estado de arte de las diferentes metodologias de
calculo existentes de fugas en redes de distribucién, considerando un analisis de la
influencia de la instalacion de PAT en las fugas.

2. Implementar expresiones semiempiricas correlacionadas obtenidas dentro
del software especifico desarrollado que realicen las curvas de operacién 6ptimas.

3. Definir una matriz de operacién que contenga las diferentes estrategias de
regulacion atendiendo a caudales y alturas, asi como la disposicién en serie o en
paralelo.

4, Desarrollar una metodologia que pueda implementarse en un modelo
integrado de analisis de redes presurizadas donde el binomio “fugas-PAT" pueda ser
analizado.

5. Estudiar el impacto de las fugas en la variacion de caudales y alturas
turbinadas, asi como la repercusién en la seleccién de maquinas.
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6. Definir indicadores ligados a los Objetivos de Desarrollo Sostenible que
muestren la evolucion temporal de la red en funcion de las fugas existentes y los
sistemas de recuperacion instalados.

7. Aplicar la metodologia propuesta a redes existentes de riego y de
abastecimiento.

1.4. Herramientas y software empleado

La presente tesis busca desarrollar una metodologia que permita a través de un
procedimiento de optimizacion energético, volumétrico y econdmico, la estimacion
de la energia tedricamente recuperable (E;g), el volumen recuperado por
reduccion de fugas (4V,), la disminucién de emisiones de gases de efecto
invernadero, el valor actual neto (VAN) y el coste nivelado de energia (LCOE) en las
redes de distribuciéon de abastecimiento urbano y de riego. El procedimiento de
optimizacion de energia permite estimar el potencial energético recuperable que
existe en la red, considerando la energia perdida por fricciéon y la minima que
requiere la red hidraulica para su funcionamiento.

Esta metodologia permite maximizar la recuperacidon energética y minimizar el
volumen fugado. Ademads, esta metodologia emplea pardmetros econdmicos
relacionados con el agua y la energia. La metodologia incluye un procedimiento de
calibraciéon de fugas, que separa las fugas reales de las aparentes, a partir de la
diferencia volumétrica entre el registro de los datos del caudal inyectado en la red
respecto a los consumos de los usuarios. Los coeficientes utilizados en las
expresiones para la estimacién de las fugas han sido definidos a través de la
busqueda bibliografica que recopila diferentes casos de estudio. El procedimiento
de calibraciéon se realiza utilizando el software EPANET y es validado a través de
indices de error (KEl, por su acrénimo en inglés Key Error Index). Los errores
utilizados son: error medio cuadratico (RMSE), desviacién media absoluta (MAD),
desviacién media relativa (MRD), porcentaje (BIAS).

Esta investigacion estd fundamentada en métodos, metodologias y materiales, en
los que los resultados obtenidos y su conexion entre ellos, constituyen la
metodologia para optimizar la recuperacion energética, reducir el volumen de fugas
y de gases de efecto invernadero en los sistemas de distribucién de agua. Los
métodos y metodologias se incluyen en cada uno de los objetivos definidos. Estos
son mostrados como resultados intermedios de esta investigacion, logrando el fin
propuesto en cada fase de la estrategia de optimizacién.
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Los métodos utilizados se implementan para alcanzar el objetivo principal de esta
investigacion. Estos métodos son: (i) definicion del modelo analitico de calculo
hidraulico para estimar los caudales y presiones en el tiempo; (ii) calibracion del
modelo de calculo hidraulico en funcién de las variables observadas; (iii) la
optimizacion de la energia recuperada mediante una estrategia analitica; y (iv) el
estudio de modelos analiticos para estimar la eficiencia de las PAT cuando operan a
velocidad variable y se introducen fugas en la red.

La definicién del modelo analitico determina los caudales en el tiempo que circulan
en la red hidraulica. En las redes de riego, esta definicion se centra en la
determinacion de la apertura o cierre en cada punto de riego en funcién del balance
entre la necesidad de riego y el volumen de riego acumulado. En las redes urbanas
de abastecimiento se centra en la apertura o cierre de cada punto de consumo
urbano. Estos pueden abastecer a un grupo de viviendas o sectores en funcién de la
curva de consumo y el volumen total de agua inyectado en la red. La apertura en
ambos tipos de red se establece en funcién de diferentes patrones, estos mostraran
las tendencias de consumo a lo largo del dia, semana y afo.

Esta metodologia es desarrollada en la presente investigacion en el articulo 3 para
una red de riego y en el articulo 4 para una red urbana.

La estrategia de calibracion es realizada en los modelos hidraulicos mediante un
balance hidrico entre el caudal inyectado y consumido. La bondad del ajuste del
modelo entre los caudales estimados y registrados se realiza a través de indicadores
de error (KEI) [31]. Esta estrategia de calibracion es definida y aplicada en redes
hidraulicas en el articulo 3 y 4.

La optimizacion de la energia recuperada mediante una estrategia analitica se
divide en dos fases. La primera fase es a través de un balance de energia en un
volumen de control. Los términos energéticos son expresados a través de
ecuaciones que permiten estimar el total de energia existente en la red, la energia
recuperable y no recuperable en el sistema, entre otras. La aplicacién del balance
energético y el algoritmo heuristico se desarrolla y aplica en los articulos 3 y 4.

La optimizacion de la recuperacion energética, asi como la seleccion de las
maquinas estd sustentada en el conocimiento de las curvas caracteristicas. La
eficiencia de las PAT es un pardametro importante para conocer el mejor punto de
operacion de la maquina. Las leyes de semejanza modificadas y los parametros de
Suter fueron considerados para estimar la energia recuperable cuando las maquinas
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operan bajo la condicién de velocidad variable. La aplicacion de este método es
descrita en el articulo 2.

El desarrollo de esta tesis se basa en el uso de las herramientas de software EPANET
(de uso libre) y WaterPAT, software desarrollado por los tutores de esta tesis, asi
como coautores de los articulos publicados en la misma. Para determinar los
pardmetros hidraulicos de las redes de distribucién de agua se utilizé el software
EPANET. Este permite el andlisis en simulaciones hidraulicas de periodo extendido,
puede representar diferentes elementos, como: tuberias, nudos, bombas, valvulas,
reservorios, patrones de consumo, reglas de operacién, entre otros. El software
WaterPAT plantea una metodologia que optimiza bajo criterios energéticos,
ambientales y econémicos, tanto la ubicaciéon de los sistemas de recuperacion,
como la seleccion y definicion de la maquina o maquinas a utilizar, las curvas de
operacion y los modos de regulacion, obteniendo las soluciones 6ptimas segun los
criterios escogidos. A dicho software, se le fue implementado los diferentes
métodos y propuestas desarrollados en esta tesis.

Los materiales empleados en el desarrollo de la tesis son: (i) entrevista a gestores de
la red para conocer el modo de operacién de la red, que sirvieron como datos de
entrada en el modelo analitico desarrollado para la estimacién del caudal en el
tiempo; (ii) registro historico de datos del caudal registrado en el tiempo de la red de
riego y urbana, los cuales se analizan en cada caso de estudio desarrollado; (iii) base
de datos experimentales de las curvas caracteristicas de las bombas como turbinas.

Las entrevistas realizadas a los agricultores y a los gestores de la red urbana de agua
permitiran estimar los caudales y presiones en las redes. Estos resultados son
mostrados en los articulos 3 y 4.

Los datos de la topologia de la red y caudales registrados por contadores son
utilizados al realizar la estrategia de calibracién en el articulo 3, para red de riego en
Vallada (Espafia) y en el articulo 4 para la red urbana de abastecimiento en Manta
(Ecuador).

La tesis recopila una amplia base de datos desarrollada a partir de publicaciones de
diferentes investigadores que analizaron experimentalmente las PAT, tanto a
velocidad fija como velocidad variable. El articulo 2 considera los resultados de otras
publicaciones de 15 diferentes maquinas que fueron probadas a 87 diferentes
velocidades de rotacion. En el articulo 3 y 4 la metodologia utiliza una base de datos
que contiene 110 maquinas probadas.
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Los materiales y métodos mostrados son aplicados en las distintas fases para
optimizar en funcién del criterio escogido, implementando los resultados de salida
como entrada de otros pasos tal como se describe en el siguiente capitulo.
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2. Articulo 1

“Leakage Management and Pipe System Efficiency. Its
Influence in the Improvement of the Efficiency Indexes”

2.1. Description

Coautores: Carlos Andrés Macias Avila; Francisco-Javier Sanchez-Romero; P. Amparo
Lopez-Jiménez; Modesto Pérez-Sanchez.

Revista: Water ISSN 2073-4441.
Factor de impacto: 3.103. JCR (Q2; Posicion 36/100). Water Resources.

Estado: Publicado [Water 2021, 7, 9; doi:10.3390/w13141909].
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Abstract

Water is one of the most valuable resources for humans. Worldwide, leakage levels
in water distribution systems oscillate between 10 % and 55 %. This causes the need
for constant repairs, economic losses, and risk to the health of users due to possible
pathogenic intrusion. There are different methods for estimating the level of
leakage in a network, depending on parameters such as service pressure, orifice size,
age and pipe material. Sixty-two water distribution networks were analyzed to
determine the leakage method used, the calibration method, and the percentage of
existing leaks. Different efficiency indicators were proposed and evaluated using
this database. Several cases of installation of pumps working as turbines (PATs) in
water distribution networks were analyzed in which the use of these recovery
systems caused a pressure drop, reducing the level of leaks and recovering energy.

Keywords: leakage; PATs; efficiency indexes; water networks; energy recovery.

2.2. Introduction

Water is probably the world’s most precious natural resource. It is sad then to think
that so many people already live with less than their daily needs and that this
situation is predicted to get even worse [32].

In a survey carried out by the International Water Services Association (IWSA), water
losses vary between 8 % and 24 % in developed countries, 15-24 % in newly
industrialized countries, and 25-45 % in developing countries [4]. Current statistical
surveys indicated that 50% of the treated drinking water in city centers is lost and
unaccounted for in big countries like Turkey [33]. According to other surveys [34],
water leakages in a water distribution system may vary from 5 % to 55 % of the total
supply and generally increase with pressure and it can therefore have an important
effect on the operation of the system. When a network is simulated by a model
considering the relationship between pressure and leakage flows, it can provide
more realistic results compared to if no leakage is assumed [35].

Detecting and locating leaks in pipes has become an important aspect of water
management systems. Since monitoring leakage in large-scale water distribution
networks (WDNss) is a challenging task, the need to develop a reliable and robust
leak detection and localization technique is essential for loss reduction in potable
WDNs [9].
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The literature describes different methods for detecting leaks in the water supply [9]
classified leak detection methods as internal and external. The external detection
methods are acoustics, fibre optics, gas injection, magnetic induction, ground
penetration radar, among others. The internal methods are balancing methods,
pressure/flow monitoring, signal processing approach, statistical analysis, model-
based methods. Currently, the use of Transient Test-Based Techniques (TTBTs) is a
good technique to improve the water management of the systems [36]. The merit of
the TTBTs results from the simplicity and the limited cost of the equipment [37].
There is extensive literature which shows the development and progress of the
current transitional theory, including transient flow models, models of unstable
friction and turbulence and numerical simulation methods.

The contribution described in [38] presented a literature review of some major
standpoints in hydraulic transient-based leak detection of pipe systems from 1992
to 2018. Reference [39] proposed a technique for leakage detection based on the
well-known properties of transient pressure waves. A method for the analysis of
inverse transients through a numerical model is proposed in [40].

This research focuses on model-based leakage detection methods. Reference [35]
showed the formulation of a rupture prediction model that relates the rupture of a
pipe with the exponent of its age, the optimal moment to replace a pipe, and the
economic analysis with water losses for leaks.

Managing losses in water distribution systems efficiently is one of the key issues of
water utilities. In particular, tools and methods for managing leakage are actively
developed among components of losses [28]. There are many causes of such
leakages, including natural process of wear, corrosion of the inner and outer surface
of pipes, mechanical damage of pipes caused by excessive loads, assembling errors,
seasonal temperature changes, movements of a subsoil, and material defects of
pipes. The failure of pipelines is usually attributed to the ageing infrastructure
and/or severe environmental conditions [3].

As water mains deteriorate both structurally and functionally, their breakage rates
increase, network hydraulic capacity decreases and the water quality in the
distribution system may decline [6]. A network with physical failures may be
exposed, under certain operating conditions, to pathogen intrusions that affect the
quality of water [7]. The leaky pipes increase pumping energy to guaranties the
service levels. In addition, the energy wasted in leaks involves an environmental
burden related to the many impacts associated with energy production and
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consumption, including greenhouse gas emissions, acid rain, and resource
depletion [9].

The general objectives of pressure management for leakage minimization are three-
fold [41]: (i) reduce background leakage which refers to acoustically undetectable
seeps at pipe joints and small cracks; (ii) decrease the rate of new leaks and breaks
which occur on mains and service connections, due to diminished stress on the
pipes; and (iii) minimize the flow rate from any leaks and breaks. To reduce leakage
in the distribution network, it is necessary to apply models to know their efficiency
volumetric. Different methods were found in the literature review discussed below.

Related to pressure management, one of the most used elements are pressure
reduction valves (PRVs). A PRV consists of the main valve and a PRV controller which
senses the output pressure and adjusts the opening of the main valve to maintain
the outlet pressure at a given set-point, thereby reducing leakage and mitigating
the stress on the downstream water distribution network. A research topic is how to
understand and explain the instability phenomena in pressure control schemes for
low flow rates (small valve openings) [14]. The results of a mathematical model
representing the static and dynamic properties of a hydraulic controller and a PRV
show good agreement with experimental data [42]. Optimization models through
genetic algorithms are used to minimize leaks in water distribution sites through the
most effective location and adjustment of control valves [43].

A hybrid multi-objective algorithm was established, which has as decisive variables
the pipe diameter and the positions and settings of the valves. Analysis of the results
shows that the new algorithm is more efficient than a multiobjective genetic
algorithm widely adopted in the scientific literature [44]. The analysis of the tests
demonstrates the versatility of PRVs as a powerful tool for pressure management,
and also when the flow condition changes according to the users’ demand pattern.
Notwithstanding the crucial importance of PRVs, few experimental data are
available in the literature [45]. The pressure control strategy through PRVs has been
thoroughly researched as a management strategy. In contrast, little experimental
data is available in the literature, regarding the transient behavior of PRV in terms of
its response to incoming pressure waves, as well as the time required to reach the
pressure set point [46].

The use of pumps working as turbines (PATs) was proposed by [16] as an
unconventional solution to reduce pressure and recovery energy. PATs are standard
water pumps utilized as hydraulic turbines by reversing the flow direction across
them. Electric power generation through PATs has a lower cost compared to
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hydraulic turbines. However, in the literature, the few available cost figures relative
to PAT purchase price are discordant and often outdated, and such a lack of
information is likely a severe barrier to a more widespread PAT implementation [18].

The application of PATs appears as an alternative and sustainable solution to either
control network pressure as well as to produce energy [47]. Different pumps suitable
to run in turbine mode for low-capacity power generation in micro- hydropower
plants as well as in water supply piping systems are discussed. The research work on
PAT including criteria for selection of pump running as turbine, cavitation analysis,
force analysis, loss distribution, various methods of performance enhancement, cost
analysis of hydropower plant with conventional hydro turbine and PAT, applications
of PATin water supply pipelines, among others [48].

Performance data in pump and turbine mode were published in [15]. An energy
evaluation is shown considering a test case of a water distribution network. Due to
some problems such as limited resources and environmental pollution that they
cause in recent years, researchers and engineers have focused on various types of
renewable energies. Benefiting renewable resources improves air quality and
prevents further greenhouse gas emissions [15]. Being the implementation of PATs a
sustainable alternative for the reduction of leaks and energy production.

The objective of this research is to show the different methodologies to determine
the leakage flow in distribution networks as well as the implications of leaks in
volumetric performance, energy losses, and the costs associated with the loss of
water and energy in forty-five case studies. The comparison between different case
studies enables to show the range of the different key performance indicators (KPIs)
applied to them.

2.3. Materials and Methods

2.3.1. Leakages Evaluation and KPIs

Different methods were used to estimate the leakages in the water systems. The
most used are Torricelli theorem [41], MNF [49], Fixed and Variable Area Discharges
(FAVAD) [9], N1 Power Law and leakages model [50], and Background and Bursts
Estimates (BABE) [51].

Figure 1 shows the process and analysis carried out in this research. Forty-five
different distribution networks were selected and analyzed for leaks. The leak
calculation method implemented in the model was identified and relevant
information was subsequently extracted from each case to calculate the efficiency
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indicators. The water distribution systems were different in terms of topology and
pressure. However, to consider the general indicators and get the normalization of
the different indicators, the research work with the value of average pressure to
establish the correlation between indicator values. However, the different cases
studies were analyzed in the different published studies considering the pressure
value in the different leakage methods.

Leak calculation methods Information extracte Calculation of efficiency indicators
found in analyzed cases from the case studies H with the information obtained

1. Volumelric efficiency

1. Torricelli :
’ : 2. Annual energy lost by leaks
e 2. MNF : 1. Volume injected . gY ¥
45 selected - - - 3. Energy consumed for
! »| 3 FAVAD | 2. Percenlage of leakage > ;
case studies each cubic meter
4. N1 Power 3. Average Pressure .
5. BABE 4. Annual energy compsution

5. Annual cost of lost water and energy

Figure 1. Analysis and calculations made to case studies

2.3.1. Torricelli Teorem

The hydraulics of orifices is well understood, and a fair amount of research has been
conducted on different orifice shapes and conditions. In Torricelli's equation, the
velocity through an orifice is expressed as [52]:

v =.2gh (M

where v is the theoretical velocity (m/s); g is the acceleration due to gravity (m/s?)
and h is the pressure head (m w.c.).

The starting point is that water leakages in WDN are directly related to pressure as
well as to the age and material of WDN elements (joints, valves, pipes, etc.). Many
numerical models were developed starting from experimental observations and
assuming the validity of the Torricelli law in the following form, which is valid for a
single leak orifice [51].

One of the major factors that influence leakage rate is the pressure in the
distribution system. A conventional physical model that relates the pressure and the
leakage rate is the well-known Torricelli orifice equation, described as [53]:

Qear = CaA/2gh M

where Qleak represents the leakage flow rate, Cd is the leakage discharge
coefficient, h denotes the pressure head, and A the area of the leak opening in m2
However, from several studies on real WDNs, it has been shown that the Torricelli

34



2. Articulo 1

law does not provide a satisfactory model for the relationship between leakages
with pressure within a WDN [51].

2.3.2. Minimum Night Flow (MNF) Analysis

Minimum Night Flow (MNF) analysis is the most common method for leakage
assessment at the scale of the DMA. The MNF is the lowest inflow in the DMA over
24 h along the day, which occurs depending on consumption patterns but
reportedly, between 02:00 and 04:00 AM when most of the customers are probably
inactive and the flow at this time is predominantly leakage [54]:

Lpma = Qunr — Qunc (2)

Where Lp,,, is the leakage rate in the DMA (m3 /h) at the time hour of MNF, Qv is
the minimum flow rate (MNF) and Q; ¢ is the legitimate nighttime consumption in
the DMA at the MNF time.

The leakage in the MNF time cannot be generalized for all the hours of the day
because of the pressure leakage relationship, where higher pressure at night leads
to higher night leakage and lower pressures during the day lower the day leakage.
For this reason, the MNF leakage should be modelled according to the leakage-
pressure relationship [49]. Lambert [55] in his research shows three basic steps that
must be performed to determine the MNF.

Once the leakage flow has been obtained in the hour of the night minimum, its
value can be extrapolated to the rest of the hours using a multiplying factor known
as the hour-day factor (HDF). The HDF represents the change throughout the day of
the leakage flow and it is proportional to the pressure variation in the network for
the pressure of the hour of minimum night flow. This pressure variation is calculated
in the Average Zone Pressure (AZP), which is assumed to be the most representative
point of pressure in the network, therefore [56]:

Pazpery 1%
= t : [— 2
Qieak(t) = Qu(tunr) Pazp (tynr)

where Qeqi(r) is the leakage flow at a different time from that considered for the
night minimum, (tyyr) is the time at which the night minimum flow is measured,
Pazp(r) is the pressure in the AZP (selected as point average of the pressures in the
network), Py,p(tyyr) is the pressure in the AZP at the hour (tyyr) and finally, a is
the exponent of the emitter. This equation is based on the FAVAD theory. Stenberg
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[54] has found that night leakage flow rates should then be multiplied by 20 h. This
assumption does not consider that pressure is not constant over a period.

2.3.3. FAVAD Concept

A variety of different concepts have been proposed to explain the diversity of
pressure: leakage rate relationships including the widely used fixed and variable
area discharge (FAVAD) model. This model offers a means to demonstrate the
sensitivity to the pressure of different leaks and to quantify the change of the area of
elastically deforming leaks subject to hydraulic pressure loading [41].

The FAVAD concept, as realistic modelling of leakage and intrusion, flows through
leak openings in pipes in water supply systems, allows for variations in leaks
resulting from changes in pressure [55]. The FAVAD concept as the principle of
conservation of energy provides a logical hydraulic basis to explain, analyze and
predict diverse relationships between Average Zone Pressure (AZP) and leak flow
rates [57].

Emitters are devices associated with junctions that model the flow through a nozzle
or orifice that discharges to the atmosphere [58]. The technique for a more
consistent description of demands is to allocate part of the total metered inflow to
the leakage component, and account for this as a pressure-dependent demand [39].

When the leakage flow at each pipe is known, this value can be assigned to each
node according to Equation (5) [59]:

qli=c;-Pf @)

i

where ql; is the leakage flow at node (Is™1), B is the emitter exponent which takes
into account the pipe material and the shape of the orifice, and P; is the pressure at
node i. [60] defined the leakage exponent as a, which is sometimes called N1. The
coefficient C; was determined by equation:

Ci:a.O.S.zLﬁ (5)
ais a coefficient (Is~tm~178),jis an index related to pipe, Kj; is the number of pipes

connected to node i and L;; is the length of pipe j connected to node i (m). The
leakage volume was obtained by applying the equation:
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1 24

where the term 1/1000 is used to convert units from [s~1 to m3s~1, Ql,, is the total
leakage flow at time h and Ah (s) is the time in which QI s~ is applied.

a and { variables are two leakage model parameters, representing the influence of
some factors on the relationship leakage/pressure. Parameter (3 can represent the
pipe deterioration over time, thus it depends on both pipe characteristics (pipe age,
diameter, and material) and various external factors (mainly the average pressure,
but also other environmental conditions, traffic loading, external stress, and
corrosion, etc.). In contrast, a is a function of pipe characteristics only {(material and
elasticity) [40,50].

In general, B is more closely related to the number of leaks (or leakage area) per unit
of pipe length while a is more strongly related to the type of leakage (therefore to
the hydraulics of leakage) as governed by the pipe material. For this reason, changes
in B need to be determined for the specific system, i.e., by model calibration, while
most experimental studies have focused mainly on leakage parameter a [34,50].
Table 1 shows the range of a and 3 coefficients for different pipe materials.

Table 1. Coefficients for different materials

Material a B
Cement 1077< B <10°° 075< a < 1.10
Steel 107¢< B <107 1< a<13
PVC 107°< B <107 1.1< a <15

The value of the leakage parameter, a, can be described using the fixed and variable
area discharge (FAVAD) approach. The range of exponents observed reflects
substantial differences in the impact of pressure on the rate of leakage. For example,
when the pressure halved in a pipe it caused a decrease of the flow rate of 29%, 50%
and 82% respectively, when the exponents were 0.5, 1.0 and 2.5 [60]. Reference [61]
showed the coefficient is a function of the length of the pipe and the type of
material in the network. Table 2 shows the leakage emitter exponent used in
different study cases. It is observed that the most used emitter exponent in the
analyzed case studies is 0.5, however, in some cases, they use different coefficients
to observe the sensitivity of the parameter to the model.
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Table 2. Case study emitter exponent

Reference ID Emitter Material
Exponent
[50][62][63]1[64] 7,9,12,13, 0.5 PVC, HDPE, steel, asbestos
27,33 cement and cast iron
[65] - 0.61 PVC, asbestos cement,
galvanized steel
[66] 8 0.5-1 PVC, Polyethylene (PE), iron,
steel.
[67] 1 0.91-1.13- PVC, metal, ambient.
1.41
[68],[69] 2,10 1.1 PVC, iron.
[70] 5 0.5-1.18 -
[71] 3 1.1-1.18 Ductile iron, Steel, High-Density
Polyethylene (HDPE)
[721,[73],[10] 11,14,15,18 1.18 PVC, asbestos cement,
galvanized steel
[571[601[74]1[75][76] - 0.5-2.5 PVC, iron, galvanised iron,
asbestos cement.
[41][52] 16 0.5-2.79 PVC, asbestos cement.
[741[76] - 0.5-2.95 -

The research described in [77] confirmed that the leak exponents can be
significantly higher than the theoretical value of 0.5. While leakage exponents for
round holes were near 0.5, the values for corrosion holes varied between 0.67 and
2.30, for longitudinal cracks between 0.79 and 1.85, and circumferential cracks
between 0.41 and 0.52. A variety of different concepts have been proposed to
explain the diversity of pressure: leakage rate relationships including the widely
used fixed and variable area discharge (FAVAD) model [78].

2.3.4. FAVAD and the N1 Power Law

The N7 Power Law an approximate version of the FAVAD concept—has been
increasingly used internationally since 1994 for practical assessment of pressure-
dependent leakage in water distribution systems. The estimation of system leakage
and average zone pressure head (AZP) before and after pressure management can
be used to estimate the leakage coefficient C and leakage exponent N1 [79]. When
modelling the pressure-leakage rate relationship in individual water distribution
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systems, a more general form expression was proposed instead of the orifice
equation [57]:

Qrear = Chilvép (7)

Where Qj.qx is the leakage flow rate and h,;p the AZP Equation (8) is also called the
N1 power-law or the N7 equation. The N1 Power Law approximation simplifies
FAVAD by assuming that the leak flow rate varies with average pressure N7, where
N1 lies between 0.5 (less sensitive) and 1.5 (more sensitive). FAVAD and N7 are both
widely used internationally in distribution systems and laboratory tests [55].

Different investigations [77], [80], [81] experiment with the materials of the pipes to
calibrate the parameters of C and N7, according to the orifice in the pipe, it is
transverse, longitudinal or circular (Table 3).

Table 3. Summary of leakage exponents N4

Failure Type uPvC Asbestos Cement Mild Steel
Round hole 0.52 - 0.52
Longitudinal crack  1.38-1.85 0.79-1.04 -
Circumferential crack 0.41-0.53 - -
Corrosion cluster - - 0.67-2.30

The median used is 1.15 depending on the mixture of leaks and the dominant type
of leaks (fixed area leaks: N7 = 0.5; longitudinal split which opens in one dimension:
N1 = 1.5; linear-radial opening: N1 = 2.0-2.5). Typically found in the literature an
exponent value of 0.5 [41]. Ref. [7] presented a methodology for evaluating water
losses where a sensitivity analysis of the coefficients is carried out to determine the
influence of various leakage exponents on the results of the study.

2.3.5. Background Leakage and Emitter Coefficient (BABE)

It is assumed that leakage continuously increases with pressure and can be
expressed as the sum of the background leakage and the burst leakage. So, the
pressure-leakage relationship for a pipe k can be stated as follows:

qleak(P )= {[’)klk(Pk)ak + Ck(Pk)ak P >0
ko Yk 7o P, <0 ®)

Where g% is the total leakage along pipe k; Lk is the length of pipe k; a; and 8 are
parameters of the background leakage model; C; and &, are parameters of the

39



2. Articulo 1

bursts leakage model; and P, is the average pressure in pipe k computed as the
mean of the pressure values of its end nodes. The leakage model assumes a uniform
distribution along the pipe [34], which is the most common experimental
relationship between leakage and pressure [35]. Several studies model leaks along
the pipe [41],[75], [82] .For each pipe, the total leakage is assigned to its end nodes,
half to each node. So, the nodal leakage flow q!¢** for a node i can be computed as
follows:

1 Z
leak _ — leak
qi 2 4 d )

2.3.6. Summary of Leak Calculation Methodologies

As mentioned above, there are different methodologies to calculate water leaks in
distribution networks. These methods are used in designs to know the leakage
percentage of a network. Table 4 shows the calculation equations, parameter
calibration methods, advantages and disadvantages of the leakage methodologies
described in this research.

Table 4. Methodologies for calculating leaks (Continue in next table)

Technique Reference Equation Calib.
Torricelli [43](83][84] [85][86] Qiear = C44\/2gh -
we | ousorselsziisssay  Fowa = Qe Qe
871189190 = Q(tynp) - |—220__ )
[ ][ ][ ] Q Q( MNF) [PAZP(tMNF)
,FAVAD PIATIONIS21055) -The equation can be written in
Fixedand  [54][57][61][65][63][65] .
. different ways:
Variable  [66][69](711[741(76](78] 0.,() = K,[P.(D] Ky, C.B
Area [79][831(84](86][911(92] “’ql B Cﬂl_f,ﬁ [80][74199]
Discharges  [93][94][95][96][971(98] R
g Qleak = .BP“
The N1 [50][52][55][571(62](77]
_ Ny
Power Law [93][80][81][90] [98] Q = Cyhyip N, [80](74]
Background [35]1[100][57] [62]
leakages  [101](82][102][103](90] ,  Panda
Q = Bl (P)™ + C (P)™ (109]
model [97198][104][105][106] 81106](102]

[107] [108]
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Table 4. (Cont). Methodologies for calculating leaks

Advantage Disadvantages
+ Only applicable for rigid pipe orifices
+Pressure dependent « Does not consider the flexibility of the pipes
+ The scale is to system-wide « It does not provide a satisfactory model of the
relationship between leakage and pressure
« No need lots of network data - Need to data loggers and mechanical flow meter
+ No need for a mathematical «Needs measurements
model « Intensive fieldwork, zoning

« Consider that the area of the

orifice varies with pressure + Many assumptions

+ Analyse field data and volumes « Further calibrations are useful

of bursts and the rates of small
background leaks
« It is an empirical equation and therefore not
founded on fundamental principles of fluid

mechanics
+Pressure dependent « The values of Cand N1 are not constant for a given
+ The scale is to system-wide system but depending on the pressures at which

they are being estimated
« The equation is dimensionally awkward since the
units of C include the variable N1
+ Consider leaks along the pipe
+ Pressure dependent « Further calibrations are useful
« The scale is to system-wide

2.3.7. Leakages Modelling and Calibration

In a distribution network under MNF conditions, using leakage and pressure data,
the leakage exponent of the system was determined by the following expression.
From the two data sets, system leakage exponent N7 was calculated using the
equation below [90]:

log (%)
s (28]

Where Q, and @, are system leakages and AZNP; and AZNP, are average zone
night pressures before and after pressure reduction, respectively. Van Zyl, Lambert,

N1=
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and Collins [91] suggested a modified version of the orifice equation where fixed
orifice area and flexible orifice area are considered as shown in equation (11).

Qrear = sgn(h)CaA\2g(Aolh|®® + m|h|"®) (1)

where Q. is leakage flow, sgn(h) is the sign function, Cd is the discharge
coefficient, h is the pressure head, g is the acceleration of gravity and A is the initial
area of the orifice.

Calibration methods can leverage steady-state hydraulic models and optimization
tool technology, such as Genetic Algorithms (GAs) to improve the detection of a leak
[76][110]. Reference [111] proposed a methodology for the estimation of C and vy,
based on the solution of an inverse modelling problem where demand and leakage
pattern are assumed as unknowns, is solved using GAs. Reference .[109] proposed a
genetic algorithm using Epanet to calibrate the alpha and beta coefficients in a
network and shows the variation of the coefficients in the case of new and old pipes.

Reference [83] showed a table of calibrated coefficients, which were determined
through experimental tests on PVC and Steel materials from 1” to 3” with holes from
1.5 to 10 mm. References [28] and [112] proposed a method of estimating area
leakages in virtual areas of a water network to prioritize leak surveys for the areas.

To calibrate both emitter C and exponent N7 coefficients, the leakage flow rate was
calculated as the difference between the upstream and downstream measured flow
rates, this methodology is described in [80]. This research used a CFD model with
experimental results to different geometric configurations of the orifice, to assess
the dependence of the orifice geometry and orientation on the calibration of
leakage law parameters.

Reference [110] showed a GA. This is used to solve optimization problems of
searching for calibration parameters values while minimizing the differences
between observations and model predictions. A Matlab optimization code was
developed for model calibration and was linked to the Epanet toolkit. The
optimization process uses a non-dominated sorting genetic algorithm Il (NSGA II)
[13]. A multi-objective procedure based on non-dominated sorting GAs has been
developed to calibrate a water supply system characterized by elevated pressure
and a high amount of background leakages [106].

Reference [102] used a method of optimization in the network through a differential
evolution algorithm (DE). It is a simple power and population-based stochastic
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optimization algorithm that outperforms many meta-heuristic algorithms on
numerical single-objective optimization problems.

Reference [113] proposed a method of optimization using is the BOBYQA algorithm,
this model is an iterative algorithm for finding a minimum of a function. Table 5
shows a summarize of the used algorithms.

Table 5. Summary of optimization algorithms (Continue in next page)

Objective

Reference Algorithm Parameters A Error
Function
Minimize 05 to
[1091[114] Operation network o
[115][70] . 23%, with
conditions, flows, pressure and
[11111761055] Genetic algorithm demands roducing a new an
[971[106] 9 ) ' P g average
[110][116] pressures, total generation of value of
[11710118] leakage. solutions a and 11%
0.
B.
Algorithm for Operation Detect critical
detecting and conditions flow,  causes and their
[91[50][108] estimating pressure and location for -
background fluid possible
leakage. temperature. pressure control.
Operational
costs, capital
costs (pipe and
Pseud ti
[105] seu o:qene I Basic network pump -
algorithm. replacement,
tank expansion,
and PRVs), and
constraints.
Global Gradient Reduce excess
[90] . Flow, pressure. -
Algorithm. pressure.
Detection of
[32] Neural networks. Flow, pressure. -
water leaks.
Root
Differential Water Estimation and mZZn
[119] evolution with distribution location to
temporal analysis network leakage squared
) ) ) error: 0.05
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Table 5. (Cont.) Summary of optimization algorithms

Objective

Reference Algorithm Parameters X Error
Function
[102] Differential Flow, pressure, Estimation of
evolution. network data. leakage.
Operation
Algorithm with p ! Estimation to
[101] convergence conditions, flows, leakage
g. demands, 9
analysis.
pressures.
Sequential Water Leakage
[70] Quadratic distribution L. g. -
) minimization
programming. network.

2.3.8. Leakages Key Performance Indicators (LKPIs)

Performance indicators are a powerful management tool, they can provide
measures of how many resources are being used relative to those available, they can
be used to assess the extent to which management objectives are being met, and
even to assess the overall impact of strategies management [120]. Some proposed
key performance indicators leakages are pressure-dependent demand, volumetric
efficiency, performance indicators for water supply services:

1. Pressure-dependent demand concept; Two types of pressure-dependent
demands are considered: consumptions and leakage (background and bursts). For
pressure-dependent consumption, it is assumed that the available demand (g®) is
computed with the pressure-demand relationship [103][108]:

1 P, =P
p: — Pmin i
g (P) = ;" <—r2f L min) Pl < B (12)
F —F
0 P <P

where P/ is the reference pressure necessary to satisfy the required demand q;*?,
Pimi" is the pressure below which no water can be supplied, a (typically 0.5) is the
exponent of the pressure-demand relationship, P; is the current pressure at node i.

2. Volumetric efficiency (1,); One of the most important ratios among the system'’s
efficiency indicators is volumetric performance. The volumetric performance 7, of a
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network or an isolated sector of the same is defined as the relationship between the
registered volume Vg, and the total volume Vr,; contributed in the same reference
period [121].

_ VReg
VTot

Mo (13)
3. Performance Indicators for Water Supply Services; International water association
(IWA) provides performance indicators of water supply systems to compare the
management of water losses, these are (i) Water losses and real losses as a % of
system input volume; (ii) Water losses per house connection and km of mains per
day(density of connections < 20 per km of mains), and (iii) Infrastructure Leakage
Index (ILI) [122].

4. Infrastructure Leakage Index (ILl); The ILIis a measure of how well a distribution
network is managed (maintained, repaired, rehabilitated, etc.) for the control of real
losses, at the current operating pressure. It is the ratio of the Current Annual volume
of Real Losses (CARL) to Unavoidable Annual Real Losses (UARL) [123].

IL] = ——— (14)

5. Unavoidable Annual Real Losses (UARL); UARL is a useful concept as it can be used
to predict the lowest technically annual real losses for any combination of mains
length (18 liters/km mains/day/meter of pressure), number of connections
(0.8 liters/service connection/day/meter of pressure), customer meter location
and average operating pressure (25 liters/km/day/m of pressure) assuming that
the system is in good condition with high standards for the management of Real
Losses [124].

6. Absolute annual consumed energy (IAAE); this index is sum of the total active
consumed energy in the network subtracted by the sum of the total energy
recovered in the network, the units are kWh/year [125].

7. Absolute consumed energy per unit volume (JAEFW); Ratio between IAAE and the
total volume of water introduced in the network, the units are kWh/m3[126].
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2.4. Results
2.4.1. Case Studies

To observe the different methodologies applied to real cases of water distribution
networks in different parts of the world, this research analyzed 45 case studies, as
shown in Table 6.

Table 6. Information of the studied cases

ID Case Study Year Ref ID Case Study Year  Ref

1 Skiathos, Greece 2020 [67] 24 Zarga, Jordan 2020 [84]

Leicester, United Zarqa, Sana'a, 84

5 encgs er, Unite 2012 [2] 25 arga, Sana'a 2020 [84]
Kingdom Yemen

3 Benevento, Italy 2017 [127] 26  Mwanza Tanzania 2020  [84]

Pretoria, South Africa 2017 [50] 27 Mutarea, Zimbabwe 2006  [88]
5  Polokwane, South Africa 2019  [70] 28  Skopje, Macedonia 2011  [128]

6 Villarreal, Spain 2014 [129] 29 Plttslf)urgh, 2005 (1301
Pensilvania
7 Guayaquil, Ecuador 2015 [63] 30 Azogues, Ecuador 2019  [39]
8 Antalya, Turkey 2017 [66] 31 Mankessim, Ghana 2014  [131]
9 Konyaalti, Turkey 2012 [87] 32 Rzeséw, Poland 2019  [32]
10 Valencia, Spain 015 09 33 Gor'noltif;rarese’ 2021 64
11 Palermo, Italy 1999 [72] 34 Salzburg, Austria 2011 [132]
12 Nagpur, India 2016 [133] 35 Belgium 2014 [134]
13 Nagpur, India 2016 [133] 36  Dryanovo,Bulgaria 2014 [134]
14 London, United Kingdom 1989  [73] 37 Pula, Croatia 2014  [134]
15 London, United Kingdom 1989 [73] 38 Lemesos, Cyprus 2013 [134]
16 Nourhan Samir, Egypt 2017 [100] 39  Odense,Denmark 2013 [134]
17 C-Town 2015 [135] 40 England 2013 [134]
18 Verona, Italy 2019 [136] 41 Bordeaux, France 2012 [134]
19 Udine, Italy 2014 [118] 42 Munich, Germany 2014  [134]
20 Patras, Greece 2016 [137] 43 Italy 2010 [134]
g1 Cosel-sanGregorio, oo 841 0 licbon, Portugal 2014 134
México

Case II.-San Gregorio, [84] Scottish, United [134]

22 . 2014 45 . 2014
México Kingdom

23 Drama, Greece 2016  [84] - - -

46



2. Articulo 1

Relevant information from the distribution networks was extracted from each case
(Table 7) such as location, annual injected volume, mean operating pressure,
leakage percentage, leak calculation method, calibration method.

Table 7. Information from case studies (Continue in next page)

Annual
Annual Energy
Average Annual energy
ID Leakage volume consumed per .
pressure 3. . consumption lost by
Case (%) consumed m?’ injected

(m) (m?) (KWh/m?) (kwh) leaks

(kwh)

1 57.56 54 33016 0.15 115093 66252
2 51.00 93 629552 0.25 325600 166056
3 12.03 50 807.216 0.14 1250363 150387
4 25.00 63 12772080 0.17 2923529 730882
5 27.16 70 27899748 0.19 7306457 1984580

6 3.05 60 2332019 0.16 393260 11975

7 23.00 55 320397 0.15 62363 14343

8 34.94 45 1436640 0.12 268653 93873

9 34.38 47 513336 0.13 101834 35010

10 3137 40 1277500 0.1 202904 63656
11 45.60 11 3190939 0.1 659074 300538
12 15.00 40 5361120 0.11 687485 103123
13 15.00 40 7505568 0.11 962479 144372
14 14.90 59 11003226 0.16 2068799 308251

15 17.20 34 4047330 0.09 452881 77895

16 54.00 30 169243 0.08 30077 16242
17 26.05 40 5370085 0.1 791534 206194

18 2392 65 1577530 0.18 367280 87860
19 28.31 31 8842478 0.09 1052511 297966
20 55.00 30 9855000 0.08 1790325 984679

21 2845 40 251605 0.1 38328 10903

22 3441 40 308260 0.1 51230 17630
23 19.80 30 9358600 0.08 953945 188879
24 63.27 50 24588597 0.14 9122084 5771888
25 38.24 50 13766774 0.14 3037055 1161332
26 46.06 50 16231357 0.14 4100160 1888637
27 57.00 77 18049250 0.21 8750213 4987622

28 52.50 40 426919 0.1 97967 51432
29 40.00 114 862194 0.31 446401 178560

47



2. Articulo 1

Table 7. {Cont.) Information from case studies

Annual
Annual Energy
Average Annual energy
ID Leakage volume consumed per .
pressure 5. - consumption lost by
Case (%) consumed m’ injected
(m) m?) (kWh/m?) (kwh) leaks
(kWh)
30 46.86 75 157946 0.20 60746 28465
31 12.00 56 430151 0.15 74592 8951
32 30.00 40 2571680 0.11 400623 120187
33 13.33 30 81994 0.08 7734 1031
34 5.57 46 12210000 0.13 1620776 90252
35 20.70 38 130180000 0.10 16998768 3518629
36 74.96 42 1780000 0.11 813740 610019
37 2255 40 6630000 0.11 933040 210370
38 2322 40 10120000 0.11 1436620 333540
39 47.00 30 530009 0.08 81751 38423
40 17.54 44 330660000 0.12 48079900 8433766
41 15.87 37 40010000 0.10 4795237 761229
42 13.33 60 91000000 0.16 17167500 2289000
43 2471 44 33830000 0.12 5387107 1330890
44 12.99 51 26524047 0.14 4236514 550334
45 58.69 45 147752776 0.12 43854719 25736535

The FAVAD method is the most used in research analyzed, there is an extensive
literature of its application in real case studies where the calibration methods
applied in the networks are shown. With the information extracted from each case
study, key performance indicators (KPIs) such as volumetric efficiency of the system,
the volume of water lost annually and its associated cost, the energy lost in kWh for
eachm? injected and its cost was calculated.

2.4.2. Influence of the Leakages in the KPI of the Water Systems

Water leaks in distribution networks condition the quality and quantity of water for
users. The existence of leaks increases the loss of water and the operating costs of
the networks management because more energy is required in the flow to
guarantee the minimum operating pressure.

For each of the case studies shown in Table 7, the following information was
extracted: annual volume injected into the network, percentage of leaks, and mean
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pressure. The analysed data enabled the calculation of the following parameters:
volumetric efficiency of the network, energy consumed for each cubic meter of
water injected into the network, annual energy consumption, energy lost due to
leaks, and the associated costs due to loss of water and energy.

As mentioned above, volumetric efficiency is the ratio of recorded volume to total
volume over a period. For the 45 case studies, the distribution corresponding to the
volumetric efficiency is shown in Figure 2a resulting in a mean of n=0.73 and
quartiles of n=0.53 and n=0.83. Figure 2b shows the leakage percentage in the
distribution networks with an average leakage value of 27 % and quartiles of 17 %
and 46 %.

Volumetric Efficiency a Percentage of leaks b
100 - ° 100 -
.
9
0% { o T3S o 9
(1) ) .
080 4 e ® . . 80
oy * °® oo ° .
0.70 4 L2 . .. . 0
oo .
0.60 * . 0 1e e . .
=050 { o o L4 = . . 0 4 ® = = 2 .
.
040 {® 2 ® .l o, P daaid
030 4 30 o 4 oo °
) . R E=L2 5 ®e o o .
020 2 oee® ® %
0.10 10 L4 o (Y
.
0 1 J
0.00 y = 3 3
0 10 : 0 > 20 2 4 [ 5 10 1 0 2 30 40 4

Figure 2. Volumetric efficiency (a) and percentage of leaks (b)

Each of the distribution networks has different physical characteristics, such as
diameters, lengths, valves, pressures, and flow rates. The configuration of each
network will depend on the design conditions, this will make each of them operate
differently, some of the networks transport the flow by gravity and others under
pressure using pumps.

The average pressure of each distribution network was obtained as shown in Figure
3a. Its average value was 44 m.w.c. and the quartiles were 40 and 45 m.w.c. Two
atypical values are observed that correspond to networks where their topography
had high slopes. Figure 3b shows the annual volume injected into the network. The
average value was 7.26 Hm?® and the quartiles were 1.21 and 24.24 Hm3. There
were 5 cases above 50 Hm3. These reached annual values of up to 400 Hm3.
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Figure 3. Average pressure (a) and annual flow injected into the network (b)

The average pressure of each case study was related to the percentage of leaks and
the volumetric efficiency of the system. The ratio between the average pressure and
the leakage percentage is shown in Figure 4a. The values are between 50 and 500,
being the average equal to 243. Figure 4b shows the relationship between the
average pressure of the network and the volumetric performance. This ratio shows
values between 40 and 200, being the average value equal to 78 m.
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Figure 4. Ratio between average pressure with leakage percentage (a) and volumetric efficiency
(b)

In energy terms, the value of average pressure and flow injected into the network-
enabled to estimate average energy consumption of the network per unit volume
(kWh-m™3). Subsequently, when the percentage of leaks associated with each
network was known, the annual unit energy lost was determined [138]. Figure 5a
shows the average value of the energy lost for the case studies is 178600 kW h with
quartiles 60600 kWh and 817100 kW h. Above 1000000 kW h there were 10 cases
that reached values of up to 10 GWh.
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Figure 5. Annual energy lost by leaks (a) and energy consumed per m? injected (b)

Once the percentage of leakage from the network was known, the water lost in the
network was calculated. The average value of the annual volume leaked was
1325000 Hm3, being the quartiles between 470400 Hm3® and 7793000 Hm3.
Figure 5b shows the energy lost for each m3of water injected into the distribution
networks. The average value was 0.12 kWh/ m3, being the quartiles between 0.11
and 0.15 kWh/m3 To estimate the lost economic value of energy and water, the
following rates were established: for water 1.9 €/m3 and energy 0.11 €/kWh. Once
the value of the volume of water lost in leaks had been calculated, its average
annual cost corresponding to a value of €2097000 with quartiles €885,600 and
€11180000 as shown in Figure 6a.
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Figure 6. The annual cost of lost water (a) and the annual cost of lost water (b)

Above €10000000 13 cases reached values of up to €100000000 Similarly, the
average annual energy cost lost is €121400 with quartiles €51270 and €647400 as
shown in Figure 6b. The leak calculation methods such as BABE, MNF, and water
balance were applied and compared in different case studies, which were defined
by [[139]and [140]. The analysis was established to determine the real water loss in
million m3/year as shown in Table 8.
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Table 8. Leak method comparison

Zarqa, Sana’a, Mwanza, Gavankola,
Method 9

Jordan Yemen Tanzania Iran

Water Balance 40 7.1 12.2 -
MNF 16.2 - 12.2 349
BABE 4.2 0.4 5.8 394

Using the MNF and BABE methods, the average of real water loss in the studied
region was calculated at 28 % and 37 %, respectively. According to the results of the
BABE method, the highest leakage values were related to the reported bursts and
the background leaks from connections [140]. The water balance method is the
difference between the volume of water injected into the network concerning the
volume of water consumed. The result of the difference corresponds to leaks, where
it is observed that the results obtained are greater than those obtained with the
methods calculation of BABE and MNF leaks.

Applying each method requires verification for the factors and as sumptions in each
method and their sensitivities and uncertainties. Conducting MNF analysis in one or
several small areas in the network (DMAs) and extrapolating it to the entire network
might be justifiable in some cases, but it is not very rational because every DMA
differs in terms of the mains length, service connections, pressure, and burst
frequencies. The component analysis of the leakage method (BABE) remains the
only way to break down the leakage into subcomponents, enabling the water
utilities to understand the nature and behavior of the leakage in their systems.
However, the component analysis of the leakage analyses only a small portion of the
total leakages [139].

2.4.3. Pump Working as Turbine Using Leakages Models

Micro and mini-hydropower generators can be installed in water distribution
systems to ensure both pressure control for leakage reduction and energy
production [141]. Jain [48] in his research, shows a wide state of the art on pumps
working as turbines, from their selection, methods, and cases of application. In
water distribution networks (WDNSs), the PATs can be used instead of pressure-
reducing valves (PRVs) for both pressure reduction and energy production [15].

Reference [125]showed a table with the advantages and disadvantages of installing
PATs in the distribution system compared to other methods that reduce pressure
and leakage. Ref. [142] implemented a model through Simulink in Matlab to reduce
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the pressure in the distribution networks through the installation of PATs. This
model was implemented in a real case study by [143].Reference [24]mentioned the
importance of the implementation of PATs for pressure management, benefiting
the reduction of leaks in the distribution network. In the applied case, this research
shows that the proposed optimization model allows a leakage reduction of 26.6%
and an energy recovery of 182.15 kWh/day.

Reference [24] showed a methodology for the optimal location of PAT within a
water distribution network to produce energy and reduce leakage. The total amount
of saved water has been accounted as 275870 m3 /year while the net present value
(NPV) resulted as € 75936. Reference [66] estimated a reduction in pressure of
approximately 1 bar and a flow reduction of the order of 50 m3/h were achieved
just after the operation of the PAT system in Antalya, Turkey. Reference [144]
showed the possibility of optimally managing a water distribution system by
reducing leaks and recovering energy. The study considered the installation of
between 10 to 15 PATs in the network of the Sorrento Peninsula (ltaly) that
distributes water in a network of 90000 users.

Reference [145] estimated that the installation of PATs represents a 45 % reduction
in water savings equivalent to 7000 m3/year. An optimization method is proposed
that uses an objective function for the reduction of leaks and energy production by
implementing PATs in a distribution system [146]. This study proposed a new
preliminary model to optimize the location of PATs in a water distribution network.
The optimization aims to determine the best number and location of turbines to
reduce pressure, thus water leakage, and produce energy. The implementation of 6
PATs in the case study would mean a water-saving of 929 m3/day and an average
power of 14.53 kW. Reference [147] proposed a method for the optimal location of
PAT through a mixed integer non-linear program (MINLP). Using the model in the
case study, it achieves an average water reduction of 7.88 I/s and an energy
recovery of 1958 kWh/day.

The Leakage Control and Energy Recovery Using Variable Speed Pumps as Turbines
in two water distribution networks are proposed by [148]. It demonstrated a
methodology through flow diagrams for the selection of PATs and different
combinations of PATs applications operating constantly and variably, obtaining as
results leakage reductions and energy recovery.

Table 9 shows the influence of the installation of PATs in various case studies, where
relevant information such as flow, pressure, leakage percentage, annual energy and
water recovered per installation were extracted. It is observed that for all the case
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studies the implementation of PATs supposes a reduction of leaks in the distribution
network Because not all the case studies show the percentage of total network
leakage, 27 % leakage is adopted as the average value since this was the value
obtained in the leakage study cases previously analyzed.

Table 9. Information extracted from case studies

Annual
Energy Annual Leakage -
Flow H recovered volume reduction  before .71:; aft_er
Ref. ID by recovered . . installing
(I/s) (m) . . by use of installing
installing by use of PATS (%) PATS PATs
PATs PATs (m°®)
(kWh/year)

[121] 46 29 59 43800 - - - -
[121] 47 74 54 87600 - - - -
[121] 48 19 67 39420 - - - -
(1211 49 33 55 43800 - - - -
(1211 50 19 63 35040 - - - -
[121] 51 14 71 26280 - - - -
[121] 52 31 65 52560 - - - -
[26] 53 29 21 28470 22813 63 0.73 0.90
[26] 54 183 33 169360 1634590 52 0.73 0.87
[26] 55 72 36 130305 98185 63 0.73 0.90
[15] 56 302 61 55626 2475059 26 0.73 0.80
[15] 57 212 39 71876 667554 10 0.73 0.76
[15] 58 314 50 66485 1829359 19 0.73 0.78
[142] 59 187 70 54985 - - - -
[24] 60 110 45 125213 339085 10 0.73 0.76
[146] 61 110 45 113880 328865 9 0.73 0.75
[147] 62 350 45 714670 248504 3 0.73 0.74

Pressure Management (PM), which is usually the best way to reduce the Non-
Revenue Water (NRW) level in a water distribution network, is achieved mainly by
forming (dividing the network into several) District Metered Areas (DMA:s). In the city
of Kozani (Greece), [121] analyzed the possibility of implementing PATs in the water
distribution system. The implementation of PATs in the case study would suppose a
reduction of leaks between 20 % and 40 % approximately. The reduction of leakages
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decreased 325500 kWh of lost energy. The investigation shows the possible
combinations of PATs with different installed power values from 5 to 12 kW.

Figure 7a shows the influence of the installation of PATs in a WDN. Figure 7a shows
the reduction of the leakage flow after the installation of PATs varies from 18 to 65
%, while Figure 7b shows the pressure reduction with values from 29 to 55 %.

Pressure with PATs a Average flow without PATs b

M Pressure without PATs W Average flow with PATs

100% 100%
80%

80%
40% 40%
20% 20%
0% 0%
46 47 48 49 50 51 52 46 47 48 49 50 51 52

Figure 7. Influence of the installation of PATs. Comparison of network pressure by the
installation of PATSs (a); Comparison of flow injected into the network by the installation of PATs
(b)

Once the leakage value was known, the volumetric efficiency was calculated, which
was 0.73 before the consideration of the PATs systems. For all the case studies, the
reduction of leaks significantly increases the volumetric performance after installing
PATs in the distribution network. Figure 8 shows the efficiency indicators calculated
in water distribution networks with the installation of PATs for the selected case
studies. Figure 8a shows the annual energy consumption, the average value of the
cases is 93000 kWh/year. Figure 8b shows the energy consumed for each m?
injected into the network with an average value of 0.10 kWh/m3.
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Figure 8. Efficiency indicators in networks with PATs installed. Annual Energy consumed (a);
Energy consumed per m? injected (b)
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2.4.4. Energy Index Calculation Case Study

For each of the study cases, the energy indices were calculated. The energy indices
determined in Table 10 are: absolute energy consumed annually (IAAE) in kWh/year,
recovered energy (/ER) in kWh/year, percentage of recoverable energy (ERP) in %,
absolute energy consumed per unit volume (IAEFW) in kWh/m3. Besides, a new
index was proposed to consider the influence of the PATs system in the reduction of
leakage. This index, called index reduction leakage flow as a function of generating
power (IRLGP), shows the ratio between reduction of the leakage volume for each
installed power. The units of this index are m3 /kW.

Table 10. Calculable energy indices with available data

Reference D IAAE IER ERP IEFW IRLGP
(kWh/year) (kWh/year) (%) (KWh/m’)  (m’/ kW)
[26] 53 52335 28470 54 0.06 8
[26] 54 518965 169360 3 0.09 -
[26] 55 222745 130305 58 0.10 4
[15] 56 1583106 55626 4 0.17 2
[15] 57 710516 71876 10 0.1 16
[15] 58 1349189 66485 5 0.14 13
[142] 59 1124897 54985 5 0.19 -
[24] 60 141794 125213 29 0.12 5
[146] 61 141794 113880 27 0.12 5
[147] 62 751937 714670 53 0.12 4

Annual energy consumption in the analyzed distribution networks ranges
from 141794 to 1583106 kWh. By installing PATs in the distribution networks, annual
energy recovery values are obtained from 28470 to 714670 kWh. Using the /AAE and
IER values, the ERP index was determined, resulting in recovery values from 3 to 58
%. The relationship of the annual volume of water injected into the network
concerning IAAE allowed the calculation of the IEFW index. This shows values
between 0.06 and 0.19 kWh/m3. The difference between the total leaked volume in
the network compared to the volume recovered by using PATs is used to calculate
the reduction of the volume leaked by the installation of PATs. Considering the
relationship between the reduced volume and the annual energy recovery, the
IRLGP index was calculated, which shows values between 2 and 16 m3/kW.
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2.5. Conclusions

Several leakage methods have been implemented in distribution networks, and for
each formulation it was possible to extract its main characteristics, advantages, and
disadvantages. The FAVAD method is the most widely used in the case of studies for
estimating leaks in water distribution networks. It was evidenced that through
experimentation and estimates different values of leakage exponents have been
determined for each type of formulation depending on the type of leak, age and
pipe material.

Different methods for calibrating leak models are proposed by various authors, with
genetic algorithms being the most widely implemented in the models. The analysis
carried out on sixty-two case studies allowed the extraction of relevant information
from the network to calculate and compare various efficiency indices such as
volumetric performance, percentage of leaks, energy lost due to leaks, annual
energy consumption for each cubic meter injected into the network and costs for
loss of water and energy.

The analyzed case studies, which had installed PATs systems showed the
implementation of micro-hydropower systems causes a considerable reduction in
the pressure of the network, reducing the level of leaks between 4 % and 63 %,
while the recovered energy was estimated between 28470 and 714670 kWh/year.

To improve the sustainable development goals, the use of efficiency indicators are
an important tool for the analysis and management of water distribution networks.
In this line, the researchers analyzed the variation of the different indicators in 62
cases studies in energy, economic and environmental terms deeply. The proposal of
sustainable measurements should start, knowing the state of the water system. The
installation of PATs in the distribution networks is a solution to reduce the volume of
leakage and an opportunity to recover clean energy. The analysis of the PATs
systems should be considered when leakages are considered. The influence of the
leakages can cause differences in the selection, operation and regulation of the
recovery machines and it should be considered by water managers in energy
optimization procedures as well as the energy analyses. Besides, the installation of
PATs systems in real case studies should consider the significance of the leakages in
the operation of these recovery machines. This research shows the need to apply
the analysis of indicators for the improvement of the energy analysis. Future works
should develop around this topic. This new research should develop optimization
procedures in which the leakages will be considered as a decision variable. The
analysis of the leakages will include the influence of these water losses in the

57



2. Articulo 1

selection and regulation of the PATs systems, and therefore, its impact in the
recovered energy.
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Abstract

New technologies for water pressurized systems try to implement the introduction
of strategies for the improvement of the sustainable indicators. One of these
technologies is the implementation of pumps working as turbines. The use of these
recovery machines was proposed some years ago, and the interest in this
technology has increased over the last years. The simulation of these machines is
necessary when analyzing pressurized water systems, or when optimization
procedures are proposed for their management, great care must be taken. In these
cases, the knowledge of the operation curves is crucial to reach accurate results. This
study proposes different regression expressions to define three operational curves
when the machines operate under variable rotational speed. These curves are the
best efficiency head, the best power-head and the best power flow. The here
proposed methods were compared with other five published methods. The
comparison shows the proposed method was the best when it is compared with the
rest of the published procedures, reducing the error values between 8 and 20 %.

Keywords: variable rotational speed; affinity laws; PATs; water networks; energy
recovery.

3.2. Introduction

The use of micro-hydropower systems is key to improve the energy efficiency in
water pressurized systems. The accuracy of the energy analyses is also very
important in the complete analysis of these energy improvements [19]. Pump
working as turbines (PATs) are hydraulic machines, which are commonly
recommended to be used as recovery machines in water pressurized systems [149].
These favorable aspects were defined by different published researches in which the
feasibility, simple operation, availability in the market and great range of
applications are some of the most important characteristics of these systems, when
they are compared with classical machines such as Francis or Pelton turbine.
However, the use of these recovery machines has the main disadvantage joined to
low efficiency compared to classical machines [150]. The knowledge of their
characteristic curves (i.e., head, efficiency and power) is difficult to know in advance
if water managers look in the manufacturer catalogue.

The lack of this information has been a challenge, in which researchers tried to fill
this shortage by proposing empirical expressions [21]. These functions are based on
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the development of the experimental tests. These helped to understand better the
operating of these machines when these recovery systems operate as turbine [22].
The need to establish these equations are focused on two main aspects: (i) the
knowledge of the best operation point of the machine (BEP) when it operates as
turbine and the water manager only knows the characteristic curves in pump mode;
and (ii) the need to regulate the rotational speed of the machine to maximize the
recovered energy of the system when variable operation strategy is applied.

The first challenge was studied by different researchers. Ref. [151] established a
common empirical equation to estimate the best efficiency point of the machine
when it operates as a turbine from a pump. These expressions and the empirical
equations proposed by [152] are the most used last years. However, other published
researches focused on their effort to improve these expressions. Ref. [153] proposed
computational fluid dynamics analysis to characterize and improve the accuracy of
these methods, which tried to predict the operational point. Different methods were
reviewed by [154], who proposed empirical expressions using the greater database,
particularly 181 different PATs. The proposed expressions estimated the BEP
operation as a turbine with errors lower than the rest of the methods reviewed by
[150]. In this line, Ref. [155] defined regression expression to estimate the curve of
head and efficiency when the rotational speed changes by modification of the
affinity laws, improving the results obtained in others researches [156].

The use of these empirical equations focuses on improving the simulation of PAT
systems operating under variable rotational speed. Ref, [149] showed the need to
know these curves in the energy estimation strategies in the water systems. The
analysis of the hydropower potential contributes to incorporate sustainable
measurements in which the water-energy nexus acquires relevance in the water
management of the systems [157]. When micro-hydropower systems are analyzed,
the effectiveness increases when the variable operation strategy (VOS) is applied
[23]. Therefore, the improvement in the estimation of the operational curves makes
sense to search for the best strategy to maximize the recovered energy by the
recovery system [15].

The knowledge of expressions, which allow water managers to use with software
and optimization procedure will improve the decision making in the water systems
[15]. The future strategies should be focused on improving sustainability as well as
the alignment of the operation indicators with the sustainable development goals
[158]. The research is focused on the development of regression expressions. These
equations define the generated power as a function of the flow under variable
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rotational speed. These curves are: (i) the best efficiency head, proposed by [159]
and (ii) the best power curve proposed in this research, which is key in the
maximization of energy. Besides, the research compiles the great database used by
researchers to analyze the PATs systems operating under variable rotational speed.
This research considers 15 different machines, which were tested on 87 different
rotational speeds. The proposed regression equations, which are based on non-
dimensional parameters is validated by the error analysis compared to other
published methods, obtaining better approaches.

3.3. Material and Methods

3.3.1. Hydraulic Mathematical Development

The modification of the affinity laws is recommendable when the characteristic
curves must be estimated by water managers, n accordance with the
aforementioned references. The characteristics curves are head curve (HQ),
efficiency curve (EC) and power curve (PC). These curves are defined by the
following expression:

Hy=A+ BQy+ CQ (16)
Mo = E4Qp + E3Q5 + E2QF + E1Qo + Eo (17)
Py = P,Qg + P3Q3 + P,Q5 + P1Qo + Ps (18)

where: H, is the recovered head in nominal rotational speed in m w.c. (water
column); Q, is the flow rate in m3/s; n, is the efficiency of the machine; P, is the
generated power in kW. The rest of the coefficients (A, B, G, E4,E3,E,, Eq, Ey, Py, P3P,
P; and Ps) are the coefficients, which define the HC, EC and PC of the pump working
as the turbine.

The variation of the rotational speed is defined by affinity laws when classical
concepts are considered. The definition of the affinity laws is based on the analysis
of the congruence parabola (H.p), which was defined and applied by [160]. This
parabola is defined by the following expression:

H
Hep = —ng = kp,aQ? (19)
0
Considering an operation point (Q,, Hy), when the congruence parabola concept is

applied, the affinity laws are defined by the following expressions [160]:
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&=ﬂ= a 20
Q 1o (20)
Hy (nl)z o,
Hy \ng) = a (21)
M
—=1
o (22)
P]_ _ (111)3 3
PO - Yn -« (23)

Where n, is the new rotational speed in rpm, n, is the nominal rotational speed in
rpm; Q; is the circulating flow when the rotational speed is n; H,is the recovered
head when the machine operates for a flow equal to @, in m w.c; n,is the new
efficiency of the machine when it operates in Q,.

Different published researches established the need to modify these affinity laws to
approach better the estimation of the characteristics curves of the machine. These
affinity laws can define using non-dimensional numbers of the machines (g, h, eand
p), which enable the establishment of the operation function for determining any
rotational speed.

_Q
Q—Qo (24)

h—H
_H_o (25)
ezl (26)

Mo
P—P—O—qe (27)

where q, h, e and p are operation functions for different rotational speed (), Q is
any flow value of PAT in m3/s. This value is inside of the VOS; H is the recovered
head for this flow in m w.c. when the machine operates at the ratio of rotational
speed equal to a; 1 is the efficiency for values of @, H and «; P is the shaft power in
this operation point in kW; Q,, H, P, and n, are referred to any point of the
characteristic curve of the machine when it is operating at nominal rotational speed
(i.e., a=1).
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The curves for any rotational speed inside of the VOS were defined by [155], who
established the following expressions:

H=h4+B2+c (g)z) (28)
n=e(E, (§)4 +E; (g)s +E, (%)2 +E; (%) + Ep) (29)
p=ru(Q) +n (@) (@) +n(@+r 50

This relationship between g and Q s linear and it is determined by the slope m. The
m value will adopt a constant value according to the curve analyzed (Best efficiency
head, BEH; Best power head, BPH or Best Power Flow, BPF) [19], [20]. Any value of Q,
has an associated line, which has a slope equal to m (Figure 9a).

Qgpn ) Qgpr Q
Figure 9. (a) m coefficient (b) VOS zone

The m value remains constant either in affinity laws or modified affinity laws,
changing the g expression. When the VOS is defined by affinity laws, g is equal to a.
If the modified affinity laws (MOAL) is used, g is a function both @ and Q/Qggp [155].
The mvalue is defined by the following expression:

1
m=—

Qo 31
q = mQ, (32)

The m parameter enables to simplify the development of expressions, which are
used to develop the expression when a machine operates under variable rotational
speed.
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The variation of the rotational speed inside of the VOS is defined by the previously
cited congruence parabola (CP). This CP enables to define the change the rotational
speed. Besides, when these CPs are used, they help to define the analytical curves of
the characteristic curves (head, efficiency, and power) both the application of the
affinity laws and modified affinity laws (Figure 9b). These new curves were called the
modified affinity laws (MOAL) [161][162][163]. When coefficients of the congruence
parabola (k;) are operated comparing between affinity laws (AL) and modified
affinity laws, the following expressions are obtained. The modification of these
expressions is defined in Table 11.

Table 11. Definition of the curves as a function of k; parameter

CTI;:: AL MOAL

Head H, h
H=k Qz kH‘ALzQ—gz(Amz‘l‘Bm‘l'C) kH.MOAqu_ZkH,AL

- *H 0
Efficiency NaL = Mo NyoaL = € * Nar
n =eéng

Using head and efficiency curves K _ Ek
kpaL =981 kya Na PMOAL T g2 ThAL
Power Using power expression
P
P =k,03 ko, =—2 p he
P PALT Q3 kpmoaL = ?kP,AL = ?kP,AL

Py 2 3
kP’AL=<E+P3+P2m+P1m +P5m)

Each congruence parabola has one m parameter, which is associated to « value. The
m parameter enables the estimation of the curves H-Q, n-Q and P-Q, directly. m is
the unknown value and it should be solved for the different operational curves
inside of the VOS zone. Once, mor Q, are known, the estimation of the characteristic
curves is possible and therefore, the definition of the following curves is possible.

Best Efficiency Head (BEH), defined by [159], this curve is the line, which establishes
the a value in which the efficiency is maximum for a defined flow. The analysis of
this equation is defined in the following

dn

— = 33
il 33)

Considering the equation (17), (20) and (24):
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4 3 2
o 5@ @ e (@) -
@z da =0

As the relationship between a and Qis @ = m Q, considering equation (31) and (32),
the expression enables to calculate the m parameter is:

E1m3 + 2E2m2 + 3E3m + 4E4 =0 (35)

Best Power Head (BPH), this curve is the line, which establishes the a value in which
the power is maximum for a defined flow [161], [162]. The analysis of this equation is
defined in the following

dP

- = 36
2a=0 36)
Considering the equation (16), (17), (20) and (24):

4 3 2

o(smoar (4482 +c(@)) (@' + £ + 1Y +5 (D 48)

=0

da - da
As the relationship between a and Qis @ = m Q, considering equation (31) and (32),
the expression enables to calculate the m parameter is:

(2EqA)m® + (EgB + E{A)m® + (—E,C — E,B — E3A)m3 + (—2E,C — 2E3B — 2E,A)m?

38
+ (=3E3C — 3E,B)Ym + (—4E,C) = 0 38)

Best Power Flow (BPF), this curve is the line, which establishes the Q value in which
the power is maximum for a defined a. The analysis of this equation is defined in the
following

dP
Considering the equation (16), (17), (20) and (24):

4 3 2
dp _ d(9.81Qa*(A + B% + C(%)Z)(E4 (%) +E3 (%) +E, (%) + El(%) tE) _ o)

daQ dQ

As the relationship between a and Qis @ = m Q, considering equation (31) and (32),
the expression enables to calculate the m parameter is:

(E()A)m6 + Z(E()B + ElA)mS + 3(EOC + ElB + EzA)m4 + 4(E1C + EzB + E3A)m3

41
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Once, the three curves (BEH, BPH and BPF) are known, the knowledge of the m
parameter is demonstrated it can be solved by a polynomial equation, which has the
next typology.

yem® + ysm® + yym* + yymd + y,m? + yym+y, =0 (42)

Table 12 summarizes the value of the different coefficients for BEH, BPHand BPF as a
function of the characteristic curve when they operate in nominal conditions. The
introduction of the ‘m’ parameter simplifies the analysis of the mathematical
expressions that allow to study of the behaviour of the machines along the VOS
zone, facilitating the analysis in situations different from the nominal regime.

Table 12. Coefficients for the knowledge of the m parameters

Curve BEH BPH BPF
. dn dP ar
Restriction T 0 i 0 0 0
Ye 0 2E,A EyA
Vs 0 E,B+ E A 2(EyB + EA)
Va 0 0 3(E,C + E\B+E,A)
s E, —E,C — E,B — E;A 4(E,C + E,B + E;A)
Y2 2E, —2E,C —2E;B - 2E,A 5(E,C + E;B +ELA)
Y1 3E, —3E;C — 3E,B 6(E;C + E,B)
Yo 4E, —4E,C 7E,C
Solution Mgpy Mgpy Mppp

3.3.2. Methodology

The proposed methodology is based on ten different steps (Figure 10). This figure
contains two different phases. The first phase analyses the experimental database
from step A to D. The second phase considers the analytical procedure to define the
best equation to establish the operation curves of the machine from step E to J.

Step A. Using the different experimental database, the characteristic curves are
obtained for each machine as well as considering different rotational speeds.

Step B. When the curves are known, the procedure determines the flow for the
different curves when the machine operates on nominal rotational speed. The flow
values are: (i) Best Efficiency Head (Qggy). (ii) Best Power Head (Qgpy), and (iii) Best
Power Flow (Qgpr).
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Step C. Defined the three flow values in step B, the procedure defines these flow
values for the different values of the rotational speed (a;), which were tested

experimentally. Therefore, Qs OBPH,q; and QppF,q; are determined.

Step D. The non-dimensional parameters, (h/q%)gy, and (he/q?)gyp, are defined
using the experimental database for different values of the rotational speed.

Step E. It is the first step of the second phase, where the best regression expression
will be defined. In this step, different functions are proposed and analysed using the
database. Table 13 shows the regression expression, which is used in the procedure.

Table 13. Proposed functions to be analysed (Continue in next page)

Polynomial function (From Fto F):

_ Q Q 2 Q 2
Function NP = B (ag )+ Balg—)* + B (g, —) + Baa® + Bsac+ B
Model Potential function (From F; to F,):

BEP
F, NP = B,a® + Bza
F, NP = B,a% + Bsa + B
F3 NP:ﬁz(QQ )2+ Baa® + Bsa

BEP
Fy NP = BaGo)? + Bad® + fsa+ B

Q BEPQ Q
— 2 2
Fs NP =B (aQQBEP) + B2 (QQBEP> +Bs (Q g.)Baat +Bsa
— 2 2
F NP =i (g —) + B2l )+ Ba(g,—) + s + Bsar+ B
F, NP = afs
Fg NP = afs - expPs
Fy NP = ( Q )Bs s
BEP

Fio NP = ( Q YBsafs - expPe

BEP

. . . h he
*NP is the non-dimensional parameter. It can be pe or e
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Step F. Once the proposed regression expression is defined in the previous step, the
values of (h/q?)rorm and (he/q?)rorm are estimated for each F;, defining the error
indexes, which enable to choose of the best regression expression to define the
proposed functions (BEH, BPH and BPF).

[ A Get experimental characteristic
curves for each PAT (x) considering [+—
[ different rotational speed (a)

: !

I B To calculate Qpep, Qgpy and Qgpp I
i C. To calculate the values of Qpgp oy
E Qupiay ¥ Qupr.a; for eacha;

i D. Definition of (h/q?) gy
and (he/q*)gxp

I E. Proposal of regression expressions |l—

F- Definition of (h/q%)gorm ¥ (he/0*)rarm
for each expression

G. Definition of the regression coefficient
for the different proposed functions

I H. Determination of the error indexes

Are errors
the best?

YES

I L. Choose the best expression to simulate I

l

J. Comparison with other published
methods

Figure 10. The methodology proposed to reach the expressions
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Step G. Definition of the regression expression for % and %‘

Step H. The error indexes were estimated for each function when the dimensionless
parameters (%and %) were applied to BEH, BPH and BPF. The error indexed are

defined in Table 4.

Step I. The function, which minimizes the errors is defined to establish the BEH, BPH
and BPF.

Step J. The chosen function is compared with other published methods, comparing
the error indexes, which were defined in Step H to show the accuracy between this
study, other published methods and experimental tests when BEH, BPH and BPQ are
defined both analytical and experimental.

Table 14. Error indexed used in the analysis

Error Index Equation Variable Accuracy
0; are the estimated
Root Mean s 10— P2 values; Perfect  fit
Square Error RMSE = |2&=t12t "4 P, the experimental when RMSE
(RMSE) S values and s the number is zero

of observations
0; are the estimated

Amg?gte 1 values; Perfect  fit
Deviation MAD = Z— |0; — B P; the experimental when MAD
(MAD) — S values and s the number is zero

of observations
0; are the estimated
Mean Relative s |0, — P,|/P; values;

Deviation MRD = Z# P, the experimental -

(MRD) ) S values and s the number

of observations
0; are the estimated
values;
P, the experimental
values and s the number
of observations

Perfect fit is

zero

S —_ .
BIAS BIAS = i:1[0i PL]
N

3.3.3. Materials
The here described analytical development was applied to different machines,

which were tested in different published experimental tests. In this case, the used
machines were fifteen PATs, which have a specific speed between 5.67 and 50,71
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rpm (m, kW). The nominal rotational speed was between 800 and 3000 rpm. The
non-dimensional curves of the machines are shown in Figure 11. The number of
experimental curves (RS) was 87. These curves were tested for different rotational
speed. The use of the experimental data enabled to interpolation of more than
10000 parabolas. All curves were used to define the regression expressions except
ID11, which was used to compare the empirical equations with the experimental
data.

45

: o el o O] P
20 ] mseS. Id|(rpm) [(mm)| (I/s) | (m | ngep |RS|Id|(rpm)|(mm)| (Us) |(mw.c)| npee |RS
] 11020 | 139 3461 |4.144 | 0.615 | 4 |9| 1100 | 193 | 9762 | 51.267 [ 0.703 | 6
35 1 2 (1200 | 200 | 2446 | 12.44 | 0.596 | 7 [10]3000 | 127 | 17.99 | 30.288 [ 0.695 | 6
] 3 (1100 | 225 | 223 [11.94 | 0.714 | 7 [11]3000 | 158 |17.98 | 51.355 [ 0.727 | 6
30 4 4] 1100 | 250 [23.73 | 11.91 | 0.766 | 7 |12]2700 | 127 |36.91 | 22.207 [ 0.705 | 7
] 51200 | 210 | 16.76 | 18.13 | 0.718 | 6 |13] 1000 | 419 | 9559 | 34428 [ 0.795 | 4
LB 6| 800 | 265 |27.32 | 8.305 | 0.800 | 5 |14|1250 | 175 | 8.99 | 17.525 | 0.622| 6
= ] §nst=13.65 | {5:nst=17.65| [7 {1200 | 255 [ 28.39 | 15.86 | 0.715 | o [15[2900 | 189 | 50.05 | 52.849 | 0.6d6 | 7
20 ] [l Lnst=20.66] [8]1200 [ 139 4906 [11.28[0543 [ 3 Total |87
15 13nst=2175
E Tmst=25 441
10 {{11nst=20.07 onst=27.03
5 ]
1{[1nst=20.1 15nst=33.1]
0 ——— T T 7T T T T T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
't
90
3nst=25.57
80 1 Lnst=20.66
] 8nst=13.65
o ]
60
~ 50
=® E
Z 40 Jumcan]
30
20
10
* -, "
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Figure 11. Experimental database. D1 [164]; ID2-1D4 [165]; ID5-1D7 [162]; ID8 [166]; ID9 [167]; ID10-

ID12[168]; ID13 [169]; ID14 [170]; ID15 [150]
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3.4. Results

3.4.1. Definition of the regression expression to define F;
The regression expressions propose for% and g are shown in Table 15. It shows the
different values of the B; for each function F;. These ten functions are used to

estimate the BEH, BPH and BPF curves using the % and % the dimensionless
coefficient for each machine.

Table 15. Proposed expression for the dimensionless numbers. (Continue in next page)

Function
Model Expressions
(FM)

h 2 2
e —0.512a? + 1.63a (R* = 0.978)
Fy he
— = —0.826a* + 1.843a (R* = 0.979)

<)

h
? =1.048a* — 1.487a + 1.469 (R* = 0.738)
F,

he 2 2
? =-0.1706a“ + 0.5336a + 0.617 (R“ = 0.151)

2
@ ) —0.5196a? + 1.789a (R% = 0.981)

h =-0 235(
q* . QBep
he
2

=-0.024 ( ¢
BEP

) —0.826a® + 1.858a (R? = 0.979)

2
) +0.965a2 — 1.254a + 1.395 (R? = 0.764)

) —0.148a% + 0.469a + 0.637 (R* = 0.154)

2

= —1.508(aQQ )— 0.471 (QQ ) +1.93 (QQ ) +0.714a?
iE(I)J. 342a(R? = gg’as) o

2
0.532(0( Q )—0.828( Q ) +0.757< Q )—0.757(12
QBep QBep QBep
+1.287a(R? = 0.98)
2

Q >+0.122< Q ) +0.313< Q
BEP BEP

+1.294 (R?> = 0.778)

) +1.222a% - 1.267a
BEP

Fq

he 2
—2=0.993<a Q )—0.4—94—( Q ) —0.156( Q )—0.471d2+0.380{
q QBep Qpep QBep

+0.73 (R? = 0.191)
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Table 15. (Cont.) Proposed expression for the dimensionless numbers

Function
Model Expressions
(FM)
h 0.214/p2
Z- (R = 0.207)
F
’ he _ a®?5(R? = 0.175)
q? '
h
— = a®305. exp®077(R? = 0.402)
F q
8 he
? — aO.ZOZ . exp_°'°36(R2 =0. 116)
h
q_Z — (QZEP)—0.23‘X0.4-51(R2 =0. 506)
Fs he Q@ 011, 0132/ p2 _
i QBEP) TR =0.22)
h
? — (QQ )—0.166a0.422 . exp°'°3Z(R2 — 0478)
F BEP
10 h_s - Q 10.0830.143 . oy y=0.013(R2 = .129)
q Qsrp

The estimation considered all experimental rotational speed of the PATs,
considering their characteristic curves. When these curves are defined, the error
indexed were calculated compared with each experimental value and calculating
the average value (Tables 16 and 17). Table 16 shows the average error indexed
when the non-dimensional parameter, h/q?, was calculated for the different 10
proposed functions. When BEH curve is analysed, the function which showed the
minimum average error was F,. RMSE, MAD and MRD were 0.1035, 0.0735 and
0.0628, respectively. However, the second function was Fg, which the error
difference was 2.4 % and 4.7 % for RMSE and MAD respectively, while the MRD was
better for F,, reducing a -0.94 % compared to F,.

Table 16. Average error indexed for h/q? applied (Continue in next page)

BEH
FM RMSE MAD MRD BIAS
0,1515 0,1144 0,1023 -0,04
Fi ) ©) (10) 3)
0,1035 0,0735 0,0628 -0,0172
F ) M 2 M
0,1636 0,1154 0,0999 -0,0966
Fs (10 (10) () (10)

*(x) indicated the position when the error is considered and compared between functions
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Table 16. Average error indexed for h/q? applied (Continue in next page)

BEH
FM RMSE MAD MRD BIAS
0,1134 0,0819 0,0695 -0,0441
Fy 3) 3) 3) (5)
0,1398 0,0974 0,0778 -0,0755
Fs @) @) 7) @)
0,1077 0,0755 0,0622 -0,0408
Fq @) @) (m @)
0,1341 0,0927 0,074 -0,0865
Fs ©) ©) (©) 8)
0,1194 0,0865 0,0727 -0,0308
Fg @ @ (5) @)
0,1418 0,0998 0,0819 -0,0929
Fo ®) ®) (8) )
0,1289 0,0885 0,0724 -0,0673
Fyo (5) (5) 4) (6)
BPH
FM RMSE MAD MRD BIAS
0,1863 0,1354 0,1136 -0,0356
Fy (8) (10 (10 5)
0,1537 0,1107 0,0917 -0,0128
F, 3) 3) 7) M
0,1882 0,1321 0,1055 -0,0585
Fs (9) ©) ©) )
0,1531 0,1106 0,0898 -0,0249
Fy @) @ (6) @)
0,1924 0,1275 0,0954 -0,0754
Fs (10) ®) (8) )
0,1479 0,1043 0,0819 -0,0313
Fs M (1) @) @)
0,1641 0,1116 0,0813 -0,082
Fs (5) ) (1 (10)
0,1596 0,1127 0,0887 -0,0263
Fg ) 5) () 3)
0,1719 0,1171 0,0895 -0,0543
Fo @) % (5) %
0,1654 0,1138 0,088 -0,0386
Fio ©) (6) 3) (6)
BPF
FM RMSE MAD MRD BIAS
0,1393 0,1059 0,0964 -0,0238
Fy @) % (8) 3)
Fz 0,0959 0,0708 0,0629 -0,001

(M

4

a

M
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Table 16. (Cont.) Average error indexed for h/q? applied

FM RMSE MAD MRD BIAS
F 0,2115 0,1709 0,1515 -0,1634
3 ©) ) ©) ©)
0,119 0,0957 0,0838 -0,0635

Fy @ ©) ©) 5)
0,3517 0,257 0,2114 -0,2302

Fs (10) (10) (10) (10)
0,1056 0,079 0,0664 -0,0432

Fq ) @ ) @
F 0,1213 0,0844 0,0676 -0,0703

7 (5) @ 3) ©)
F 0,1146 0,0828 0,0712 -0,0146

8 3) 3) @) P)
0,149 0,1128 0,0951 -0,1052

Fo ®) ®) @) ®)
0,1265 0,0879 0,0725 -0,0721

F1o () 5) (5) @)

*(x) indicated the position when the error is considered and compared between functions

Table 17. Average error indexed for he/q? (Continue in next page)

BEH
FM RMSE MAD MRD BIAS
0,1 0,0741 0,0766 -0,0269
Fi ©) ) ©) ®)
0,073 0,056 0,0582 -0,0173
Fa ©) ©) ©) ©)
0,1017 0,075 0,0771 -0,0326
Fs (10) (10) (10) (10)
0,0702 0,054 0,0568 -0,0099
Fy (5) (5) (5) @)
0,0972 0,0723 0,0737 -0,0307
Fs (8) (8) (8) )
0,0677 0,0513 0,0539 -0,0138
Fq 3) M M (5)
0,0669 0,0517 0,0552 -0,0002
Fs P) 3) @) )
0,0744 0,0572 0,0589 -0,0248
Fg @) ) % @)
0,0659 0,0515 0,0551 0,003
Fq ) @) 3) @)
0,0679 0,0522 0,055 -0,0076
F1o @) @) @) 3)
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Table 17. (Cont.) Average error indexed for he/q?

BPH
FM RMSE MAD MRD BIAS
0,0754 0,0529 0,0549 -0,0241
Fi ®) ®) ®) )
0,0523 0,0386 0,0398 -0,0145
F, 3) 3) 2) (5)
0,0763 0,0536 0,0553 -0,0264
Fs ©) ) ) )
0,0534 0,0407 0,0424 -0,0111
Fy (4) @) () @)
0,0849 0,0631 0,0649 -0,0301
Fs (10) (10) (10) (10)
0,0467 0,0356 0,0371 -0,0054
Fe M ) ) )
0,0504 0,038 0,0399 0,0026
Fy ) @) 3) )
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When BPH are analyzed, the best fitting function was F,. When considering BPF, F,
was the expression with less error but the Fg is near such as BEH case. However,
considering the analysis developed by [155], Fg; was chosen to define the
characteristic curve of the machine when other methods were compared to define
the BEH, BPH and BPF. This comparison will show in Section 3.2. Therefore, when the
head curve is defined the function will be the following expression:

2

H= [—0.69 (a L) +0.122 (L) +0313 (L) +1.222a2 — 1.267a + 1.294| (Am? + Bm + ) Q2
QBEP QBEP QBEP

(43)

Besides, F; has the advantage the expression considers both ratio of the rotational
speed and the ratio between Q/Qszp, therefore, it considers the closeness to the best
efficiency point when it is compared concerning operation flow.

Table 17 shows the average errors for RMSE, MAD, MRD and BIAS when the non-
dimensional value of he/g? is calculated. In this case, F; was the expression, in which
the errors were low when BEH and BPH are observed.

In all cases, BIAS values were low, and this index was between 0 and +3%. These
values are no significant because they show average errors, which are less than 3 %
when the head curve and power curve are estimated.

To develop the comparison of methods, Fg was chosen to define the power curve of
the machine according to the expression shown in Table 11. The following
expression enables to estimate the power when the head curve and efficiency curve
in nominal conditions are known.

2
P= [0.993 (a ¢ ) - 0.494( Y ) - 0.156( ¢ ) —0.471a? + 0.38a + 0.73|9.81 - no(Am? + Bm + C) Q3
Qsep Qpep Qgep

(44)

3.4.2. Comparison of the proposal study vs other published methods
applied to BEH, BPH and BPF

The proposed methodology was compared with five different published methods.
These were: (i) Classical Affinity Laws [160]; (ii) Carravetta et al. [163]; (iii) Fecarotta et
al. [171]; (iv) Pérez-Sdnchez et al. [159]; and (v) Tahani et al. [156].
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e =—0.4013a? + 0.845a + 0.5606

h = 0.972a1603
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The last cited methods were operated to get the best efficiency head, best power
head and best power flow. The BEH, BPH and BPF for each method were compared
with the experimental database for each machine. In all cases, when the average
error indexes were calculated, the proposal of non-dimensional parameters (i.e.,

h/q? and he/q?) showed the minor error values of both BEH, BPH and BPF.
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Figure 12. (a) Error indexes for the different methods applied to h/q?; (b) Error indexes for the

different methods applied to he/q?

Figures 12a and 12b shows error indexes classified in the different methods. When
the non-dimensional parameter, (he/q?), is observed similar results were obtained.
The proposed functions were the best compared to the other five methods. RMSE,
MAD and MRD were 0.067, 0.051 and 0.054, respectively. When these error indexes
were compared with the second-best value (affinity laws or Carravetta method), the
error values decreased between 26.5, 28.8 and 25.4 %. For BPH, the trend of the
results was similar. The proposed method was the most accurate, decreasing the
errors between 25 and 32 % compared with the second-best functions (Carravetta).
When BPF was analyzed, RMSE, MAD and MRD decreased 14.3, 12.4 and 13.4 %,
respectively. The use of MOALs demonstrated better accuracy in the operational
curves when these results are compared with the affinity laws, which are simpler,
but they showed higher errors [156][159][1711[163]. Figure 12 shows the decrease of
the error in the different curves. Therefore, although the expressions use high
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degree equations, they improve the simulation of the PATs when they operate
under variable rotational speeds.

If h/q? (Figure 12a) is considered for BEH, the RMSE, MAD and MRS errors were
0.1077, 0.0755 and 0.622, respectively. These errors decreased between 17.4, 16 and
0.7 % respectively, compared to the second-best method (affinity laws). If the BPH is
analyzed similar results were obtained. The proposed functions were the best and
the error indexed were reduced between 9 and 16 % compared to the second-best
method. When the error indexes were calculated for the BPF, the proposed study
was the best, and the error values decreased 20.1, 17.5 and 14.9 % for RMSE, MAD
and MRD respectively.

When h/q? is analysed in Figure 12a. The proposed regression expression showed
errors between 8.6 % and 49.8 % less than the obtained errors by application of the
affinity laws, which was the second-best method for BEH and BPH, being the third
when BPF was calculated. RMSE value was 0.1 for BEH and BPF, while it was 0.148
when BPH was estimated. If the MAD and MRD were analysed in this table, these
values were around 0.07 and 0.06 respectively when BEH was compared. If BPH is
compared, the MAD and MRD errors 0.1 and 0.08 respectively when they were 0.12
and 0.09 when the second-best method (affinity laws) is compared.

A similar analysis can be developed if Figure 12b is observed. The proposed
expression regressions were the best when BEH, BPH and BPF were defined using all
previous cited methods and the errors calculated. If BEH is analyzed, the proposed
expressions in this research reduced the error indexes (RMSE, MAD and MRD) by
around 30 % compared to Affinity laws and Carravetta’s method, which were the
second and third best methods for this BEH curve. In this curve, the BIAS was near -1
%. If BPH is analyzed, a similar analysis was done. The error indexes reduced
between 33 and 36 % the error of the second-best method, while the BIAS value was
0.5 % for BPH. Finally, if BPF is observed, the proposed expressions decreased the
error indexed. Particularly, RMSE, MAD and MRD decreased 21, 23 and 30 %
respectively between the proposed method and Carravetta’s method.

If BPF is analyzed, RMSE error was 0.14. It decreased 14 % compared with the
second-best method (Carravetta method). MAD and MRD got similar values, which
were reduced by 12.4 and 14.1 %, respectively.

Both parameters, h/q? and he/q? showed the regression proposed using Fy
enabled to estimate the best efficiency head, best power head and best power flow.
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Three lines are strategic considerations when water managers define operations
rules to maximize the energy recovery using micro hydropower systems.

3.4.3. Application of the Proposed Curves to Experimental Machine

The proposed empirical regressions were applied to a tested experimental machine
to show the accuracy of the expressions applied in real case studies. In this case, the
tested machine was NK—-140 125/127 [169], being a specific speed in turbine mode
of 31.16 rpm (m, kW). Its BEP operating as the turbine was 17.99 I/s, 30.31 m w.c.
with an efficiency of 0.695. The machine was tested on six different rotational speed,
being 3000 rpm its nominal rotational speed. Figure 13a shows the head as a
function of the flow of the BEH. The m value for this machine is 0.056. If this curve is
analyzed, Figure 13b shows the curve, which defines the power as a function of the
flow. Both figures show good accuracy when making visual comparison. When the
error was measured, RMSE and MRD were 0.077 and 0.059 respectively, being BIAS
equal to 0.0585. If the head curve is analyzed using the proposed expressions in
NK-140 125/127, the average error values of RMSE and MRD were 0.2195 and
0.0096, respectively. The error values decreased around 65.6% in both errors when
they were compared to affinity laws. When the power curve is analyzed, RMSE and
MRD were 0.0123 and 0.005 respectively. These errors decreased and MRD errors
decreased around 82.6% compared to affinity laws. The expressions indicate the
good fit for the whole range of nst when Figure 12 and Figure 13 are considered,
and the errors are evaluated.

Figure 13c shows the operation curve (H-Q), representing the best power head. This
is the most important curve since the operation based on this curve is the best to
maximize the recovered energy, when variable operation strategy is applied in a
water pressurized systems. Comparison of the power curve between the estimated
and experimental BPH values (Figure 13d) also shows a good fit.

Figure 13e,f show the difference between trend parabolas and tested curves when
BEH, BPH and BPF were considered both the curves (i.e., head and power curve).
These three curves (i.e, BEH, BPH and BPF) are the curves, which should be
considered when regulation strategies want to be considered to maximize the
recovered energy.
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Figure 13. (a) H-Qfor BEH; (b) P-Q for BEH; (c) H-Q for BPH; (d) P-Q for BPH: (e) H-Q for BEH, BPH and
BPF; (f) P-Q for BEH, BPH and BPF
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3.5. Conclusions

The present research proposed a new modification of the affinity laws (MOAL) when
applied to pumps working as turbines. These new expressions were compared to
the rest of the published methods and affinity laws, showing the best results in the
estimation of the best efficiency head, best power head and best power flow.
Analyses of these curves in other published research showed that they are key in the
operation of the recovery systems to maximize recovered energy. Therefore, the
modified affinity laws proposed in this study were found to decrease the error
indexes by 8 to 30 % compared with existing methods and can help water system
managers to improve the accuracy of energy predictions.

The analysis of the different tested curves as well as the consideration of the
analytical expressions showed the importance of the Qgzpy value. This value should
be considered when the machine is chosen, and it is always greater than Qo, min.
Therefore, the PATs system could operate under the best power head conditions
when the constrain ‘Qg ,uin < Qppyis satisfied.

Incorporating these curves (i.e., BEH, BPH and BPF) when the potential recovery is
analyzed by water managers is crucial to get the best results, when the BPH achieves
the best results in terms of recovered energy. However, the analysis
of BEH and/or BPFis recommended because it can be useful when the recovered
energy is not the main goal to be achieved and other factors such as valves
regulation or sustainable measures are considered.

These MOAL were validated when the specific speeds of the PATs systems were
between 5 and 50 rpm using 15 different machines and 87 different rotational
speed. The analysis showed the need to increase the tests applied on axial machines
to increase the operating range by the research community. Future research should
focus on developing axial machines analyses. These machines are significant in the
water pressurized systems because there are many potential recovery points in
which the flow is high, but the recoverable head is low, and therefore, the recovery
systems should be established by axial machines.
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Abstract

The use of pumps working as turbines is a new solution, which has been recently
analysed to improve the water management in the different water systems. The
improvement of sustainability involved with this use should be considered in these
networks, and it focuses on the reduction of the consumption energy as well as the
reduction of leakages. Both variables have a great influence on the rest of
economical, technical and environmental indicators of network behavior, becoming
key in their improvement. In this line, the research develops a methodology, which
includes the estimation of the leakages in the different junctions and pipes as a
function of the injected and registered volume data in the water. The present
methodology proposes different operation scenarios according to leakages and it
develops a double optimization procedure to locate and select the best recovery
machines considering different objective functions. The methodology is applied to a
real case study, which has serial data of water registered volume since 2001. The
research shows the leakages influence in the operation points as well as the
recovered energy. Different sustainable indicators are analysed for the different
scenarios according to optimized procedures: The IRLGP index was defined as the
ratio between reduction of the leakage volume for each installed power and it
reached the annual value of 11280.8 m3/kW; The optimized procedure establishes
the significance to consider the leakages when the hydraulic machines are selected.
Their best efficiency points increase to 195 % and 205 % compared to the ideal
scenario without leakages.

Keywords: Leakages; Water irrigation networks, system sustainability; Micro-
hydropower; Energy recovery.

4.2. Introduction

Hydroelectric micro-energy can be a valuable answer to the need for low-cost and
long-life electrical energy, using natural or artificial waterfalls, which do not harm
environmental damage. Unconventional solutions are at the forefront of many
developing countries to achieve energy self-sufficiency [16]. The need for research
ideas on the field of reducing wastage of water can save a great amount of water,
money, time or energy. Water leakages is an essential problem in the field of supply
systems [101]. Water distribution networks are low-energy efficiency systems since
they need high energy levels to satisfy consumption in terms of pressure. These
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high values cause a high leakages level increasing the energy consumption and
decreasing the performance and sustainability indexes of the system [172].

The growth of the energy demand, the increase of its price as well as the limitation
of access to exploitation sites due to environmental limitations caused new
challenges to appear, addresing new technologies to improve the management of
the water systems. These technologies are focused on hydraulic recovery and they
try to reduce the investment and exploitation costs compared to traditional
machines [15]. In such a scenario, microhydraulic solutions for energy recovery can
play a key role in exploiting small water resources [173]. This energy recovery, which
is defined as a process in which energy is recovered from the residual supply
pressure [17] when it is applied in water systems, the use of micro-hydropower
technology can enhance the sustainability of the water industry [174].

The new strategies of water management are focused on the improvement of
sustainable indexes. In this line, the leakages reduction in water distribution
networks is an absolute priority and many pressure management strategies have
been proposed in the literature to tackle this issue [10]. These new trends join the
pressure management with the use of micro-hydropower systems, mainly pump
working as turbines (PATs) [97] in which they play a key role to increase the self-
consumption of the energies communities [143]. PATs are standard water pumps,
which operate in reverse mode. Although these machines show low-efficiency
values compared to traditional machines, their low-cost technology could help to
expand hydropower exploitation in water resources worldwide, helping to reduce
climate change greenhouse gas emissions [18].

The efficiency analysis was analyzed for different researches over time. The main
published researches were: [175] developed a comparative study between
efficiencies the machines operate as pump or turbine. [176] proposed linear
equations to estimate the best efficiency point of the machine operate as a turbine.
[177] presented a study on the comparison of different calculation methods for
turbine performance prediction [152] using the best efficiency value [178]. [179]
tried to estimate hydraulic parameters (i.e., head, flow and efficiency) in turbine
mode using pump data by CFD techniques. [180] proposed a new approach for the
PAT power plant, which is a design based on a constant head, instead of a
traditional operation, in constant flow rate. [181] evaluated both best efficiency
points (BEP) and performance of PATs in an accurate way using the artificial
neuronal networks. [182] defined new approach equations to estimate the BEP of
the PATs and the characteristic curves using an experimental database of 181
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different PATs. Previously studies considering the machine operate under fixed
rotational speed. [163] studied the efficiency when the affinity laws are modified,
considering variable rotational speed and improving the energy estimation. [183]
defined new analytical expressions, which enable the estimation of the best
efficiency head, best power head and best power flow when the machine operated
under rotational speed, showing the need to incorporate these expressions in the
energy analyses, improving the predictions [171][184].

presented an investigation focused on the optimal location of PATs within a water
distribution network to produce energy and reduce leakage. Avoiding using
pressure reducing valves (PRV) where only energy is lost and not recovered [15]. [48]
showed extensive information on the historical development, methods, selection
criteria and the results of the installation of PATs in water distribution networks as
an energy recovery system. [97] developed an efficient optimization process for
energy recovery and reduction of water leaks. The procedure proved to be more
cost-effective and realistic compared to others proposed in the literature. A
nonlinear programming (NLP) algorithm for the optimal setting of PATs within
WDNs was extended to the case of leakage reduction [146]. A multi-objective
optimization methodology is presented to minimize leakage and minimize the
difference between pumping operating costs and revenues generated through
energy recovery by strategically locating PATs in the network, which can act
analogously to conventional PRVs [144]. [172] established a study to define the
optimal location of a PAT within a distribution network, in order to minimize
installation costs and maximize the production of energy and water savings. [185]
developed two mixed integer nonlinear programming models to find the optimal
number and location of PATs and to minimize the cost of power generation in water
and power systems. The results showed that it is feasible to replace PRV by PATs, the
installation of three PATs generates a total power of 479.65 kW, which is more than
30 % of the daily electricity demand of the water network.

Traditionally, pressure management was developed by using pressure reduction
valves, which allow the reduction of leaks but dissipate excess energy. [26]
compared the use of PATs versus PRVs, indicating that it is possible by installing
PATs to recover up to 169360 kWh/year as well as reducing leaks. These leakages
decrease, increasing the volumetric performance of the system from 0.73 to 0.9. [26]
proposed a method that replaces a PRV with a PAT to produce electrical energy and
reduce pressure. This method was improved by adding variable speed pumps to
control the dynamic operation of networks, in order to improve energy recovery and
reduce leakage [148]. This solution enables the recovery above 40 % of the gross
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power potential of an existing PRV could be converted to electrical energy using a
PAT while also controlling pressure [186].

To increase this recovery, other researchers developed Particle Swarm Optimization
(PSO) selection algorithm, incorporating the model into a network that allows a total
daily energy of 182 kwWh [15]. In this line, [187] defined the economic feasibility of
installing a PAT in an aqueduct in the city of Merano. The results show a nominal
power of 19.18 kW and a daily electrical energy production of 338 kWh. [27]
conducted an analysis within the Polokwane Central District Metered Area in which
it identified a recoverable energy potential of 2.3 GWh, resultingina 3.3 % and 4.2 %
annual reduction in water leakage. Patelis et al. [188] studied the energy recovery in
Kozani (Greece). The possibility of installing 7 PATs in different districts of the city
with flow rates ranging between 14 1/s and 79 I/s and pressures between 55 and 71
m w.c. was evaluated. Using this hypothesis, annual energy recovery of 328500 kWh
possible, decreasing the leakages between 18 % and 65 %. [147] evaluated a water
system that operates with a flow rate of 350 I/s and a pressure of 45 m w.c. The
installation of PATs under these operating conditions enables the annual generation
of 714670 kWh and the leakages decrease of 3 %. This reduction saved 248504 m3.

These contributions improved the different sustainability indicators. They can help
to analyze the management of the water systems. Sustainability indicators are
necessary to determine the efficiency of a system concerning criteria such as (i)
annual energy consumption and cost for each cubic meter of water injected into the
network, (ii) the percentage of energy recoverable in the network by energy
excesses and (iii) the reduction of energy consumption for each cubic meter of
water leaked. The recommended indicators that are analyzed in the water
distribution networks are shown in Table 18.
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Table 18. Sustainability indicators in PATs systems (Continue in next page)

Indexes Abbreviation Units Indicator Definition
IED Dimensionless 'Er.nerg.y Ratio betw.een friction
dissipation ~ energy and input energy
Annual Sum of the total active
IAE kWh/year consumed energy consumed in the
energy network
Ratio between the active
Consumed energy consumed and
IEFW kWh/m? energy per the total volume of
unitvolume  water introduced in the
system
Sum of total energy
Energy .
IER kWh/year recovered in the
recovered
network
R I
coaie [y
ERP % energy P g
E total energy consumed
nergy percentage )
[189], [125] in the system
Sum of the total active
Absolute energy consumed in the
I k
IAAE KWh/year annua network subtracted by
consumed the sum of the total
energy energy recovered in the
network
Absolute Ratio between IAAE and
IAEEW KWh/m? consumed the 'Fotal volumg of
energy per water introduced in the
unit volume network
Wat
recoerer or Ratio between reduction
IRLGP m>/kW ) yP of the leakage volume
unit volume .
. for each installed power.
per installed
energy.
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Table 18. (Cont.) Sustainability indicators in PATs systems

Indexes Abbreviation Units Indicator Definition
Cost of
recoverable Product of the cost of
REC € electrical the electricity tariff per
energy per kWh of energy
installation of produced
PATs
Energy cost Ratio between energy
Economic er Unit cost and the total
IEC €/m? P volume of water
[190],[125] volume . .
. introduced in the
introduced
system
Cost of wat
ostotwater Product of the cost of
saved by .
reducin each cubic meter of
CWSBRL €/m? 9 water for each
leaks when
. . covered meter of
installing water saved
PATs )
Ratio between the
Carbon .
. reduction of
Dioxide CO; emission by the
CDRPE CO/kWh reduced by : ] y
roduced production of each
P kWh of renewable
energy
. energy
Environmental
[116] Carbon
dioxide Ratio between the
reduced by reduction of
CDRBL CO/m? each cubic CO» emission for each
meter of cubic meter of water
water saved saved by leaks.
by leaks

Several sustainability indicators for pressurized water systems were proposed by
[189]. [125] developed a proposal for a recovery system based on the installation of
PATs in different points. It enables the annual theoretical generation of 847301
kWh. In this case study, some results of the sustainability indicators mentioned in
Table 19 are shown. [190] defined some results of the sustainability indicators. IAAE,
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IER, ERP, IEFW and IRLGP are shown for 10 water distribution networks in which
there are installed PATs recovery systems. In these studies, the annual energy
consumption in the analyzed distribution networks ranges from 141794 to 1583106
kW h, the annual energy recovery varies from 28470 to 714670 kW h and the energy
recovery values were found between 3 % and 58 %. [116] demonstrated the
economic and environmental impacts when energy recovery systems are installed
in water distribution networks in which the savings can support the electricity use of
more than 20 average American households, corresponding to an annual reduction
of 177 tons of CO, emissions. The indicators depend on the network topology and
therefore, there are different between them. It implies one indicator cannot be
adapted exclusively.

Table 19. Equations to calculate the energy balance

Type Equation ID

Total Energy (Er,) vQj(z, — z;) At/3600 (13)

Friction Energy (Erg,) ¥Q,(z, — (z; + P;) At/3600 (14)
Theoretical Energy Necessary (ETN]) YQ;Pminj At/3600 (15)
Energy Required (Egs,) YQ;Pmins;j At/3600 (16)
Theoretical Available Energy (ETA,) YQ;(P; — Ppinj) At/3600 (17)
Theorical Recoverable Energy (Erg ) YQ;(P; — max (Ppinj; Pmins;)) At/3600 (18)
Theorical Recoverable Energy (ETRM) yQ;n;H; At/3600 (19)

Sustainable Development Goals (SDGs) acknowledge the inter-linkages between
human wellbeing, economic prosperity, and a healthy environment and, hence,
they are associated with a wide range of topical issues that include the securities of
water, energy and food resources, poverty eradication, economic development,
climate change, health, among others [30].

The implementation of PATs in water distribution systems is related to objective 9
[191] of the sustainable development objectives called "Industry, innovation and
infrastructure” due to the introduction of promotion of new technologies that allow
the efficient use of water resources as indicated by objective 6 [192] called "Clean
water and sanitation”. The installation of PATs makes cities more inclusive, safe,
resilient and sustainable [193] allowing the generation of electricity in a renewable,
affordable, reliable and modern way as indicated by goal 7 [192] "Affordable and
clean energy" and reducing environmental indices emissions, contributing to the
objective 13 [194] of the SDG.
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This research aims to establish a methodology, which optimizes the location and
selection of the machine considering the influence of the leakages in the selection
of the machine as well as its influence on the location when leaks are considered.
The novelty focuses on the characterization of the operation points for different
leakages values as well as the double application of the simulated annealing to
optimize the location as well as the selection of the recovery systems. To develop
the study, the methodology proposes an internal iterative procedure, which allows
the estimation of the leakages in each line and consumption point according to
measured volume data (i.e., injected and registered) by the water managers. The
methodology was applied to the real irrigation network. It is located on the
township called Vallada in the province of Valencia (Spain).

4.2.1. Methodology

The proposed optimization procedure is divided into six different phases in which
each one contains different steps (Fig. 14). The model needs different inputs to
develop the optimization procedure and there are two simulated annealing
procedures includes in this methodology. These optimization procedures are
applied on localization of the recovery systems in the different ones and define the
best machine and its regulation control.

4.2.1.1. Optimization stages

Fig. 14 shows the proposed methodology, which is divided into five different stages:
Network model (I), Leakages calibration (ll), Energy Balance (lll), Location
Optimization (IV), Selection Optimization (V) and Definition of the best solution (VI).

- Network model

The first stage is a preliminary phase in which the network model is developed
according to the available information. This should define both the topology of the
water systems as well as the demand base and the consumption patterns. The
model is simulated to check the flow and pressure in all lines and nodes. When the
model is correct, the model is ready to be calibrated, considering leaks. The model
uses the calibrated methodology, which estimates the flow over time considering
the consumed volume in the irrigation points as well as the irrigation needs and
consumption trends of the farmers [31], [195].
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Figure 14. Optimization procedure

- Leakages calibration

The second step proposes a calibration strategy to consider the leakages in the
water systems. The method is applied when the water managers have information
on the water meters of the consumption. Therefore, the proposed method
establishes a balance of the water volumes. The first step is the development of the
implemented volume analysis, establishing the following continuity balance (Step
ILA):

where V; is the injected volume in the network in m3; V, is the total measured
volume by water meters in the consumption nodes in m3; and V, is the total
leakages volume in the water system in m3.
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If this data volume is known, the different volume performance of the network can
be defined according to the following equations:

VL

N = W (46)
Vu

My = IA (47)

Where 7, is the leakage performance of the water system and 7, is the measured
volume performance of the water system.

The leaks can be divided into two types, which are called apparent and real losses
[196] in which the real leakages are assigned in the distribution lines while the
apparent losses are assigned to the irrigation consumption points. These leakages
enable the definition of the following ratio:

Var

NaL = V_L (48)
VrL

MRy = TL (49)

where ny4; is the ratio between apparent leakages and total leakages; Vy; is the total
volume of the apparent losses in m3; g, is the ratio between real leakages and total
leakages; Vy,, is the total volume of the real losses in m3. The apparent losses are the
uncontrolled leakeages in the water systems, which cannot be measured [197].

The calibration model distributes the leakages once the performances (i.e., 4., NrL,
and n;) are known. This distribution establishes the different criteria as a function of
the leakage type (Step I1.B). The model determines the different emitter coefficients
assigned to the lines and consumption points in different iterations, minimizing the
error between simulated leakage volume and leakage volume of the water system.
The model considers the following equation to evaluate the leakage in each
element (i.e., line or tap).

quij = K (PN (50)
where g, ;; is the leakage flow for the element j (i.e., line or consumption point) at
the time i; P;; is the pressure in the element j at the time i (if the element is a line, the
chosen pressure is the average pressure value of the line —P;; = Pij —); N is the
leakage exponent; and K; is the global emitter coefficient.
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Using Eq. (50), the leakage volume is estimated by the following expression:

i=T i=T
V= ZiZI(qL,ijAt)ziZl(Kj(Pij)NAt) (51)

where At is the interval time in s, V, ; is the leakage volume for the element in m?,
assuming the K; is constant in all annual simulations. It is defined by the following
expression through iterative procedure:

K = s

TEN(Ppha)

The definition of the calibration of the leakages is based on the estimation of the

parameter, K;, assuming that the total leakage volume is distributed between all

elements of the network. It assumed the leakage volume of each element (i.e., line

or tap) will be proportional to some variables, which are related to network

characteristics. In this case, the leakage volume of each element V,; can be
determined by the following expression:

(52)

Voj=6 V=6 nV (53)

Where §; is the distributed coefficient assigned to each element of the network. The
addition of all distributed coefficients is equal to 1.

d; is estimated by the following expressions, which difference if §; is for a line (Eq.
(53)) or consumption point (Eq. (54)).

Lj<j

=SERg 54
(L)) 54
where L; is the length of the line j in m; 7j is the weighted coefficient, which is novel

concerning other published researches; k is the number of lines of the model. It
depends on the material of the line.; k is the number of pipes.

5

Eq. (54) establishes the proposed expression to estimate the distributed coefficient,
which weighs the apparent losses in the consumption points. In this case, the
distribution coefficient is based on the ratio between consumed volume in the
consumption point and total consumed volume.

j Z =m I]I‘, (55)
J j
j’—— ( 7vj)
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where Vr ; is the total consumed volume of the irrigation points (j), including both
measured (invoiced) for irrigation as well as the leakage volume (no invoiced); m is
the number of consumption points of the model.

The iterations to assign the different distributed coefficients finalizes when the error
is minimized in this distribution. When this error is minimum, compared between
simulated and measured volume, the model is ready to be used in the optimization
procedure (Step II.D).

When the water managers do not know the leakage performance, the proposed
methodology develops a preliminary analysis of leaks (Step II.C). Step I1.B develops a
series of simulations to obtain ranges of values and define the scenarios correctly.
The model supposes the calculus of the real leakages in the lines. It enables the
estimation of the real leakage performance (ng;) and establish the N exponent. In
this hypothesis, the leaked volume is not known and the methodology assigned
different leakage parameters to the lines, following the alignment of the other
published researches [101], [198]. The following expression is used:

quij = Bj - Li - (PN (56)
where B; is the leakage coefficient, which characterizes the pipe in terms of age,

diameter, material, thickness, among others. In this case, the model does not need
to iterate since the used emitter coefficient in EPANET is:

K = BjL; (57)
B; varied between 10~* and 10~7as a function of the material (cement, steel or
PVCQ) [2]. It grows over time and this increase depends on the material. Different
scenarios are defined in this case, which weighted the g; value. Besides, N exponent
is defined in the calibration model, estimating the value through of normalized
valued, which oscillates between 0.5 and 1.5 according to published researches [2].
Step I1.B enables the estimation of the nz; and N exponent.

- Energy Balance

Once phases | and Il occour, the energy balance can be established to know the
energy audit and therefore, the available operational points in each line and
consumption point. This energy balance is crucial since it should consider the
minimum hydraulic requirements. Table 19 shows the equations used to establish

96



4. Articulo 3

the energy balance and define the operation points (i.e., flow and theoretical head),
which are the main input to develop the first optimization procedure (Step IV).

The different variables of Table 18 are: y is the specific weight of the fluid in kN /m3,
which is equal to the ratio 9.81/3600; Er, is the total energy supplied in the system

in kWh; Epg, is the friction energy, which is lost in the water system in kWh; Ery, is

the minimum energy required in a hydrant or line to ensure the minimum pressure
of irrigation in the more unfavorable point in kWh; Ery; it is the available energy for

recovery in a tap or line in kWh; ERSjis the minimum energy required in a point to
ensure the quality in the service in kWh; Erg, it is the maximum theoretical

recoverable energy in an irrigation point, hydrant or line of the network in kWh;
Erg,,; is the recovered energy by a recovery system considering the efficiency of the
PATs systems; Q; is the circulating flow in an element (i.e, line or consumption
point) over time inm3/s; z, is the head level of the reservoir in m w.c, zj is the
geometry level in m; Pp,;,,; is the pressure in the element j (line or node); is the
minimum pressure in the element to guarantee the pressure in the more
unfavorable point in m w.c; Ppiys; is the minimum service pressure in any
consumption point in m w.c.; H; is the recovered head by the recovery system (i) in
m w.c; n; is the efficiency of the recovery system for this flow Q;; At is the
considered interval timeins.

- Location optimization

Once the available operation points are known when the energy balance is
developed (Input 6), the objectives functions (Input 7) are defined to develop the
first optimization procedure. The proposed objective functions are: (i) Theoretical
Recovered energy (y; = Erg), which establishes the maximization of the theoretical
recovered energy in the system; (i) Reduction of the leakages in the network
(Y, = AV}); and (iii) Net Present Value (NPV) represents the cumulative sum of all
revenues minus all costs, expected over the life of the project.

Input 6 and Input 7 enable the development of Step IV.A. This step establishes an
ordered list of the elements according to each objective function. Once the ordered
list is established, the procedure is ahead to Step IV.B. The optimization procedure is
based on simulated annealing defined by [199]. The installation of different recovery
systems provides a significant number of possible combinations. In this situation,
the simulated annealing method is particularly suitable, since it satisfies the basic
requirements for its application [200]. These requirements are (i) clear configuration
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of the decision variables, (ii) definition of the target variables, (iii) procedure for
generating new system configurations, (iv) control parameters and analogous
cooling scheme, and (v) algorithm completion criteria. In this case, the algorithm
searches for the best locations for the recovery systems based on the defined
objective functions, as well as the number of established recovery systems.

The optimization process maximizes the established objective functions; this
process is shown in Steps IV.B and IV.C. Once, the objective function to be
considered is selected, generating a list in descending order of the elements that
enter the optimization according to the energy balances performed and the chosen
objective function. The control parameters of the algorithm are defined and they
are: the initial temperature (T;); the final temperature (Tf); cooling ratio (a) and
number of transitions for each temperature step (L,). These parameters can be set
by a previous sensitivity analysis. The transition temperature (T;) is calculated
according to a geometrical relation according to:

To=a T, (58)

When the control parameters are defined, the maximum number of recovery
systems (N) should be determined. The range of this parameter is between 2 and the
maximum number of elements (i.e,, lines and nodes) of the water system. In the
initial step of the procedure (Step IV.B), the initial configuration should be
considered. This configuration begins by considering two recovery systems (m) in
the two first elements of the list. Hereafter, the simulated procedure (Steps IV.C)
develops a new combination between different elements for each value of the m
recovery system. When the optimization process finishes, the methodology
establishes the best location for this value of m (Step IV.D). If the m value is lower
than N, then the procedure comes back from Step IV.B in which the new
configuration for the m+1 recovery system is developed. The final result of this stage
(Step IV.E) is the knowledge of the optimum configuration for the N recovery system
(Output 5). This output is input 9, which is used in Step V.

- Selection optimization of the machines

The main goal of this stage is the definition of the most suitable machine or
machines. It implies the selection of the machine, the definition of the maximum
number of machines in each recovery system (if needed) and the best strategy to
regulate according to the chosen objective variables. These inputs are previously
defined, and the methodology used a database that used 110 different PATs. The
machines are defined according to specific speed 7, head number and discharge
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number. These values allow the definition of the dimensionless parameters of the
machines included in the database. To define the machine the dimensionless best
efficiency point (BEP) is used, through the 110 tested machines. It considers different
values of impeller diameter and rotational speed. Both values enable the definition
of the generated best efficiency point of the theoretical machine. When the BEP is
known, the characteristic curves are defined by the methodology proposed by [201].
Once, the characteristic curve is estimated, the variable operation strategy zone is
defined. The machine operates under variable rotational speed and the best
efficiency head (BEH), best power head (BPH) and best power flow (BPF) is
estimated. This prediction of the variation of the rotational speed is developed
according to the proposed methodology by [183]. Considering these curves, the
algorithm developed the optimization by iterations using different regulation
strategies (RS). These strategies can be (i) nominal rotational speed (NR); (ii) BEH; (iii)
BPH: (iv) BPF; and (v) operational area considering the maximum and minimum
recoverable head.

The use of an optimization procedure is necessary because there are different
variables: (i) the possibility to use a different number of machines, which can be
installed in serial or parallel in the same recovery system; (ii) different regulation
strategies; (iii) and different possible number of recovery systems installed in the
network. It implies a high number of combinations. In this case, the methodology
proposes the use of the simulated annealing again. The initial step of this stage (V.A)
includes the definition of the problem, which indicates the number of recovery
systems and their location in the water network as a function of the objective
function (Input 9, which is the result of the previous optimization procedure, Step
IV). Besides, the water managers should be defined the different regulation
strategies.

Defined the inputs, the procedure continues to Step V.B in which the definition of
the initial configuration is established. In each recovery system, an ordered list of the
possible machines is developed, according to the objective function, establishing
the initial operation rules. When the machine is chosen, an iterative procedure
analyses whether there are other operation rules, which will be better to improve
the objective function. Finally, Step V.B the best machine and operation rules,
getting the initial configuration, which is used in the following Step V.C. Step V.B
repeated the procedure for each recovery system.

Step V.C includes the definition of the control parameters, which are defined
similarly to stage IV. A new configuration of the operation is developed in each
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iteration in which a recovery system is chosen randomly and another machine is
checked in that recovery system. The beginning probability of the machine is
proportional to the value of the objective function, keeping the ordered list. The
beginning probability of the upstream recovery systems is greater than downstream
systems in the first iterations. This probability decreases when the calculus
procedure advances. Once, the machine and strategy are optimized the procedure
continues to Step V.D, in which the energy and feasibility analysis is developed,
developing iterations to reach the best solution in the combination of the N located
recovery machines, the used database and the regulation strategy as well as
considering the chosen scenario. The feasibility analysis is developed considering
the recovered energy (Erg), reduction of the leakages in the network (4V;) and the
Net Present Value (NPV) and the Internal Ratio Return (IRR)

i:nAIl. - ACi
i=1 (1+k)

where: IC, is the initial investment in year 0; Al; is the annual income in the year i;
RV}, is the annual costs in the year i; AC; is the recovered residual value in the year n;
Al is the annual income by the sale of energy and reduction of leakages; k is the
discount rate. The internal return ratio (IRR) is the discount rate that makes NPV
equal to zero.

NVP = —IC, + Z +RI, (59)

The initial investment cost (ICy,) includes the initial investment for the
implementation, installation and operation of the recovery systems [202], [203]. The
annual costs (AC) refer to the annual operating costs of the recovery systems over
the life of the system [11]. The annual incomes (AI) refer to the annual incomes
generated by the facility through the sale of energy or self-consumption benefits.
The incomes also consider the reduction of leakages and therefore, the benefit for
the water saving. In addition, they may include other types of benefits due to
reduced leakage and reduced CO; emissions. The residual income (RI) is a concept
that takes into account the possible income from the sale of the different elements
once their function in the facility has ended.

- Best solution

The final step is the development of the best solution through an iterative
procedure in which the different sustainable indicators are analysed to consider the
best recovery system. These indicators are shown in Table 18 and the optimization
procedure calculates them in each iterative procedure of the selection of the
machine.
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4.3. Materials and Methods

The proposed methodology was applied using a database of a total number of 110
pumps working as turbines. The dimensionless best efficiency point, characteristic
of the machine and rotational speed is shown in [125]. Using this database, which
classifies the recovery systems considering their specific speed, 7826 synthetic
machines are generated through turbine generators published by [199]. When the
simulated annealing is applied, a previous selection is developed considering the
available operational points in this line. This first selection enables the decrease of
computational times and an improvement of the final selected machine.

The research applies the proposed methodology to a real water system. The case
study is located on Vallada (Spain) and it is an irrigation pressurized system, which
was built in 2001.

Figure 15. Case study located on Vallada (Spain)
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The network supplies around 230 ha. The crop is citric tree mainly and the water
resources are got from a well, which is pumped to a reservoir. The pipelines of the
network are built on asbestos cement pipes (10780 m) and polyvinyl chloride
(11015 m). The diameter oscillated between 90 and 450 mm and the total length of
the main pipes and branches is around 22 km. There are 222 irrigation consumption
points. The base demand was assigned considering the different farms facilities. The
adopted plantation frame was 4 x 6 squared meter plantation frame and the flow
rate of the dripper used was 4 1/h, applying the irrigation needs of the citric tree for
each (Fig. 15).

Table 20 shows the recorded data of the water consumption (injected to the grid
and measured) as well as the leakages of the system from 2001 to 2020. The present
research proposes the establishment of four different scenarios to group the years in
similar ranges of leakages. These scenarios are SO from 2001 to 2005; S1 from 2006
to 2010; S2 from 2011 to 2015; S3 from 2016 to 2020. SO is considered the ideal
situation, which has no leakages. S1 considers an average of leakages of 4.98%,
therefore, it considers a total leakage performance equal to 5 %. S2 has an average
of leakages of the 13.75 %. This scenario was approached to 15 %. Finally, S3
approaches the leakages at 25% since the real data operated between 2016 and
2020 the average leakages was 22.61 %. The serial data shows the lack of
maintenance in the network, and therefore, the increase of the potential leaks in the
system.

EPANET-Toolkit [204] was used fot the modeling, with consumption patterns, which
were applied in each irrigation point were defined considering both consumed
volume as well as the irrigation area of each tap and defining the base demand of
the irrigation point according to irrigation needs of the crop. The model calibration
was developed establishing different leakages scenarios. These scenarios were
considering the previous scenario in Table 20.

They consider leakages equal to 0 % (S0), 5 % (S1), 15 % (S2), 25 % (S3), 35 % (S4) and
50 % (S5). S4 and S5 are future scenarios considering the water managers will not be
maintained and the leakages increase according to the observed trend between
2001 and 2020. S4 and S5 are hypothetical and they showed the trend of the
systems if the water managers will not apply corrective actions to improve the water
systems and reduce the leakages. S4 and S5 are included to analyse the influence of
the leakages in the recovery energy and the selection of the hydraulic systems.
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Table 20. Data volume registered between 2001 and 2020

Scenario Year VI (m?) VM (m?®) VL (m3) nL (%)
2001 77114249 76853961 260287 33
2002 69616969 69363139 25383 36
SO 2003 75297467 75050416 247051 33
2004 92287716 92051431 236285 26
2005 92229183 91986551 1950115 211
2006 96151176 95914583 3021309 314
2007 86352055 86123869 2178934 252
S1 2008 81090129 8086801 6348139 783
2009 90265586 90024385 3754017 416
2010 88087919 8786381 6185612 702
2011 107016052 106796152 10733013 1003
2012 100537864 100297067 9608459 956
S 2013 123268842 123033922 17938346 1455
2014 145182495 144949097 26743108 1842
2015 138992112 138760313 22326534 1606
2016 15341545 153184367 20802437 1356
2017 142340357 142104906 28634139 2011
S3 2018 15940298 159173633 42181013 2646
2019 170797114 170566859 47724607 2794
2020 166359731 166135824 41317979 2483
4.4, Results

Once the model is developed used EPANET Toolkit (Step I), the methodology
established a preliminary leakages model (Step Il. C). It defines the real and apparent
leakages performance since there is not this information registered by the water
managers. This analysis enabled the estimation of the real and apparent losses. It
enables the assignment of the exponent N both lines and irrigation consumption
points considering the scenario (Step I1.B) as a function of the registered volume
data and total leakages performances (Step IL.A, Table 20). The n: and na values are
defined through an iterative procedure in which the methodology analyse different
values of N and compare with the real losses in Step IL.C. These N values were
obtained to adjust the leakages volume in each scenario by an iterative procedure in
which the N and B are calibrated to minimize the error between registered data and

103



4. Articulo 3

simulated values. Table 21 shows the calibration values, which were obtained for
this case study.

Table 21. Calibration results for each scenario

Scenario nu(%) nr(%) na(%) N Brvc/Basbestos

S1 5 65 35 5 100
S2 15 75 25 55 59
S3 25 75 25 55 36
S4 35 75 25 55 14
S5 50 80 20 6 10

Fig. 16a shows the different values of the energies balance in taps as a function of
the analysed scenario, previously to analyse the optimization procedure. The figure
shows the annual total energy values for friction, theoretical recoverable and
required energy. All energy values were considered and there is no direct
relationship between different values, since the theoretical recoverable energy,
required energy, as well as friction energy, depending on topology and
characteristic of the network (i.e., length, the diameter of pipes, level of the
consumption points, level of nodes and head of the reservoir, among others). The
annual friction energy oscillates between 10255 and 13426 kWh.

This increase is trivial since when the flow increases, the friction losses increase on
squared growth. In this case, the annual friction energy increased 4.1% in the most
unfavorable scenario (S5) compared to the ideal situation (S0). The annual required
energy, which is necessary to satisfy the minimum pressure requirements, is also
increased to compensate for the flow and friction losses. It oscillated between 78968
and 94716 kWh for the SO and S5 respectively. This increase represented around
20% compared to SO (ideal scenario without leakages).

Finally, the annual theoretical recoverable energy, which is available to be recovered
partially when the recovery system is installed and their efficiency is considered was
between 152906 and 182264 kWh for SO and S5 respectively. The annual energy
recoverable alsoincreased 26.2% when S5 is analysed.
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Figure 16. (a) Annual Energy Values for the different scenarios. (b) Reduction of the leakages as a
function of the number of recovery systems

Fig. 16b shows the analysis of the percentage of leakages reduction as a function of
the number of recovery machines installed. These results were obtained when the
objective function was the reduction of the leakages. It is observed the reduction
oscillated between 0.15 and 0.37 when the number of recovery machines changed
between 1 and 10 respectively. The figure shows not much difference in the
reduction of the leakages when the different scenarios are considered. When
simulations are extended increasing the number of recovery machines, the
maximum decrease of leakages was 0.41 for S1, 0.44 for S2 and S3, and 0.43 for S4
and S5. The hypothetical number of recovery systems was 204 for these results.

The optimization procedure was developed for the three objective functions (i.e.,
theoretical recoverable, reduction of leakages and net present values). Table 22
shows the different results when these functions were optimized. The optimization
procedure considered the following combinations: 204 when N was 1; 20706 for N
equal to 2; 1394204 when N was 3; 70058751 when N was 5, the possible
combinations were 2802350040; 9.2945 10'° for N equal to 6; 2.62910'> when N was
7;6.4739 10" for N equal to 8; 1.409910'° for N equal to 9; and 2.7493 10'6,

The iterations oscillated between 140 and 2640 depending of the combinations and
the simulated parameters for the optimization of the locations were: Initial
temperature was 10; final temperature was 0.001, the cooling rate was 0.9 and the
transition change was 10. These parameters were defined previously through
sensitive analysis. The simulated parameters were changed when the optimization
of the selection was applied. The following parameters were used: Initial
temperature was 10; final temperature was 0.001, the cooling rate was 0.5 and the
transition change was 10.
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Table 22 shows that the use of three number of recovery systems (N) allows the
potential recovery of around 0.8 of the available energy in all scenarios, in which the
theoretical recoverable energy increases proportionally with the leakages values. If
the objective function is the reduction of the leakages, the reduction range
oscillates between 0.37 and 0.66 when the N varies between 1 and 3.

The leakages decrease is around 0.8 when the procedure is optimized using ten
recovery systems. Although this solution is not feasible if the NPV values are
analysed. Finally, when the NPV function is analysed it shows feasibility between S1
and S5, although this feasibility reduces according to N and it increases when there
is a high percentage de leakages in the network since the circulating flow is higher.
Besides, the NPV function considers both recovered energy as well as the reduction
of the leakages for the decrease of the pressure when PATs operate in the network.
The installations of PAT systems enable the reduction of the leakages and therefore,
there is a benefit by the cost of the water that does not leak due to recovery
systems. Therefore, the third function considers economic, energy and technical
indicators to locate the recovery systems in the network.

Table 22. Location results for the optimization procedure for each leakages scenario. (Continue in

next page)
N S0 S1 S2
Erw (kWh) Errn_ Ers (kWh) Eren_ Erw (kWh) Errn_
TRmax TRmax ETRmax
1 36957 0.46 38924 0.45 43539 0.45
2 57963 0.72 61287 0.72 69206 0.71
3 64799 0.80 68326 0.80 76643 0.79
4 67054 0.83 70753 0.83 79501 0.82
5 68696 0.85 72455 0.85 81330 0.84
6 70017 0.87 73856 0.86 82917 0.85
7 71007 0.88 74910 0.87 84125 0.87
8 71933 0.89 75952 0.89 85475 0.88
9 72345 0.89 76452 0.89 86213 0.89
10 73544 0.91 77644 0.91 87350 0.90
204 80848 1.00 85626 1.00 97020 1.00
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Table 22. Location results for the optimization procedure for each leakages scenario. (Continue in

next page)
N SO S1 S2
AVL AVL AVL
(?nv;) AVL,.. AV (m’) AVL,,.. AVL(mY) L —
1 0 - 7777 0.37 28206 0.38
2 0 - 12838 0.62 40607 0.54
3 0 - 13592 0.65 49253 0.66
4 0 - 14557 0.70 52569 0.70
5 0 - 14999 0.72 54135 0.72
6 0 - 15290 0.74 55246 0.74
7 0 - 15711 0.76 56870 0.76
8 0 - 16277 0.78 58929 0.78
9 0 - 16533 0.80 59824 0.80
10 0 - 17128 0.82 62005 0.83
204 0 - 20762 1.00 75084 1.00
N SO S1 S2
NPV IRR NPV IRR NPV IRR
(€) (years) (€) (years) (€) (years)
1 -25038 - 15163 21.83 118934 6.68
2 -20636 - 19870 19.97 124172 6.65
3 -22607 - 17217 21.05 123054 7.01
4 -29361 - 16908 24.27 119446 7.65
5 -30333 - 10545 25.05 115689 7.60
6 -38067 - 5369 29.24 111073 8.38
7 -39309 - 3139 30.00 102916 8.03
8 -45724 - -6494 - 96663 8.68
9 -51069 - -11817 - 91423 9.18
10 -57484 - -18180 - 85170 9.91
204  -4183255 - -3796038 - -3490233 -
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Table 22. Location results for the optimization procedure for each leakages scenario. (Continue in

next page)
N s3 s4 S5
Er (kWh) % Er (KWh) EIZ:; Er (kWh) %

1 49347 0.44 56817 0.44 73449 0.43
2 79099 0.71 91664 0.71 119992 0.70
3 87079 0.78 100417 0.78 130235 0.76
4 90475 0.81 104550 0.81 136069 0.80
5 92467 0.83 106743 0.82 138663 0.81
6 94289 0.85 108869 0.84 141470 0.83
7 95689 0.86 110503 0.85 143648 0.84
8 97410 0.88 112679 0.87 146935 0.86
9 98431 0.88 114038 0.88 149141 0.87
10 99513 0.89 115063 0.89 149923 0.88
204 111273 1.00 129474 1.00 170558 1.00
N s3 s4 S5

AVL AVL AVL

AV Ry — AL AVL,., Avi(m) AVL,...

1 53173 0.38 85440 0.38 157130 0.37
2 76560 0.54 123092 0.54 227658 0.54
3 92748 0.66 148429 0.65 273333 0.65
4 98998 0.70 158500 0.70 291536 0.70
5 101964 072 163345 0.72 300565 0.72
6 104081 0.74 166878 0.74 307444 0.73
7 107082  0.76 171316 0.76 315413 0.75
8 110995  0.78 177795 0.78 327867 0.78
9 112684  0.80 180522 0.80 332856 0.79
10 116778  0.83 186964 0.82 344855 0.82
204 141468 1.00 226777 1.00 419160 1.00
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Table 22. (Cont.) Location results for the optimization procedure for each leakages scenario

N S3 S4 S5

IRR IRR IRR

NPV (€) (years) NPV (€) (years) NPV (€) (years)
1 246326 3.64 410875 2.31 776680 1.28
2 252298 3.69 417773 2.35 785112 1.31
3 251924 3.89 418319 2.49 787494 1.39
4 250980 4.21 420584 2.68 797616 1.49
5 244875 4.15 411647 2.63 781774 1.46
6 242899 4.53 412872 2.85 790596 1.58
7 227765 4.26 383620 2.70 742135 1.48
8 221655 453 377690 2.85 736575 1.55
9 216501 4.71 372627 2.94 731783 1.60
10 210391 4,99 366697 3.10 726222 1.67
204 -3202062 - -2829678 - -1994308 -

The optimization procedure enables the preselection of the machine according to
theoretical operational points to develop the second procedure of the optimization
(Step V). In this case, the machine is chosen to optimize its operating in terms of
flow, head and efficiency. The procedure chooses the best machine for each
scenario in one of the defined lines, which were established by the location
optimization procedure. The model develops an iterative procedure to define the
best regulation strategy (RS) to evaluate the recovered energy, reduction of
leakages and NPV values. The recovery never reaches 100% of the theoretical
recoverable energy because the efficiency of the recovery systems is less than 1
since this study did not consider ideal machines.

Fig. 17 shows the influence map in which the selection optimization operates to
locate the best machine. The color gradient shows the ratio between the variable
value and the maximum value. Therefore, the red areas are the best to improve the
variable objective. Fig. 17a and b show the results for line 2004 of the network when
the recovered energy is maximized in both S1 and S5. All figures show a black cross,
which indicates the selected machine. In each case, the selected machines are
different, showing the regulation strategy, specific speed, rotational speed of the
machine as well as the best efficiency point of the machine. This variability of the
machine shows the importance of considering the leakages when the recovery
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systems want to be chosen. For example, when the S1 is analysed, the best
efficiency point of the machine is 24.41/s and 14.21 m w.c. If S5 is analysed, the best
efficiency point of the machine increases 195% and 205% particularly, 47.7 1/s and
30.64 m w.c., respectively.

Ta=1124; N, =3, n_=24 28 rpm
D=300 mm; n=1400 rpm
Qus v=4T. 705, Ny v=0.7%

30.64 m wc.; RS"BEH

1d=415; N_ =1; n=16.48
D=220 mm; n=1700 rpm
Qui 7= 18.651s; ny, ,=0.66
H,, = 3557 m w.c.; RS=BPH

T T T

30 w0 s0 PA
Q. (V5) Qpp 13

10 20 30 40 S0 60
Q,,, /s)

Figure 17. Recovery system installed in line 2004. (a) Recovered energy for S1; (b) Recovered
energy for S5; (c) Reduction leakages for S1; (d) Reduction leakages for S5; (e) NPV for S1; (f) NPV
for S5

Fig. 17¢ and d show the optimized solution to select the best machine both S1 and
S5 when the optimized variable is the leakages reduction. Similar results were
obtained in the selection, where the BEP of the machine varied from 9.27 to
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18.65 I/s. The head in the BEP changed from 53 to 35 m w.c. The regulation strategy
(RS) established on S1 it was NR, while the S2 operated under BPH. Fig. 17e and f
defined the best machine when the NPV value was optimized. In both scenarios
shown (S1 and S5), the best regulation strategy was NR. In S1, the best efficiency
point was 24.421/s and 19.61 m w.c., while it increases for S5. In this case, the BEP
was 37.711/s and 33.94 m w.c.

In addition, the analysis of each scenario, as well as of each combination of installed
recovery systems (N), allows to know the recovered energy, the reduction of leaks as
well as the NPV analysis as a function of the number of machines installed in each
recovery system (Nm) and their characterization of them using specific speed (nst),
impeller diameter (D), rotational speed (n) and best efficiency point. Table 23 shows
an example of the information selection obtained in the optimized procedure when
the S2 was analysed under the hypothesis of the NPV function. The table 23 shows
annual recoverable energy values above 32000 kWh and annual leakages decrease
above 18000 m? in some configurations with different recovery systems (N).

Table 23. Example of optimized selection of PAT for S2 when the chosen objective function is NPV

N 1 2 3
ID Location 2004 2004 2092 2004 2092 2138
ns (rpm) 24.28 18.59 9.3 18.59 9.3 5.54
Nm 2 2 2 2 2 1
D (mm) 240 220 134 220 134 260
n (rpm) 2000 1400 3100 1400 3100 800
Qe (I/5) 34.89 17.45 3.85 17.45 3.85 3.62
Heer (1/5) 40.02 2238 5938 2238 5938 1874
RS BEH NR BEH RN BEH NR
Annual Ew(kWh) 32456 28570 1932 28570 1932 1179
P (kw) 11.55 7.14 1.41 7.14 1.4 0.55
Leakage Reduction (m?) 13947 17004 206 17004 206 708
NPV (€) 44421 51421 1531 51421 1531 48896
IRR (years) 11.83 10.36 12.27 10.36 12.27 11.4

The inclusion of the PATs in water systems is developed to improve the
sustainability indicators. Fig. 18 shows the influence of the PATsin the improvement
of these indicators defined in Table 18 depending on the scenario analysed. Fig. 18a
shows four indexes. IED showed values between 0.042 and 0.046, increasing in the
S5 mainly. IEC decreased 40 % between SO and S5. It shows the decrease of unit cost
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when PATs are used in the irrigation system.

with decreases equal to 40.1 % and 45.4 %.
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Figure 18. (a) IED, IEC, IEFW and IAEFW indexes according to analysed scenario; (b) IER, IRLGP, REC,
CWSBRL, ERP, CDRPE and CDRBL indexes in each analysed scenario

IER showed annual values between 29,010 and 57,543 kWh (Fig. 18b). Another
index, which is related to IER is the IRLGP. This index shows the reduction of leaks in
the system considered the installed recovery power. If IRLGP is observed in Fig. 18b,
the zero value is defined for the ideal situation (S0). The rest values for the different
scenarios were 265.3 (S1), 1207.6 (S2), 7584.5 (S3), 7584.6 (S4) and 11280.8 (S5)
m3/kW. This index is too significant since it shows the influence of leakage
reduction when recovery systems are installed and therefore, it demonstrates the
advantage of incorporating micro hydropower systems in the network. Related to
environmental indexes, CDRPE and CDRBL were applied considering the conversion
parameter from kWh to kgCO, reduction. In this case, the research considered the
value 0.49 kg/kWh defined by [47]. CDRPE showed the same trend of ERP and
CDRBL decreased from 4.38 to 0.24 kg(CO, emissions for each cubic meter of water
saved by leakages.

4.5. Conclusions

The present research represents a new step forward in improving the sustainability
of irrigation systems. The new optimized procedure was developed in which three
novelties were introduced. A double simulated annealing procedure was introduced
to determine the location of the recovery system, considering three different
objective functions and the selection of the best machine, as well as the best
regulation strategy. The regulation strategy considered the operation of the
machines in different work modes between them, the recovery systems can operate
under BEH, BPF and BPH using the modified affinity laws. The methodology uses a
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database in which there are 7826 PATs which were defined using the dimensionless
numbers generated by 110 tested machines.

The second novelty shown in this research is the need to consider, evaluate and
estimate the leaks in the network to carry out a correct selection of the machines in
the different recovery systems. Leaks can cause significant variations of the best
efficiency point to choose the machine, mainly in terms of flow. The particular case
study in which the methodology was applied showed a variation around 200% in
terms of flow and head related to the best efficiency point of the machine. These
values show the significance of the leakages consideration in the new future energy
balances. There are no published studies that consider the variation of the operating
points of the machines. Besides, tool is presented that combines all aspects of
analysis within the water distribution systems that affect the efficiency of the
system, developing a novel methodology applicable to any type of network.

As a third novelty, the research allows the characterization of the sustainability
indicators in the selection of the machines and therefore, includes the analysis of the
sustainability indicators in each iteration. Besides, the methodology operates with
different scenarios in which different leakages values could be considered as a
function of the serial data and future scenarios. The methodology enables the fit of
the calibrated leakages model. The applicability enables the use of this tool by water
managers, improving the efficiency of the water systems. The leakages
management as well as the use of renewable energies system will open new
research trends, which are focused on reach new targets of the sustainable
development goals inside of the water systems.

Finally, the proposal was applied to a real irrigation system. The calibration model
was developed considering serial data of twenty years in which five different
scenarios were developed defining different leakages levels in one of them. The
application of the methodology shows the great influence of the leakages reduction
when the recovery systems were installed in the water networks. The annual
recoverable energy values above 32000 kWh and annual leakages decrease above
18000 m3 in the best configurations, using three recovery systems, which are
configurated with three PAT each one. The IRLGP index was defined as the ratio
between reduction of the leakage volume for each installed power and it reached
the annual value of 11280.8 m3/kW and CDRBL decreased from 4.38 to 0.24 kgCO,
emissions for each cubic meter of water saved by leakages. Future works should be
focused on apply the measurement of sustainable indicators to the different supply
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systems and develop new optimization procedures, which support to the
sustainable management of the hydraulic systems.
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Abstract

The cities and townships should increase their sustainability to achieve the different
targets, which are included in the sustainable development goals. The water
distribution networks are present in urban areas. It implies the improvement of their
management is key to reaching this sustainability. The water managers use different
strategies to reach sustainable values in their facilities, searching for the reduction of
the leakage volume. The proposed research develops a new methodology, which
enables the self-calibration of leaks in water supply, knowing the injected flow and
the consumed volume in the water networks. Besides, the proposed tool enabled
the incorporation of the recovery systems to improve the energy efficiency of the
network, increasing the use of renewable energies and reducing the leakages
volume. These improvements affect positively the hydraulic efficiency of the system,
and therefore, it improves the use of the water resources of the cities and reduces
the cost for the citizens. The methodology was applied to a real case study located
in Manta (Ecuador). The proposed procedure, which is optimized by two simulated
annealing procedures inserted in an iterative procedure enables the decreased
volume of the leakages above 120000 m® and increased the annual generated
renewable energy by 34490 kWh, decreasing the emission of 969 tCO, each year.

Keywords: leakages; sustainable water supply system; green water management.

5.2. Introduction

Sustainability is key in the development of the improvement of the cities
management, guaranteeing the supply and reducing the non-renewable resources
[205]. The use of new technologies to reduce the leakages volume is crucial since
this lost volume is considerably high around the world. Its control is essential to
meet the increasing water demand caused by rapid population growth and
urbanization [206] towards smart water management cities [207]. Currently, water
leaks in water networks are a worldwide problem. Water losses vary between 8 and
24 % in developed countries. These values oscillate between 15 and 24% in recently
industrialized countries and they are between 25 and 45 % in developed ones [4]. In
the United States and the United Kingdom, the leakages range is between 10 % and
30 % [208]. As another example, the lost volume by leakages is 37 % in South Africa
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[209], estimating the cost/value of water lost amounts to USD 39 billion per year
[210].

The leakages estimations could be developed by different methods applied in water
distribution networks by operation strategies for their detection [211]. One of them
is Torricelli's theorem [100], which is dependent on pressure, orifice area and a
discharge coefficient. Another commonly used method to determine leaked volume
is FAVAD (Fixed and Variable Area Discharges) equation, this indicates that the
cross-sectional area of some types of leaks (holes, breaks in tubes, joints or fittings)
can also vary with pressure, while the flow velocity continues to vary with the square
root of pressure [79]. This method was applied to a real case in a water distribution
network in Kwadabeka, South Africa [98]. Another strategy was based on the FAVAD
concept. It is the N1 Power Law [55]. It increased its use since 1994 for practical
assessment of pressure-dependent leakage in water distribution systems. Explains a
study on the relationship between pressure and leakage, and guides equations for
data analysis and prediction in individual situations [57]. This method contains in its
equation a leak coefficient C and the leak exponent N1 that has been evaluated in
different investigations and can vary from 0.5 to 2.3 depending on the material and
type of failure [80].

The estimation of the leakage is not enough and the modelling is necessary to carry
out the different simulations in the water distribution system. In this line, two
different modellings were used by different authors. The minimum night flow was
proposed by [212]. This method is the most popular for estimating real leaks, under
the assumption that during the last hours of the night and the first hours of the
morning consumption is minimal and pressure is high. [49] established a minimum
night flow analysis, which was carried out on a district metered area (DMA) in an
intermittent supply system in Zarqga, Jordan.

The other modelling concept was proposed by [84] that showed the equations of
the BABE (Burst and background estimates) method. This method enables the
determination of the background losses and leaks, considering that the leaks occur
along the pipe. Whatever method is used, most of the leaks can be avoided.
However, there was an unavoidable part, even in new or well-managed water
distribution networks [213]. In water distribution networks, leakage types have
evolved into three categories namely reported, unreported, and background
leakage. Reported and unreported leakage are defined as burst or mains leakages
and are caused by structural pipe failure [214]. In this line, the researchers tried to
reduce the leakages volume by management of the water distribution networks
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using pressure reduction valves [215]. For example, the reduction from 39 to 31 m
w.c. the daily water loss was reduced by 20.52 %, respectively, and the average
critical point pressure is reduced by 21.13 % [216].

The leakages reduction can develop using pressure reduction valves, which cause a
positive impact on the hydraulic efficiency of the system but the behaviour is
negative when the energy efficiency is evaluated [217]. [218] investigated the
possibility to use green valve systems as a new smart and self-powered control
device. This study was an ahead step to improving sustainability. It was aligned with
other different studies that considered the use of pumps working as a turbine (PATS)
in the water distribution network, replacing pressure reduction valves to reduce the
reliance on non-renewable energy. In Kozani (Greece) [121], the implementation of
PATs enabled the reduction of leaks in values between 20 and 40 %. The location
and selection of PATs were proposed by [26], replacing the pressure reduction
valves. The optimization was based on maximizing recovered energy. The
volumetric efficiency increased from 0.7 to 0.9 and the annual recovered energy
could be 169360 kWh. PSO algorithm was proposed to select the different PATs
when the location is defined [15] reaching daily values of recovered energy equal to
182 kWh.

A methodology was proposed to define scenarios and configurations for the
improvement of hydraulic efficiency in water distribution systems. It was
programmed on MATLAB Simulink [142]. [24] focused on the optimal location of
PATs to produce energy and reduce the leakages in water distribution networks.
[146] developed the optimal configuration of a chosen number of PATs, taking into
account energy costs and volumes of water saved. [147] achieved a daily energy
recovery of 1958 kWh, reducing almost half of the average excess pressure using an
MINLP model. [11] proposed an adaptive management framework for water
distribution systems by reconfiguring the original network layout into dynamic
district metered areas, improving the efficiency of the systems and showing an
annual recovered energy potential of 19 MWh and leakage reduction of up to 16%.

In this sustainable line, different layouts for the installation of pumps used as
turbines were analyzed and compared to a couple of pressure reduction and
hydropower generation in water distribution networks, showing the environmental
and technical implications [219], as well as social implications in which some authors
developed a proposed mathematical algorithm [220]. It included a simulation model
and optimization model based on different decision variables such as operational
cost, customer satisfaction and reliability. The use of these new technologies
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enables the improvement of the leakage key performance indicators. It enables the
evaluation of the theoretical state of the supply network through a series of criteria.
[120]. The IWA provides a series of indicators of water supply systems such as real
water losses, water losses from household connections and the rate of leaks [5]. [29]
enumerated these sustainable indicators into three different groups: energy,
economic and environmental indexes.

Although different studies analyzed the improvement of the water management by
PATs, this research proposes a new methodology. It is based on programming on
Epanet Toolkit and the proposal enables the automatic calibration of the supply
system when the consumed volume by users and the injected flow in the system are
known. The methodology includes the development of the calibrated model, which
is implemented by the methodology. It incorporates two simulated annealing
procedures, which operate inserted in an iterative process working with discretized
flows over time.

This procedure allows water managers to locate the best position, choose the best
machine and define the best strategy of the regulation based on different objective
functions considering the leakages in the operation of the recovery system as well
as its influence on the selection of the machines. As a novelty, the proposed
research not only makes the model self-calibrate, but it is also able to discretize the
leakage volume in the different types. The method can be applied to meshed
networks considering hourly values along year.

5.2.1. Methodology

The proposed optimization methodology is divided into four phases. Each one is
operated by different steps, inputs and conditions that the model requires to be
executed are observed. As a novelty, the proposed methodology includes a self-
calibration of the model to define the fit pattern consumption as well as the
leakages distribution. Besides, the programming algorithm includes the operationin
a meshed network.

5.2.1.1. Optimization stages

Figure 19 shows the steps to carry out the optimization process, these are Network
model (A), Leakages calibration (B), Energy Balance (C), and Recovery Analysis (D).
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Step A: Network model
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Figure 19. Proposal of the optimization procedure

A.- Network model

The network model will be simulated using EPANET. The model requires six different
inputs, which are: (i) Network topology (Input 1), which was obtained by the
company management according to joints and pipes; (ii) Estimated demand base
(Input 2). This demand was defined by the daily average flow considering the month
of the maximum consumption; (iii) Annual consumption curves (Input 3) define the
consumption curves, which are related to the weekly consumption trend curves

(Input 4).
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Input parameters are modified to define the network model. Input 2 estimated the
demand base guarantying positive pressure in the system and there are no
hydraulic scenarios, which were incoherent. Input 5 (hourly opening trend curves)
and Input 6 (hourly fitting curves) were defined using the different registered
volumes and flowmeters. Input 5 considers uniform average leakage flow and seeks
similarity to demand-only flow estimation. Input 6 develops iterations, which adjust
the fitted coefficients to the hourly fitting values. Once the model is defined, it is
verified if the monthly volumes are acceptable, and it will be ready to be calibrated
in the next Block B. The proposal of the model estimated the roughness according
to the material and lifetime of the pipes since the case study does not install
pressure sensors in the water system. The proposed methodology could incorporate
a preview calibration in Step A when these data are available and it will develop an
iterative procedure to minimize the error between simulated and measured
pressure similar to the procedure developed in leakages calibration.

B.- Leakages calibration

The second step proposed for the calibration strategy considers the water leaks in
the system. It is defined by considering information from the network such as the
injected flow rate and consumption to establish a volume balance through the
continuity equation (Step B.l). Once the leaked volume is known, the estimation of
the volumetric efficiency is possible, using the following equations:

43

Ny = A (60)
Vym

Ny = IA (61)

where 7, is the leakage performance of the water system and 7,, is the measured
volume performance of the water system; V; is the injected volume in the network in
m?>; V, is the total measured volume by water meters in the consumption nodes in
m?3; and V, is the total leakage volume in the water system in m3,

If there is a lack of information to know the volume of the leak, the methodology
proposes a preliminary leak analysis (Step B.lI). If the leakage and volumetric ratio
are known, the proposal methodology goes to Step B.III. It developed the calibration
model, which distributes the leaks in different ratios.

These ratios are established according to apparent and real losses [221]. Apparent
leakages are considered in the consumption joins while the real losses are defined in
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the pipes. Some inherent losses, such as cleaning discharges, and hydrants, are
considered apparent losses according to [221]. The discretization of these leakages
enables the definition of the following ratios:

VAL

MaL = v, (62)
VRL

T = Y (63)

where 7,, is the ratio between apparent and total leakages; V, is the total volume
of the apparent losses in m’ 7, is the ratio between real leakages and total
leakages; Vg, is the total volume of the real losses in m3. The apparent losses are the
uncontrolled leakages in the water systems, which cannot be measured [221].

Step B.lIl develops a series of simulations to obtain ranges of values and to define the
different scenarios correctly. As the leak volume is unknown, the methodology
assigned different leak parameters in the lines. The knowledge of these ratios
enables the distribution of leakages in the model. It defines the different emitter
coefficients in the different iterations. To establish the criteria as a function of the
leakage type, the error is analysed between simulated and measured volume. The
evaluation of the leakage in lines is developed by the following expression:

qrij = Bj Li(PipN (64)

where q,,;; is the leakage flow for the line at the time i; where §; is the leakage
coefficient, which characterizes the pipe in terms of age, diameter, material,
thickness, among others. In Step B.II, the model does not need to iterate since the
used emitter coefficient in EPANET is:

K; =B L; (65)

Pl-j is the average pressure in the line j at the time i; L; is the length of the line j in
meters; Nis the leakage exponent; and K; is the global emitter coefficient used.

N and g variables are two leakage model parameters that represent the influence of
some factors on the relationship between leakage and pressure. Parameter S8
represents the pipe deterioration over time, thus it depends on both pipe
characteristics and various external factors like mainly the average pressure, but
there are also others such as environmental conditions or corrosion. In contrast, N is
a function of pipe characteristics only [50][51]. The value of § can be varied between
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10~* and 1075 and N oscillates between 0.5 and 1.5. The model calibration enables
the estimation of the ratio between real leaks and total leaks and N exponent [29].

Step B.IlIl develops the calibration leakages model. The calibration model distributes
the leakages once the perfomances (i.e., 7,,, 77,,, and 7,) are known. The model
considers the following equation to evaluate the leakage in each element (i.e,, line
or tap):

qij = K(Pi)" (66)

where g, ;; is the leakage flow for the element j (i.e., line or consumption point) at
the time i; P;; is the pressure in the element j at the time i (if the element is a line, the
chosen pressure is the average pressure value of the line - P;; = Pij—); N is the
leakage exponent; and K; is the global emitter coefficient. In this step the model
determines the value of the global emitter coefficients assigned to lines and
consumption points in different iterations, minimizing the error between simulated
leakage volume and leakage volume of the water system.

The leakage volume is defined using the following expression:
i=T i=T
VL,j = Z(qL'ijAt) = Z(K] (Pij)NAt) (67)
i=1 i=1
where At is the interval time in s, V, ; is the leakage volume for the element in m?,
assuming the K; is constant in all annual simulations. It is defined by the following
expression through an iterative procedure:
Vi
](j = e — ‘N (68)
ZiZ((Py)” - 4t)
The model calibrates the system by estimating K;. It considers all elements of the
water systems have leakages, therefore, the total leakage volume is distributed in

the system. The leakage volume of each element (V, ;) can be determined by the
following expression:

V,j=8V,=8nV
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where §; is the distributed coefficient assigned to each element of the network. The
addition of all distributed coefficients is equal to 1. §; is estimated by equation 70
when it is applied to lines and equation 71 whenitis used in tap :

I
j = 5= (70)
(M)

Vr,j

5; 71)

)
where L; is the length of the line jin m; k is the number of lines of the model. It
depends on the material of the line; k is the number of pipes; Vr ; is the total
consumed volume of the consumption points (), including both measured
(invoiced) for consumption as well as the leakage volume (no invoiced); m is the
number of consumption points of the model.

Once the error is minimized, it should be verified if the KPI values are acceptable. If
they are not acceptable, the hourly fitting curves (Input 8) should be used and the
simulation and determination of the flow and pressures in pipes should be carried
out again. The new fitting coefficient applied to all consumption nodes is defined by
the following equation:

Qi,observed - Qi,leakage _ Vij

L= e Ki=—oow« =
kl Bl kllo Qi,simulated - Qi,leakage ' Zéj((PU)N - At)

where k; is the new fitting parameter at time i, k; , is the ratio between Q; consumed,o
and Q; simuiateao- It is used as a fitting coefficient in all consumption nodes;
Qi consumea,o 1S the estimated flow, which is consumed at the time i and it is defined
by the difference between observed flow (Q; ypservea) and average leakages flow
(Qreakageo)i Qisimulateao is the simulated flow when the leakages are not
considered in the simulated model.

(72

This calibration is developed using the EPANET toolkit [58] to calibrate the leakage
model (Step B.IlII). When the key performance indicators (KPIs) show acceptable
values, the leak calibration ends, and the model is ready for energy balance. The
used KPis were bias percentage (PBIAS), Mean Relative Deviation (MRD), Root Mean
Square Error (RMSE) and Mean Absolute Deviation (MAD).

1. PBIAS measures the tendency of the simulated values and establishes if the
obtained values in the model are smaller or larger than the registered
values. If PBIAS is less than zero, the proposed model overestimates the
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considered variable; if it shows positive values, it indicates the variable is
underestimated, and finally, if the PBIAS value is zero, it indicates the model
is optimal. PBIAS is defined by the following expression:
N (0;—P) (73)

PBIAS(%) = = —5———"100
i=10i
where 0; are the registered values; P; the experimental values and N the number of
observations.

When PBIAS is lower than +/-10 % the fitness is considered very good. If the PBIAS
values are between +/-10 and +/-15 %, the fitness is good. When the PBIAS value is
between +/-15 % and +/-25 % the fitness is satisfactory and if it is higher than +/-25
% it is considered unsatisfactory [222].

2. MRD considers the weight of the error to the variable value. If MRD is zero,
this value indicates a perfect fit. It is defined by the following expression:

OV 10 - Pil/P 74)
MRD = ZmT
3. RMSE is the index, which measures the error between the simulated values
and recorded values. When RMSE is zero, this value indicates a perfect fit. It
is defined by the following expression:
SI,[0 — P2 7o

RMSE =
N

4. MAD shows the absolute differences between simulated and recorded
values. The perfect fit is defined when MAD is zero, and it is defined by the
following expression:

s [0; — P
MAD = E L

_ N
i=1

(76)

C.- Energy Balance

Energy balance is crucial to estimate the distribution of the supplied energy in the
different energy terms (i.e., required energy, losses, among others) [223]. When the
energy balance is developed, the discretization of the different energy terms related
to the pressure excess is possible. In this step the water managers can difference the
terms for the available energy between the theoretically recoverable energy and the
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theoretically non-recoverable energy, considering the pressure and the minimum
consumption at each point of consumption (Input 10) [224].

The energy balance will allow us to estimate the recovered height of each flow over
time, this would be the data pair (Q, H), managing to select the most appropriate
machine at each study point (Input 11). Table 24 summarizes the different
expressions to consider the energy balance.

Table 24. Equations to define the annual energy balance in kWh

Type Equation ID

Total Energy (Er)) YQ,(z, — 7)) (18)

Friction Energy (Efg,) YQ; (z, — (zj + pj) (19)
Theoretical Energy Necessary (Ery,) YQ; Pinj (20)
Energy Required (Egs,) YQ; Prins; (1)
Theoretical Available Energy (Ery,) YQ;(P; — Prinj) (22)
Theorical Recoverable Energy (Erg ) YQ;(P; — max (Poinj; Pminsj))  (23)
Theorical Recoverable Energy (ETRn_q-) YQ;n:H; (24)

(Er) Itis the total potential energy supplied to the system when it is not being
consumed from the network.; (Erg,) energy that is dissipated in the network from
the point of departure to the point of consumption; (Ery,) minimum energy
required in the system to ensure that the minimum pressure established at the most
unfavourable point of the network is met; (Egs)) itis the energy, for a time interval,
necessary for the minimum pressure restriction to be fulfilled at a point; (Era,) fora
time interval, it is the energy that is theoretically available to be recovered in a line;
(Erg,) is the maximum amount of theoretically recoverable energy at a point of
consumption; (ETij) energy that cannot be recovered in the network; Z; is the
geometric height above the reference plane of the point of consumption; Z,, is the
geometric height above the reference plane of the free surface of the water in the
tank that supplies the system in m; y is the specific weight of the fluid in kN/m?; Q; is
the circulating flow; P; is the pressure at a point; Pp,;,, is the minimum pressure that
can exist at the point of consumption; H; is the head level of the reservoir in m w.c.;
n; the efficiency of the recovery system for this flow Q; [125].
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D.- Recovery Analysis

The final block is defined by the recovery analysis. The objective of this phase is to
determine the optimal location of the energy recovery points and the optimal
definition of regulation strategies from a PATs database. In this section, a double
annealing simulation procedure is carried out. The energy recovery analysis has two
phases, called D.l Location Optimization and D.II Selection Optimization.

The location optimization process begins with the definition of the optimization
functions, these objective functions are defined under (i) energy, (ii) hydraulic and
(iii) economic criteria. These objective functions were the maximization of the
theoretical recoverable energy (OF1 = Erg), the reduction of leaks in the
distribution network (OF2 = AV,); and the Levelized Cost of Energy (OF3 =
LCOE). This function only takes into account expenses (initial investment and
annual costs) and it does not depend on energy prices.

i=r_AG
1A+ k)
iz __El__
i=1 (1 + k)l

ict+y
OF3 =

(77

where IC] is the initial investment in € in the year 0, considering the electric line to
reach the supply points; AC is the operation and maintenance costs in € for the
year i; E] is the annual recovered energy in kWh for the year i; T is the lifecycle in
years, considering 25 years; k is the discount rate using a sensitivity analysis
between 0.01 and 0.1.

The research presented in [225] proposed a methodology for maximizing energy
recovery, assigning PATs in water networks through simulated annealing
techniques for different objective functions and some machines. This heuristic
search algorithm is based on the analogy with the physical process of annealing
metals. The algorithm searches for the best locations for the recovery systems based
on the defined objective functions as well as the number of recovery systems
established. PATs were simulated on EPANET as a general-purpose valve in which
the BEH, BPH or operational curve was defined in each iteration by EPANET Toolkit.
The analyzis was develoed considering an simulation, which a demand dependent
analysis [58], therefore the demand is not dependent on the pressure but the
leakages is influenced by pressure values.

The procedure requires defining the number of iterations and assigning control
parameters to characterize the simulated annealing process. These parameters are
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the initial temperature (T;); the final temperature (Ty); the cooling rate (a.); and
the number of transitions (L) in each temperature step. These parameters are fixed
according to a sensitivity analysis previously performed and they are changed
depending on the objective maximized function [29]. Once the control parameters
have been defined, the maximum number of recovery systems (N) is determined.
The procedure must consider the generation of the initial configuration. The
methodology considers two recovery systems (m) in the first two elements of the list
initially. A new combination between different elements for each value of the
recovery system (m) is developed by the annealing procedure. Subsequently, the
optimization process establishes the best location and operating points for this
value m. Finally, the result of this stage is to know the optimal configuration of the
recovery system to start the last stage of this methodology, the selection
optimization.

When step D.l is run and the location is chosen, the second phase (D.ll) starts
developing an optimized selection of the hydraulic machine. It consists of searching
for the selection of the number of machines to be installed and the best regulation
strategy according to the defined variables. These are defined based on the specific
speed (n,:), head and discharge number. These values enable the calculation of
dimensionless parameters. To select the machine, the best efficiency point (BEP)
from the database of 110 PATs is used. The definition of the operational curves is
established according to the proposed methodology by [154]. The knowledge of the
characteristic curves implies the possibility to define the best regulation strategy
considering the rotational variation speed and therefore, the methodology
optimizes the key operation according to best efficiency head (BEH), best power
head (BPH), Nominal Rotation (NR) or best power flow (BPF) according to the
proposed method by [20].

The success of the methodology requires an additional internal annealing
simulation procedure, since the optimization process evaluates many combinations,
such as (i) the possibility of using a different number of machines that could be
installed in series or parallel; (ii) regulation strategies; (iii) and different numbers of
possible recovery systems to be installed on the network. As a novelty, the
methodology was modified to work in a meshed network. It involved the
development of an internal iterative procedure to define the best machine and its
regulation, once the located line was established. This iterative procedure is
delimited as a function of the error value between iterations, considering both
leakage reduction and recovered energy.
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5.3. Materials and Methods

5.3.1. Case Study. Manta (Ecuador) water distribution system

The proposed methodology was applied to the case study of the city of Manta,
Ecuador. The model of the water supply network is shown in Figure 20a. The
drinking water network that supplies 110 neighbourhoods in the city of Manta,
provides the flow from a reservoir, which its level is 65 m. There is a flowmeter and it
is installed in the main pipe and its main function is the measure the flow supplied
to the system. Figure 20b shows the red dots, which represent different
consumption nodes. The topology of the network, the height and consumption of
the different junctions, the consumption patterns, the recorded values of the
flowmeter and the recording of the meters, which are recorded each month. All data
are referred to as 2021. The model was developed using EPANET software, using 832
nodes, 875 lines and 1707 virtual leakages nodes. It was established an hourly
consumption pattern to develop an hourly energy analysis and water volume
evaluation in terms of leakages.

Figure 20. Characteristics of the hydraulic network of Manta. (a) Hydraulic network; (b) Network
junctions and users; (c) Height difference in the network; (d) Pipe diameters and locations of two
recovery systems
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Figure 20c shows the orography of the study area using a contour map of the
heights of the network. The highest point is in the reservoir, while the lowest is in
the branches of the network. The material of the pipes is polyvinyl chloride (PVC).
The pipe diameters of the network are shown in Figure 20d. These diameters vary
from 58 1mm in the main branches to 59 mm in the secondary ones. Table 25 shows
the main data of the case study as well as the characteristics of the hydraulic
network.

Table 25. Network study data

Network data and study area Value
Area coverage 1991 ha
Population served (estimated) 100000
Number of metered properties 23885
Total pipe length 65 km
Average daily pressure (2021), estimated by [226] 35.14m
Nonrevenue water (January and February) 43 %
Junctions 832
Pipes 875
Maximum level difference 59m
Diameter range 59 -581Tmm
Pipe materials PVC

The network is supplied through a tank, this contains a flow meter in its discharge
with flow data every fifteen minutes. This study used recorded values for January
and February 2021. Both months showed a similar flow trend since the climatic
conditions are similar over time and the city is not touristic, being constant the
number of citizens. The maximum registered flow supplied to the network was 543
I/s, the minimum flow was 92 I/s and the average flow was 231 I/s when January was
analyzed. When February is analyzed, the maximum flow was 632 I/s, the minimum
flow was 91 I/s and the average flow was 246 I/s.

Figure 21 shows the consumption data provided by the management company for
the year 2021. The average daily consumption for each of the months of the year
varies from 10011 to 12005 m?3. The consumed volume is the highest in January and
it is the lowest in November.

Figure 21a shows the daily variation of the water pattern consumption. The highest
value was located between 5 and 7 am. Besides, there was a peak between 8 and 10
pm. The lowest value was located between 12 am and 3 am. The monthly recorded
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volume in the network varied between 303782 and 372168 m? (Figure 21b). If the
injected volume in the network is analyzed, this annual volume was 6925926 m3,
and the recorded volume was 3947778 m3. In this case, the leak percentage was
equal to 43 % and the average leakage flow was 92.61 I/s.
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Figure 21. (a) Daily consumption pattern (Qm is the average flow) (m3); (b) Data of the recorded
volume of the network in the year 2021

5.4. Results

The analysis to discretize leakages between apparent and real losses was developed
as a first step, once the model was established. The discretization of the leaks was
necessary to calibrate the model. Knowing the registered volume by counters and
the registered volume by the installed flowmeter in the mainline, seven hypotheses
were developed in the sensitivity analysis establishing differences between real and
apparent losses. Each hypothesis is defined in Figures from 22a to 22d.
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It is identified by Hx (y;z) in which “x” is the number of the hypothesis, “y” is the
weight of the apparent losses and “z” is the weight of the real losses. This analysis
was considered for the different error indexes defined in the methodology.
Previously in Step B.Il, a first calibration of the a coefficient was established
considering the leakages (43 %). This value was 0.65 since all values of 8 coefficient,

which oscillate between 10 and 10 are lower than the limit of leaks percentage.
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Figure 22. (a) Calibration leakages considering PBIAS value; (b) Calibration leakages considering
MRD values; (c) Calibration leakages considering RMSE; (d) Calibration leakages considering MAD;
(e) Comparison between observed flow and simulated values when the model was calibrated.
Example of one week.

Figure 22a shows the results when PBIAS was analysed for the different seven
hypotheses, considering six different time intervals. The PBIAS value was between
5274 and 5.554 for the different 42 scenarios. All cases showed excellent fit
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according to [222]. To simulate the definitive model, H4 was chosen since it showed
the lowest PBIAS value. H4 also showed the best values for the rest of KPIs. Finally,
an hourly interval was chosen to develop the simulation. RMSE, MAD and MRD were
also established for the different scenarios. If the hourly interval is analysed, RMSE
was 42.6 (Figure 22c), MAD was 17.36 (Figure 22d) and the MRD was 0.118 (Figure
22b). This calibrated model showed the following error between simulated and
registered volume (Table 26). The error was defined by the following expression:

Vsi — Viegi (78)
( simulated registered) .100

&y =
Vregistered

Table 26. The error between registered and simulated volume, considering H4 in the mainline of
the water system

Registered Volume Simulated Volume  Error
Month

(m3) (m3) (%)
January 372168 369734.02 -0.65%
February 311329 309521.17 -0.58%
March 327354 32471444 -0.81%
April 325230 321086.32 -1.27%
May 353607 352251.86 -0.38%
June 330395 329607.30 -0.24%
July 335415 333407.18 -0.60%
Agost 324746 323471.30 -0.39%
September 312938 311696.57 -0.40%
Octuber 310334 309808.83 -0.17%
November 303782 300630.52 -1.04%
December 340479.5 340115.43 -0.11%
Annual 3947777.5 3926044.94 -0.55%

Figure 22e shows the example of the visual trend between registered and simulated
flow in the calibrated model, which used H4 to establish the apparent and real
losses and was used to develop the energy balance and the optimization procedure.
Table 26 shows the monthly error between the registered and simulated volume.
These errors were below 1.5% in all months, considering an average annual error
equal to 0.55%. A double calibration is performed. The first calibration takes place in
Step A and consists of comparing the monthly and annual volumes observed in the
user meters with a hydraulic model that only takes into account the demand
(without leaks). The second calibration is performed in Step B. It consists of
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comparing the observed values of the main flowmeter for January and February
with the hydraulic model that takes into account leakage. For each calibration, the
different inputs are modified minimizing the errors and finally determining the
hypothesis of weight distribution for real and apparent leakage that minimizes the
values for the KPIs.

The first optimization procedure established the best lines to install recovery
systems as a function of the objective function. The optimization worked using
minimum pressure, which must be guaranteed in any scenario.

Table 27 shows the chosen lines according to the three different objective functions.
This first optimization procedure enabled the definition of the best location, the
energy and leakages volume are further compared with the final values when the
machines will be selected. When the case study was analysed using the OF1, the
theoretical annual recovered energy oscillated between 47507 and 104123 kWh
depending on the used recovery systems (Figure 23a).

The leak reduction varied from 206792 to 379652 m? (Figure 23b) and LCOE value
from 0.186 to 0.264 €/kWh (Figure 23¢). In all cases, the incorporation of the new
lines to install the recovery system influenced the variation of the variable by around
30 % when the second recovery system was added. A similar trend showed the
incorporation of the fifth unit, which increased or reduced the variable by around
10%. When OF2 and OF3 were analysed in this D.I step, the results were similar but
the lines were different.

Table 27. Preliminary results when D.| step is defined to locate the best line. (Continue in next

page)
O Line Line Line Line Line E Leakages e p
Fo 2 3 4 5  (kwh) Re(::;t)'o" (€/kWh) (kW)
1 10615 47507 206792  0.186  8.18
1 10615 10610 66163 282333 0216 1215
1 10026 10222 10610 83355 313553 0206 1488
1 10026 10610 10615 10618 94069 350492 0244 1958
1 10026 10208 10222 10610 10618 104123 379652 0264 2442
2 10620 46250 210204 0190  8.05
2 10620 10591 62789 289398 0228 1219
2 10227 10591 10615 70839 339118 0307 1694
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Table 27. (Cont.) Preliminary results when D.I step is defined to locate the best line

Leakages

O Line Line Line  Line Line E . LCOE P
o 2 3 4 5 (kWh) Reo('r‘:;t)m" (€/KWh) (kW)
2 10013 10266 10591 10620 86843 375039 0.262  20.14
2 10013 10266 10591 10620 10663 96533 409669 0.294 2462
3 10942 18173 36206 0.163 2.88
3 10222 10794 43432 119888 0.207 8.28
3 10013 10266 10971 57209 199560 0204 1151
3 10013 10266 10620 10942 83387 341547 0.227 1779
3 10224 10237 10708 10794 10971 89506 325469 0242 2123
2 10013 10266 10591 10620 86843 375039 0.262  20.14

Finally, the chosen OF was the OF1 because it shows similar leakage reduction
values and the LCOE values were acceptable to focus the selection of the machine in
those lines where the recovered energy will be higher. However, any OF could be
chosen to develop the D.Il step, comparing the results. Figure 23 shows the
information shown in Table 27 in terms of energy (Figure 23a), Leakage reduction
(Figure 23b), LCOE values (Figure 23c) and generated power (Figure 23d). These
figures show the results obtained in the optimization grouped by OF according to
the number of lines installed and the pumps operating as turbines.
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Figure 23. (a) Annual recovered energy; (b) Leakages reduction; (c) LCOE values; (d) Generated
power

Figure 23a shows the increase of recovered energy when the number of recovery
systems increases for any objective function (OF). The increase is linear for any OF.
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Figure 23b shows the increase of the leakages reduction, which is directly
proportional as a function of the number of installed recovery systems from 1 line to
5 lines. Besides, it shows the high increase in the reduction when the number of
recovery lines was four considering OF3. Figure 23c shows the LCOE values
oscillated between 0.16 and 0.3 €/kWh in the three OFs while the generated power
oscillated between 7 and 25 kW as a function of the recovery systems considered in
the optimization when OF1 and OF2 were considered. This generated power was
lower when OF3 was analyzed in which it varied between 3 and 22 kW. For example,
Tables 28 and 29 show the results when the iterative procedure was applied by
simulated annealing methodology to choose the best machine.

Table 28. Optimized results when the methodology is considered using a recovery system alone

Iteration 1 2 3 4 5
Configuration 1 1 1 1 1
Line 10615 10615 10615 10615 10615
ID 128 128 128 128 128
ns (rpm) [m, kW] 23.51 23.51 23.51 23.51 23.51
N 3 3 3 3 3
D (mm) 400 400 400 400 400
N (rpm) 750 750 750 750 750
Qsee(l/s) 62.64 62.64 62.64 62.64 62.64
Heer (M w.c.) 15.95 15.95 15.95 15.95 15.95
SR (Strategy Regulation) NR NR NR NR NR
Annual Ew (kWh) 52491 23746 23565 23572 23624
Leakage reduction (m°) 96102 96567 96722 96358 96725
LCOE (€/m3) 0.233 0.1605 0.1659 0.1678 0.1574
P (kw) 14.83 14.98 15.95 16.42 14.04
Energy difference (%) 5476%  0.76%  -0.03% -0.22%
Leakage reduction difference (%) -048% -0.16% 0.38% -0.38%

Table 28 shows the results when a recovery system was only used. In this case, the
line, called 10615 was used. The procedure needed five iterations applying the
simulated annealing procedure to reach the best solution in terms of the type of
machine to select (specific velocity, ng; the number of machines operating in
parallel, N,,; impeller diameter, D; and rotational speed). In this case, the used
machine was radial, using three different machines connected in parallel, its best
efficiency point (BEP) was 62.64 I/s and 15.95 m w.c. The recovery system was
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regulated operating in nominal rotational speed (NR) and the annual recovered
energy was 23625 kWh approximately. This configuration showed an annual
leakage reduction of 96726 m3. If the difference between the last iterations is
analyzed the energy and leakage reduction was 0.22 a 0.38%, respectively,
therefore, the recovery system was established when the methodology stopped.
The final energy and leakages values decreased by 50% compared with the
preliminary simulated annealing (Table 27), which is considered the ideal machine
to operate in the system. Table 29 shows the results when two recovery system was
analyzed. In this case, lines 10615 and 10610 were optimized as a function of the
results shown in Table 27 when the OF 1 was analyzed.

Table 29. Optimized results when methodology is considered using two recovery systems
(Continue in next page)

Iteration
Configuration 2
Line 10615 10610 10615 10610 10615 10610
ID 49 30 128 30 83 54
ns(rpm) [m, kW] 2668 1858 23.51 18.58 2351 3163
N 3 3 3 3 3 3
D(mm) 300 300 400 300 300 300
N (rpm) 750 750 750 750 1200 750
Qeee(l/s) 53612 2331 62.64 2331 4228 37.12
Heep(m w.c.) 12154 113 15.95 13 22.98 7.58
SR (Strategy BEH NR NR NR BEH BEH
Regulation)
Annual Ew(kWh) 623172 41832.661 412793
Leakage reduction 131251.72 115013.23 128828.66
(m°)
LCOE (€/m?) 0.271 0.201 0.22
P (kW) 19.25 28.62 2263
Energy difference (%) - - 32.87% 1.32%
Leak ducti
cakage reduction - 12.37% -12.01%

difference (%)
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Table 29. (Cont.) Optimized results when methodology is considered using two recovery systems

Iteration 4 5 6
Configuration 2 2
Line 10615 10610 10615 10615 10610 10615
ID 83 54 83 83 54 83
nse(rpm) [m, kW] 2351 3163 2351 2351 3163 2351
Nin 3 3 3 3 3 3
D(mm) 300 300 300 300 300 300
N (rpm) 1200 750 1200 1200 750 1200
Que(l/s) 4228 3712 4228 4228 3712 4228
Haep(m w.C.) 2298 7.8 2298 2298 7.58 2298
ii;‘c:::ttizz‘)' BEH BEH BEH BEH BEH BEH
Annual Er(kWh) 29911.87 35483.76 3449044
Leakag::)d“dio" 12442554 122949.00 1202458
LCOE (€/m?) 0.337 0.286 0.189
P (kW) 62.11 63.87 26.66
Energy difference (%) 27.54% -18.63% 2.80% 27.54%
Le:':;gfe::l"((cy?)°" 342%  1.19% 2.20% 3.42%

The use of two recovery systems showed the variation of the typology of the
machine as well as the BEP of these machines varied until reached the fifth iteration
in the optimized procedure.

The selected machines were defined by a specific value of 23.51 and 31.63 rpm (m,
kW) for lines 10615 and 10610 respectively. The BEP defined in the database was
42.28 I/s and 22.98 m w.c. for line 10615. When line 10610 was optimized, the BEP
was 37.12 I/s and 7.58 m w.c. In both cases, the strategy of the regulation was the
best efficiency head (BEH) and the number of used machines in parallel was three.
The final annual recovered energy was 34490 kWh. This value was 52.4% of the
estimated energy in the first optimization procedure to choose the best location
(Table 27). When the leakage value was observed, its reduction was 120246 m?
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(42.58 % compared to the maximum reduction using simulated annealing in ideal
conditions in Table 27, Step D.I).

The LCOE values were feasible in both cases according to feasible limits defined by
[227]. When one recovery machine was analyzed the LCOE value was 0.157 €/m3, If
two recovery systems are installed, this value was 0.189 €/m?3. Figure 24a shows the
results related to Table 28 when a recovery system was analyzed in the water
network as a function of the specific speed of the machine. The figure shows the
best solution compared with the available ratios. These ratios were energy ratio
(Bg), which defines the ratio between the recovered energy between maximum
recovered energy, the LCOE ratio (Bcor), Which defines the ratio between LCOE
and minimum LCOE and Leakages ratio (£,), which defines the ratio between the
reduction leakages and maximum reduction leakages. Figure 24a shows this
interaction in the best solution reaching an energy ratio of 0.78, f;, = 0.92 and

Brcoe = 1.5.

_ (line 10610)

2

= Iteration Solution

n

— Bicoe

5 L 25 30
a n b ngy (line 10615)

Figure 24. (a) Iteration solution when a recovery system was installed. (b) lteration solution when
two recovery systems were analysed

Figure 25b shows the integration of the best solution when two recovery systems
were analysed in which the results are linked to Table 29. The figure shows the best
solution is located on the best hill on the contour map. This case shows the
interaction between S5, and the B, -og, reaching values of 0.8 and 1.1 respectively.
Both figures showed the proposed methodology of the optimization established the
best solution possible considering the available database of PATs and the
constraints of the water system. The proposed solution implied a reduction of 96726
and 120246 m® when one or two recovery systems were analysed respectively. The
average pressures were calculated according to [226], using a hydraulic model and
weighting according to node elevations. The maximum pressure was 37.98, 37.59
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and 3856 m w.c. for the initial situation, one recovery system and two recovery
systems, respectively. The minimum pressure values were 12.99, 10.78 and 11.47 m
w.c. for the initial situation, one recovery system and two recovery systems,
respectively. The average pressure en in the system when initial situation, one
recovery system and two recovery systems were analysed, they were 35.15, 33.86,
33.61 m w.c, respectively.

Figure 25 shows the variation of the pressure over time. It shows a monthly example
between 15" January and 15t February for the initial situation of the water system,
the scenario of the model considering one recovery system installed in the model
and the second scenario, which analysed the installation of the two recovery
systems.
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Figure 25. (a) Average daily pressure. (b) Average hourly pressure range for the initial situation; (c)
Average hourly pressure range for one recovery system; (d) Average hourly pressure range for one
recovery system

The inclusion of these new technologies implied the improvement of the different
indicators. In this sense, different indicators were used to show the variation of these
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indicators in the different iterations and the final decision of the optimization

procedure. The results are shown in Table 30.

Table 30. Improvement of the different sustainable indicators. (Continue in next page)

Type Abbreviation Definition Indicator
Rati fricti
IED atio betw.een riction energy and Energy dissipation
input energy

Sum of the total active energy
consumed in the network
Ratio between the active energy
IEFW consumed and the total volume of
water introduced in the system
Sum of total energy recovered in the
network
Recoverable energy percentage used
ERP of the total energy consumed in the
system
Sum of the total active energy
consumed in the network subtracted
by the sum of the total energy
recovered in the network
Ratio between IAAE and the total
IAEFW volume of water introduced in the
network
Ratio between reduction of the
IRLGP leakage volume for each installed
power.

IAE

IER

Energy

IAAE

Economic

Product of the cost of the electricity

REC tariff per kWh of energy produced

Product of the cost of each cubic meter

CWSBRL of water for each covered meter of
water saved.
Ratio between the reduction of CO,
CDRPE emission by the production of each
kwh of renewable energy
Ratio between the reduction of CO.

Environmental

CDRBL emission for each cubic meter of water

saved by leaks.

Annual consumed energy

Consumed energy per
unit volume

Annual Recovered Energy

Recoverable energy
percentage

Absolute annual
consumed energy

Absolute consumed
energy per unit volume

Water recovery per unit
volume per installed
energy.

Cost of recoverable
electrical energy per
installation of PATs (1)
Cost of water saved by
reducing leaks when
installing PATs (2)

Carbon Dioxide reduced
by produced energy (3)

Carbon dioxide reduced
by each cubic meter of
water saved by leaks
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Table 30. (Cont.) Improvement of the different sustainable indicators

Units Initial Situation 1 Recovery System 2 Recovery Systems
Dimensionless 0.088 0.160 0.178
kwh 600483.38 592677.41 590717.91
kWh/m? 0.088 0.088 0.088
kWh 0 23624.93 3449044
% 0 3.99 5.84
kWh 600483.38 569052.48 556227.47
kWh/m? 0.088 0.084 0.083
m*/kW 0 6889.31 4510.35
€ 0 4724.99 6898.09
€ 0 2418148 30061.45
Tn 0 11.58 16.9
kgr CO./m? 0 0.12 0.14

(1) 0.2€/kWh; (2) 0.25 €/m’; (3) 0.49 kg/kWh [228]

Both economical, energy and environmental indicators improved. Therefore, the
inclusion of the use of green recovery systems improves the management of the
supply systems and it contributes to increasing the sustainability of the cities.
Interesting results are shown in Table 27 and they are very interesting from the
point of view of reducing water losses, although IRLGP is lower. It is mainly because
the increase in power is greater than the increase in leakage reduction. For example,
when two recovery systems were analyzed, the power increases by almost 50 %
while the increase in leakage reduction is only 25%, so the IRLGP index is lower.

5.5. Conclusions

The improvement of the sustainability of the water distribution networks is key to
achieving the different sustainable development goals. This challenge should be
confronted by water managers of the cities to increase the efficiency, sustainability
and reach of the different targets of the 2030 Agenda.

This research proposes a new strategy to improve the location of green energy
recovery systems in the water distribution system. This proposal established an
optimization procedure based on discretized hourly analysis along year. The
methodology integrated different simulated annealing strategies to locate, select
and regulated the best hydraulic machine as a function of the recovered energy,
leakages reduction and economical terms (LCOE values) in a meshed network. As a
novelty, the proposal also included a self-calibration, which enables the definition of
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a model characterizing the consumed volume, real leakages and apparent leakages
of the network based on injected flow and consumption recorded by the water
company.

The methodology was implemented in a real case study located in Manta (Ecuador).
The methodology used the recorded data for the year 2021 to analyse the behaviour
of the system when green energy recovery systems are implemented in the system.
The analysis showed the real possibility to recover energy by improving the
performance indicators of the water system. The analysis showed the annual
reduction of leakages could be more than 120000 m3. When the ratio between
reduction of the leakage volume for each installed power (JIRLGP index) was
estimated, it was equal to 4510 m3/kW. The proposed methodology is limited in the
consideration of the monthly consumed volume to calibrate the leakages. This
limitation could be adapted for calibrating the leakages according to flow over time
in future developments if the water systems had installed remote meter reading
systems to increase the number of recording users (e.g., daily or hourly) and more
flow meters in the network that could sectorize and discretize it in the analysis.

The use of similar methodologies enable the development of a database of
sustainable indicators, and therefore, the different hydraulic system could be
classified and compared with each other. Access to this information will be
rewarding for other water managers and it will contribute to the management of
the different water resources. It will help to establish tools in the different cities.
These tools enable the gradual incorporation of sustainable methodologies in water
management. The use of sustainable indicators, which enable the definition of the
new goals in the management of the water supply will establish the next challenge
for the green cities, mainly in developing countries, which show high ranges of
improvement.
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6. Resultados y Discusidon

En esta seccién se presenta la estructura de trabajo del Doctorado, asi como se
resume la relacion entre los objetivos, los métodos utilizados y los resultados
obtenidos. Cada paso de la investigacion estd contenido en cada uno de los cuatro
articulos de este documento.

El desarrollo de esta investigacion permite definir una metodologia como
herramienta de aplicacion para el desarrollo de estrategias de regulacién, que
permitan la mejora de indicadores de sostenibilidad a través de la instalacién de PAT
en redes presurizadas.

Como se muestra en la Figura 26, este capitulo se distribuye en las siguientes fases:
6.1 Fase de contextualizacion (Objetivo 1/ Articulo 1).

6.2. Fase del procedimiento analitico.

6.2.1. Cuantificacion del potencial de energia recuperado.

6.2.1.1. Determinacion de expresiones semiempiricas en condiciones de
operacion de velocidad variable (Objetivo 2 / Articulo 2).

6.2.1.2. Determinacion de caudal y presion en cada instante de tiempo.
6.2.1.3. Aplicacién de metodologia de calibracién de fugas.
6.2.1.4. Calculo del balance de energia.

6.2.2. Metodologia de optimizacidén con estrategias en base a diferentes
funciones objetivos: energia, valor actual neto (VAN), coste nivelado de
energia (LCOE)y reduccion de fugas.
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A. Aplicacion de metodologia de optimizacién para la seleccién y ubicacion
de PAT en redes de riego, bajo la influencia de fugas y la definicion de
indicadores de sostenibilidad, economia y energia (Objetivo 3,4, 5,6y 7/
Articulo 3).

B. Aplicacion de metodologia de optimizacion para la seleccién y ubicacién
de PAT en redes de abastecimiento urbanas, bajo la influencia de fugas y
evaluacién de indicadores de sostenibilidad (Objetivo 3, 4, 5, 6 y 7 /

Articulo 4).
6.Resultados y discusion
6.1. Fase de contextualizacion
Objetivo 1/ Artl
6.2. Fase del procedimiento
I analitico 1
L.—. _O’ffe_“zf"]_l LAl _
r 6.2.1. Cuantificacion del potencial 6.2.2. Metodologia de optimizacién con
p I 8 P
de energia recuperada estrategias en base a diferentes I_
- - - I funciones objetivos: energia, VAN, I
6.2.1.1. Estimacion de las curvas I_ _Lg)E_y rﬂuccmr:le Egi I |
caracteristicas a velocidad
variable de las PAT
Objetivo 2/ Artll
v A) Aplicacién de metodologia de
6.2.1.2. Modelo de red hidraulica optimizacién en red de riego con fugas
para la determinacion de caudal y Objetivo 3, 4, 5, 6, 7  Art 1l
presion en cada instante de tiempo
'
6.2.1.3. Aplicacion de metodologia
de calibracién de fugas . Y
B) Aplicacién de metodologia de
J optimizacion en red urbana con fugas
6.2.1.4. Desarrollo del balance Objetivo 3, 4,5, 6,7 | Art IV
energético

| Estrategia de optimizacién ||<

Figura 26. Diagrama de flujo de las etapas para desarrollar los objetivos propuestos

La etapa (6.1) se centra en la contextualizacién de esta investigacién. En este
apartado se analizé la importancia del estudio de las fugas de agua en las redes
presurizadas. Se analizaron las diferentes expresiones de cdlculo existentes para la
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determinaciéon de las fugas y se seleccionaron 45 casos de estudio de redes reales,
de donde se extrajo informacién como: el volumen inyectado en la red, el
porcentaje de fugas y la presién media. Estos datos permitieron calcular los
siguientes parametros: (i) la eficiencia volumétrica del sistema, (ii) la energia anual
perdida por fugas, (iii) la energia consumida por cada metro clbico de agua
inyectado en la red, (iv) el consumo anual de energia; y (v) el coste de pérdidas en
agua y energia. Adicionalmente, se analizaron 17 casos de estudio de redes
presurizadas alrededor del mundo que constaban con PAT instaladas. El analisis
consistié en la extraccion de informacién tal como: caudal, presiéon y la energia
anualmente recuperada por la instalacion de PAT en las redes. Esto permitid
calcular, el porcentaje de fugas reducido en la red por el uso de PAT, el volumen no
fugado a consecuencia de instalar PAT en la red y la determinacién de los
rendimientos volumétricos del sistema. A través de los KPI, se determiné la
influencia de las fugas en el sistema.

La fase del procedimiento analitico (6.2) estd compuesta a su vez, por dos fases. De
un lado, la cuantificacién de energia hidraulica recuperada en las redes presurizadas
(6.2.1) y, por otro lado, la metodologia de optimizacién (6.2.2). La cuantificacion de
la energia esta formada a su vez por cuatro subfases:

- Estimacién de la curvas caracteristicas a velocidad variable de las PAT
(6.2.1.1). Propone una metodologia que contiene diferentes expresiones de
regresién para definir tres curvas operativas cuando las maquinas operan
bajo la condiciéon de VOS. Estas curvas son la mejor altura de eficiencia
(BEH), la mejor altura de potencia (BPH) y el mejor caudal de potencia (BPF).
El conocimiento de estas curvas permite a los gestores del agua analizar los
mejores resultados de recuperacion potencial de energia en las PAT. La
estimacion de las curvas se realizo6 a través de la modificacion de las leyes de
semejanza cuando las bombas trabajan como turbinas. Los métodos
propuestos se compararon con otros cinco métodos publicados, mostrando
que el método propuesto reducia los valores de error entre un 8 y un 20 %.
Las expresiones propuestas en este método fueron validadas en una
maquina experimental. Los datos empleados habian sido publicados en
diversas investigaciones, para mostrar la precisién de las expresiones
aplicadas en casos reales de estudio. La comparaciéon de los resultados
obtenidos mediante las expresiones propuestas y la experimentacion
presentaron gran similitud.
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Figura 27. Curvas BPH, BEHy BPF en zona donde se aplica la VOS

- Modelado de la red hidraulica (6.2.1.2). El modelado es realizado con la
finalidad de determinar los caudales y presiones en cada instante de tiempo
en la red mediante el uso del software EPANET. Una vez el modelo se
encuentre correctamente disefiado, la metodologia pasa a la siguiente
subfase para la calibracién de fugas.

- Calibracién de fugas (6.2.1.3). Esta etapa se realiza a través de un balance
hidrico. Las fugas seran la diferencia entre el caudal inyectado respecto al
caudal consumido por los usuarios. Posteriormente, se determinaron los
rendimientos volumétricos del sistema donde el modelo distribuye las
fugas en reales y aparentes. El modelo determina los diferentes coeficientes
emisores asignados a las lineas y puntos de consumo en diferentes
iteraciones, minimizando los errores entre el volumen de las fugas
simuladas y medidas en el sistema. En esta etapa el objetivo es que el
modelo se ajuste lo maximo posible a la situacién real.

- Desarrollo de balance energético (6.2.1.4). Una vez el modelo estd
calibrado, se realiza el balance de energia. El objetivo es estimar la energia
que el sistema requiere para funcionar correctamente y aquella energia
tedricamente recuperable que se puede extraer del sistema. Este
procedimiento, es realizado a través de una serie de expresiones propuestas
en los articulos 3y 4.

Una segunda fase, establece la optimizacién en la ubicaciéon y selecciéon de PAT
bajo la influencia de fugas (6.2.2). Esta se desarrolla a través de una metodologia
que contiene un doble procedimiento “simulated annealing”, empleando varias
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funciones objetivo, como: la maximizacion de (E;g), la maximizacién (4V,), la
minimizacién del LCOE y la maximizacion del VAN. Esta metodologia se aplica
en una red de riego (A) y de abastecimiento urbano (B).

6.1. Fase de contextualizacion

La fase de contextualizacion esta basada en un articulo publicado (Articulo 1):

Leakage Management and Pipe System Efficiency. Its Influence in the
Improvement of the Efficiency Indexes.
Coautores: Carlos Andrés Macias Avila; Francisco-Javier Sdnchez-Romero;
P. Amparo Lopez-Jiménez; Modesto Pérez-Sanchez.
Revista: Water ISSN 2073-4441.
Factor de impacto: 3.103. JCR (Q2; Posicion 36/100). Water Resources.
Estado: Publicado [Water 2021, 7, 9; doi:10.3390/w13141909].

El agua es uno de los recursos naturales mas preciados en el mundo. Diariamente,
grandes volumenes de agua son perdidos por las fugas existentes en las redes de
distribuciéon de agua. Estos niveles son elevados, a pesar de los esfuerzos que
realizan las empresas gestoras para mitigar las pérdidas hidricas y energéticas
mediante planes de gestion. El presente documento (Articulo 1) se basa
inicialmente en la recopilacién de los diferentes métodos de estimacién de fugas,
tales como: el teorema de Torricelli, el método de los caudales minimos nocturnos
(MNF), la descarga de area fija y variable (FAVAD), la ley del exponente N1y la
estimacion de las roturas y fugas de fondo (BABE).

Los métodos propuestos poseen coeficientes que estan definidos en funcién de las
caracteristicas de la red. Por ejemplo, a y B son dos pardmetros variables en el
modelo de fugas de fondo, estos representan la influencia de algunos factores en
relacién con la presién/fuga. El parametro S representa el deterioro del material en
el tiempo. Este depende de las caracteristicas de la tuberia (edad de la tuberia,
didmetro, material) y de factores como la presién en la red, condiciones medio
ambientales y cargas de trafico a las que se expone. El valor de a oscila
generalmente entre 0.5 y 2.5 [57], mientras que f oscila entre 10~* y 107> [29].
Existen diferentes algoritmos de optimizacién (genéticos, pseudogenéticos, redes
neuronales, evolucién diferencial, entre otros) para la calibracion. Estos algoritmos
requieren pardmetros de la red como el caudal, consumos, presion y las condiciones
de operacién de la red. La calibracién es utilizada para resolver problemas de
optimizacion de busqueda de valores de parametros de calibraciéon, mientras se
minimizan las diferencias entre las observaciones reales y las predicciones de los
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modelos. La Tabla 31 muestra las expresiones de calculo de cada uno de los
modelos. Se analizé cada uno de los coeficientes que requieren dichas expresiones,
considerando diferentes tipos de materiales de las tuberias y de fallos estructurales.

Tabla 31. Métodos y expresiones propuestas para el calculo de fugas

Técnica Ecuacion de calculo de fugas Ecuacion
79
Torricelli Qiear = C4A\/2gh (79)
Lpma = Qunr — Qine (80)
" Q = Q(tunp) [ Pazey 1* (81)
MNE PAZP(tMNF)

FAVAD 8 (82)

l. = L. P

(Descarga de érea fija y variable) =
Ley de exponent N1 Q =C4h)L, ®3)
Roturas y fugas de fondo Q = Bl (P + C, (P (84)

En este estudio, se definieron diferentes KPI, estos son una herramienta de gestion
que proporcionan medidas de cuanto recurso se utiliza en relacion con el
disponible. Son utilizados para evaluar hasta qué punto se cumplen los objetivos de
gestion e incluso para evaluar el impacto general de las estrategias de gestion.
Algunos de los KPI propuestos son: la demanda dependiente de la presion, la
eficiencia volumétrica, el indice de fugas estructural (IL/), la pérdida anual real
inevitable de agua (UARL), entre otros. En la segunda parte, se analizaron los datos
extraidos de los 45 casos de estudio de redes con fugas. Estos resultados se
muestran en la Tabla 32.

Tabla 32. Informacion extraida de redes de agua reales con fugas (Continua en la siguiente pdgina)

Energia Pérdida
. Volumen . Consumo
Presion consumida anual de
ID Fuga - anual 3 anual de .
media - porm . energia
Caso (%) consumido . energia
(mca) (m?) inyectado (kWh) por fugas
(kWh/m3) (kWh)
1 57.56 54 33016 0.15 115093 66252
2 51.00 93 629552 0.25 325600 166056
3 12.03 50 807 0.14 1250363 150387
4 25.00 63 12772080 0.17 2923529 730882
5 27.16 70 27899748 0.19 7306457 1984580
6 3.05 60 2332019 0.16 393260 11975
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Tabla 32. (Continuacién) Informacién extraida de redes de agua reales con fugas

Energia Pérdida
. . Consumo
Presion  Volumen anual consumida anual de
ID Fuga - - 3 anual de .
media consumido porm . energia
Caso (%) 3 . energia
(mca) (m?) inyectado (kWh) por fugas
(kWh/m3) (kWh)
7 23.00 55 320397 0.15 62363 14343
8 3494 45 1436640 0.12 268653 93873
9 34.38 47 513336 0.13 101834 35010
10 31.37 40 1277500 0.11 202904 63656
11 45.60 41 3190939 0.11 659074 300538
12 15.00 40 5361120 0.11 687485 103123
13 15.00 40 7505568 0.11 962479 144372
14 1490 59 11003226 0.16 2068799 308251
15 17.20 34 4047330 0.09 452881 77895
16 54.00 30 169243 0.08 30077 16242
17 26.05 40 5370085 0.11 791534 206194
18 23.92 65 1577530 0.18 367280 87860
19 28.31 31 8842478 0.09 1052511 297966
20 55.00 30 9855000 0.08 1790325 984679
21 2845 40 251605 0.11 38328 10903
22 3441 40 308260 0.11 51230 17630
23 19.80 30 9358600 0.08 953945 188879
24 63.27 50 24588597 0.14 9122084 5771888
25 38.24 50 13766774 0.14 3037055 1161332
26 46.06 50 16231357 0.14 4100160 1888637
27 57.00 77 18049250 0.21 8750213 4987622
28 52.50 40 426919 0.11 97967 51432
29 40.00 114 862194 0.31 446401 178560
30 46.86 75 157946 0.20 60746 28465
31 12.00 56 430151 0.15 74592 8951
32 30.00 40 2571680 0.11 400623 120187
33 13.33 30 81994 0.08 7734 1031
34 5.57 46 12210000 0.13 1620776 90252
35 20.70 38 130180000 0.10 16998768 3518629
36 74.96 42 1780000 0.11 813740 610019
37 22.55 40 6630000 0.11 933040 210370
38 23.22 40 10120000 0.11 1436620 333540
39 47.00 30 530009 0.08 81751 38423
40 17.54 44 330660000 0.12 48079900 8433766
11 15.87 37 40010000 0.10 4795237 761229
42 13.33 60 91000000 0.16 17167500 2289000
43 2471 44 33830000 0.12 5387107 1330890
44 12.99 51 26524047 0.14 4236514 550334
45 58.69 45 147752776 0.12 43854719 25736535
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Cada caso de estudio corresponde a una red presurizada de distribucién de agua
potable, de donde se extraen datos como la ubicacién, consumo anual de agua, la
presion media de la red que oscild entre 30 y 95 mca, el caudal inyectado en la red,
métodos de célculo de fugas y de calibracién aplicados. Con los datos extraidos se
logré determinar: el consumo de energia por cada m® de agua inyectado a la red.
Este oscilé entre 0.08 y 0.31 kWh/m3. Se determiné el porcentaje de fugas, cuyos
valores oscilaron entre 17 a 46 %. El consumo anual de energia, que oscil6 entre 7.73
y 48079 MWh. El rendimiento volumétrico del sistema entre 0.53 y 0.83. Asimismo, el
coste anual del agua perdida que supera valores de 10 M€, el coste anual de la
pérdida de energia que oscilé entre 51270 y 647400 € y la pérdida anual de energia
en la red por la presencia de las fugas que alcanza valores de hasta 3200 €.

En este apartado se analizaron 17 casos de estudio de redes de distribuciéon de agua
con fugas con PAT instaladas, la informacién extraida y los resultados obtenidos son
mostrados en la tabla 33.

Tabla 33. Informacién extraida de redes con PAT instaladas

Energia anual Volumen Reduccién v Mo
anual antes  después

ID Q H recuperada de fuga por

. recuperado . de de

Caso (I/s) (mca) por instalar . instalar PAT . .
PAT (kWh) por |nsta3lar %) instalar  instalar
PAT (m?®) PAT PAT

46 29 59 43800 - 20 - -
47 74 54 87600 - 32 - -
48 19 67 39420 - 18 - -
49 33 55 43800 - 21 - -
50 19 63 35040 - 29 - -
51 14 71 26280 - 65 - -
52 31 65 52560 - 21 - -
53 29 21 28470 22813 63 0.73 0.90
54 183 33 169360 1634590 52 0.73 0.87
55 72 36 130305 98185 63 0.73 0.90
56 302 61 55626 2475059 26 0.73 0.80
57 212 39 71876 667554 10 0.73 0.76
58 314 50 66485 1829359 19 0.73 0.78
59 187 70 54985 - - - -
60 110 45 125213 339085 10 0.73 0.76
61 110 45 113880 328865 9 0.73 0.75

62 350 45 714670 248504 3 0.73 0.74
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El Articulo 1 analiza la relacién que existe entre las fugas y el exceso de presién en la
red, que es comunmente controlado a través de VRP e introduce la importancia de
estudiar la micro generacién eléctrica a través de las PAT en las redes presurizadas
de distribucion de agua. Diferentes estudios demuestran que, en redes de
distribucion de agua, las PAT se pueden usar en lugar de VRP tanto para la reduccién
de la presidbn como para la produccién de energia [156].

Los resultados mostraron que antes de instalarse las PAT, la eficiencia volumétrica
del sistema se encontraba en valores aproximados a 0.7 y que posterior a la
instalacién de PAT, los valores fueron préximos a 0.9. La recuperacién anual de
energia variaria entre 26280 a 71460 kWh dependiendo del caso. Ademas, las fugas
lograron reducirse desde un 3 a un 65 %.

Con la informacién extraida de los casos de estudio con PAT instaladas se
determinaron los indices de energia de las redes, como se muestra en la Tabla 34.
Estos indices son: la energia absoluta anualmente consumida (IAAE) en kWh/ano, la
energia anual recuperada (IER) en kWh/ano, el porcentaje de energia recuperable
(ERP) en %, la energia absoluta consumida por m® de agua inyectado a lared y como
novedad un nuevo indice propuesto que considera la influencia de las PAT en la
reduccion de fugas. Este es el indice (IRLGP), que determina la reduccién del caudal
fugado en funcidn de la potencia generada, este se mide en m3/kW.

Tabla 34. Calculo de indices energéticos en redes con PAT instaladas

ID IAAE IER ERP IEFW IRLGP
Caso (kWh/aino) (kWh/ano) (%) (kWh/m3) (m3/kW)

53 52335 28470 54 0.06 8
54 518965 169360 3 0.09 -

55 222745 130305 58 0.10 4
56 1583106 55626 4 0.17 2
57 710516 71876 10 0.11 16
58 1349189 66485 5 0.14 13
59 1124897 54985 5 0.19 -
60 141794 125213 29 0.12 5
61 141794 113880 27 0.12 5
62 751937 714670 53 0.12 4

Se observa que la energia anual consumida estd entre 141794 y 1583106 kWh. La
energia anual recuperada desde 28470 a 714670 kWh. Utilizando los indices IAAE e
IER, se determind el valor ERP que mostré valores entre el 3 y el 58 %. Para poder
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evaluar el sistema es necesario conocer su estado actual. Se deberd conocer el
caudal que se inyecta a la red, los valores de presion y los modelos hidraulicos para
tomas de decision. La influencia de las fugas en las PAT puede provocar diferencias
en la seleccidn, operacion y regulacion de las maquinas.

Esta investigacién mostrd la necesidad de aplicar el andlisis de indicadores de
eficiencia en la recopilacién de los diferentes casos de estudio reales de redes de
abastecimiento. La definicién de los indicadores parte de criterios econémicos,
energéticos y ambientales. La novedad de estos indicadores permitié caracterizar el
estado de las redes seleccionadas, en funcién de los datos que usualmente
disponen los gestores de abastecimiento, tales como: la presién, el caudal
inyectado, las fugas y el consumo energético de la red.

El conocimiento de la influencia de estos indicadores en las redes podria permitir
desarrollar procedimientos de optimizacion. Estos deberian considerar funciones
objetivos relacionadas con la maximizacién de la reduccién de fugas, reduccion de
costes de operacién, recuperacidon energética por exceso de presiéon, reduccion de
emisiones de gases de efecto invernadero, entre otros.

6.2. Fase del procedimiento analitico

La segunda fase de la presente tesis contiene el bloque principal de esta
investigacion. El desarrollo de esta etapa es analizado y discutido. El andlisis de este
permite proponer la presente metodologia para la mejora de los indicadores de
sostenibilidad en la instalacién de micro generacién eléctrica en redes presurizadas.

6.2.1. Cuantificacion del potencial de energia recuperado

La cuantificacién del potencial de energia recuperable se basa en diferentes puntos,
iniciados a través de la determinacion del caudal y presién en el tiempo en redes
presurizadas a través del software EPANET y se aplica en los articulos 3 y 4. Para la
seleccion de las PAT, es necesario estimar las curvas caracteristicas del sistema de
recuperacion de energia cuando se encuentran operando bajo la condicion de
velocidad variable. La definicién de estas curvas se explica en el siguiente apartado.

6.2.1.1. Determinacion de expresiones semiempiricas en condiciones de operacion
de velocidad variable.

La metodologia es descrita en uno de los articulos publicados (Articulos 2).
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Definition of the Operational Curves by Modification of the Affinity Laws to
Improve the Simulation of PATs
Coautores: Carlos Andrés Macias Avila; Francisco-Javier Sdnchez-Romero; P.
Amparo Lopez-Jiménez; Modesto Pérez-Sanchez.
Revista: Water ISSN 2073-4441.
Factor de impacto: 3.103. JCR (Q2; Posicion 36/100). Water Resources.
Estado: Publicado [Water 2021, 7, 6; doi: 10.3390/w13141880].

El conocimiento de las curvas caracteristicas (altura, eficiencia y potencia) de las PAT,
es crucial para estimar la maxima recuperacion energética en el sistema. La falta de
informacién de las curvas ha generado que diferentes autores propongan
expresiones empiricas que permitan estimar el funcionamiento de las PAT. Las
ecuaciones se centran en: (i) el conocimiento del mejor punto de operacién de las
bombas cuando funcionan como turbina; y (ii) la necesidad de regular la velocidad
de rotacién de las PAT para optimizar la variable objetivo cuando se aplica la
condicién de operacién VOS.

En busqueda de estrategias para un desarrollo sostenible, la presente investigacion
muestra la importancia de estudiar la estrategia de regulacion de modificacion de
las curvas a través de las leyes de semejanza. Esta investigacion tiene como objetivo
el desarrollo de expresiones de regresion. Estas ecuaciones definen la potencia
generada en funcién del caudal bajo la operacién de velocidad de rotacién variable.

Este articulo recopila una amplia base de datos de investigaciones experimentales
realizadas, considerando 15 PAT con velocidad especifica entre 5.67 y 50.71 rpm (m,
kW) vy velocidad nominal entre 800 y 3000 rpm, estas fueron probadas a 87
diferentes velocidades de rotacion. El uso de datos experimentales permitié la
interpolacion de mas de 10000 pardbolas. Las ecuaciones de regresién propuestas
estan basadas en pardmetros adimensionales y son validadas mediante el andlisis de
error en comparacion con otros métodos publicados, obteniendo asi mejores
aproximaciones.

La modificacion de las leyes de semejanza es recomendable cuando las curvas
caracteristicas son conocidas por los gestores del agua. Estas curvas son: curva de
altura, eficiencia y de potencia. La variacién de la velocidad de rotacion es definida
por las leyes de semejanza. La definicién de las leyes de semejanza esta basada en el
analisis de la parabola de congruencia [160].

H
Hcp = Q—:z:QZ = kp,4.Q* (85)
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Considerando un punto de operacién (Q,, Hy), cuando el concepto de la parabola de
congruencia es aplicado, las leyes de semejanza son definidas por las siguientes
expresiones:

h_t_g (86)
Q Mo

H_ () _ 2

Hy, - (no) =« (87)
L | (88)
No

ﬂ = (ﬂ)?’ — ll3 (89)
Pg ngy

Donde n, es la nueva velocidad de rotacién en rpm, n; es la velocidad de rotacién
nominal en rpm; Q; es el caudal circulante en m3 /s cuando la velocidad de rotacién
es ny; Hy es la altura recuperada cuando la maquina opera para caudales iguales a
Q1 en mca; n; es la nueva eficiencia de la maquina cuando opera para Q;.

Diversas investigaciones muestran la necesidad de modificar las leyes de semejanza
para mejorar la estimacién de las curvas caracteristicas de las maquinas. Estas leyes
pueden ser definidas usando nimeros adimensionales (g, h, e ¥ p). En el andlisis de
las maquinas, estos permiten establecer la funcién de operacién para determinar
cualquier velocidad de rotacion.

1=5 (90)

h= Hio (91)

e=21 92)
No

p= ,,% = qhe (93)

Donde g,h,eyp son funciones de operacién para diferentes velocidades de
rotacién (a), Q es cualquier valor de caudal de la PAT en m3/s. Este valor esta
dentro de la zona de operacion de VOS; H es la altura recuperable para este caudal
en mca cuando la maquina opera con velocidad rotacional igual a o; 1 es la
eficiencia para los valores de Q,H y o; Py y 1, son referidos para cualquier punto de
las curvas caracteristicas de la maquina cuando esta opera a la velocidad de rotacién
nominal. Conocidos los valores recuperables por la maquina en modo turbina se
define la expresiéon para determinar los diferentes valores de velocidad especifica
Ngp.
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ng=n- (94)

T

De esta forma se logra definir las curvas caracteristicas para cualquier velocidad de
rotacion dentro de la zona VOS. La relacién entre g y Q es lineal y estd determinada
por la pendiente m, que adoptara un valor constante segun la curva analizada. El
pardmetro m permite la simplificacion del desarrollo de las expresiones cuando la
maquina opera en la zona de operacién de VOS.

La segunda parte de este documento explica el desarrollo matematico mediante las
expresiones de las curvas caracteristicas de las bombas; ademas de las leyes de
semejanza (AL) introducidas en estas curvas, considerando el trabajo de la maquina
en zona de VOS.

Estas nuevas curvas, que se proponen son llamadas leyes de semejanza modificadas
(MOAL) y permiten la estimacidon de BEH, BPH y BPF. Cuando se operan los
coeficientes de la pardbola de congruencia (k;), comparando entre AL y MOAL, se
obtienen las expresiones mostradas en la Tabla 35.

Tabla 35. Definicion de las curvas en funcion de parametro ki

Curva AL MOAL
HO 2 h
Altura ki =5z = (Am”+ Bm + C) kymoar = — kna
H = k,Q? @ q
Eficiencia Nar = Mo NmoaL = € *NarL
n=en
Utilizando las curvas de altura y eficiencia.
kpaL=9.81-kya-NaL he
Potencia Utilizando la expresién de potencia. kpyoaL = ?kp,“
P
P = kpQ3 k -0 p he
re i kpmoaL = $kP,AL e kpar

P, 2 3
kp'AL=(E+P3+P2m+P1m +P5m)

En la Figura 28 se muestra la metodologia para determinar las expresiones de
calculo. Esta dividido en una etapa experimental y una analitica.
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1. Procedimiento_experimental.

H| 1.1. Obtener las curvas caracteristicas para cada PAT (x) |

!

1.2. Calcular los valores de

m=m+1 Qpreaj QoriajyQppe.qj Para cada oj.

1.3. Definicion de
(h/qz)i?xp and (he/qz)ﬂxp

2. Procedimiento_analitico.

rl 2.1. Proponer las expresiones de regresion. |

2.2. Definicién de (h/q%)rorm and (he/q*)gorm para
cada expresion.

2.3. Definicion de los coeficientes de regresion para las
diferentes funciones propuestas.

i

|

1

|

1

|

1

|

1

1

1

1

1

1

I .
| 2.4. Determinacion de los
1 indices de error.
1
I
1
I
1
|
1
|
1
|
1
I
1
|
1
|

¢Los errores son
los mejores?

2.5. Elegir la mejor expresion
para la simulacion.

}

2.6. Comparar resultados con otros
métodos publicados.

Figura 28. Metodologia propuesta para la determinacion de expresiones

En la primera etapa del procedimiento experimental (paso 1.1), utilizando la base de
datos experimental de las maquinas, se obtienen las curvas caracteristicas de las
PAT. Este determina el caudal para las diferentes curvas cuando opera a velocidad
de rotacién nominal.

En este paso se determinan los valores de caudal para las curvas BEH, BPH y BPF.
Calculados los tres valores de caudal, el procedimiento define estos valores de
caudales para diferentes valores de velocidad de rotacion QBEH,j1 QBPH,;  UBPF,;
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(paso 1.2). Posteriormente, se definen los parametros adimensionales (h/q?) y
(he/q?) (paso 1.3), utilizando la base de datos experimental de investigaciones
publicadas para cada velocidad de rotacién (paso 1.4).

En la segunda fase, diferentes funciones son propuestas y analizadas utilizando la
base de datos (paso 2.1). En la Tabla 36 se muestran las expresiones de regresiéon
que son utilizadas en este procedimiento.

Tabla 36. Funciones propuestas a ser analizadas

Funcidn polinomial (Desde F hasta F):

Q Q Q
Modelo de NP = B, (‘IQBEP)‘FI;Z (QB ) +Bs( )+ﬂ4a2+ﬁ5a+ﬁe
la funcién Funcioén potenC|aI (Desde F7 hasta Fip):
FM B3
( ) NP:( Q ) aﬁs.expﬂﬁ
BEP
Fy NP = B,a* + Bsa
F, NP=B4a2+ﬁ’5a+B6
Fs Np:ﬁz( ) + B1a® + Bsa
Fy NP=ﬁz( ) Baa? + Bsa + B
Q
F NP = + L B.a?+
° b (a QBEP) b2 (QBEP) B <QBEP) Bact Bsa
Q
F = 2
6 NP = (a QBEP) + B2 (QBEP) ( ) + B4 + Bs + B
F; NP = afs
Fg NP = afs - expPe
B3

F9 NP = ( Q ) aﬁs

BEP

B3
FlO NP = ( > abfs . expﬁa

BEP

*NP es el parametro adimensional. Este puede ser h/q? 6 he/q?

Una vez son definidas las expresiones de regresion, los valores de (h/q®)rorm Y
(he/q?) porm SON estimados para cada F; (paso 2.2). Se definen los coeficientes de
regresiéon para las diferentes funciones propuestas (paso 2.3). Posteriormente, se
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definen los indices de error, que permiten elegir la mejor expresiéon de regresién
para definir las funciones propuestas (BEH, BPH y BPF). Las expresiones propuestas
para estimar los valores de KEI son mostradas en la Tabla 37, fueron determinados
para cada funcién cuando los pardmetros adimensionales son aplicados a BEH, BPH
y BPF (paso 2.4).

Tabla 37. Indices de error usados en el analisis

KEI Variable Precisién Ecuaciéon
Error medio cuadratico Ajuste
perfecto
s - 12 d
_ i=100; — P;] cuando
RMSE = B — RMSE es (95)
cero
sl . Ajuste
Desviacion rsnedla absoluta 0, son los valores perfecto
1 estimados; cuando MAD (96)
MAD = Z 510 Pil P; son los valores es cero
1 experimentales y “s” el
Desviacién media relativa nimero de
s observaciones
MRD=Z|0i—Pi|/Pi - (97)
S
1
Porcentaje BIAS El ajuste
s
_ 2i=1[0i — Pi] perfecto es (98)
BIAS = ——— cero

Se implementaron diez funciones para las expresiones de regresién propuestas
h/q?y he/q? como se muestra en la Tabla 38. Estas funciones se utilizaron para
estimar BEH, BPH y BPF. Los KEI se estimaron para cada funcién, cuando se aplicaron
los parametros adimensionales h/q? y he/q? a BEH, BPH 'y BPF. Los KEI utilizados
son: error medio cuadratico (RMSE), desviacion media absoluta (MAD), desviacién
media relativa (MRD) y el porcentaje (BIAS).

Cuando la curva BEH es analizada, la funcién que muestra el minimo error medio fue
F,. Los errores RMSE, MAD y MRD fueron 0.1035, 0.0735 y 0.0628. La segunda
funcion fue F, para esta funcion la diferencia de error fue de 2.4 a 4.7 % para RMSEy
MAD respectivamente, mientras que para MRD fue mejor F, reduciendo un -0.94 %
comparado a F,. Cuando BPH es analizado la mejor funcién de ajuste fue F,. Cuando
se analiza BPF, F, fue la expresién con menos error, pero Fy se aproxima a sus
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resultados, como en el caso de BEH. Sin embargo, considerando el andlisis
desarrollado por [155] se eligié Fg, debido a su buena precision y bajos errores para
definir la curva caracteristica de la maquina cuando se compararon otros métodos
para definir BEH, BPH'y BPF.

Tabla 38. Expresiones propuestas para los nimeros adimensionales (Continua en la siguiente
pdagina)

Expresiones de los modelos de funcién
Fy

h

— =—0.512a% + 1.63a (R* = 0.978)
q
he 2 2
— = —0.826a* + 1.843a (R? = 0.979)
q

Fp

h
- 1.048a% — 1.487a + 1.469 (R? = 0.738)
he 2 2
q_z =—-0.1706a“ + 0.5336a + 0.617 (R“ = 0.151)
F3
h Q : 2 2
— = —0.235( ) —0.5196a“ + 1.789a (R“ = 0.981)
q BEP
he Q 2 2 2
— = —0.024( ) —0.826a“ + 1.858a (R* = 0.979)
q QBep
Fy
h Q ? 2 2
— =-0. 1139( ) +0.965a“ — 1.254a + 1.395 (R“ = 0.764)
q BEP
he Q 2 2 2
— = 0.032( ) —0.148a“ + 0.469a + 0.637 (R“ = 0.154)
q BEP
Fs
h 2
—2=—1.508(a Q )—0.4-71( Q ) +1.93( Q )+0.714a2+0.342a
q Qpep Qpep Qpep
(R%? = 0.986)
he 2
—2=0.532(a Q )—0.828( Q ) +0.757( Q )—0.757a2+1.2870{
q QBEep QBep Qsep
(R? = 0.98)
2 Fs
h Q Q Q 2
—=-0.69(a +0.122 +0.313 +1.222a* - 1.267a + 1.294
q QBep QBEep QBep
(R? =0.778)

he Q Q \’ Q )
—2=O.993(a )—0.494( ) —0.156( )—0.471(1 +0.38a+0.73
q QBep Qpep Qsep

(R? = 0.191)
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La metodologia propuesta se comparé con cinco métodos diferentes publicados,
estos fueron: (i) leyes de semejanza cldsicas; (ii) Carravetta et al. ; (iii) Fecarotta et al,;
(iv) Pérez Sanchez et al.; y (v) Tahani et al. Los métodos mencionados se operaron
para obtener BEH, BPH'y BPF.

Cada método se compardé con la base de datos experimental de cada maquina. En
todos los casos, cuando se determinaron los indices de error promedio, la propuesta
de parametros adimensionales mostré los valores de error menor de BEH, BPHy BPF.

La Figura 29a 'y 29b muestra la clasificacién de los errores aplicados en los diferentes
métodos en funcion de los parametros adimensionales. En la Figura 29a para h/q? y
en la Figura 29b para he/q?. Ambos parametros mostraron que la propuesta de
regresion, utilizando Fg, permite estimar BPF, BEH y BPH. Como resultado de las
expresiones de este estudio para BEH considerando el parametro h/q?, los valores
de RMSE, MADy MRS, fueron 0.1077, 0.0755 y 0.622, respectivamente.

Tabla 38. (Continuacién) Expresiones propuestas para los nimeros adimensionales

Expresiones de los modelos de funcion
Fy

h
— = a%21*(R%? = 0.207)

q
he
i a®**5(R? = 0.175)
Fg
h
? — (10'305 . exp0.077(R2 — 0402)
he
? = 0202 . exp‘°'°36(R2 =0. 116)
Fy
h ( Q ) 0230451
—= ~0.230451(RZ = 0.506
q*> \Qgpgp ( )
E _ Q )0'11a°'132(R2 =0.22)
5 .
q BEP
Fyo
i _ ( Q ) 016600422 . 31y0.032(R2 = (), 478)
q* Qsep
h_i _ ( Q >0.083a0.14-3 - exp~O013(R2 = 0.129)
q Qpep
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indices de error (5 BEH BPH BPF
promedio h/q*
0.20
0.15
0.10
0.00
! '| T
-0.10
-0.15
RMSE MAD MRD BIAS| RMSE MAD MRD BIAS | RMSE MAD MRD BIAS
M Este estudio 0.1077 0.0755 0.0622 -0.0408| 0.1479 0.1043 0.0819 -0.0313} 0.1056 0.079 0.0664 -0.0432
W Leyes de semejanza; 0.1304 0.0899 0.0697 -0.0668 0.1748 0.1206 0.0896 -0.0624; 0.1322 0.0958 0.078 -0.0506
Carravett et al. 0.147 0.1039 0.081 -0.0944| 0.1863 0.128 0.0935 -0.09 | 0.1436 0.104 0.0832 -0.0783
Ferracota et al. 0.1464 0.1025 0.0796 -0.0914| 0.1872 0.1282 0.094 -0.0869| 0.1444 0.1045 0.0839 -0.0752
M Pérez-Sanchez et al.| 0.1544 0.123 0.1065 -0.1066| 0.194 0.1468 0.1204 -0.1022] 0.1394 0.1109 0.0968 -0.0904
W Tahani et al. 0.1478 0.1054 0.088 -0.0964| 0.1759 0.1218 0.0933 -0.092 | 0.1292 0.0916 0.0763 -0.0802
indi d 1.40
indices de error o BEH BPH. BPF
promedio he/q” | 4,
0.80
0.60
0.40
0.20
0.00 |== - - . - - - - [ [ B ! -
-0.20
b -0.40
-0.60
-0.80
-1.00
-1.20
-1.40
RMSE MAD MRD BIAS | RMSE MAD MRD BIAS | RMSE MAD MRD BIAS
m Este estudio 0.0677 0.0513 0.0539 -0.0138] 0.0467 0.0356 0.0371 -0.0054; 0.1433 0.1129 0.1164 -0.0407

W Leyes de semejanza | 0.0921 0.0731 0.078 = 0.022 0.07 0.0543 0.0579 0.0248 | 0.1813 0.1473 0.1647 0.035
Carravett et al. 0.0944 0.0718 0.0723 -0.0288 0.0687 0.0492 0.0495 -0.026 | 0.1673 0.1289 0.1345 -0.0158
Ferracota et al. 0.1057 0.0808 0.0803 -0.0367; 0.0826 0.0598 0.0599 -0.0339| 0.1824 0.1401 0.1455 -0.0237

m Pérez-Sanchez etal. | 1.2201 1.065 1.0709 -1.065| 1.2152 1.0622 1.0795 -1.0622| 1.2172 1.052 1.06 -1.052

m Tahani et al. 0.4051 0.2838 0.2898 -0.2701] 0.3814 0.269 0.2819 -0.2673| 0.3974 0.2891 0.3035 -0.2571

Figura 29. (a) Indices de error de los diferentes métodos aplicados a h/q?; (b) Indices de error para
los diferentes métodos aplicados a he/q?

Cuando se analizaron los resultados del parametro he/q? para BEH, los resultados
de RMSE, MAD Y MRS fueron 0.0677, 0.0513 y 0.0539, respectivamente. Ambos
pardmetros adimensionales mostraron que utilizando la funcién Fy se logra obtener
las tres curvas antes mencionadas. Se eligié el modelo F, para estimar curvas de
altura y eficiencia. Esta funcién mostré los errores mds bajos en comparacién con el
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resto de los modelos. Ademas, este modelo contenia la variacién de la velocidad de
rotacion, asi como el uso de la relacion Q/Qggp, con lo que es posible medir la
cercania a BEP. Esto permite a los administradores del agua fijar el rango de
operacion del caudal para que se apliquen las leyes de semejanza.

Haciendo uso de los datos publicados en la bibliografia para una maquina ensayada
modelo NK-140 125/127, con una velocidad especifica modo turbina de 31.16 rpm
(m, kW), se validaron los resultados de las expresiones propuestas. Esto permitié
analizar el error de los resultados a casos reales.

El punto de operacién de la maquina donde existia la mayor eficiencia modo turbina
fue de 17.991/s y 30.31 mca con una eficiencia de 0.695. La maquina fue ensayada a
seis velocidades de rotacién diferentes, con una velocidad de rotacién nominal de
3000 rpm. La Figura 30a muestra la altura en funcién del caudal para BEH. La Figura
30b muestra la curva que define la potencia en funcién del caudal. Ambas muestran
un buen ajuste. La Figura 30c muestra la curva de operacion (Q vs H), representando
BPH. Esta es la curva mds importante, ya que es la mejor para maximizar la energia
recuperada cuando se aplica en la zona de operacién de la VOS.

La Figura 30d muestra la comparacién entre la curva BPH estimada y experimental.
Para estos puntos se observa un buen ajuste. La Figura 30e y la Figura 30f muestran
las diferencias entre las parabolas de tendencia y las curvas probadas.

Finalmente, las leyes de semejanza modificadas propuestas en este estudio
disminuyen los indices de error entre un 8 y un 30 % en comparacién con los
métodos existentes y pueden ayudar a los administradores de sistemas de agua a
mejorar la precisién de las predicciones de energia.

Las ecuaciones manejadas para definir las diferentes curvas propuestas son
aplicadas en el caso de estudio A y B desarrollados en la presente tesis.
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Figura 30. (a) H-C para BEH; (b) P-Q para BEH; (c) H-C para BPH; (d) P-Q para BPH; (e) H-C para BEH,
BPH para BPF; (f) P-Q para BEH, BPH'y BPF
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6.2.2. Metodologia de optimizacion con estrategias en base a
diferentes funciones objetivos: energia, VAN, LCOE y reduccién de
fugas

La metodologia de optimizacion se realiza a través de diferentes estrategias en base
a diferentes funciones objetivos, como: (i) la maximizacién de: energia, VAN y
reduccién de fugas y; (i) la minimizacién del LCOE. La metodologia esta dividida en
5 fases: modelo de la red (I), calibraciéon de fugas (ll), balance de energia (lll),
ubicacion 6ptima (IV), seleccion éptima (V) y definicion de la mejor solucién (V). El
esquema de la metodologia se muestra en la Figura 31.

El modelo de la red (I} se desarrolla a través de la informacién disponible. Esta
informacién fue: (i) 1a topologia de la red, (ii) la demanda base, y (iii) los patrones de
consumo. El objetivo es determinar el caudal circulante en las tuberias y la presion
en los nudos. El proceso de calibracién (Il) considera las fugas en el sistema, este
método establece un balance del volumen de agua, minimizando el error entre el
volumen fugado simulado y el volumen fugado del sistema.

El proceso de calibracion (Il) considera las fugas en el sistema de agua. Este método
es aplicado cuando los gestores de agua tienen informacién sobre los consumos de
los contadores. El método considera un balance hidrico de volimenes, el volumen
fugado sera la diferencia entre el volumen inyectado menos el consumido.

Conocidos los volumenes, se determina el rendimiento de fugas del sistema de agua
y el rendimiento del volumen medido del sistema. Las fugas se dividen en dos tipos:
reales y aparentes. Las fugas reales son asignadas a las lineas de distribucion,
mientras las fugas aparentes a los puntos de consumo. La calibracién del modelo
distribuye las fugas una vez los rendimientos son conocidos. El modelo determina
los diferentes coeficientes emisores asignados a las lineas y puntos de consumo en
diferentes iteraciones, minimizando los errores entre el volumen de las fugas
simuladas y medidas en el sistema.
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Figura 31. Metodologia propuesta del procedimiento de optimizacién

La calibracion de las fugas se basa en la estimacion del parametro K;, asumiendo
que el total del volumen de fugas se distribuye entre todos los elementos de la red.
Las iteraciones para asignar los diferentes coeficientes de distribucidon finalizan
cuando el error del escenario simulado y real es minimizado en esta distribucion.
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Considerando los requerimientos minimos de presién en la red, se realizé la
auditoria energética a través de las expresiones propuestas del balance de energia
(1), estas permitiran definir los puntos de operacién de caudal y altura teérica.

Las fases de optimizacion de la ubicacién y seleccién de los sistemas de
recuperacion son realizadas a través de un doble procedimiento “simulated
annealing” mostrado en la Figura 32. Este es un algoritmo heuristico de busqueda
basado en la analogia del proceso fisico de recocido de metales. El algoritmo esta
inspirado en el método de Monte-Carlo, basado en la idea de Metrépolis. Este
método busca encontrar la mejor solucién en diferentes tipologias de problemas
con un alto nimero de combinaciones, a partir de las funciones objetivos definidas
[225]. El procedimiento de optimizacion se divide en las siguientes etapas:

1. Definicién de las funciones objetivo. Bajo criterios energéticos, econdmicos y
volumétricos, estos son: (i) energia tedrica recuperada (ip; = Epg); (ii) reduccion de
fugasenlared (i, = AV}); (iii) el VANYy; (iv) el LCOE.

2. Elaboracién de una lista ordenada de las lineas en orden descendente, segun la
funcion objetivo analizada. Se establece el numero inicial de sistemas de
recuperacionn = 2.

3. Asignacion de los pardmetros de control del algoritmo. Se define: el nimero de
iteraciones, la temperatura inicial T; temperatura final T, la velocidad de
enfriamiento o, y el niUmero de transiciones en cada paso de temperatura L. Estos
pardmetros son fijados segun un andlisis de sensibilidad realizado previamente y
son modificados con base a la funcién objetivo analizada.

4. Generacién de la configuracién inicial S;, donde n es el nimero de turbinas,
cuando n = 2, las lineas seleccionadas son las dos primeras. Si n es mayor a 2, el
proceso comienza con la solucién obtenida para turbinas n — 1. A este resultado
inicial se afade la linea con mayor valor de la funcién objetivo que no estd
contenida en la solucién.

5. En el procedimiento simulatead annealing, se genera una nueva combinacion S,
para cada iteracién se elimina aleatoriamente una linea o maquina de la
combinacion y se introduce aleatoriamente otra linea 0 maquina. Esta suma se
realiza considerando las lineas 0 maquinas con mejor posicién en la lista ordenada
con mayor probabilidad de ser introducidas en la nueva combinacién.
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| Inicio |
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Figura 32. Procedimiento “simulated annealing”

A. Aplicacién de metodologia de optimizacion para la selecciéon y ubicacion de PAT
en redes de riego, bajo la influencia de fugas y la definicion de indicadores de
sostenibilidad, economia y energia.

La metodologia es totalmente descrita en un articulo publicado (Articulo 3).
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Optimization tool to improve the management of the leakages and recovered
energy in irrigation water systems
Coautores: Carlos Andrés Macias Avila; Francisco-Javier Sdnchez-Romero;
P. Amparo Lopez-Jiménez; Modesto Pérez-Sanchez.
Revista: Agricultural Water Management ISSN 0378-3774.
Factor de Impacto: 4.516. JCR (Q1; Posicién 5/90 Agronomy; 11/100 Water
Resources).
Estado: Publicado.
[Elsevier 2021, 10, 1; doi: 10.1016/j.agwat.2021.107223].

La presente metodologia se aplicé a una red de riego ubicada en el municipio de
Vallada en la provincia de Valencia (Espafia), como se muestra en la Figura tiene
como objetivo inicial determinar el caudal circulante y la presiéon en la red. Después
se lleva a cabo la calibracién del modelo considerando las fugas. Posteriormente, el
balance de energia es desarrollado para finalizar con la optimizacién a través de un
doble procedimiento “simulated annealing” de la ubicacion y seleccion de las PAT.
En este caso, se considera la influencia de las fugas. La red dispone de una base de
datos del volumen inyectado en la red desde el afio 2001 al 2020.

Altura de reservorio 577 Nombre de la linea ramificada

371 mca Nudo de consumo (punto de riego)

Nudo sin consumo
Elevacion del nudo

_A¥ Direccion del fluio

we®
Inicio del e

nudo

Final del

nudo

Nombre de linea = Nombre del nudo final

P
" e W
e
\ :;/
Datos de la red 2
Total de tuberias 851 sk
Lineas de distribucion 204
Lineas a nudos de consumo 222
Nudos virtuales de fugas 425

Figura 33. Red de riego en Vallada

La investigacién define 4 escenarios discretizados en intervalos de 5 ahos,
denominados SO hasta S5. El primer intervalo desde 2001 a 2005 se establece como
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ideal (S0), debido a que no se consideran fugas, a medida que se incrementan los
anos en los intervalos, existirdn mayores fugas por el deterioro del sistema.
Adicionalmente a los 4 escenarios mencionados anteriormente, se proponen dos
escenarios futuros, considerando la tendencia de los afos anteriores, para analizar la
influencia de las fugas en la recuperacién de los sistemas.

Con los pasos | y Il de la metodologia es posible realizar la auditoria energética, a
través de una serie de ecuaciones propuestas. En este punto se debe considerar los
requerimientos minimos hidraulicos para el correcto funcionamiento de la red. La
Figura 34 muestra los diferentes valores del balance de energia en los nudos de
consumo en funcién del escenario analizado. La energia anual disipada por friccién
existente en la red oscil6 entre 10255 y 13426 kWh. El requerimiento anual de
energia oscild entre 78968 y 94716 kWh desde el escenario SO al S5,
respectivamente. Finalmente, la energia anual tedricamente recuperable oscilé
entre valores de 152906 y 182264 kWh.
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0 1) i 0 —— M0 — . e |,
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mm  Energia por friccién

' Energia requerida

Energia recuperada

~@- %de energia de friccién por fuga -~ % de energia recuperada por fuga
Figura 34. Valores anuales de energia para diferentes escenarios

El primer procedimiento “simulated annealing” tiene como objetivo determinar la
ubicacion o6ptima de las PAT (IV). En esta etapa se definieron y aplicaron las
funciones objetivo en el proceso de optimizacién, estas funciones son: maximizar
(Erg), la reduccion del volumen fugado (4V}) y el VAN. El proceso de optimizacion
realiza entre 140 a 2640 iteraciones, dependiendo de las combinaciones y los
parametros de control de la simulacién, estos fueron: temperatura inicial 10;
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temperatura final 0.001; radio de enfriamiento 0.9 y la transicién de pasos 10. Estos
parametros fueron definidos previamente mediante un analisis de sensibilidad.

Los resultados de la simulacion muestran que el uso de tres sistemas de
recuperaciéon permite una recuperacién potencial de alrededor del 80 % de la
energia disponible en todos los escenarios. Adicionalmente, mientras mas sistemas
de recuperacién se instalen las fugas iran reduciéndose. Si la funcién objetivo es la
reduccion de fugas el valor oscilé entre 0.37 y 0.66. Respecto al VAN, la factibilidad
reduce a medida que el numero de sistemas de recuperacién incrementa. Este
procedimiento permitio la preseleccion de las maquinas de acuerdo con los puntos
operacionales tedricos, para desarrollar el segundo proceso de optimizacién.

El desarrollo del segundo procedimiento de optimizacién “simulated annealing” se
realiza para determinar el nimero de maquinas a implementarse en la red. En esta
etapa se utiliza una base de datos de 110 PAT que estan definidas a partir de su valor
de velocidad especifica. El procedimiento elige la mejor maquina para cada
escenario en una de las lineas definidas. EIl modelo desarrolla un procedimiento
iterativo que selecciona la mejor estrategia de regulacion (RS) para evaluar cada una
de las funciones objetivo: (Erg), (4V;) o el VAN.

La aplicacién del paso V se muestra en la Figura 35a y 35b, mediante el mapa de
influencia en el que opera la optimizacién de seleccién de la mejor maquina para la
linea 2004 en el escenario S1(a) y S5(b).
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Figura 35. Sistema de recuperacion instalado en linea 2004

La cruz negra indica la maquina seleccionada. En cada caso, las maquinas
seleccionadas son diferentes, mostrando la estrategia de regulacion, velocidad
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especifica, velocidad de rotacién de la maquina, asi como el punto de mejor
eficiencia de la maquina. El ejemplo de la Figura 35, muestra como la optimizacién
garantiza el mejor ratio de Epp.

La variabilidad de la maquina muestra la importancia de considerar las fugas a la
hora de elegir los sistemas de recuperacion. Al analizar S1, el punto de mejor
eficiencia de la maquina es 24.4 I/s y 14.21 mca. Si se analiza S5, el punto de mejor
eficiencia de la maquina aumenta un 195 y un 205 % en particular, 47.7 I/s y 30.64
mca.

La Tabla 3939 muestra un ejemplo de la selecciéon optimizada de PAT para el
escenario 2 cuando la funcién objetivo es el VAN. Los resultados muestran que la
energia anual recuperable esta por encima de 32000 kWh y el volumen de las fugas
anuales disminuird por encima de 18000 m?3, utilizando tres sistemas de
recuperacion.

Tabla 39. Ejemplo de seleccién optimizada de PAT para S2 cuando la funcién objetivo es el VAN

N 1 2 3
ID Ubicaciéon 2004 2004 2092 2004 2092 2138
ns (rpm) 24.28 18.59 9.3 18.59 9.3 5.54
Nm 2 2 2 2 2 1
D (mm) 240 220 134 220 134 260
n (rpm) 2000 1400 3100 1400 3100 800
Qe (I/5) 34.89 1745 3.85 1745 3.85 3.62
Heee (I/5) 40.02 2238 5938 2238  59.38 18.74
RS BEH NR BEH RN BEH NR
Anual Er (kWh) 32456 28570 1932 28570 1932 1179
P (kw) 11.55 7.14 1.41 7.14 1.41 0.55
Reduccion de fugas (m®) 13947 17004 206 17004 206 708
VAN (€) 44421 51421 1531 51421 1531 48896
IRR (anos) 11.83 10.36 12.27 10.36 12.27 114

Los KPl en redes con PAT instaladas permiten caracterizar la gestién de los sistemas
de agua y son necesarios para determinar la eficiencia de un sistema, atendiendo a
criterios ambientales, energéticos y volumétricos.
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Figura 36. Indicadores de rendimiento para cada escenario

Como se muestra en la Figura 36, la energia anual recuperada (IER) oscilé entre
valores de 29010 y 57543 kWh. Otro indice propuesto en esta tesis es el volumen de
agua recuperado por energia instalada (IRLGP) que esta relacionado con IER. Este
indice demuestra la ventaja de incorporar PAT en la red. La reduccién de CO, por
energia producida (CDRPE) mostré la misma tendencia del porcentaje de energia
recuperable (ERP) y la reduccion de CO, por cada metro cubico de agua recuperado
por fugas (CDRBL) disminuyé de 4.38 a 0.24 kg de emisiones de CO..

B. Aplicacion de metodologia de optimizacion para la seleccion y ubicacion de PAT
en redes de abastecimiento urbanas, bajo la influencia de fugas y evaluacién de
indicadores de sostenibilidad.

La metodologia es totalmente descrita en el (Articulo 4).

Improve leakage management to reach sustainable supply networks through
by green energy systems. Optimized case study.
Coautores: Carlos Andrés Macias Avila; Francisco-Javier Sénchez-Romero;
P. Amparo Lopez-Jiménez; Modesto Pérez-Sanchez.
Revista: Sustainable Cities and Society ISSN 2210-6707.
Factor de Impacto 7.587. (JCR Q1; Posicién 2/68 Construction and
Buildings Tecnology; 16/119 Energy and Fuels).
Estado: Publicado [Elsevier 2022, 3, 15; doi: 10.1016/j.5¢5.2022.103994].
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En este estudio se tiene como objetivo la aplicacion de una metodologia que
permite definir la ubicacion y seleccion de PAT en una red urbana de
abastecimiento de agua ubicada en la ciudad de Manta (Ecuador) que se muestra en
la Figura . La empresa local realizo la entrega de informacién de un tramo de la red
que abastece 100000 habitantes, como: (i) la topologia de la red, (ii) base de datos
del caudalimetro principal y (iii) del consumo mensual de cada vivienda para el afio
2021. Se establecié un patrén de consumo horario para desarrollar un andlisis
energético horario y una evaluacién del volumen de agua en funcién de las fugas. La
red es de material PVC y sus didmetros varian de 59 a 581 mm. El caudal medio
aportado a la red es de 231 I/s y la presién de 35.14 mca. El porcentaje de fugas es
de 43 %, de acuerdo con los datos utilizados.

o R Vi "L

;

4-'./ .“l
£ &

RED DE ABASTECIMIENTO URBANO EN MANTA

Figura 37. Red de abastecimiento urbano en Manta (Ecuador)

La investigacion propuesta desarrolld6 una nueva metodologia que permite la
autocalibracién de fugas en el suministro de agua, conociendo el caudal inyectado y
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el volumen consumido en las redes de agua. El modelo también es capaz de definir
el patron de consumo de ajuste, discretizar el volumen fugado en los diferentes
tipos y se puede aplicar en redes malladas considerando valores horarios. El andlisis
para discretizar fugas entre pérdidas aparentes y reales se desarrollé inicialmente
para calibrar el modelo a través del registro de los contadores y el caudalimetro
instalado en la linea principal de la red.

La metodologia de optimizacién mostrada en la Figura 38 se divide en 6 pasos.

En cada uno requiere de entradas y condiciones para ser ejecutado. En el primer
paso se realiza el modelado de la red, para posteriormente calibrar el modelo de
fugas (paso 2) y calcular el balance de energia (paso 3).

El paso 4 de la metodologia corresponde a un procedimiento “simulated annealing”,
donde se determina la ubicacién 6ptima de los sistemas de recuperacién en las
etapas. El paso 5 determina a través del procedimiento “simulated annealing” la
seleccion optima de las PAT. En este paso se busca la seleccion del nimero de
maquinas a instalar y la mejor estrategia de regulacién. Para seleccionar la maquina,
se utiliza el BEP de la base de datos de 110 PAT. La definicion de las curvas de
operacién implementadas se establece segin la metodologia propuesta en el
Articulo 2.

En los pasos 4 y 5 se definen las funciones de maximizacién de (E;g); la reduccién
(4V); y la minimizacién de LCOE. La funcién LCOE solo tiene en cuenta los gastos
(inversion inicial y costes anuales) y no depende de los precios de la energia. Esta
funcién es una medida del coste actual neto promedio de generaciéon de
electricidad para un generador durante su vida util y es utilizado para la
planificaciéon de inversiones y para comparar diferentes métodos de generacién de
electricidad de forma consistente.

Finalmente (paso 6), se definen las reglas de operacién y los indicadores claves de
rendimiento de las redes.
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Figura 38. Metodologia de optimizacién propuesta

En el andlisis de sensibilidad para la calibracion del modelo de fugas se desarrollaron
siete hipétesis estableciendo diferencias entre pérdidas reales y aparentes, estas
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hipétesis varian su peso de esta entre 0 y 1, como se observa en la Figura 39a. En el
procedimiento de calibracion se consideré diferentes KEl, como: PBIAS-MRD-RMSE'y
MAD. Previamente, se estableci6 una primera calibracién del coeficiente
a considerando las fugas en un 43 %. Para todos los casos, los KEl presentaron
excelentes ajustes.

El valor de este coeficiente fue de 0.65 ya que todos los valores del coeficiente g,
que oscilan entre 107> y 1074, son inferiores al porcentaje limite de fugas. El
volumen registrado y simulado permitié establecer el porcentaje de error en la
calibracién del modelo, los errores estuvieron por debajo del 1.5 % en todos los
meses, considerando un error promedio anual igual al 0.55 %.
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Figura 39. (a) Calibracion de pérdidas considerando el valor PBIAS; (b) Comparacién entre el caudal
observado y los valores simulados cuando se calibré el modelo. Ejemplo de una semana

La Figura 39b muestra el ejemplo de la tendencia entre el caudal registrado y
simulado en el modelo calibrado. Este utilizdé la hipdtesis 4 para establecer las
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pérdidas aparentes y reales; y se utilizd para desarrollar el balance de energia y el
procedimiento de optimizacion.

El primer procedimiento de optimizacién establece las mejores lineas para instalar
sistemas de recuperacién. Considerando la funcién objetivo 1 (OF1), la energia anual
tedrica recuperable (Erg) oscilo entre 47507 y 104123 kWh, la reduccién de fugas
(4V,) de 206792 a 379652 m* y el LCOE de 0.186 a 0.264 €/kWh, como se muestra en
la Tabla 40.

Tabla 40. Resultados preliminares cuando se define paso D.| para ubicar la mejor linea

Linea Linea Linea Linea Linea E Rj:lf]‘f;;osn LCOE P
1 2 3 4 5 (kwh) m?) (e/kw)  (kw)

Funcién objetivo 1

10615 - - - - 47507 206792 0.186 8.18

10615 10610 - - - 66163 282333 0.216 12.15

10026 10222 10610 - - 83355 313553 0.206 14.88

10026 10610 10615 10618 - 94069 350492 0.244 19.58

10026 10208 10222 10610 10618 104123 379652 0.264 2442
Funcién objetivo 2

10620 - - - - 46250 210204 0.190 8.05

10620 10591 - - - 62789 289398 0.228 12.19

10227 10591 10615 - - 70839 339118 0.307 16.94

10013 10266 10591 10620 - 86843 375039 0.262 20.14

10013 10266 10591 10620 10663 96533 409669 0.294 24,62
Funcién objetivo 3

10942 - - - - 18173 36206 0.163 2.88

10222 10794 - - - 43432 119888 0.207 8.28

10013 10266 10971 - - 57209 199560 0.204 11.51

10013 10266 10620 10942 - 83387 341547 0.227 17.79

10224 10237 10708 10794 10971 89506 325469 0.242 21.23

Los resultados de la segunda simulacion del procedimiento de “simulated
annealing” se muestran en la Tabla 41, se realizé utilizando la linea 10615 cuando
solo se utiliz6 un sistema de recuperacién. La maquina utilizada es de tipo radial,
utilizando tres maquinas diferentes conectadas en paralelo, el BEP fue de 62.64 /sy
15.95 mca. El sistema de recuperacion se regulé operando en velocidad de rotacién
nominal (NR) y la energia recuperada anual fue de 23625 kWh, aproximadamente.
Esta configuracién mostré una reduccion anual de fugas de 96726 m3. Los valores de
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energia final y fugas disminuyeron un 50 % en comparacién con el “simulated
annealing” preliminar. Esto es debido a que el procedimiento preliminar donde se
determina la ubicacion es tedrico, se asume que recupera toda la altura, y por lo
tanto las presiones son mas pequefas. Cuando se realiza el procedimiento de
seleccién, solamente se recupera la altura que le da la maquina, siendo esta menor
que la tedrica.

Tabla 41. Resultados de la optimizacién cuando la metodologia considera un sistema de
recuperacion

Iteraciéon 1 2 3 4 5
Configuracién 1 1 1 1 1
Linea 10615 10615 10615 10615 10615
ID 128 128 128 128 128
nst (rpm) [m, kW] 23.51 23.51 23.51 23.51 23.51
Nim 3 3 3 3 3
D(mm) 400 400 400 400 400
N (rpm) 750 750 750 750 750
Qser(l/5) 62.64 6264 6264 6264 62.64
Hger(mca) 15.95 15.95 15.95 15.95 15.95
SR (Estrategia de regulacion) NR NR NR NR NR
Em anual (kwh) 52491 23746 23565 23572 23624
Reduccion de fugas (m?) 96102 96567 96722 96358 96725
LCOE (€/m®) 0.233 0.1605 0.1659 0.1678 0.1574
P (kw) 14.83 14.98 15.95 16.42 14.04
Diferencia de energia (%) - 54.76 0.76 -0.03 -0.22
Diferencia de reduccion de fuga (%) - -048 -0.16 0.38 -0.38

Se analizé también utilizando dos sistemas de recuperacion en las lineas 10615 y
10610. El BEP definido de la base de datos fue de 42.28 I/s y 22.98 mca para la linea
10615. Cuando se optimizo la linea 10610, el BEP era de 37.12 I/s y 7.58 mca. En
ambos casos, la estrategia de la regulacién fue BEH, el niumero de maquinas
utilizadas en paralelo fue de tres y la energia recuperada anual final fue de 34490
kWh. Cuando se analizé un sistema de recuperacién, el valor de LCOE fue de 0.157
€/m3, Si se instalan dos sistemas de recuperacion, este valor seria de 0.189 €/m3,

La Figura 40 muestra la mejor solucién en comparacién con las relaciones
disponibles. Estos ratios fueron el ratio de energia (85), que define la relacién de la
energia recuperada entre la energia maxima recuperada, el ratio LCOE (Bcor) que
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define la relaciéon de LCOE y el LCOE minimo; y el ratio de fugas 8, que define la
relacion entre la reduccién de fugas y la reduccién de fugas maxima. La Figura 40a
muestra esta interaccion en la mejor solucion alcanzando una relacién de energia de
0.78,8, = 092y Bcor = 1.5.

La Figura 40b muestra la integracién de la mejor soluciéon cuando se analizaron dos
sistemas de recuperacion. Este caso muestra la interaccion entre Sz, y el Bicog:
alcanzando valores de 0.8 y 1.1 respectivamente.
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Figura 40. (a) Solucién de iteracién cuando se instalé un sistema de recuperacion. (b) Solucién
iterativa cuando se instalan dos sistemas de recuperacion

La aplicacion de 1 o 2 sistemas de recuperacion mostraron que la metodologia
propuesta de optimizacion establecié la mejor solucién posible considerando la
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base de datos disponible de PAT. La solucién propuesta implicé una reduccién de
96726 y 120246 m?® de agua, cuando se analizaron uno o dos sistemas de
recuperacion, respectivamente.

Se utilizaron diferentes indicadores para mostrar la variacion de estos indicadores en
las diferentes iteraciones y la decision final del procedimiento de optimizacién. Los
resultados de estos indicadores se muestran en la Tabla 42.

Tabla 42. Indicadores de sostenibilidad cuando se instala 1y 2 sistemas de recuperaciéon

Tipo  Abreviacion Unidad Situacion 1 Sistema de 2 Sistemas de

Inicial recuperacion recuperacion

IED Adimensional 0.088 0.160 0.178

IAE kWh 600483 592677 590717

o IEFW kWh/m3 0.088 0.088 0.088

g IER kWh 0 23624 34490

&5 ERP % 0 3.99 5.84

IAAE kWh 600483 569052 556227

IAEFW kWh/m? 0.088 0.084 0.083

g IRLGP m3 /kw 0 6889 4510
]

§ REC € 0 4724 6898
wl

o & CWsBRL € 0 24181 30061

g £ CDRPE t 0 11.58 16.9

£ coraL kg CO,/m? 0 0.12 0.14

Se evaluaron tres escenarios diferentes: (i) la situacién inicial de la red donde no
existen dispositivos de recuperacién, (ii) cuando existe un sistema de recuperacién
instalado y; (iii) dos sistemas de recuperacién instalados. Se observa que para
situacion inicial no existira energia recuperada, ahorros econémicos o mejoras en los
indicadores ambientales. En caso de instalar un sistema de recuperacién es posible
recuperar 23624 kWh de energia por afo, un coste de energia eléctrica recuperable
por instalacién de PAT de 4725 € y una reduccion de 11.58 t de CO.. Si se instalaran
dos sistemas de recuperacién es posible recuperar 34490 kWh de energia por afo,
un coste de energia eléctrica recuperable por instalacién de PAT de 6898 € y una
reduccion de 16.9 t de CO..
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7. Conclusiones y Desarrollos
Futuros

La presente tesis determiné los rendimientos volumétricos y energéticos en
diferentes redes de distribucion presurizadas. En busca de la aplicacion de nuevas
tecnologias para la mejora de la sostenibilidad en sistemas de distribucion, se
propone una metodologia de optimizacidon basada en estrategias de regulacién
para la mejora de indicadores de sostenibilidad a través de la instalacion de micro
generacion eléctrica en sistemas de distribucién presurizados. Las conclusiones y los
futuros desarrollos sobre esta tematica se discuten en el presente capitulo.

7.1. Conclusiones

La principal conclusion de esta tesis es la propuesta de una metodologia que
permite a través de un proceso de optimizacion, la definicion de la ubicacién y
seleccion de PAT en redes presurizadas de abastecimiento de agua con la
influencia de las fugas. Cada una de las etapas de la tesis fue mostrada en el
capitulo 4, donde se establecié la importancia del estudio de esta tematica. Las
conclusiones se estructuran en cuatro puntos principales:

1. La fase de contextualizacién mostré la necesidad de incorporar el
andlisis de fugas en la localizacién, seleccion y evaluacién energética
de sistemas de micro generacién eléctrica. El estudio de fugas, los
métodos de calibracién y su aplicacién en casos de estudio fueron
mostrados en esta etapa de analisis, dando respuesta al objetivo 1 de
esta tesis.
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1.1. Las redes de distribucién de agua con fugas generan pérdidas
volumétricas de agua potable, afectando la economia de las empresas
gestoras.

. Las pérdidas de agua representan un 8 a 24 % en paises
desarrollados, 15 a 24 % en paises recién industrializados y 25 a 45
% en paises en desarrollo.

Il.  Seestima un monto de 111264721 € anuales por pérdidas de agua
en las redes analizadas de los casos de estudio.

1.2. El andlisis realizado a los 45 casos de estudio permitié extraer
informacién relevante del funcionamiento de las redes, con lo que se
obtuvo las siguientes conclusiones:

I La eficiencia media volumétrica en las redes de distribucién de
agua es del 73 %. La media respecto a las fugas es del 27 %.

Ill. El coste medio anual por pérdidas econémicas en el volumen de
agua en las redes de distribuciéon asciende los dos millones de
euros.

lll. La pérdida media anual de energia perdida por fugas en las redes
de distribucion es de 178600 kWh.

IV. Los casos de estudio de redes presurizadas con PAT instaladas
muestran una reducciéon considerable en la presion de la red,
disminuyendo el nivel de fugas entre 4 y 63 %, mientras que la
energia recuperada se estimoé entre 28470y 714670 kWh/afo.

1.3. La extraccion de informacioén de las redes permitié definir diferentes KPI
que permitieron la caracterizacion de la red analizada bajo criterios
hidraulicos, econdmicos, energéticos y medio ambientales. Estos
indicadores buscan la mejora en los objetivos de desarrollo sostenible.

1.4. Esta nueva investigacion muestra la importancia de desarrollar
procedimientos de optimizacion en los que las fugas sean consideradas
como una variable de decision. El analisis de las fugas deberd incluir la
influencia de estas pérdidas de agua en la seleccién y regulacién de los
sistemas PAT, y, por tanto, su impacto en la energia recuperada.
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2. Se desarrollé una expresion de modificacion de las leyes de semejanza
aplicadas a PAT operando a velocidad variable, como respuesta al
objetivo 2.

2.1. Se propone una nueva funcién basada en los pardmetros de Suter y el
BEP. Estos parametros adimensionales permiten analizar y comparar la
propia maquina trabajando a diferentes velocidades. Los pardmetros fueron
considerados para estimar la energia recuperable en las maquinas al operar
en lazona VOS.

2.2. Se calculé los valores de los KEI comparandolos con cada valor
experimental y calculando el valor medio para las diez funciones
propuestas. Se obtuvo resultados que mejoraban las expresiones
previamente publicadas.

. Parala curva BEH, la funcién que mostré el minimo error promedio
fue F,. RMSE, MAD y MRD fueron 0.1035, 0.0735 y 0.0628,
respectivamente.

Il.  Cuando se analiza la BPH, la funcién de mejor ajuste fue Fj.

lll. Al considerar BPF, F, fue la expresidén con menos error, pero
Fgesta cerca, como en el caso de BEH. Se eligi6é F para definir la
curva caracteristica de la maquina cuando se compararon otros
métodos para definir el BEH, BPHy BPF.

2.3. Las regresiones empiricas propuestas se aplicaron a una maquina
experimental para mostrar la precision de las expresiones aplicadas en
estudios de casos reales. Se utilizaron los datos experimentales publicados
de la maquina NK140 125/127. Como principales resultados se obtuvo:

. Cuando se midié el error, RMSE y MRD fueron 0.077 y 0.059
respectivamente, siendo BIAS igual a 0.0585.

Il. Los valores de error disminuyeron alrededor de un 65.6 % en
ambos errores cuando se compararon con las leyes de semejanza.

lll. Las expresiones indican buen ajuste para todo el rango ng,
mostrando su utilidad en la implementacién en modelos de
optimizacién para la seleccion y ubicacion de sistemas de micro
generacion eléctrica.
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Figura 41. Propuesta de optimizacién desarrollada en la tesis
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2.4, Las leyes de semejanza modificadas propuestas en este estudio reducen
los indices de error entre un 8 y un 30 % en comparacion con los métodos
existentes, y pueden ayudar a los administradores de sistemas de agua a
mejorar la precision de las predicciones de energia.

3. Se desarrollé una metodologia de optimizacién para la determinacién
de la ubicacion y seleccion de PAT considerando la influencia de las
fugas para la mejora de indicadores de sostenibilidad en redes
presurizadas urbanas y de riego.

3.1.Enla Figura 41 se muestra un diagrama resumen de la metodologia en 4
fases, estas son:

(i) Modelo de la red, donde se determinan las presiones y caudales
circulantes en la red hidraulica.

(i) La calibracién del modelo con fugas, que permite validar mediante
indices de error la diferencia entre los volimenes del modelo simulado
respecto a los reales.

(ii) Balance energético, desarrollado a través de una serie de expresiones
que permite estimar la energia teéricamente recuperable.

(iv) El analisis de la recuperacidon de energia, donde se estima la mejor
ubicacién de la PATy se selecciona el nimero de dispositivos a instalar y su
estrategia de regulacion, desarrollandose asi el objetivo 3.

Para cumplir el objetivo 4 se desarroll6 en la metodologia un modelo que
permite analizar la influencia de las fugas en la seleccion de las PAT. El
modelo fue simulado a través de EPANET y permite definir un volumen de
fugas y estas son calibradas hasta que los indices de error se minimicen.

La fase (4.2) de la metodologia mostrada en la Figura 41permitio la seleccion
6ptima de las PATy en ella se estudié el impacto de las fugas en la variacién
de caudales y alturas turbinadas, asi como la repercusién en su seleccién,
esto permitio cumplir el objetivo 5.

Para dar respuesta al objetivo 6, se definieron varios indicadores de
eficiencia ligados a los ODS, bajo criterios hidraulicos, econémicos y
ambientales, que permiten caracterizar las condiciones de la red hidraulica
en funcién de las fugas y de los sistema.s de recuperacién instalados. Los
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dos casos de estudio mostrados en el literal 3.2 y 3.3 respectivamente, dan
respuesta a la ejecucion del objetivo 7, cuando la metodologia es aplicada a
redes existentes de abastecimiento urbano y de riego.

3.2. El primer caso de estudio se trata de una red de riego ubicada en
Vallada (Espafa). La definicion de las expresiones de céalculo de fugas
permitié incorporar en la metodologia el andlisis del volumen de agua
fugado en las redes de distribucién y la influencia que suponian la seleccién
de las PAT en ellas, dando respuesta al objetivo 4 de esta tesis. Asi mismo,
se analizo la influencia de las fugas en la seleccién de las maquinas y el
impacto que suponen las fugas por la variaciéon de caudales y alturas
turbinas, esto did respuesta al objetivo 5. La recuperacién anual de energia
se estimo6 con valores alrededor de 32000 kWh y una reduccién anual de
volumen fugado de 18000 m3. Las emisiones de CO, disminuyeron de en un
95 % por cada m? de agua recuperado por fugas.

3.3. La aplicacion de la metodologia propuesta se realizé también en el
segundo caso de estudio, en una red urbana ubicada en Manta (Ecuador). Al
instalarse un sistema de recuperacién con 3 maquinas es posible generar
anualmente 23624 kWh de energia, reducir el volumen fugado de 96000 m?
de agua y 11.58 t de CO,. Instalando 2 sistemas de recuperaciéon con 3
maquinas se recuperaria anualmente 34490 kWh de energia y reducirian
120000 m* de agua y 16.9 t de CO,al afo.

3.4. La aplicacién de esta metodologia esta ligada a los indicadores de los
objetivos de desarrollo sostenible (ODS), respecto a:

v/ Garantizar la disponibilidad de agua y su gestion sostenible
(ODS6).

v/ Garantizar el acceso a una energia asequible, fiable, sostenible y
moderna para todos (ODS7).

v" Promover el crecimiento econémico inclusivo y sostenible, el
empleo y el trabajo decente para todos (ODS8).

v' Construir infraestructuras resilientes, promover la
industrializacién sostenible y fomentar la innovacion (ODS9).

v' Lograr que las ciudades sean mas inclusivas, seguras, resilientes
y sostenibles (ODS11).

v' Adoptar medidas urgentes para combatir el cambio climatico y
sus efectos (ODS13).
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Teniendo en cuenta que estos se relacionan con criterios econdémicos,
ambientales y energéticos, en la Tabla 43 se muestra la relacion de cada uno
de los indicadores propuestos en esta tesis con los ODS.

Tabla 43. Relaciéon de indicadores de eficiencia con ODS

Tipo Indicadores  ODS relacionados
IED 7,9, 11
IAE 7,9,11,13
IEFW 7,9,11,13
Energéticos IER 7,9,11,13
ERP 7,9,11,13
IAAE 7,9,11,13
IAEFW 6,7,8,9,11,13
Econémicos IRLGP 6,7,8,9,11,13
REC 7,8,9,11,13
CWSBRL 6,7,8,9,11,13
Medio Ambientales CDRPE 6,7,8,9,11,13
CDRBL 6,7,8,9,11,13

7.2. Desarrollos futuros

Esta investigacion permitié desarrollar una metodologia para la la
estimacion de la energia recuperable en las redes de distribucién de agua, la
reduccién de fugas, la reduccién de costes en la operacién y de gases de
efecto invernadero a través de la instalacion de PAT. Este estudio permite
crear nuevas lineas de investigacion, siendo una oportunidad para
desarrollar futuros trabajos. Algunas de estas lineas son:

(i) Respecto a la calibracién, las investigaciones futuras deberian
centrarse en validar la metodologia de calibracién durante la fase de
disefo en los sistemas de distribucion, considerando la variabilidad
de operacién en las estaciones de bombeo.

(ii) Respecto al desarrollo de expresiones para la estimacién de
curvas caracteristicas, las investigaciones futuras deberian centrarse
en el desarrollo de analisis de maquinas axiales. Estas maquinas son
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importantes en los sistemas de agua a presiéon porque hay puntos
de recuperacion potenciales en los que el flujo es alto, pero la altura
recuperable es baja.

(iii) Respecto a la metodologia, los trabajos futuros deben centrarse
en aplicar la medicién de indicadores sostenibles a los diferentes
sistemas de abastecimiento y desarrollar nuevos procedimientos de
optimizacion e indicadores bajo criterios: ambientales, hidraulicos y
energéticos, que apoyen la gestion sostenible de los sistemas
hidraulicos.

(iv) Respecto a la metodologia aplicada en la red de distribucién
urbana, la metodologia propuesta se limité en la consideracion del
volumen mensual consumido para calibrar las fugas. Esto podria
adaptarse para calibrar las fugas de acuerdo con el flujo a lo largo
del tiempo en desarrollos futuros, si los sistemas de agua hubieran
instalado sistemas de lectura de medidores remotos para aumentar
el nimero de usuarios de registro y mas medidores de flujo en la
red que podrian sectorizarlo y discretizarlo en el andlisis.
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