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Abstract: Sustainability and energy prices make the use of energy obtained from renewable sources
on an urban scale and for isolated local facilities necessary for municipal authorities. Moreover,
when the demand of energy is at night, as for street lighting installations, the use of accumulative
systems is necessary, which means a major drawback due to a short lifetime expectancy and high
cost. The use of batteries can require more than 70% of the budget of these lighting systems and has
a critical impact in the project. The problem to solve is finding different renewable energy sources
that can produce energy throughout the day, especially during the night, at the same time at which
it is consumed. As one of the competences of municipal authorities is water supply networks, this
paper analyzes the use of energy recovery turbines within these installations as an alternative to
photovoltaic generators. To study the viability and effectiveness of this alternative, the water flows
available in the network of a medium-size municipality were monitored and analyzed in depth to
assess the amount of recoverable energy. In addition, an energy recovery turbine (ERT) station was
set up, installing a bypass around one of the pressure-reducing valves (PRV) of the installation where
energy is dissipated without practical use. The results obtained imply that the system proposed has
economical and technical viability, is reliable and guarantees full service in all the seasons’ conditions.
Moreover, the needs of the energy storage capacity are much lower (~8%) than with solar panels.

Keywords: hydraulic micro turbines; pressure reducing valves; electricity generation; outdoor
public lighting

1. Introduction

Energy is one of the main issues discussed worldwide, mainly due to the concerns
regarding climate change and the regulatory compliance in terms of greenhouse gases
emissions. The continued concerns of the population over energy price increases and
climate change issues have led towards a need for alternative and new energy sources.

The spread of renewable energy technologies and the need to improve energy efficiency
are considered, nowadays, major priorities to be addressed by governments in order to
achieve such long-term sustainable objectives. For example, the roadmap of the European
Commission to transform the energy production and the economy into a low-carbon model
by 2050 was developed in this context [1,2]. This declaration of intentions reflects the need
to develop actions to make the European economy more climate-friendly, allowing the
reduction of carbon dioxide emissions by 40%, the increase in energy efficiency by 27%
and the rise of Renewable Energy Systems (RES)-based energy consumption by 27% before
2030. [3]. However, CO, emissions increased worldwide by 1.6% in 2017 and about 2.7%
in 2018 [4].

More recent strategic policies and regulations dealing with market liberalization and
decarbonization plans, such as the European Directives contained in the recent EU Clean
Energy for All Europeans Package energy rulebook [5], are seeking to promote new roles for
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citizens and local governments in the management of self-produced renewable energy [6].
These strategies need to be linked to an increase in multidisciplinary efficiency techniques
and technologies being introduced in the consumption market [7].

As considered by the previous referenced authors, the intended objectives will be
possible only if significant changes in territorial and environmental legislation planning are
promoted. This must be done not only by encouraging the reduction of the absolute energy
consumption values, but also through the implementation of technological advances and
the increase of the energy efficiency of all the processes involved. In this sense, a discourse
to connect the municipal role for energy generation and consumption transitions in a
decentralized context is being developed worldwide [8-10].

Local authorities can contribute to the goal of CO, emission reductions by investing in
local renewable electricity generation installations, improving the energy efficiency of their
owned installations or recovering energy that is being wasted within them [11]. Under
these premises, a rising number of municipalities worldwide are striving for energy self-
sufficiency, considered as the capability to cover their energy needs, as much as possible,
using local energy sources. This is being done by shifting towards a more distributed
energy supply scenario against the extended principle of an energy system based on a
centralized energy supply driven by large organizations [12].

From an economic point of view, this understanding allows municipalities to achieve
their own objectives for economic development while they decrease their dependency on
energy distribution companies and seek more affordable costs for this resource. Moreover,
these policies also have implications for ecological and social factors that influence local
government decision-making patterns to shape the transition of the energy system towards
a more sustainable scenario.

This transition is encouraging research on decentralized energy supply systems, and
many developed solutions are often based on renewable energy technologies [13]. Some op-
tions may be conducted through large investments in energy plants dedicated to generating
energy locally under municipal business models with the structure of cooperatives or simi-
lar [14]. However, there are other alternatives, such as the implementation of small-scale
distributed energy generation systems for auto-consumption in specific infrastructures.
These alternatives can be implemented by all types of municipalities to help increase the
energy self-sufficiency of their territories [15,16].

According to the literature, smart renewable energy systems applied at the Urban
Level include:

e  Photovoltaic (PV): Energy plants on the roof/ground of public buildings or in parks
or parking lots [17]. They can be combined with the support of storage systems to
improve the availability of the energy [6,18].

e  Solar Thermal: Solar collectors on the rooftops of municipal buildings, swimming pool
facilities, sport buildings and schools, including both flat-plate and parabolic solar
collectors [19].

Wind Energy: Promotion of locally owned wind turbines [20].

Hydroelectric Power: Mini-hydroelectric plants constructed on municipal waterworks
where rivers are available. This solution, however, is encountering social rejection due
to the associated negative environmental impacts [21].

e  Geothermal Energy: The availability of a geothermal energy potential can be exploited
in specific power plants, using the opportunity to use low enthalpy energy resources
to heat residential buildings [20,22].

e Combined Heat and Power: Simultaneous production of heat and power in cogenera-
tion plants and biomass-based combined heat and power plants [23].

e  Waste Management: Upholding the need for separate waste collection to increase the
recycling of municipal solid waste and the use of organic waste for biogas production.
Wastewater Treatment Plants (WWTPs) provide bioenergy based on cooking fats and
oils, road grit and nutrients such as carbon, nitrogen and phosphorous [24,25].
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e  Water Distribution Management: The potential for energy recovery exists at any
point within a water distribution system where the mechanical energy of excess water
pressure can be converted into electrical energy. This energy conversion decreases the
average operating pressure within a system, which, in turn, reduces water losses from
leakages in the system [26].

This paper studies and tests a technical proposal within this last dimension of recover-
ing energy from urban water supply and distribution systems, where an excess of pressure
requires its dissipation, and using that, in an efficient way, in other municipal installations.
This energy is commonly dissipated using pressure-reducing valves (PRV) that adapt the
arrival pressure of the water to the end-point requirements (consumption, intermediate
storage, etc.) to avoid the deterioration of the elements that make up these end-point
devices [27]. The energy recovery and pressure adaptation must be carried out without
altering the conditions of the water supply to the population, such as the pressure and flow
required. From the beginning of the last decade, a large number of previous research works
have presented studies related to PRV replacement or their combination with energy re-
covery devices that address different implementation architectures and different efficiency
and reliability analyses, showing an improvement of performance with time [26,28—40].
However, the relevance and overall performance of these installations are also linked to the
use that is executed of the energy generated. In these cases, requirements of large energy
storage or transportation may generate a source of significant losses in efficiency.

In this work, a novel case study was explored to evaluate the technical, economic and
environmental viability of electricity generation with Energy Recovery Turbines (ERT) to
power a specific facility within the same municipal context, the outdoor public lighting
installation. An appropriate location of the ERT, within an existing drinking water distribu-
tion network, and its sizing were chosen based on maximizing the recovered energy and
enabling a more resilient network infrastructure.

This study also considered the analysis of scheduling the flow of liquid to synchronize
the water displacement required from the reservoirs of the water distribution network
with the periods where energy was required in the connected load, as indicated by Telci
and Aral [41]. In our case, the generation of energy at night was maximized without
altering the normal operation of the installation due to the nature of the installation that
was powered. Thus, it could be used at the same time as it was generated, minimizing
the need of storage to power an outdoor public lighting installation. Overall, this is
an innovative global approach to the topic of energy recovery from water distribution
networks with ERTs, involving the generation equipment but also the scheduling of the
water flowing in the network toward the ERT to synchronize the energy generation with its
demand from the light points, which had not been sufficiently developed in the scientific
literature. This coordination capability existing between the energy recovery for water
distribution networks and outdoor lighting is still a field of study undeveloped in the
literature compared to the extensive research on the use of wind and solar generators for
autonomous luminaires, which alone cannot guarantee service reliability.

Based on different designs (Pelton, Francis, Kaplan, Banki, Turgo, etc.), hydraulic
turbines are built to produce large amounts of energy, such as hundreds or thousands of
kilowatts. However, as stated by Alberizzi et al., “the main drawbacks of micro-hydropower
projects with traditional turbines are their initial capital cost (which can reach about 25%
of the installation one), the maintenance costs and the availability of spare parts” [42].
Other technologies have allowed the appearance of so-called hydraulic micro turbines or,
similarly, Pump as Turbines (PATs). Because of their internal design, these devices allow for
capturing of the hydraulic energy of the water through a reverse rotational movement to
convert it into electrical energy. The interest in PATs is based on “their capability to operate
under operating conditions that conventional hydraulic turbines can barely cover (i.e., flow
rates ranging from 10 to 1800 m?/h and a head ranging from 10 to 100 m)” [43]. Other
main advantages of using PATs compared to conventional turbines is their low cost, since
they take advantage of the massive production of pumps worldwide and allow a wide
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range of hydraulic solutions to be offered [44]. Moreover, PATs do not require qualified
operators, and the reduction of efficiency with respect to traditional or specific turbines is
compensated by the lower installation and maintenance costs [45].

On the other hand, PATs have suffered from a lack of performance information pro-
vided by the manufacturers, who do not usually test their machines in reverse mode [46].
Many researchers have tried different PAT efficiency prediction methods in vain, as their
predicted results never got validated through experimentation (£20% errors) and could
not cover the wide range of possible pump operating conditions when working in reverse
mode [47]. In these cases, the assessment of the PAT’s performance in real flow and pressure
conditions needed to be analyzed in each installation [45].

Furthermore, “the installation and the control strategy of a PAT must consider the
variability of both the pressure and flow rates, which continuously change in a water
distribution network” [43]. A priori, PATs lack hydraulic regulation control, and they need
constant operating conditions to work properly. Different flow rate regulation control
methods can be applied in order to guarantee adequate working conditions. As upstream
pressure depends on the flow-rate pattern, to assure that backpressure remains almost
constant according to the user demand, the PATs can be installed in series downstream
of a PRV or in parallel using a bypass line with its own PRV. In these cases, mechanical
devices, such as automated valves and hydraulic bypass ducts (hydraulic regulation),
are needed [6]. In addition to hydraulic—electric regulation or, as a substitute, electric
regulation, it is possible to consider a variable rotational speed control of the PAT by means
of a frequency inverter or similar [6]. At the present time, the increasing demand on
these kinds of equipment has resulted in the fact that several companies specialized in
this market have standardized their products for this purpose, and they control the load
variations through electronic control architectures that complement the installation of their
equipment [39].

Nowadays, about 21% of the electricity generated on the planet is consumed to gener-
ate light: 18% in indoor and 3% in outdoor environments [48]. In Europe, it is estimated
that cities need to spend, on average, 40% of their budget to pay for this energy [49].

Solar PV lighting is a major alternative to reduce these electricity expenses, and
installations with this technology are being widely promoted and developed. The global
solar street-lighting market size was valued at $5.7 billion, with sales of 1,545,900 lighting
units in 2019, and it is projected to witness a sustained increase of 9.4% during the forecast
period of 2020-2030. Furthermore, in 2019, this standalone category witnessed the fastest
growth in the solar street-lighting market, and it is expected to maintain its pace over the
forecast period [50].

Large solar street-lighting projects are being implemented in developing countries
such as India (in December 2018, the second phase of the Atal Jyoti Yojana (AJAY) program
was launched to provide the financing and installation of over 3 million solar streetlights
around the country [51]) or Benin (in November 2019, the French company Fonroche
Eclairage was selected to supply and install solar street lamps in several localities of the
country, with an estimated value of US $24.2 million). However, the major investors in this
technology are the developed countries: USA, Europe and, mainly, countries of the Asia
Pacific Region (APAC). According to the International Energy Agency (IEA), in 2019, China
was the largest market in the APAC region for the implementation of solar lighting system
solutions and accounted for a 42.8% share in the total global solar PV capacity [52]. All
those countries have large drinkable water distribution networks.

Thus, and for that same purpose, the energy generation from water pressure waste
and consumption can be located very close to lighting facilities and used to power them
in a different but even more sustainable way. This is because they share locations in the
streets of the municipality, and the energy generation can be programmed at the time when
it is needed overnight by adequately shifting the recharge periods of municipal deposits.
This eliminates the need to store the energy that is generated, or at least a major part of it,
before using it. Thus, this approach can solve the main drawback of the most widespread
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choice to combine renewable energy and lighting, that is, the PV luminaires. In this case,
all the energy used to run the installation needs to be stored in batteries, as it is generated
and consumed at opposite moments of the day. In one autonomous lighting installation
placed on latitudes over the tropics, batteries could cost about 70% of the total budget of the
installation, and they were the required element with the lowest lifetime expectation [53].

In decentralized energy recovery systems from water installations, other recent and
emerging technologies toward energy storage are being developed based on Compressed
Air Energy Storage, such as micro-CAES or TI-CAES. They solve several major drawbacks
of batteries, such as durability, and might provide more economic solutions due to a
modular design and lower operating costs [54,55]. However, as indicated previously, it is
intended that, in the solution here studied, the energy storage systems become minimal
and its weight of relevance is reduced significantly.

Another major point of analysis concerns the reliability of the service of the lighting
installations, which is the other important disadvantage of the autonomous PV lumi-
naires [56]. While the appearance of several rainy days or cloudy weather will diminish the
lighting output or even the shutdown of the luminaires, the systems based on ERT in water
networks should prove to be more reliable and stable, as the consumption of drinkable
water by the population is found to be sustained in all the seasons of the year.

2. Materials and Methods

An experimental study was performed by means of an installation, with civil works,
of an ERT placed in parallel with a PRV within the water network of the municipality
of Cartama, Malaga (Spain) [36°44'59.47"” N and 4°35'36.76” W]. This municipality is
located in a valley in the basin of a river flanked by two moderate geographical reliefs
(mountains) on its lateral slopes that generate geographical unevenness of a certain value
in its territory. This has an influence on its water distribution network, as the difference in
height between the main reservoir and several water consumption locations generates a
significant potential energy, which was the one to be recovered. The results obtained can be
extrapolated to any other municipality with similar topographic conditions and including
a difference in height between water deposits (principal and train reservoirs) to make the
scheduled daily distribution of water possible. This is a very common scenario not only in
our specific region (south of Spain, Europe) [57] but in any place where regular mountain
ranges and rivers are found nearby municipalities.

The installation was monitored initially for 12 months to evaluate the energy available
in this municipal water distribution network between the principal deposit and a train
reservoir throughout an entire calendar year, obtaining energy generation values and
assessing the strengths and weaknesses of the system.

2.1. Description of the Drinking Water Distribution Network

The municipal drinking water distribution network is described in Figures 1 and 2.
Figure 1 details the location of its main elements, and Figure 2 presents its synoptic scheme.
The installation was constituted by a main deposit (principal reservoir), located at a height
of 130 m a.s.l (above sea level), and a main distribution artery of ductile iron class K9,
with a cylindrical section of 400 mm in diameter. This principal reservoir has a capacity of
2000 m? and was filled with water from two wells located on the banks of the river that
runs through the municipality. In addition, the system has two additional emergency wells,
which could be set into operation with pumps when the water level of this deposit reached
an established minimum set point level.
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Figure 1. Geographical distribution of the drinking water network in Cartama (Spain).
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Figure 2. Synoptic diagram of the drinking water distribution network in Cartama (Spain).

The water consumers were directly supplied from the main artery. They were grouped
into 3 scattered population zones: A, B and C. Zones A and C are in an elevated position
from the river bed, so it was necessary to use mid-line pumping stations to guarantee the
pressure and flow required, despite the height of the principal tank. Zone B, however, is at
the lowest height of the installation, and, in this case, a PRV was needed to ensure that high
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pressures were not reached downstream. In this case, the PRV installed was configured to
generate a pressure drop of AH =20 myyy.

In addition, at the backend of zone B, there is a train reservoir with a water capacity of
700 m3, located at a height of 64 m a.s.l. This tank was filled in an automated way based
on its water levels, which were monitored in real time, prioritizing the distribution of
water during the night period. In general, it has been found that this is the working set up
of most installations in which pumping stations are required to extract water from wells
or to supply high areas while using electricity tariffs with reduced costs in night hours.
Likewise, it was emptied mainly during daytime when the peak demand sections are found
in the consumption of the population, and, in case of necessity, it should also have had the
possibility of driving water during the daytime.

2.2. Design Premise and Optimal Location of the ERT

The location of the ERT had to allow electrical energy to be obtained during the longest
possible operating time. It was decided to take advantage of one existing PRV in the main
artery of the system that directly supplied the tailings tank in the population area of zone B
(see water distribution scheme in Figure 2) for two reasons: to minimize the civil works
and infrastructure to carry out the study and because of the availability of access to several
public lighting lines in the vicinity.

Having a train reservoir guaranteed the continuity of water flow during the night
period, when the energy to supply the luminaires was needed. The flow that circulated prior
to the installation of the ERT was monitored and assessed. It was verified that water flowed
without interruptions 24 h a day through the PVR, and, because of the installation’s control
mode, it reached its maximum values at night. In this way, even without modifications
in the current programming of the distribution system, the maximum power generation
period already occurred during the dark, which reduced the battery capacity needed for
energy storage and, therefore, the global economic cost of the installation compared with
photovoltaic installations [53].

2.3. Description of the Experiment Station

The ERT station was developed using a micro turbine unit (PAT Model: 050-B0; Man-
ufacturer: Tecnoturbines S.L.) and control valves and sensors that were installed in bypass
mode with the PRV selected to divert part of the total water flow towards the turbine. It
was designed in such a way that a possible breakage or malfunction of the experimental
installation would not harm the functionality or block the water supply service to the popu-
lation. The ERT mounted in this study was of a smaller nominal power with respect to the
maximum equipment possible to recover the available energy from the network. Thus, the
entire water flow of the pipe did not circulate through the generator. The aim was to draw
preliminary conclusions without the need for very large economic investments, both in civil
works and in equipment. The scheme of the generated installation is presented in Figure 3.

A vertical axis hydraulic PAT design was selected. It included two inlet/outlet
DNB50 flange connections with a maximum allowed pressure of 16 bar. The equipment was
design to work in turbine mode, with an electronic control attached to regulate the system
based on the electric output generated. The nominal operating point was achieved with a
flow rate of 13.5 L /s and a pressure drop of 20.00 myypg. At this working point, it would
supply 1.60 kW of theoretical nominal power. The characteristic curves of the equipment,
working as a turbine, are presented in Figure 4.
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Figure 4. Characteristic curves of the operation of the micro turbine 050-B0 obtained on a test bench
by the manufacturer (Tecnoturbines S.L.).

Two shut-off ball valves (to facilitate the installation and maintenance), two pressure
sensors, one flow rate sensor and a 3” solenoid valve were mounted on the bypass. The last
element allowed the flow that goes through the turbine to be increased or reduced remotely,
depending on the signal received from the regulator or controller unit of the installation.

In a separate compartment, to keep it isolated from possible leaks or water ingress,
the following elements were installed:

e  One battery bank with a nominal voltage of 24 Vpc and a capacity of 220 Ah. It com-
bined 2 units of 12 Vpc 220 Ah deep-cycle, maintenance-free AGM blocks connected
in series. The energy produced during the day was stored in this equipment.

o A 230Vac/50 Hz single-phase inverter. It allowed the energy generated or stored to
be used to feed a conventional lighting electrical distribution network.

e A control center integrated in a 600 mm x 600 mm x 210 mm IP66 metal box,
which included:

o A battery charge regulator, which was responsible for protecting the batteries
from deep discharge, if necessary, by disconnecting the load. In addition,
it was able to send a signal to the solenoid valve to regulate the flow that
circulated through the ERT when the battery bank was charged and there was
no consumption at that time.

o A gear indicator pilot and a run/stop/auto-operating mode selector.
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Figure 5 presents the location of the PRV and all the construction elements developed to
install the ERT with its complements and control panel. Figure 6 shows the interconnection
diagram of the energy generation equipment and the management and storage elements of
the system. Finally, Figure 7 shows, in detail, the physical arrangement of the components
integrated in the experimental installation. The technical specifications and the financial
budget of each element are shown in Table 1.

Figure 5. Experimental system site. The three main compartments are detailed. Reducing valve
(bottom left); ERT (top left) and energy storage and control panel (right).

P
Control 25 mm* wires Inverter
panel OUTPUT POWER
13 24 Voc
@) NONOTRSNES Temp. sensor [Batteries]
Principal 6 mm? wire H
reservoir Ground Loads
230 Vac

ERT

Batteries

Generated Power
Wire 3x6 mm?

2x1.6 mm?

Solenoid
valve
»
——— Train
Reservoir
PRV A 0

Figure 6. Electro-hydraulic assembly diagram of the ERT in the water network and its connections.
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D =50 mm
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D =400 mm
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Figure 7. Detailed image of the components of the executed installation. (Left) The sequence of the
ERT, sensors and control elements. (Right) Components of the control panel, batteries and inverter.

Table 1. Technical parameters and cost of the equipment used in the energy generator system.

Vertical Axis Hydraulic Turbine (x1)
050-B0/ /Tecnoturbines S.L.

Model and Manufacturer
Nominal power 1.6 kW
Inlet and outlet diameter 50 mm
Body and impeller material Gray iron castings
Flow rate and nominal pressure 13.5L/s//20.0 mH,O
Efficiency generator 85%
Price per unit €2173.14
Battery Module (x2)
Model and Manufacturer Meba-12/20/ /Bornay
Technology AGM
Nominal voltage 12 VDC
Nominal Capacity (C10) 220 Ah
Useful Capacity (80% discharge) 176 Ah
€410.00

Price per unit

ERT Control Panel (x1)

Model and Manufacturer SN HE 000/ /Tecnoturbines S.L.
Maximum voltage 3 x 142 VDC
Battery voltage 24 VDC
Maximum battery current 100 A
€2583.04

Price per unit

Inverter (x1)

Model and Manufacturer Phoenix 24/1600/ /Victron Energy
Input voltage 24 VDC (Range 19-33 VDC)
Output voltage 230 VAC-50 Hz
AC power output 1300 W @25 °C/1200 W @40 °C
Conversion efficiency 94%
€813.00

Price per unit

Solenoide Valve (x1)

Model and Manufacturer GGG40/ /Hidroconta
Input voltage 12 VDC
Nominal pressure 0.16 Pa
€220.23

Price per unit
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2.4. Measurement System: Equipment

A Nemos LP GPRS battery-powered data logger by Microcom with GPRS commu-
nication was used for data collection. It had eight digital inputs, four analog inputs
(configurable as 0-5 Vpc, 0-10 Vpc or 4/20 mA standards) and four low-voltage power
outputs at 12/24 Vpc to supply analog or digital probes and sensors.

The following metering elements were connected to this controller:

e  Two pressure transducers placed at the inlet and outlet of the turbine to measure the
net pressure drop in the turbine in real time;
One pulse counter (10 L/pulse) to measure the flow driven through the turbine;
One power meter using a 4/20 mA current sensor to know the electric power that was
being generated.

The “Zeus Synoptic Builder” web app was used to supervise the Nemos LP station
from a web browser. Figure 8 includes a diagram of the ERT system, as shown in the visual
interface of this platform, which includes all the previous elements described.

The technical specifications and the financial budget of each component are shown in
Table 2.

Table 2. Technical parameters and cost of the equipment used for data collection in this study.

Datalogger (x1)
Model and Manufacturer Nemos LP GPRS/ /Microcom
Input power 5-15 Vpc (40 mA)
Communications Siemens MC55 i GSM Modem
Digital/ / Analog inputs 8//4
Memory Flash 256 kB
Price per unit €399.00
Water Meter (X 1)
Model and Manufacturer WT//Conthidra S.L.
Nominal diameter 50 mm
Maximum/ /minimum flow 50m3/h//1 m3/h
Permanent flow 40 m3/h
Pulse factor 10 L/impulse
Price per unit €204.55
Current Sensor Transformer (X 1)
Model and Manufacturer AMPER 0/ /Remberg
Input voltage 24 Vpc (Range 11-35 Vpc)
Measurement range 0//50 Apc
Output signal 4-20 mA
Price per unit €32.80
Pressure Transducer (X 2)
Model and Manufacturer MBS 3000/ /Danfoss
Input voltage 9-32 Vpc
Measurement range 0-16 Bar
Output signal 4-20 mA

Price per unit €115.00
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Figure 8. Visual diagram of the energy recovery installation monitoring system.

2.5. Description of the Public Lighting Installation Used as a Load

An independent public lighting power line was connected to the inverter of the instal-
lation. This included 10 LED luminaires, with each of them having a nominal consumption
of 40 W. These kinds of lighting equipment did not include any type of automated sched-
uled dimming system; thus, the load was constant, and an equal consumption pattern
could be considered during the entire time of use throughout the night.

3. Results

This section shows the values obtained from the experimental study that was carried
out. The power generation capacity of the water distribution network was a fluctuating
aspect, both seasonally and day by day. It depended on the consumption of water in the
area by its population. In the next section, the water flow values found in an annual study
carried out with the installation are presented.

3.1. Measurements of the Circulating Flow under Study

The water flow carried by the main artery of the network where the PRV was located
(and in which the bypass was subsequently carried out with the installation of the ERT) was
monitored throughout a year. The curves given in Figures 9 and 10 show how the water
consumption cycle was periodic, repeated every day in a similar way and very consistently
throughout the year.

There was a rise of water consumption in the months of summer, with the absolute
maximum values achieved in August (+15% over the year average). The lower values were
found, on the contrary, in the winter months, with the minimum in January, but with a
smaller difference compared to the annual monthly average (—7%). In general, the average
flow value of the installation could be represented using September (+1% over the year
average) as the reference month.

For simplicity, specifically, only the water flows measured between July and Octo-
ber are represented in Figure 9, including the monthly maximum (August) and mean
(September). In detail, for the entire reference month, the maximum water flow value was
212 m3/h, and the minimum value was 78 m3/h, as represented in Figure 10. These two
figures allowed it to be affirmed that any energy recovery installation using ERTs can be
planned, considering that a permanent flow is guaranteed in the pipeline. Moreover, this
movement of water always will be increased during the night period as will be detailed in
the next section of this chapter.
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Figure 9. Water flow curves measured in the PRV during the months between July (top), August
(second from the top), September (third the from top) and October (bottom).
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Figure 10. Detail of the maximum fluctuation of the flows measured in the PRV pipeline during the
month of September (reference month; +1% over the year average).

3.2. Working Conditions of the ERT

Figure 11 was constructed with the data obtained during the characterization period,
referring to a typical average week, where it was possible to observe the variations in the
inlet and outlet pressures and the flow that circulated through the ERT.
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Figure 11. Water flows circulating in the ERT pipeline in the month of September.

It can be seen that the effective water flow running through the turbine ranged between
3.0 L/s and 10.0 L/s. These values were always lower than the nominal flow rate of the
hydraulic ERT used (13.5 L/s). The generator was installed in a bypass with the PRV, using
a 50 mm diameter pipeline, and this is significantly smaller than the section of the main
pipe, with a diameter of 400 mm. This water flowing for energy recovery could be adjusted
by increasing the diameter of the bypass; however, the experiment was carried out in this
way to interfere as little as possible with the reliability and quality of the water supply
service to the population.

The information obtained allowed the energy produced in each period of time to be
presented. These values could be analyzed and compared with the energy consumption
requirements of the lighting installation. For the chosen reference day, the total energy
produced amounted to 11,176.81 W-h/d. On the other hand, the total energy consumed by
the proposed installation was 6333.33 W-h/d (see Figure 12). These data were the basis of
the calculation to establish the capacity of the batteries necessary for the installation, which
is presented in the next chapter.
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Figure 12. Energy produced and consumed (with a theoretical consumption of 14.5 h of lighting
operation, with the longest night of the year as a worst-case scenario) on an average day of September.
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4. Discussion

Based on the data generated, the average operation values of the water distribution
network were established as those measured on 21 September, 2020. Under this premise of
evaluation, the following aspects of the experiment will be discussed: the energy conver-
sion efficiency achieved and evaluation of the suitability of the experimental installation;
calculation of the maximum load that can be powered with reliability under the premises
of this work and the required battery capacity; the comparison of the proposed installation
with its equivalent powered using PV modules, paying particular attention to the additional
needs of the energy storage capacity to provide service assurance and the associated costs
involved and, finally, the results of extrapolating all the energy that could be recovered
from the water distribution facility if the total flow from the main pipeline is derived from
the PRV and driven into the ERT.

The calculations carried out for the evaluation and sizing of the energy recovery
installation were made using a daily period of use of the luminaires of 14.5 h. This is
slightly more than the length of the longest night during the winter solstice at the study
location (worst case). In this way, a case with a higher energy requirement for the whole
year was analyzed. The total effective consumption measured at the output of the inverter
from the lighting installation was 440.42 W.

4.1. Energy Conversion Efficiency

The energy produced by the installation could be directly measured, but it could
also be obtained using Equation (1), introducing the working parameters but also the
performance factors of the system.

P=1y(0gAH)Q @

P: Generated power [W]

AH: Pressure jump in the turbine or pressure drop in the PVR [m]
Q: Water flow through the turbine [m3/s]

11: Global system performance. # = #electric X hydraulic

p: Water density: 1000 [kg/m?]

¢: Gravity: 9.81 [m/s?]

The manufacturer of the ERT used indicates that, working on nominal conditions, its
electrical performance is 85% and its hydraulic performance is 70%. The overall theoretical
performance ratio is the product of these two values, which results in 59.5%. Considering
the instantaneous values of power generation measures introduced in this equation, along
with their related working parameters, the average real value of the overall performance
obtained for the date of reference was 58%. This value is lower but close enough to the
theoretical value, considering that the ERT was working with a water flow lower than the
nominal value of the turbine.

4.2. Maximum Load to Be Powered and Optimized Battery Capacity

To establish the maximum number of luminaires that could be powered with a given
ERT installation, it was necessary to know the maximum energy that could be generated
with the daily flow of water. Afterwards, the necessary energy storage capacity to (a) trans-
fer all the daily production to the night period, (b) store the excess punctual energy if the
generation overpasses the consumption in any specific moment and (c) complement any
situation when the energy demand is higher than the production will be obtained. These
three situations can be observed in Figure 13.
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Figure 13. Energy produced and consumed on the average generation day and a calculation of the
transposition of all the energy generated to the nighttime hours of use of the luminaires.

With the information obtained from Figure 13, equating the area of the energy pro-
duced with the power demanded multiplied by a period of 14 h 30 min (which was the
maximum operating period of the lighting installation to make a conservative calculation
design for the worst-case scenario), an equivalent value of the average generated power
per hour of use could be obtained. In our case, the value obtained was 770.81 W (See
Equation (2)), taking into account that the lighting loads were a constant value.

ZEgenerated = Pload max X tnight — Pload max = 11,176.81 Wh/145h=770.81W  (2)

At this point, the calculation of the capacity of the necessary battery rack could be
performed. The necessity to establish a net balance of the total consumptions and generation
capability in the system to have energy available for the total requirement of the luminaires
during their lighting period was taken into account. To perform this calculation, a graphical
method based on the calculation of storage volumes was used. The accumulated energy
consumed and generated over time in the calculation period are detailed in a graph, and
all the points of a maximum deficit and maximum energy surplus were established. The
storage volume isw the sum of the absolute values of all of these maximums, according
to Equation (3) [58]. In this study, due to the consumption and generation models, only
two maximums (1 deficit and 1 surplus) were found, and the capacity value obtained was
138.32 Ah, as can be seen in Figure 14. A bigger capacity of 220.0 Ah was installed in
our experiment in order to work with a sufficient margin of safety (+60%) for low energy
generation days and to use standardized commercial battery models. A breakdown of
the system due to a lack of energy was never recorded in the installation with this set up
during a control period of 12 months of the system in operation.

n m
Energy Capacity = Z Emax surplus; +
i=1 j=1

Emax deficit; 3)
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Figure 14. Net available energy balance (generated vs. consumed) and the contribution of supplement
energy stored in batteries to ensure that the balance was always positive.

4.3. Comparison with the Requirements of a Stand-Alone PV Installation

In this chapter, the necessary energy storage capacity for the same installation, in
which, instead of using an ERT to fulfill its consumption needs, the municipal entity opted
to use a set of photovoltaic generators with an equivalent power instead, was established
in order to compare the different resulting requirements.

The mechanism used was based on the calculation of the total energy needs of the
loads of the installation and then establishing the number of PV panels and battery cells
with the capacity to maintain a full operation for a number of days of autonomy, determined
by the seasonal conditions required in design. At our location, 3 days of autonomy ensured
a sufficient minimum of service reliability, considering possible weather adversities [59].

The calculation data, the reference equations and the results obtained, considering
that all of the energy consumed needed to be stored previously, were as follows:

Ploads =770.81 W; toads = 14.50 h/d, Vstorage =24 VDC; Ninverter = 09, Nwires = 098, Wbatteries = 0.9
Econsumed = (Ploads X tloads/vsmrage) X Winverter = (770.81 W x 14.5h/24 Vpc) x 0.9 =517.44 Ah/d
Ecorrected = Ecorlsumed/(r]wires X Mpatteries) = 517.44 Ah/d/(0.98 x 0.90) = 586.67 Ah/d
Battery Capacity = (N° of days X E.orrected)/ (Max depth of discharge X Teqrrection factor)
Battery Capacity = (3 d x 586.67 Ah/d)/(0.85 x 0.80) = 2588.24 Ah

Thus, with PV generators and the design criteria indicated, 12 identical parallel
branches of two battery modules of 12 Vpc and C220 Ah connected in series were required,
which made a total of 24 modules. Table 3 compares the storage capacity needs of each of
these two solutions and calculates the budget difference for the same execution objective.
The cost of batteries in the case of the PV generator (€9840.00) was exceeded by itself,
without taking into account the rest of the required costs involved (photovoltaic panels,
inverters, control, etc.), the complete cost of installing of the ERT option as detailed in
Table 1 (€6609.41) and the monitoring and control station architecture detailed in Table 2
(€866.35). 1t is also relevant that the lifetime expectation of the batteries was much lower so
that the values of the rest of the elements of the installation and replacement costs must
also be considered when establishing the total, long-term, required budget, including the
maintenance requirements of the facility.
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Table 3. Economic savings in energy storage capacity costs for equivalent ERT and PV generators for
public lighting installations.

Energy Generation Energy Storage Battery Modules Total Cost
System. Requirements (24 Vpc) C220 Ah (12 Vpc) of Batteries
ERT 138.32 Ah 2 Units €820.00
PV modules 2588.24 Ah * 24 Units €9840.00
Economic savings €9020.00

* Capacity required to operate for three days without energy generation. Considering Load = 770.81 W; Daily
operation time: 14.5 h; Battery Price (1 module C220 Ah 12 Vpc): €410.

On the other hand, the difference of costs between PV and ERT energy generators is
also relevant. According to the data provided by the National Meteorological Agency of
Spain (AEMET) [60], the total annual average irradiance for our location is 5.45 hgyn-peak /d-
However, the solar collection value for the most unfavorable month (December) was a total
irradiance of 2.36 hgynpeak/d. To have a complete guarantee of service, the number of PV
modules must be calculated using this second value.

If it is considered, a 190 W, 24 Vpc PV module has maximum power point conditions
of Imax = 5.20 Apc and Vmax = 36.60 Vpc, The design current of the generator must be the
energy required divided by the average solar collection value for the month of December
in the geographical location (Design current = 586.67 Ah/d; 2.36 hsun-peak; d =249.02 Apc).
The total amount of modules of this type that are needed could be calculated by dividing
the design current between its maximum power point current value (Imax) as follows:

N nodules = 249.02 Apc/5.20 Apc = 47.88 — 48 modules

Based on a price of each module of €121.00, the total cost of the PV generator system
was €5808.00. This amount is more than double the cost of the equivalent vertical axis
hydraulic turbine (€2173.14), as indicated in Table 1.

4.4. Data Extrapolation Using the Totel Energy Recovery Capacity of the Water Network
under Study

During the experiment, both the model of the hydraulic turbine used in the installation
as well as the diameter of the bypass pipe were not sized to obtain the maximum energy
from the system, in order to not affect the water network operation service and to keep its
execution budget within certain margins. However, it has helped to verify that it is a viable
and robust system to obtain electrical energy to power a public lighting network.

Based on the data obtained, an extrapolation was made to capture the ERT installation
with which the maximum amount of electrical energy can be recovered. To carry out this
process, the following considerations were applied:

e  Use the full mean water flow of the main pipe where the PVR is installed (400 mm
diameter section) from the data measured for the month of September.

e  Choose ERT equipment appropriated for this amount of flow, which works with
optimum performance with a pressure drop of AH =20 myyp. This means a turbine
with a Ppominal €qual to 6.00 kW.

Evaluate the maximum recoverable energy and estimate the installation costs.
Extract civil and construction work costs from public databases for construction.
Include a 3.33-year period of renewal of the batteries. This is the estimated battery du-
ration with adequate working conditions for this equipment, according to its technical
specifications and the level of use planned.

e Annual maintenance costs are based on the experience of the technicians of the munic-
ipality related to the general maintenance cost of their installations involving sensors
and electronic control units. This would cover the replacement of small pieces and
labor work costs.
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e  Obtaining the resulting payback and Internal Rate of Return for 10 years (IRR) of the
expected inversion is needed.

The results of this extrapolation are presented in Table 4.

Table 4. Development of an ERT installation to recover all the dissipated energy in the PRV of the
studied water network.

Initial Investment

Equipment (ERT generator + batteries + control box and taxes) €8800.00
Hydraulic installation €1500.00
Electric connection €1200.00
Civil works €5000.00
Commissioning €1000.00
Technical-Economic Data
Nominal generation power 6.00 kW
Production (hours per year) 8322.00 h
Annual produced energy 49,932.00 kW h
Energy price (AC grid) €0.13/kW h
Annual savings (Electricity) €6491.16
Renewal period of the batteries 3.33 years
Annual maintenance cost €390.00
Project Profitability
Annual increase of the prices (average) 2%
Payback 3.79 year
Internal Rate of Return (10 years) 24%

5. Conclusions

In this work, different alternatives used to reduce the energy footprint of municipalities,
based on the implementation of renewable energy generation or recovery systems, have
been listed.

Among the possible proposals, the recovery of the energy that is lost in the PRV of
water supply networks stands out. This option falls within the competences of municipal
authorities and adjusts, in a very adequate way, the format and the time of generation and
consumption of energy, which is the supply of the luminaires that belong to the outdoors
public lighting installation.

To demonstrate and assess the viability and effectiveness of this alternative, the water
flows available in the network of a municipality were monitored and analyzed in depth for
more than one year to assess the amount of recoverable energy. In addition, an ERT station
that made a bypass of one of the PRVs of the installation was set up. It was accompanied by
a control system, a battery module and an inverter to feed an electric line of luminaires. The
experimental implementation showed that little physical installation space is required and
that it is easy to carry out the required civil work. This paper offers an economic valuation
of all the work consignments required.

This methodology is optimally adapted to sections of the water supply networks where
train reservoirs are used, since they guarantee a significant water flow and continuous
movement of liquid that allow power to be generated 24 h a day without cyclical dead
periods, except for possible failures of the general water network. In addition, it is also
possible to concentrate most of the water transportation, and thus the energy generation, in
a programmed way during the night while it is needed by the outdoor lighting installation.
Moreover, other complementary energy costs related to the operation of the water network
are minimized in the same period, as possible pumping needs in other points are the same.

All these possibilities significantly reduce the need for energy storage devices with
an ERT system, which requires, comparatively, 1200% less energy storage capacity than
an equivalent solution based on PV generators. This implies consequent large economic
budget reductions, achieving viable solutions with payback periods lower than 4 years.



Water 2022, 14,710 20 of 22

From the point of view of sustainability, the proposed system recovers energy with
more than 58% efficiency from a source that is being totally wasted on a recurring basis
in most water installations around the world, creating a renewable source that is very
constant, reliable and, a priori, inexhaustible.

The system has been operating for 12 months without presenting any downtime,
due to neither component failure nor a lack of energy to meet the demand of the line of
luminaires involved in the test. Thus, this long-term study has generated evidence of
the technical and economic viability and the reliability of the implementation of ERTs.
Besides this, the procedure developed provides municipal and water utility managers with
a better-informed basis for pressure management and energy recovery decision making.
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