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Abstract:

This study examines the field of estimating energy recovery potential for hydropower plants in
drinking water networks using a methodological approach based on limited network model
data. The growing interest in sustainable energy solutions and green energy transition requires
a comprehensive understanding of the potential energy in water distribution systems and the
feasibility of harnessing this energy through hydropower technologies. However, the
complexity of these networks roots significant challenges in accurately assessing their energy
recovery potential, and these challenges are often accompanied by data scarcity and
uncertainty. The core of the proposed research involves the development and application of a
methodology using an already prepared geographical information system (GIS) based network
model. Initially, the GIS representation of the network is acquired using QGIS software.
Subsequently, this network dataset undergoes a transfer process into EPANET, a software
platform dedicated to hydraulic simulations. Finally, using related libraries, analyses and
calculations are done in Python. An economic feasibility is added for a selected location.

1. INTRODUCTION

Sustainable energy solutions are critical for addressing the environmental and economic
challenges faced by owners and operator of drinking water networks. The water-energy (WE)
nexus describes the vital interaction between two essential components for a modern society.
Energy needs water for hydropower, cooling and biofuels. Water needs energy for pumping,
treatment and purification. This nexus can be optimized through innovative digital solutions,
by securing water supply while improving renewable energy production leading to reduced
greenhouse gas emission and embraced carbon neutrality by 2050 [1]. By the integration of
sustainable energy solutions, such as energy-efficient technologies and renewable energy
sources, water utilities can reduce their carbon footprint, can have lower operating costs, and
enhance the resilience of water supply systems against power disruptions and climate change
impacts. Moreover, adopting these solutions aligns with global sustainability goals, promoting
the responsible use of resources and minimizing environmental degradation. The operation of
Izmir Water Administration (1ZSU) is the pilot case of this report. Considering the operational
costs, the annual energy consumption of 1ZSU serving 4.5 million inhabitants with 105
pumping stations, is 1.6 billion kWh on average [2].

Hydropower in drinking water networks offers a promising energy recovery method within
drinking water networks by harnessing the energy potential of water flow in pipelines. These
plants can be installed at points where excess pressure needs to be reduced, converting kinetic
and potential energy into electricity, which can then be used to power local operations or be
fed back into the grid. This not only improves the energy efficiency of the water network but
also reduces reliance on external power sources, contributing to energy security. The relevance
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of hydropower plants lies in their ability to generate clean energy with minimal environmental
impact, making them a viable option for enhancing the sustainability of water supply systems,
especially in regions with suitable topography and flow conditions.

On the other hand, estimating the energy recovery potential in water distribution networks
presents significant challenges, primarily due to the details of network design and operation.
These networks often consist of different pipe sizes, materials, and flow conditions, which can
lead to unpredictable hydraulic behaviors and energy dissipation patterns. The dynamics in
water demand, pressure fluctuations, and varying flow rates across different segments of the
network make the accurate assessment of location and amount of energy recovery complicated.
The interactions between these parameters make it difficult to create reliable models that can
precisely predict energy recovery opportunities, as they must account for a multitude of factors
that influence energy availability and recovery efficiency.

Data scarcity and uncertainty make these challenges worse, as accurate and comprehensive
data is essential for reliable energy recovery estimations. In many cases, detailed information
on flow rates, pressure levels, and network configurations may be limited or outdated, leading
to significant gaps in understanding the true energy potential within the system. Additionally,
the uncertainty in predicting future water demand, network expansion, and changes in
operational practices adds another layer of complexity. Without robust and high-resolution
data, the models used to estimate energy recovery potential may produce results with
considerable uncertainty, making it difficult for water utilities to confidently invest in energy
recovery technologies like hydropower plants. Addressing these data challenges is crucial for
unlocking the full energy recovery potential of water distribution networks and ensuring the
successful integration of sustainable energy solutions.

The goal of this study is to develop and apply a methodology for estimating the energy recovery
potential for hydropower in drinking water networks, particularly when only limited network
model data is available. This approach aims to identify high-potential sites within the network,
analyze hydraulic conditions, and calculate the feasible energy that could be recovered using
minimal yet critical data inputs. By leveraging simplified models and strategic data
interpretation, the study seeks to provide a practical and scalable solution for enhancing energy
efficiency in water distribution systems.

Existing studies on energy recovery in water distribution systems are focused on the integration
of hydropower technologies, which leverage the excess pressure and flow within pipelines to
generate electricity. These studies highlight the feasibility of installing micro-turbines at
convenient locations such as pressure-reducing valves (PRVs) and high-elevation drops,
effectively converting hydraulic energy into electrical power. Researches also emphasize the
economic and environmental benefits of such systems, particularly in reducing energy costs
and minimizing carbon footprints in water utilities. The idea of PRV is not new, in [3], a hydro
unit in parallel to PRV is suggested in order to reduce the overhead. In [4], pico and micro-
hydropower through energy recovery is demonstrated in water-energy-food nexus. Many
hydropower applications and installations are found in the literature with the idea of reducing
the excess pressure by generating electricity instead of dissipating with friction. In [5] nearly
170 kW of a hydro unit is applied which provide half of the energy consumed by the pumps in
that location in Iran. [6] analyses the potential of hydropower water distribution network in
Brazil. In [7], methodology to quantify the potential for hydropower based on the excess energy
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in a network is proposed and applied to a real case in Switzerland. [8] presents the feasibility
study of using pump-as-turbine (PAT) system for energy generation in parallel to a PRV in
water distribution system in Italy. [9] investigates the hidden energy potential in UK and
Ireland.

As could be seen, energy recovery in water distribution systems is commonly used across
various countries to generate electricity by harnessing the excess hydraulic energy within
pipelines. This is typically achieved through the installation of hydropower turbines at locations
like PRVs or points with significant elevation differences. These systems have been
successfully implemented in many regions to reduce energy costs for utilities and contribute to
renewable energy generation, thereby supporting national and global sustainability goals.

When estimating energy recovery potential in water distribution systems, several methods are
commonly employed, each with its unique approach and limitations. First one is Hydraulic
Simulation Models where the entire water distribution network is simulated by providing
detailed insights into pressure, flow rates, and energy losses at various points. By identifying
high-pressure zones, they help estimate the potential for energy recovery through micro-
hydropower installations. This approach needs comprehensive and accurate input data. The
second approach is Empirical Methods and Simplified Equations where Empirical methods use
simplified equations based on typical flow and pressure conditions to estimate energy recovery
potential. These methods often rely on average values and general assumptions rather than
detailed simulations. While less data-intensive, they tend to oversimplify the dynamics of the
water distribution network, leading to less accurate estimates. The last one is Field
Measurements and Monitoring where flow rates, pressures, and head losses are directly
measured at specific locations within the network. Real-time monitoring devices such as
pressure sensors and flow meters are installed to gather data over time. This approach requires
High installation and maintenance costs, especially for extensive or remote networks. Besides,
in [10] the linear correlation between MHP power potential and different proxy variables is
analyzed, such as population, population density and land topography, as predictors of water
demand and system overpressure, key variables in MHP potential for drinking water networks.
In [11], proxy variables are used to attempt to predict the potential energy production in the
absence of specific measured irrigation network data on flow, pressure, pipe layout, pipe
diameter, etc.in irrigation areas. A methodology aimed at estimating the potential and economic
feasibility of the MHPs located in the Regione Piemonte (North-Western Italy), using
Geographical Information System (GIS), Digital Terrain Models (DTM) and an existing
database of the drinking water service facilities is defined in [12].

The paper continues with methodology part where the approach followed is detailed. An
economic feasibility is presented for a selected case. The paper is concluded with a conclusion
and discussion part.

2. METHODOLOGY
Network modeling and data acquisition of a drinking water system begin with comprehensive
data collection from various sources. The process involves gathering existing infrastructure
maps, as-built drawings, and historical records that detail the water distribution network's
components, such as pipes, valves, pumps, and reservoirs. Also, site measurements and field
observations play a critical role in this phase, as they provide real-world data on the current
state of the system. Surveying teams are often deployed to verify the locations, dimensions,
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and conditions of network elements, such as pipeline alignments, elevations, and the exact
positioning of valves and pumps.

The collected data is then integrated into the GIS, where it undergoes processing and validation.
This involves linking the spatial data (such as the geographic positions of pipes and nodes)
with non-spatial attributes (like pipe diameters, material, and installation dates). Additionally,
continuous data acquisition from sensors and SCADA systems can be incorporated into the
GIS model to provide real-time updates on the network's performance, such as pressure
readings and flow rates. This integration of site measurements, historical data, and real-time
monitoring allows for a dynamic and accurate representation of the drinking water system,
supporting effective management and decision-making.

A drinking water network, when represented using Geographic Information Systems (GIS), is
typically visualized as a series of interconnected layers that include pipelines, water sources,
nodes, storage tanks, valves, and customer connections. These elements are referenced
geographically to their actual physical locations, allowing for a detailed map of the entire water
distribution system. By using GIS, water utilities can effectively manage and analyze spatial
data, monitor the distribution network'’s performance, identify areas with potential issues such
as leaks or low pressure, and plan maintenance activities. GIS also enables the integration of
various datasets, including topography, land use, and demographic information, which can
influence the design and operation of the water network.

Data Preparation in Conversion of GIS

Setting Up Hydraulic
Simulations in
4 EPANET:

e Simulation Parameters

GIS Data to EPANET

e Layer Extraction Format
¢ Attribute Assignment o Creation of a Start
e Exporting to .csv File Project
¢ Addition of QGIS Data
Into .inp File
eImporting .inp File

¢ Running Simulations
¢ Result Analysis

Figure 1 State Flow Diagram for GIS to EPANET Data Transfer and Hydraulic Simulation Setup

QGIS, an open-source GIS software, plays a crucial role in managing and analyzing drinking
water networks. It provides tools for creating, editing, and visualizing spatial data related to
the water distribution system. QGIS supports various data formats and integrates seamlessly
with other databases and software, allowing users to import and export data easily. With QGIS,
users can create detailed maps of the water network, perform spatial analysis, and generate
reports that help in decision-making. For example, QGIS can be used to model the flow of
water through the network, assess the impact of different scenarios such as increased demand
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or infrastructure failure, and optimize the placement of new infrastructure. QGIS can be
customized to perform specific tasks related to water network management, such as hydraulic
modeling, network tracing, and asset management [13].

IZSU has provided a GIS model which is provided in QGIS and some flowrate measurements
from each district metered areas (DMA) for the analyses in this paper.
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Figure 2 GIS Representation of Target City

The steps for transferring GIS water network data to EPANET and setup of hydraulic
simulations shown in Figure 1 are detailed below:

e Data Preparation in GIS:

Layer Extraction: The first step involves preparing the water network data in GIS,
typically using QGIS. The relevant layers representing pipes, nodes (junctions),
pumps, reservoirs, and tanks are extracted.

Attribute Assignment: Each element in the GIS map needs to have attributes such
as diameter, length, roughness (for pipes), and demand (for nodes) assigned
correctly, as these attributes are crucial for hydraulic simulations in EPANET. The
network model which is provided by 1ZSU is shown in Figure 2.

Exporting to .csv File: Once the data is ready, the layers are exported from QGIS in
.csv format. These files contain the geometric and attribute data needed for further
processing. During this process, selecting UTM zone for coordinate reference
system is very critical.

e Conversion of GIS Data to EPANET Format:

Creation of a Start Project: For using the data in the .csv files, an arbitrary project
with three nodes, three pipes with a tank is created in order to have an export file
for EPANET.

Exporting to .inp File: The start project is exported as an .imp file for opening each
elements and their attributes and to be able to add elements from .csv files.
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Addition of QGIS Data Into .inp File: Each elements and related attributes, e.g.
elevation, length, x-y coordinates, are added into the .imp file. The final .inp file is
visiualized in EPANET is shown in Figure 3.

Importing .inp File: A new project is opened and the .inp file with QGIS data is
imported as a network. It is normal to have many outliers and errors during the
import. The error messages are eliminated by examining each case. Now, the water
distribution network can be visualized and is ready for analysis [14].

e Setting Up Hydraulic Simulations in EPANET:

Simulation Parameters: Hydraulic parameters, such as time patterns, pump
schedules, and control rules, are configured. These parameters determine how the
system behaves over time and under different operational conditions.

Running Simulations: The hydraulic simulations are executed in EPANET to
analyze various scenarios, such as water demand fluctuations, pump operations, and
emergency situations like pipe bursts. The results include pressure distributions,
flow velocities, and water quality indicators across the network.

Result Analysis: After running the simulations, EPANET provides detailed results
that can be visualized and analyzed. These results can be used for decision-making,
such as identifying critical points in the network or optimizing pump operations.
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Figure 3 EPANET Representation of GIS Data

By combining EPANET with Python, it is possible to automate and enhance the analysis of
hydropower recovery potential in drinking water systems. Python is very functional for
managing large datasets, running complex simulations, optimizing configurations, and
visualizing results. So far, the water distribution network is modelled as an .inp file in EPANET
by using GIS data as a base.

By using the epanettools library in Python, the interaction between Python and EPANET is
built using the network model .inp file. Then, hydraulic simulations are executed so that
relevant data such as flow rates, pressures, and head losses at different points in the network
are extracted. Following that, the high-pressure zones and significant elevation drops are
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identified. These zones are candidates for energy recovery. High-pressure zones, especially
those PRVs are used, are ideal for installing energy recovery devices.

For each high-pressure zones, the potential of energy recovery is calculated by using the
general power formula in (1):

P=n.p.g.Q.H 1)
where P = Power (W), n = Efficiency of the turbine system, p = Density of water (1000 kg/m?),
g = Gravitational acceleration (9.81 m/s?), Q = Flow rate (m3/s), H = Available head (m).

Following the analyses, high-pressure zones found in the water network of 1ZSU with their
estimated potential power are listed in Table 1. A general efficiency value of 0.5 is used for the
generic calculations.

Table 1 High-Pressure Zones Found in the Water Network of 1ZSU with Their Estimated
Potential Power

Location Input Pressure | Output Pressure | Max Flowrate Calculated
(bar) (bar) (I/s) Power (kW)
Sarikiz 18 15 1500 1213
P11 7 0.5 2000 637
Ayakkabicilar 14 3.0 1000 540
Pinarbasi 14 1.0 300 88
Evka-3 8.5 2.0 1000 318
96 Sk. 10 3.0 1000 343
Halil Rifat 11 4.0 800 274
Susuzdede 8.5 2.5 400 117

Figure 4 Location of P11 Project

3. ECONOMIC FEASIBILITY

Among the candidates, P11 location is selected considering the location’s individual features.
P11 Pumping Station is located very close to city center and there are living areas around as
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can be seen in Figure 4. Within the scope of P11 project, it is aimed to generate electricity by
breaking the energy of the water whose energy is broken by means of a pressure breaker valve
through a hydroelectric power plant. Energy production calculations were made using hourly
measurement data from the line. P11 drinking water requirement of 860.00 It/s was taken as
the design flow rate whereas it is assumed to be 2000 It/s which is the maximum allowable
flow rate in Table 1.

Two alternatives are evaluated for P11 project including one hydro unit and two hydro units
installed. Considering the head level, Francis turbine is selected as turbine type.

The first alternative involves one Francis turbine and the firm energy output is calculated to be
1,519,000 kWh/year. The second alternative involves two sets of Francis turbines and the firm
energy output is calculated to be 1,912,000 kWh/year. Considering the local electric prices in
Tiirkiye, the first alternative pays back in 3.94 years, the second alternative pays back in 4.49
years. Therefore, one-unit alternative is selected as the final decision. Figure 5 shows the
schematic of the selected alternative.

Figure 5 Hydraulic Schematic of P11 Project

4. RESULTS and DISCUSSION
This study develops and applies a methodology to estimate the energy recovery potential for
hydropower in drinking water networks using limited network model data. The integration of
Geographic Information Systems (GIS), hydraulic simulations in EPANET, and data analysis
in Python enabled the identification of high-pressure zones within 1ZSU’s distribution network
as potential sites for energy recovery.

The findings revealed energy recovery potential in high-pressure zones, particularly in
locations where PRVs are used to dissipate excess pressure. For example, the Sarikiz location
demonstrated the highest potential power output, emphasizing the value of utilizing these zones
for energy generation. But the choice of owners of the project is P11 due to investment costs.

Future research should aim to refine this methodology by incorporating more detailed and real-
time data, improving the accuracy of energy recovery estimations. Additionally, conducting a
thorough economic feasibility analysis of hydropower implementation at the identified sites,
along with assessing the environmental impacts, would offer a more comprehensive
understanding of the potential benefits. Expanding the methodology to other types of water
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networks and topographies could further validate its applicability and contribute to the broader
adoption of sustainable energy practices in water management systems.
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