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Abstract: Water resources are essential for the economic development and sustenance of human
activities belonging to the civil, agricultural and industrial sectors. Increasing water stress
conditions, mainly due to climate change and population growth, imply the need to improve the
resilience of water supply systems and account for sustainability of water withdrawals. Metabolic
modelling approaches represent a flexible tool able to provide a support to decision making in the
medium-long term, based on sustainability criteria. Here, these concepts are adopted to analyse
part of the water supply network in the Province of Reggio-Emilia (Italy). Different water
withdrawals scenarios are considered to account for a potential decrease in water resources
availability from a quantitative perspective. As a second step, these scenarios are compared by
means of a set of key performance metrics able to identify the most sustainable long-term strategy
for a dynamic management of the water supply system. Results of these analysis allow to increase
the resilience of the network under future scenarios, while protecting the water resources.

Keywords: sustainability; key performance indicators; water supply system; urban metabolism;
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1. Introduction

Increasing urban water demand and the availability of water resources not uniformly
distributed in space and time, represent major concerns for water companies [1]. At the same time,
the population growth and climate change are responsible of increasing water stress conditions at
the global level [2-5]. As such, it is critical to increase the resilience of water supply systems, in terms
of infrastructures and environmental compliances. Along with a satisfactory level of services for
Urban Water Systems (UWSs), sustainability targets must be ensured [6]. This goal can be achieved
by analysing the UWS in an integrated manner, where the impact of interactions between all the
components is measured concurrently on the whole system.

Metabolic modelling approaches represent flexible tools able to support decision making in the
long-term, based on sustainability criteria [7]. These models mimic the water supply network
through a set of material and energy fluxes that interact and influence each other. By analysing these
fluxes, a suite of key performance indicators (KPI) is evaluated in order to identify interventions that
may be applied to increase the sustainability of the system. This approach aims to meet the need for
a holistic and sustainable management approach.

In the recent decades, several models have been developed in order to attain this goal. Some
recent tools are Aquacycle as a water balance model [8], and its further modification UVQ [9],
UWOT as sustainable water management tool for the selection of combinations of water-saving
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technologies [10], CWB as city water balance model [11], and DMM as a dynamic metabolism model
[12]. However, all these models fail to represent a truly holistic approach for both studying the main
resource flows and their impacts on the future performance of the UWS, and comparing possible
intervention strategies over a predefined long-term horizon. To this end, the WaterMet? metabolic
model, developed in the context of the EU Project TRUST (TRansitions to the Urban Water Services
of Tomorrow) [13], is selected.

This paper presents the application of WaterMet? to the water supply networks of Roncocesi
and Luzzara, in the Reggio-Emilia Province (Italy). Different alternative scenarios are evaluated and
compared, including a reduction of water withdrawals from the main well field (Roncocesi), as a
consequence of a possible decrease in water availability due to climate change or diffuse pollution
from agricultural activities. Based on KPI, sustainable long-term strategies for a dynamic
management of the water supply system are identified.

2. Materials and Methods

WaterMet? is an integrated conceptual mass-balance-based model, able to quantify proper KPI
related to the UWS, with focus on sustainability-related issues over a long-term planning horizon.
The main idea is to use a metabolic approach and consider all kind of flows (i.e., water, energy,
material fluxes) required to fulfil the business-as-usual UWS function [14]. The integrated modelling
strategy implies the simulation of processes and components of urban water services as a complex
and interrelated system. WaterMet? returns a set of indicators, e.g., delivered water demand,
GHG-emissions produced, electricity, operational costs, in order to support decision making of
water companies.

Impact of climate change can be included in the WaterMet? model by providing climate time
series (properly projected over the time horizon of interest) and evaluating the decrease in water
resources availability. These analysis are not developed inside the software, but represent input
information that have to be derived through preliminary analysis and based on the climate
projections provided by the IPCC. In the following, a summary of the software features is presented.

2.1. Main Features of Watermet?

WaterMet? mimics the entire UWS through the definition of three major subsystems dealing
with water supply, stormwater and wastewater [15]. This is done by means of four spatial scales to
simulate the main flows and processes: (i) indoor area; (ii) local area (LC); (iii) subcatchment area
(SC); (iv) system area. The smallest spatial scale, i.e., the indoor area, represents a single property,
without any surroundings, and indoor water demand profiles are defined at this level, on the basis
of daily average water demand per capita or detailed information on water consumption for
residential appliances and fittings. A local area contains any number of indoor areas with the same
per capita water demand: at this scale, it is possible to handle different type of water demands,
rainfall-runoff and on-site treatment options. Higher spatial levels involve subcatchment and system
area. In particular, the subcatchment represents a group of neighbouring local areas, and it serves as
“collection points” in both simplified water supply and separate/combined sewer system. The
system area consists of different subcatchments, grouped on the basis of similar features in the urban
drainage system, i.e., topology, gravity, in stormwater/wastewater collection systems.

WaterMet? is able to consider different flows involved in the UWS, that can be aggregated
temporally and spatially to derive the basic performance metrics [15]. The main flows are: (i) water
flow, including potable water, storm water, grey water, green water, recycling water, and
wastewater; (ii) energy flux, i.e, the energy consumed for each component of the UWS for
transmission, operation and on-site water treatment options; (iii) greenhouse gas (GHG) emission
[16-18]; (iv) acidification/eutrophication flux, for all type of GHG emissions; (v) material flux, i.e.,
annual fluxes of materials over the analysed planning horizon, linked to the UWS assets and their
characteristics, with focus on the water distribution and sewer pipelines; (vi) chemical flux of
individual chemicals used in the different UWS components.
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The WaterMet? model adopts a “source to tap” modelling. Elements required for the water
supply subsystem are: (i) storage components, divided in raw water resources, water treatment
works (WTWs), and service reservoirs; (ii) principal flow “routes”, such as water supply conduits,
trunk mains, and distribution mains; (iii) subcatchments (SC), assumed to be the water consumption
points.

Simulation of the water supply system in WaterMet? is carried out in two steps [19]. First, daily
water demand in the modelled components (local areas/subcatchments) is evaluated starting from
the most downstream point and aggregated towards the most upstream point (water resources),
considering leakages of the conveyance elements [9]. The daily volume of water demand for water
resource i and day t (RDiy) is given by:

RDi: = Zj=1+m CFij x WDj (1 + CLi;j/100) (1)

where WDt is the water demand of WTW; at day t; CFij is the percentage of water demand in
resource i, transferred by each water supply conduit ij feeding a single WTWj; m is the number of
WTWs; CLij the leakage percentage pertaining to water supply conduit ij to the water demand of the
conduit.

The second step involves water withdrawal and conveyance to downstream elements
sequentially. Here, governing equations refer to the capacity control of storage elements. The
released/abstracted water is distributed among subcatchments and finally provided to water
consumers. Mass balance relationship is applied to compute the water volume of a storage
component in consecutive days:

Sits1=Sit + Lit — Dit (2)

where Sit and Si1 are the volume of component i for day t and t + 1, respectively; Iit is the inflow to
component i for day t, and Di is the output for component i for day t.

2.2. Graphical User Interface of Watermet?

Figure 1 depicts the graphical user interface of the WaterMet> model. The Topology and
Operation tabs allow representing the schematization of the entire UWS, and the relative distribution
of flows inside the network. In the Assets tab, each component of the UWS is characterized through
the transmission capacity, for conveyance components, or the volume, for storage components, and
also electricity and concentration of chemicals if relevant. In the Subcatchment tab, local areas are
added, together with water demands (indoor, industrial, and agricultural) that are defined by means
of time series in the time horizon of interest. At this level, the number of properties, or number of
inhabitants, can be set, in order to evaluate the overall water demand from each local area.
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Figure 1. WaterMet? interface: on the left, the main tabs available in the model, each one defining a
component of the UWS. In the centre, the Trunk Main tab, where the main features are defined.
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3. Case Study

Application of WaterMet? is demonstrated here for the water supply networks of Roncocesi and
Luzzara, in the Reggio-Emilia Province (Italy) [20]. Water withdrawals of the Roncocesi well field,
from the Enza alluvial fan (Figure 2a), are intensive even if, during the last 10 years, their trend is
decreasing due to interconnections with near aqueducts, including Luzzara, which derives water
from the aquifer of the Po River. These networks together served about 111,000 inhabitants in 2014,
but this value will increase according to the projections of the Italian National Statistics Institute
(ISTAT) [21]. In the medium-long term, this would lead to higher water withdrawals in particular
from the Roncocesi well field.

Figure 2b presents the schematization of the water supply system. According to the WaterMet?
conceptualization, each reservoir is directly linked to the water distribution network, and fed by one
of the two main reservoirs located at the Roncocesi and Luzzara well fields. The water demand for
each local area, has been evaluated in order to: (i) compute the overall water demand (RD) related to
the different water resources and (ii) compare this value with the total delivered water circulating in
the network. The topology of the system and the assets of the main components have been derived
by GIS data and data provided by Water Company IRETI, while distribution of flows inside the
water supply network have been computed by means of Epanet simulations. In particular, in order
to account for the most onerous conditions for the UWS, simulations with hourly time step have
been realized over the day of higher consumption in 2013. This is relevant because Epanet
simulations allow to identify: (i) the adequacy, in terms of pressures and velocities, of the alternative
design scenarios, and (ii) the flow directions within the network, that represent an input information
for WaterMet?.

— Roncocesi water supply network

= Luzzrara water supply network g m;ﬁ e
— Distribution netwaork s =
¥ Well W
T Tank . _ > s ‘
Enza upper confined aguifer " / 7 3 L‘;‘."
St b
™ \
- 3—_‘.. : .
il Y - LC1§
LC13
- e F. -~ Sk
™ z LC14
o
£ W LR e
3 " s
g7 SLER
ey
4 {
o
1" "ice
-
y LE10
/ -
LCE
~ =y
i e — o et
e £ ]
T
RONCOCE W " .
Wil fEn - i
— Lc2 .
e y LE3

Figure 2. (a) Location of Roncocesi and Luzzara water supply systems in Reggio Emilia province,
with the percentage of distributed water by each aqueduct; (b) Distribution of local areas according
to WaterMet? model, with flows derived by Epanet simulations. Here, the different colors of local
areas (LC) represent the distribution among the subcatchments (LC1-LC15: SC1, LC17-LC22: SC2;
LC16, LC23-25:5C3).

Respect to the business as usual scenario (BAU), where the only factor affecting water demand
is the population growth in the area of interest, a reduction of water withdrawals from the Roncocesi
well field is assumed in two alternative scenarios, due to the potential impact of climate changes and
nitrate contamination affecting the Enza aquifer. Here, the groundwater availability is supposed to
decrease of a specified amount in 30 years. The first alternative scenario (hereinafter Strategy 1)
consists in the realization of a new well field, deriving water from the aquifer of the Po River, able to
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counteract a slight reduction of water availability from Roncocesi well field and accommodate a
given number of local areas previously served by Roncocesi network (Figure 3a). Epanet simulations
revealed that, under this configuration, it would be possible to decrease the total amount of
withdrawals from Roncocesi of about 14%. A greater reduction could be obtained if, in addition to
the realization of the new well field, a new trunk main is constructed, connecting the well field
directly to a reservoir as depicted in Figure 3b. Under this scenario (hereinafter Strategy 2), it is
possible to decrease the amount of water withdrawals from Roncocesi of about 26%, as quantified by
means of Epanet.

For the BAU scenario, as well as for the two alternative strategies, the water demand related to
each resource is assessed with WaterMet? through a mass balance that starts from the average per
capita water consumption data, associated with each local area, and deducted from both Epanet
simulations and available water consumption reports. For the selected case study, 25 local areas
have been identified within 3 subcatchments, as depicted in Figure 2b. The annual population
-increasing rate assumed for the analysis represents a medium growth scenario, derived by ISTAT
[21]. Variation of the indoor water demand follows the population growth on a yearly basis,
according to available predictions; in addition, monthly coefficients are applied in order to mimic
seasonal variations [22]. In the simulations, the per capita water consumption, the leakage and the
other water demands, e.g., industrial and commercial, are assumed constant within the selected time
horizon.

Figure 4 shows the number of served inhabitants, indoor water demand (L/day per capita), for
each local area.
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Figure 3. (a) Alternative strategy in order to decrease water withdrawals from Roncocesi well field of

14% (Strategy 1); (b) Alternative strategy in order to reduce water withdrawals from Roncocesi well
field of 26% (Strategy 2). For both interventions, the percentage of distributed water by each
aqueduct is computed.
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Figure 4. Local areas served by the UWS, with correspondent inhabitants and water demand
resulting from indoor consumption.

4. Results

A 30-years time horizon has been simulated with WaterMet? with a daily time step to compare
the BAU and two alternative scenarios by means of proper KPIs. These mainly refer to water, energy
and chemicals consumption that are related to costs and emissions in turn. In order to provide some
examples for the selected case study, Figure 5a shows the delivered water demand from the
Roncocesi well field, under the three possible configurations, confirming the expected reduction in
water withdrawals from the Enza fan resulting from the insertion of the new well field. Results are
depicted for the first and last year of simulation and it is possible to observe that the decrease of 14%
(Strategy 1) and 26% (Strategy 2) is maintained over the entire simulation period. Contemporary, the
increment in the delivered water demand in time (assumed equal to 20% over 30 years), corresponds
to the increment in the indoor water demand that is affected by population growth [21,22].

Figure 5b presents the total energy consumed by the UWS including electricity and embodied
energy in materials and chemicals. Electrical energy is mainly consumed by pumping activities in
the well fields, within potable water treatments, and by local pumping for transmission of water to
service reservoirs. The total energy is obtained by multiplying a predefined constant (in kWh/m?3),
derived by Epanet simulations and technical data, by the volume of water in each component of
interest, i.e.,, resources, water supply conduits, WIWs, trunk mains, service reservoirs and
distribution mains. It decreases of 3% if comparing BAU and Strategy 1, against a decrease of the
total energy of about 2%. When comparing BAU and Strategy 2, the electrical energy decreases of 4%
while the total energy of about 1%. These variations are produced by the presence of the new well
field and by the correspondent decrease in the amount of local pumping. The embodied energy
increases in both the alternative configurations due to new materials associated with the new well
field (both Strategys 1 and 2) and pipes (Strategy 2).

In order to complete the comparison, Figure 5c similarly shows the carbon dioxide (CO2)
emissions produced by the UWS due to fossil fuel combustion and embodied in materials and
chemical in all UWS components. Greenhouse gas (GHG) emissions are determined by multiplying
the amount of energy, chemical and material consumed by proper conversion coefficients
depending on that specific energy, chemical and material. Conversion factors are expressed as kg of
COz equivalent per consumption unit. Respect to the BAU scenario, Strategy 1 shows an increase of
COz emissions of 2%, while Strategy 2 produces an increase of 3%. As for the embodied energy, this
is attributable to the increase in materials and chemicals associated with Strategies 1 and 2.
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Figure 5. (a) Delivered water demand (m?®/year) from the Roncocesi well field for the 1st and last
simulation years and for the three alternative configurations (BAU, ST1, ST2); (b) same as (a) but
referred to the total energy (kWh) consumed by the UWS; (c) same as (a) but referred to CO:
emissions (ton COz-eq) produced by the UWS.

5. Conclusions

The two alternative strategies, respect to the BAU scenario, not only achieve a reduction of
water withdrawals from the Roncocesi well field, as required to avoid groundwater
overexploitation, but also are more efficient in terms of energy consumption.

The KPIs selected in the study are limited to a number of main technical and environmental
metrics, of considerable importance for water companies to manage the water supply system. Based
on this kind of indicators it is possible to compare the different management strategies and
understand their environmental and economic sustainability. Other criteria, e.g., social impacts, are
not considered in this study, and would need to be quantified by other tools. Nevertheless, it is
possible to use the indicators provided by WaterMet?, together with other selected metrics, within a
Multi Criteria Analysis, to further support decision-making.

The adoption of a comprehensive approach to the UWS requires, in general, simplified models
based on mass balance analysis such as WaterMet?; while this choice introduces a simplification in
the schematization of the real behavior of the network, this approach turns out to be a powerful tool
for long-term strategic analysis, as alternative scenarios can be easily compared under multiple
perspectives.
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