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Abstract: Water distribution network (WDN) simulation models are usually classified as demand-
driven or pressure-driven, depending on whether the demands are independent of or dependent on
network pressures, respectively. In real-world networks, both types of demands coexist in the same
building. This paper presents a hybrid modelling approach that combines volume-based and pressure-
dependent demands in the same model, allowing for different pressure-demand relationships. This
hybrid modelling approach is intended to produce more realistic results when modelling WDNs, and
it was implemented in WaterNetGen, an EPANET extension.

Keywords: EPANET; pressure-driven analysis; water distribution networks; WaterNetGen

1. Introduction

In water distribution network hydraulic models, the water demand is allocated to
nodes. The nodal demand aggregates both pressure-independent (volume-based demand,
such as filling bathing tubs, toilet tanks, washing machines, dishwashers, ...) and pressure-
dependent demands (leaks and pressure-dependent demand, such as washbasins, bidets,
showers, kitchen sinks, .. .). Two approaches can be used to solve the steady-state hydraulic
equations: demand-driven analysis (DDA) and pressure-driven analysis (PDA). In DDA,
the nodal outflows are treated as fixed values; in PDA, the actual demand depends on the
available pressure. DDA usually provides good precision when the WDN operates with
enough pressure, while PDA is a more suitable approach to model insufficient pressure
conditions (e.g., in a fire fighting scenario or a pipe break) or the impact of pressure changes
on water demand (e.g., leakage modelling in pressure management projects).

The usual implementation of PDA uses Wagner et al.’s [1] Equation (1), which assumes
that all the demand follows a power law with a certain exponent for the pressure-demand
relationship (usually taken as 0.5—Torricelli’s law for orifices). As volume-based demand
does not exhibit this behaviour, Wu et al. [2] proposed a new pressure-driven formulation
that also includes volume-based demands, assuming that they are modelled as fixed nodal
demands that are always met as in the conventional DDA. However, this approach only
makes sense if the volume-based demands are located at the ground level, whereas the
pressure-dependent demands can be located at higher elevations. However, this is not the
case in common buildings, where both volume-based and pressure-dependent demands
are usually located on different floors, above the ground level. Therefore, as pressure
decreases, the volume-based demand should also decrease, although at a different rate
than the pressure-dependent demands.
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This paper presents a new approach by using a hybrid modelling method that
combines DDA and PDA, including leakage and bursts and allows for assigning both
volume-based and pressure-dependent demands to each node, following different pressure—
demand relationships. This hybrid modelling approach was implemented in WaterNet-
Gen [3], an EPANET extension. The EPANET node category list was adapted to support
the demand classification, and the link object properties were extended to support the pipe
leakage and bursts. The results from this hybrid approach are illustrated with an example.

2. Materials and Methods

EPANET 2.0 software is a worldwide open-source software used for WDN simula-
tion. It computes the nodal hydraulic head considering that the water demand assumes
fixed and known values that are assigned to the nodes; that is, EPANET follows for the
demand-driven approach. Muranho et al. extended EPANET software to deal with (op-
timised) network design [3], pressure-dependent demand and leakage modelling [4], as
well as network reliability analysis [5,6], among other capabilities. This EPANET extension
embeds a pressure-demand algorithm that computes the available demand (4%”') based on
a pressure-demand relationship [1]:
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The available demand—Equation (1)—is computed for each node 7 and considers the
current nodal pressure (P;) and the reference pressure (P,.f) necessary to fully satisfy the
required demand (4"*7). P™" is the pressure below which no water can be supplied, and
« (typically & = 0.5) is the exponent of the pressure-demand relationship. The available
demand is the required demand times the demand satisfaction ratio (DSR).

Leakage modelling follows the pressure—leakage relationship for each pipe [7]:
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where % is the total leakage along pipe k; I is the length of pipe k; ax and By are parameters
of the background leakage model; Cy and Jy are parameters of the burst’s leakage model
(classical orifice flow formulas); and Py is the average pressure in pipe k computed as the
average of the pressure values of its end nodes (see [4] for details).

Both pressure relationships are incorporated in WaterNetGen. The properties are
added to the “Node object” to implement Equation (1); the demands (“Demand Cate-
gories”, in EPANET terminology) were classified as volume-based or pressure-dependent
(with reference pressure, minimum pressure and exponent). For the leakage modelling,
new properties are added to the “Pipe object” (in EPANET terminology) to implement
Equation (2).

The incorporation of Equations (1) and (2) on the network solver algorithm has a side
effect: sometimes, the solver does not converge [8]. Therefore, for this work, polynomial
smoothing is applied on both ends of the DSR curve of Equation (1).

3. Results

The hybrid modelling approach is applied to a synthetic network generated by Wa-
terNetGen. The network consists of 500 junctions, two reservoirs and 624 pipes. The
network is supposed to supply a district of 25,000 inhabitants, with a per capita con-
sumption of 200 (50 pressure-independent + 150 pressure-dependent) litres per day and
has 10% of water losses through pipe leakage. Therefore, the network must supply
57.87 (=14.47 + 43.40) litres per second (LPS) for consumption plus 5.79 LPS for water
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losses, for a total of 63.66 LPS. The pressure-independent demand is equally divided by
the network nodes (0.02894 LPS/node). The pressure-dependent demand (consumption
and leakage) is assigned to nodes assuming that the inhabitants are equally distributed
along the pipes. The pipes’ diameters were set by the WaterNetGen sizing process, so this
network does not have pressure-deficient nodes. Figure 1 shows an example network.

Demand
0.03
0.10
0.20
0.30
LPS
Diameter
138,55
217.90
297.25
376.60
mm

Figure 1. Synthetic network with 500 junctions, 2 reservoirs and 624 pipes.

To illustrate the hybrid modelling approach, pipe P468 is closed (simulating a repair),
and all flow is forced to pass through pipe P605. This leads to excessive flow velocities and
insufficient pressures—see Figure 2 for the DDA (EPANET) modelling.
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Figure 2. Network map with negative pressures due to a pipe repair (pipe P468)—DDA.

In this scenario, EPANET results are not realistic. In WaterNetGen, the simple redefini-
tion of the demand categories to be pressure-dependent leads to more realistic results, in
which some nodes only receive a fraction of the required demand (light blue) or no water
at all (dark blue)—see Figure 3.
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Figure 3. Network map illustrating the demand distribution due to insufficient pressure-PDA. Dark
blue nodes have zero demand satisfied.



Eng. Proc. 2024, 69, 126 40f4

Some water demands, e.g., toilet tanks, are volume-based and are more realistically
modelled as such. Although this type of demand can be modelled by a suitable choice of pa-
rameters for Equation (1), for example setting « = 1.0, applying a demand-driven approach
may be simpler or easier. The modelling of water leakage at pipe level—Equation (2)—is
different: it always requires a pressure-driven approach for realistic results.

As seen, demand modelling may require various approaches even within the same
model, where the nodal demand is computed based on distinct categories: some demand-
driven and others pressure-driven. WaterNetGen can be used with any of these kinds of
demands, expanding the modelling capabilities and producing more realistic results.

4. Conclusions

The nodal total demand is the sum of several demands, each one classified as pressure-
independent or as pressure-dependent. Water losses should be modelled as the pressure-
dependent demand model or by the pipe leakage model. The hybrid modelling presented
here effectively integrates the two approaches. WaterNetGen supports multi-type demand
categories. With this extension, EPANET users can continue to use this well-known tool
and benefit from the new features introduced in this paper to produce more realistic
modelling results.
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