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Abstract

There is significant potential for energy recovery through the use of micro-hydropower installations in water
supply systems (WSS). To exploit the full potential of hydro energy in balance with the optimal hydraulic perform-
ance and water supply service, multi-objective management tools are needed. This paper presents the
application of four management tools: (1) an energy audit to evaluate the potential hydro energy in the water
pressurised systems of Alcoy; (2) multi-criteria decision-making methods for the selection of the preferred
energy-efficient operation of a system with a pump-storage reservoir and hydro-turbines in the Algarve; (3) a
numerical dynamic tool for optimal turbine operation in the water distribution of Langhirano; and (4) an urban
water optioneering tool to estimate the hydropower potential of the external aqueduct network in Athens.
These methods showed that through an integrated approach the WSS can be optimised for both hydraulic
performance and hydro energy production.
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INTRODUCTION

In response to climate change and rising energy costs for operation of water supply and treatment, the
water sector is aiming to become more energy efficient. There are numerous options for energy
measures in the water sector ranging from water conservation and process efficiency improvements
to new technologies and redesigning water systems. In many European countries, drinking water com-
panies have implemented energy-efficient production techniques and optimised distribution systems
(Frijns et al. 2012). As pumps constitute the most part of the energy consumed in water supply systems
(WSS), particular attention is paid to pump scheduling optimisation (Basupi et al. 2014), the use of
efficient motor-pumps sets and optimised pipe and network designs (Vilanova & Balestieri 2014a).
Cabrera et al. (2010) showed the substantial overall energy saving that can be achieved by leakage
control in water distribution networks.
www.manaraa.com

mailto:jos.frijns@kwrwater.nl


Water Practice & Technology Vol 10 No 2
215 doi: 10.2166/wpt.2015.024
Next to energy efficiency improvements, there is a need for new concepts in which water is viewed
as a carrier of energy, i.e. (waste)water as a source of chemical (biogas) and thermal energy (Frijns
et al. 2013). In areas with high topographic gradients, in which water is transported by gravity, the
high pressure in the water mains and distribution networks makes these systems capable of hydroelec-
tric power generation (Ramos et al. 2011; Carravetta et al. 2012).
Within the Transitions to the Urban Water Services of Tomorrow (TRUST) project, intervention

concepts for energy saving, recovery and generation from the urban water system have been investi-
gated in 8 case studies in 7 European pilot areas (Frijns 2014). In this paper, the results are presented
of 4 case studies dealing with micro-hydro technologies in WSS to convert energy from the pressure
and flow into electricity. Emphasis is put on the management tools applied to optimise the operation
and energy balance of WSS.
Optimisation tools for hydro energy in WSS

Micro water turbines are being applied in WSS in locations where there is an excess of available
hydraulic energy (Gonçalves et al. 2012). At these locations, pressure reduction valves (PRVs) are
commonly used to control the maximum pressure in the WSS. As an alternative and sustainable sol-
ution to PRVs to control network pressure and produce energy, pumps operating as turbines (PATs)
can be applied. While PRVs reduce the pressure through the dissipation of energy, PATs can convert
the excess pressure into electricity. Besides that, WSS with free flow channels can generate hydro
energy through turbines.
Although significant potential exists for energy recovery through the use of micro-hydropower

installations in WSS, its application in practice is still under development (Vilanova & Balestieri
2014b). The anticipated positive economic results are not always evident (Ramos & Ramos 2009).
The recovery of hydro energy from WSS is highly variable depending on the topography and
layout of the system. Complexities such as variations in flows and turbine efficiency should be con-
sidered (McNabola et al. 2013).
Moreover, a balance needs to be struck between the hydraulic performance, energy efficiency and

costs. The current optimisation techniques to improve the design of WSS seek to define the optimal sol-
utions in terms of investment costs. It is, however, preferred that the operation of WSS is optimised for
both hydraulic and energy efficiency. Needed are multi-objective optimisation techniques to carry out
simultaneous energetic and economic objectives (Ramos & Ramos 2010; Vilanova & Balestieri 2014a).
The optimal hydro energy intervention in WSS can be accomplished by hydraulic simulation, based

on the hydraulic characteristics and the mass and energy balances. The energy balance of WSS is
highly site-dependent, thus requiring a systematic energy analysis to evaluate separately the influence
of pumping, the layout of the network, water loss through leakage and the hydro energy potential
(Lenzi et al. 2013). Preferably, the hydraulic simulation and energy balance is followed by an optim-
isation module composed of genetic algorithms to determine the optimal solution, e.g. maximisation
of energy use while maintaining sufficient pressure (Araujo et al. 2006).
This paper presents 4 optimisation methods to assess the hydro energy potential in WSS. All

methods have an integrated approach towards both the hydraulics and energy:

1. Energy audit to evaluate the energy efficiency and the potential hydro energy that can be recovered
from a water pressurised systems transport in Alcoy (Spain).

2. Multi-criteria decision-making methods for the selection of the preferred energy-efficient operating
water supply scheme, consisting of a pump-storage reservoir with hydro-turbines, in the Algarve
(Portugal).

3. Numerical dynamic tool for optimal turbine operation as part of integrated pressure and energy
management in WSS of Langhirano (Italy).
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4. Urban water optioneering tool (UWOT), that simulates demand and supply of the urban water
cycle, to estimate the hydropower potential of the external aqueduct in Athens (Greece)

The 4 methods and cases are presented in the following sections. Each section consists of a descrip-
tion of the management tool, the case study, the main results and a conclusion.
ENERGY AUDIT OF WSS

The aim of an energy audit is to evaluate how much energy is consumed and to identify measures that
can be undertaken to reduce consumption, to use energy more efficiently or to produce energy. Per-
forming energy audits in WSS is, therefore, a crucial step to improve its energy efficiency. The Alcoy
case presents a methodology for a water and energy audit to discover what parts of a water pressurised
systems transport have the greatest improvement margins and which displays the potential hydro
energy that can be recovered.

Energy audit methodology

This section presents the energy audit of a water network which is obtained from the energy equation
in integral form, and its time integration extended over a given period. This energy audit requires a
previous water balance and the mathematical model of the network, both of which are necessary
to know the energy flows through the system’s boundaries. The audit allows accounting for all the
energy in the system. From the energy performance indicators, it is possible to identify the improve-
ment actions that will make the system more efficient, looking both at energy saving and recovery of
topographical energy (Cabrera et al. 2010).
As the energy linked to water pumping can be quite substantial, an efficient water pressurised trans-

port is needed. The critical point to be efficient is to know where we are and where, ideally, could be
and where, with the available technology and the economic framework, it is realistic to arrive. For
such purpose three new indicators are defined. The first two indicators are the ideal and real efficien-
cies of the system (ηai and ηar, respectively) and reflect the values of the minimum energy required by
users – the minimum amount of energy to be supplied to the system (given its ideal behaviour) and the
actual energy consumed. The third indicator, ηar,o, is the energy performance target and it is estimated
by setting an ambitious but achievable level of energy loss due to inefficiencies in the system (pumping
stations, leakage, friction loss and others). The information provided by these three key performance
indicators makes a significant contribution towards increasing system efficiency. The real efficiency
indicator shows the actual performance of the system; the energy performance target provides a rea-
listic goal on how the system should be performing; and finally, the ideal efficiency provides the
maximum and unachievable level of efficiency (limited by the topographic energy linked to the net-
work topography). Details of the three indicators are defined in Cabrera et al. (2014).
If the improvement margin (ηar,o�ηar) calculated with the tool is deemed relevant, it should trigger

the subsequent stages in the process. The first being a water and energy audit (Cabrera et al. 2010) to
discover which parts of the WSS have the greatest improvement margins and which present the best
cost-benefit opportunities. Furthermore, in systems with an irregular terrain in which topographic
energy is significant, the recovery of this energy should be explored – and if found to be unviable
then the overpressures should be neutralised with PRVs.
Although in this short description just two stages of the whole process (see Figure 1) are described

(diagnostic and analysis), a more complete methodology (with five stages) is now under development.
The other three stages are ‘exploring the actions’ to improve the efficiencies, ‘taking actions’ selected
after a cost-benefit analysis from the explored ones and a final ‘label’ of the whole system that should
be a global mark that weights the different efficiencies of the system as a whole. It is important to
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Figure 1 | Flow chart to improve the efficiency in water pressurised systems.
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underline (Figure 1) that the energy required process (left column) follow a different way to the topo-
graphic one (right column).
Case study Alcoy

Alcoy (Spain) is a hilly city located 100 km south of Valencia and 60 km north of Alicante. Its popu-
lation is 50,000 inhabitants, feed through 6,000 connections. The network length is 182 km and has
been mathematically modelled without simplifications, that is to say, all node connections have been
kept in the model. The result is a model with 10,514 nodes and 10,872 pipes. That makes it particu-
larly precise and simple to model the load, because there is a unique and direct correspondence
between the water metered and billed and the network’s node. This feature is particularly relevant
in seasonal cities where summer demand is quite different to winter requirements. The highest
node of the network is 754 m over the sea level while the lowest is just 466 m, with a difference of
300 m, giving an idea about its complexity. Water is supplied from three different injection points.
Main results

The global real efficiency ηar is 0.41 while the theoretical one (ηai) is 0.52. Its difference 0.11, over 10%,
indicates the global margin of improving that in this case exists. In Alcoy, where most of the energy sup-
plied is gravitational (over 70%) losses have a reasonable value by two reasons. First because the current
main losses term (pumping inefficiencies) is not significant (just 30% of water is pumped) and further-
more pipe friction is not relevant because the network is oversized. The target indicator is estimated at
0.46, an improvement that proceeds mainly from leaks reduction (see Table 1). By the other hand, the
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Table 1 | Daily energy audit of the Alcoy network

Water energy audit (kWh/day)

Esr¼ 8.623 kWh/day Euo¼ 3.482 kWh/day

Esr,n¼ 6.016 kWh/day
EtrþEer¼ 620 kWh/day
Water network losses Erl¼ 1.587 kWh/day

Erf (pipes)¼ 477 kWh/day
Erf (valves)¼ 1.527 kWh/day

Esr,p¼ 2.607 kWh/day
Erp¼ 774 kWh/day

ΔE (tank)¼ 156 kWh/day

Global system har ¼
Euo
Esr

¼ 3482
8623

¼ 0, 4

With Esr, total supplied energy; Esr,n, natural (gravitational) supplied energy; Esr,p, shaft (wire) supplied energy; Euo, minimum required energy by users;

Etr, topographic energy of the system; Eer, supplied excess energy; Erl, reducible Erl (wasted energy in leaks); Erf (pipes), reducible pipe’s friction energy (pipe’s

friction wasted energy); Erf (valves), reducible valve’s dissipation energy (PRVs wasted energy); ΔE(tank) daily variation of stored energy in tanks.
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complementary value to the ideal efficiency (1- 0.52¼ 0.48) is the topographic energy embedded in the
water network. It is very high because, as said before, Alcoy is a very hilly city. Although theoretically all
that energy could be recovered, in real systems just a few percentage (if any) of this total can be saved
with a PATs. Table 1 depicts the global energy audit of the network.

Conclusion on energy audit

Table 1 clearly indicates where the main energy savings are located. Energy embedded in leaks (Erl) is
1,587 kWh/day, representing 19% of the total energy supplied. Friction losses in pipes are not signifi-
cant, because the network is oversized. Cost-effective analysis of the different potential actions to
diminish these values are required (see, in Figure 1, stages three and four). An analysis that is very
much depending on the energy cost and, in the case of the Erl, of the variable water costs as well.
Energy lost in PRVs (Erf(valves)¼ 1,527 kWh/day) is a different issue, because the energy these

devices dissipate is topographic and therefore cannot be saved, just recovered through PATs. In
fact, in the case of Alcoy there is an appropriate location to install a PAT and the energy that can
be daily recovered is estimated at 631 kWh/day. It is the result of an available head of 100 m, with
an average flow of 80 l/s, an energy that actually is wasted (VRP friction).
In any case, the most important conclusion is not that the figures correspond to the Alcoy’s analysis

that is a very singular case. What is relevant is the complete methodology that has been conceived. It
can help to improve in a significant way the efficiency of water pressurised system transport.
MULTI-CRITERIA DECISION-MAKING FOR EFFICIENT ENERGY OPERATION OF WSS

This section presents how, after having applied an energy audit, two multi-criteria decision-making
methods aid in the selection of the preferred energy-efficient operating water supply scheme. The
Águas do Algarve (AdA) case study includes a pump-storage reservoir in association with hydro-
turbines that, in addition to guaranteeing continuous flow during daily operation, aims to reduce
the external energy dependence and operational costs.

Multi-criteria decision-making methods

The case study aims at the analysis and discussion of the most efficient energy operating schemes in a
WSS, taking into account the seasonal variation of consumption. The traditional single criteria
decision-making approach, usually aiming at the cost minimisation, has shown to be inadequate to
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address this issue, as it does not take into account the technical performance of the system nor social
and environmental aspects. Multi-criteria decision analysis (MCDA) was used, being a useful tool in
the decision-making process to deal with a multiplicity of metrics and the complexity of energy plan-
ning projects (San Cristóbal Mateo 2012). Two multi-criteria decision-making methods have been
applied. Results obtained by the two methods are discussed.
The main purpose of MCDA is to provide decision aiding tools that help finding solutions for real-

world problems, most often, problems having conflicting points of view. Two multi-criteria decision-
making methods have been applied by AdA for the selection of the best energy-efficient scheme of a
water supply system, namely, simple additive weighting (SAW) and ELECTRE III.
The SAW method, also called as weighted sum method is one of the most widely used methods, in

which the alternatives are ranked based on their weighted sum score (Tzeng & Huang 2011).
ELimination et Choix Traduisant la RÉalité (ELECTRE) methods are a family of MCDA techniques

developed in France in the 1960s. These methods have been widely used in many real-life decision
problems (e.g., energy, transportation, environmental and water management) and have proven to
be suitable for situations in which at least five decision criteria are involved (Rogers & Bruen
2000; Figueira et al. 2005; Dias et al. 2006). The ELECTRE III starts by a pairwise comparison of
each alternative to the remaining one, in order to accept, reject, or, more generally, assess the credi-
bility of the assertion ‘alternative a is at least as good as alternative b’. This method involves two
stages: the construction of one or several outranking relation(s) followed by an exploitation
procedure.
Case study Algarve

The case study is a WSS of the Eastbound of Algarve region in Portugal (Eastbound or Beliche
system). The supplied population is 450,000 inhabitants from October to May, which triples in the
peak of summer season. This system has one surface water source (Odeleite/Beliche reservoir) and
water is treated in both Tavira and Beliche water treatment plants (WTP). At the upstream of Beliche
WTP, there is a micro-hydropower plant with two pumps-as-turbine installed. The system downstream
Tavira WTP has four pumping stations, four in-line storage tanks and delivers water to 20 municipal
tanks. It is composed of 115 km of pipes with diameters from 40 to 1,500 mm.
The system has two operating schemes due to the seasonality of tourism:

• OS1 – Operation Scheme 1, in which only Tavira WTP is operating and water is conveyed from
Beliche to Tavira by a 28 km raw water main with two pumping stations.

• OS2 –Operation Scheme 2, in which 78% of water is treated in Tavira and 22% in Beliche WTP and
the microturbine is operating.

Several metrics have been selected for assessing energy efficiency, associated to performance, cost
and risk, namely:

• E1 – energy in excess per unit of the revenue water (kWh/m3);

• E2 – ratio of the available energy in excess (-);

• E3 – greenhouse gases produced from energy use (kgCO2eq/m
3);

• E4 – energy production profits (€/m3);

• E5 – consequence of a failure in Tavira’s WTP (%).

The aim of this analysis is to compare the energy efficiency of the Eastbound system for two oper-
ating schemes using the referred energy metrics and two different demands scenarios: high season
(HS) and low season (LS) demand scenario. Four situations were simulated: OS1-HS, OS2-HS,
OS1-LS, OS2-LS. An energy audit was performed according to Cabrera et al. (2010) and Souza
et al. (2011), i.e. the energy balance was calculated using the hydraulic model.
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Main results

Table 2 shows the results of the energy audit obtained. Weights were attributed by a panel of technical
specialists of the water utility considering three points of view: environmental (E1, E2 and E3), finan-
cial (E4) and social (E5). At first sight, the best option seems to be OS2-LS (78% of water treated in
Tavira and 22% in Beliche) and the worst OS1-LS.
Table 2 | Results of the energy efficiency metrics (decision matrix)

Alternatives E1 (kWh/m3) E2 (-) E3 (kg CO2eq) E4 (%) E5 (%)

OS1-HS 0.27 1.37 161.5 0 100

OS1-LS 0.29 2.06 80.9 0 100

OS2-HS 0.24 1.51 151.0 2.9 51.7

OS2-LS 0.23 1.83 67.5 6.3 47.6

Preference direction ↓ ↓ ↓ ↑ ↓

Weights 0.2 0.2 0.3 0.2 0.1
Results obtained by application of the two MCDA methods, SAW and ELECTRE III, are shown in
Figure 2. The best option is OS2-LS followed by OS2-HS (in both methods) which means that it is
better to have Beliche WTP working the whole year and not only at the HS. The main difference
in the results is that, with ELECTRE III, the alternatives OS1-HS and OS1-LS are ranked ex-aequo
which does not happen with SAW method. Results are coherent, since OS2-LS is better than all
others options in at least four metrics.
Figure 2 | Ranking obtained with: (a) SAW method; (b) ELECTRE III method.
Conclusion on multi-criteria decision-making

The application of the twomulti-criteria decision-makingmethods has shown that the best option isOper-
ating Scheme 2 with Low Season (LS) demand scenario (OS2-LS) which means that it is better to have
Beliche’s WTP working the whole year and not only at the High Season (HS). Moreover, the preferred
Operating Scheme 2 includes energy recovery by a micro-hydropower plant with two pumps-as-turbine.
The main difference between the two methods lies with the two worst options since ELECTRE III

gives an ex aequo rank and SAW does not allow this. Despite this difference, the methods give coher-
ent results.
The problem of selection of an appropriate method for some type of problem is an open research

issue. Before this selection, the problem should be carefully described as a not well-structured method
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can restrict the application of MCDA methods. Structuring the decision problem is one of the most
importance stages in the analysis and resolution of a multi-criteria decision problem.
The main drawbacks of the SAW method are adding or removing alternatives may change ranking;

difficult to use for qualitative scales; and depends on normalisation used. The main advantage is that
its simplicity allows using a normal spreadsheet to rank the alternatives. ELECTRE III is more com-
plex than SAW method, which can use discrimination thresholds incorporating in that way the
imperfect nature of the evaluations. Although on the one hand this is an advantage, on the other,
it is a disadvantage because assigning values to these discrimination thresholds is not a trivial task.
NUMERICAL DYNAMIC TOOL FOR INTEGRATED PRESSURE AND ENERGY MANAGEMENT IN WSS

This section presents the development of a methodology for integrating pressure and energy manage-
ment in WSS, with the aim to save both water and energy resources. The dynamic optimal turbine
selector (DOTS) is presented as a numerical dynamic tool for optimal turbine operation in the
WSS of Langhirano.
The WSS of Langhirano appears as a meaningful case study for the water-energy nexus: the system

is almost completely supplied by pumps (high energy impact) and the most densely populated part of
the network is already sectorised and organised in seven District Metered Areas (DMAs).
The research focussed on the presence of PRVs at the inlet point of each district, investigating how

to recover energy from the existing pressure excess at the valves, as well as to save water through
pressure management strategies. The method uses among others Genetic Algorithms to identify the
optimal DMA boundaries and to determine the optimal type, location and setting of the PRVs
(based on Awad et al. 2010).
This was done by integrating two main actions:

• Development of a numerical tool (accounting for the specific machine efficiency) in order to search
for the optimal turbine/PAT to be installed in a certain point, leading to the highest amount of
energy produced, given the flow and head patterns during the day.

• Assessment of the energy producibility under different operating scenarios of the WSS, considering
both PRV settings and pumps’ operation.

The DOTS tool

The basic parameters involved in the operation of a generic hydraulic turbine are: Hu (net available
head), Q (flow), n (rotation speed), η (total efficiency). Such four values allow for calculating the effec-
tive power and the momentum of the turbine. Turbine performances are generally determined
through experimental measurements and presented in a (n, Q) chart, called hill diagram, where Hu
is kept fixed.
In the hill diagram for Francis turbines (selected as the most suitable for the energy recovery and

micro-generation purposes), flow rate is influenced by the rotation speed of the impeller. The
system can adapt itself through the degree of opening of the turbine distributor (OTD) and the flow
rate diverted into the bypass valve (Qv). In practice, if the turbine is forced to operating conditions
beyond its capabilities, the flow through the turbine (Qt) should be reduced and diverted through a
bypass so as to ensure the passage of the flow rate required by users (Qu). Once Qt, OTD and Hu
are known, the instantaneous efficiency and power generated can be derived, together with the
energy produced by the system.
The logical scheme of the simulation tool is shown in Figure 3.
The conceptual model described above can be applied to any desired time series. Two time series

are required: flow through the existing PRV and net available head.
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Figure 3 | Overall schematic of the turbine modelling tool.
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The time series are simulated introducing a turbine, which is defined by a pair of values: flow (Q)
and net available head (H) representing the best efficiency point (BEP) for that specific turbine. There-
fore, each pair (Q; H) represents a single specific turbine, producing a certain amount of energy, when
working under the flow-head conditions defined by the time series. Assigning a produced energy value
(Z) to each pair (X, Y), the energy retrievable by different turbines with different BEP can be
represented by a 3D surface (Figure 4).
Figure 4 | 3D charts representing the daily energy production for turbines with different BEPs.
Case study Langhirano

The WSS of Langhirano (province of Parma, Italy) is a completely independent system, with a total
pipeline length of 222 km, serving a population of about 10,000 inhabitants, on a surface of 70.8 km2.
The system retrieves water mostly from wells in the lower zones of the municipal area and occasion-
ally from springs in the higher zones.
The most densely populated part of the system has been organised in seven DMAs, whose inlets are

controlled by fixed setting PRVs. The current status of PRVs is shown in Table 3, where the setting is
the pressure to be maintained in the downstream node.
To assess the effects of pressure management strategies a numerical model of the network has been

implemented, making use of the water distribution system modelling software EPANET. The model
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Table 3 | Energy produced by microturbines at each PRV

Valve
(District)

Day 78 – PRV
current setting
(m)

Day 78 – turbine Egener [kWh]
imposing the PRV current setting

Day 78 – PRV
alternative setting
(m)

Day 78 – turbine Egener [kWh]
imposing the PRV alternative
setting

%
increase

B 35 38 20 70 þ84.2

E 60 17 35 17 0.0

C 55 24 25 27 þ12.5

D 30 12 16 17 þ41.7

A 15 14.5 16 17 þ17.2

F 35 160 22 180 þ12.5

Total 265.5 328 þ23.5
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includes nearly 1,000 pipes as well as all pumps and valves for which the water utility has provided
characteristics and efficiency curves. The model has been calibrated with a timestep of 5 minutes, on
the basis of the available measured data, especially focussing on the possible position and magnitude
of leakages. Four calibration days were considered, representative of two different working days and
two non-working days.

Main results

First, alternative PRV settings were applied. The pressure settings at the valves have been modified,
however still ensuring the minimum pressure required (5 m above the roof of each building). This
resulted for calibration day 78 (working day) in a reduction of energy consumed from 2,356 to
2,189 kWh/d while the leakage rate was reduced from 31.1 to 24.8%.
Second, in order to achieve further energy savings, the on-off settings of the pumps have been

slightly modified. The aim has been to make the plants work mainly during the off-peak hours, how-
ever still fulfilling the level of service required. These simulations were carried out assuming the
alternative PRV settings. The system appeared somehow constrained, therefore relevant changes
where not possible: 2,082 kWh energy consumed and 25.4% leakage rate.
Third, micro-generation simulation was done. The turbine modelling tool has been applied to all

four present state scenarios (four different calibration days) and to the optimised alternative scenarios,
adopting a Francis turbine with n¼ 1,550. Results of micro-generated energy in the PRV alternative
condition are summarised in Table 3 and compared to the energy retrievable in the present state.
The extension of the analysis to the alternative operating scenario ‘PRVþ pumps settings’ has led
to similar results in terms of energy produced.
For the sake of clarity, a summarising table is presented, introducing all the analized scenarios, both

in terms of present state conditions and of alternative settings proposed. The daily micro-generated
energy is compared to the daily energy consumed by the system pumps. Water leakage rate is reported
as well (Table 4).

Conclusion on numerical dynamic tool

The analysis exhibits several results, which lead to different interesting considerations.
Although the amount of energy produced does not allow for the complete self-sustaining of the

existing plants, it might however supply energy to auxiliary devices or service buildings used by the
water utility. It should be noted that, larger networks are in general able to offer higher hydraulic
heads and flows, which could lead to increased amounts of energy produced, compared to that con-
sumed. This is mostly true for systems fed also by gravity and not just through pumps (such as
Langhirano).
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Table 4 | Summary of energy consumed, produced and leakage rate for each scenario

Scenario Econs [kWh/d] Egener [kWh/d] %Gen/Cons % Leakage

Day 66 2,582 256 9.9 27.7

Day 78 2,356 265 11.2 31.1

Day 80 2,388 267 11.2 29.6

Day 82 2,253 260 11.5 31.0

Optim PRV 2,189 328 15.0 24.8

Optim PRVþ Pump 2,083 326 15.7 25.4
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The inclusion of micro- turbines and their theoretical producibility is not in contrast with the
measures taken to save water and energy (further pressure reduction and optimisation of pumps
operation).
During the whole analysis, the DOTS tool proved to be both effective and flexible. The tool has a

major advantage: it is capable of estimating the energy retrievable under certain dynamic conditions
(namely flow and pressure time series), considering not just one single turbine, but a complete family
of turbines sharing the same rotation speed number. This is particularly useful for the water utility
management, as they will be able to perform cost-benefit analysis among the different turbines
(especially considering those already available or not in the market) and the energy produced.
All in all, although the absolute value of energy produced by the turbines appear small when com-

pared to the amount spent for the operation of the pumps, the insertion of the turbine/PAT is in
general feasible and not in contrast to other interventions aimed to the improvement of water and
energy management of the system.
UWOT TO ESTIMATE HYDRO ENERGY PRODUCTION IN WSS

This case study mainly focuses on hydropower generation along the external aqueduct network of the
Athens WSS up to the four WTP supplying the city of Athens. The specific analysis requires a com-
bined assessment of both water and energy in the urban water cycle and for this purpose the
Urban Water Optioneering Tool (UWOT) was selected, which provides an appropriate modelling
platform to facilitate this integrated approach. The analysis finally proposes a possible water-energy
roadmap for the water supply system of the Greater Athens Area.

The UWOT

UWOT is a detailed bottom-up model that can simulate the entire urban water cycle from source to
tap and then to disposal. UWOT follows a demand oriented approach and simulates the urban water
cycle by aggregating and transmitting demand signals towards the source, instead of adopting a
hydraulic conceptualisation and simulating water and wastewater flows (Rozos et al. 2010; Rozos
& Makropoulos 2013). This approach has the advantage that the analysis is focussing on water
users, allowing for the simulation of different type of households, user behaviour patterns, water tech-
nologies and appliances from more centralised to more decentralised options. In UWOT both
demand and supply side measures and interventions can be investigated.
For the purposes of the specific analysis focussing on the water-energy nexus, energy related calcu-

lations in UWOT were further developed as described by Baki & Makropoulos (2014). Specifically,
hydropower production calculations in the urban water cycle have been refined by taking into
account the effect of variations in discharge and upstream reservoir water level. Power-discharge-
water level (P-Q-H) curves can now be inserted in UWOT, instead of just using a constant specific
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energy value in the hydro turbine model component. This allows for a more accurate estimation of the
hydropower potential of the urban water system and more reliable assessment of related interven-
tions, but at the same time offers the required flexibility according to the available information and
required level of detail in each application.

Case study Athens

This approach and methodology was applied in the complex urban water system of Athens that serves
approximately 4,300,000 people. Athens is located in Eastern Greece, a water scarce area, and the
imbalance between water demand and water availability has resulted in the development of a very
long water conveyance system transporting water from over 200 km away, from the western part of
the country that receives most of the rainfall. Water demand in Athens after having increased rapidly
over the recent decades has now stabilised at approximately 415 hm3 and the WSS is operating very
close to its capacity (Efstratiadis et al. 2009).
Most of the water for supplying Athens comes from surface water sources and specifically from the

primary reservoir system of Evinos and Mornos, from which water is transferred with gravity via the
southern aqueduct branch. Various energy dissipation works along the southern aqueduct branch
have been converted during recent years into hydropower plants (HPP) and at the moment six of
them are in operation (generating 20.6 GWh/y). The available renewable energy potential can be
further exploited with additional HPPs. The operation of the WSS is quite complex and challenging
as there is a constant trade-off between WSS reliability and energy costs (Makropoulos et al. 2010).

Main results

The model of the Athens external water supply system was setup in UWOT employing various model
components and brands, as well as making various assumptions and some simplifications necessary
due to the complexity of the system. Initially, the schematisation of the current WSS was developed
and P-Q-H curves were constructed and inserted in the model for all existing HPPs along the aque-
duct system. The baseline scenario was run for eight hydrological years using historical time series
for water demand and reservoir inflows. The model was calibrated both in terms of water and
energy balances as described in Baki & Makropoulos (2014). The calibration exercise intends to cap-
ture current WSS operational decisions applied by the water company and actually confirms that the
current operational policy aims at reducing energy costs by minimising water abstractions from
energy intensive sources.
Various energy related interventions with a particular focus on hydropower production were then

identified in close collaboration with the Athens water company. These interventions were grouped
into different phases according to their estimated implementation timeframes. The identified
groups of interventions referring to the Athens external water supply system are presented in Table 5.
Table 5 | Identified energy related interventions of the Athens external water supply system

Step 1: immediate Step 2: short-term Step 3: medium term Step 4: long term

Proposed
interventions

• Pump replacement (Kiourka)
• Operational improvement of
existing HPPs

• New HPP Klidi

• New HPP
Helidonou

• New HPP Giona
(2nd unit)

• New HPP Outlet of
Evinos–Mornos tunnel
For each of the different intervention phases separate UWOT schematisations and models were
developed, which were run using current water demand levels and 100-year synthetic timeseries for
the hydrologic inputs. The future scenarios models were also run with different WSS operational
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rules corresponding to different WSS reliability levels. Model results were evaluated using selected
indicators, the renewable energy fraction and energy intensity, i.e. the amount of energy required
per unit volume delivered. Figure 5 shows the potential evolution of the total and net energy intensity,
the latter is estimated after taking into account hydropower generation, of the external water supply
system through the different implementation phases, constructing thus a potential water-energy road-
map for the Athens WSS.
Figure 5 | Evolution of energy intensity (net and total) for the proposed water-energy roadmap.
Conclusion on UWOT

The results of the analysis suggest that there is a substantial energy recovery potential through hydro-
power generation along the external aqueduct network of the Athens urban water system and the
implementation of the proposed water-energy roadmap could lead to a considerable reduction of
the system’s energy footprint. The more short-term interventions could have a considerable impact
on net energy consumption without having too many technical complications or requiring too
many resources for their implementation. The results of the work indicate that the most promising
intervention in terms of hydropower production is the development of the hydropower plant at the
exit of the Evinos–Mornos tunnel due to the substantial volume of water transferred annually between
the two reservoirs. However, the specific project is technically challenging and requires a detailed
technical analysis and financial feasibility study. It should also be noted that socio-economic uncer-
tainties and legislative and bureaucratic processes currently in place could create barriers and
delays in the implementation of renewable energy projects. Finally, the current analysis highlights
the importance of the WSS operation, which plays a very important role in the water-energy nexus
of the urban water system, but also the fact that there should also be a careful consideration of the
trade-off between system reliability and energy costs.
The models developed in UWOT showed an overall good performance and the baseline model ade-

quately simulated the current state of the water-energy nexus in the Athens external aqueduct system.
It is considered that the model can accurately estimate hydropower production and assess the effect of
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related projects, after having expanded its capabilities (Baki & Makropoulos 2014). More generally,
since UWOT can capture water-energy interactions in the entire urban water cycle, it is suggested
that UWOT can provide a common platform for the combined analysis of water and energy. The
effect of energy related interventions on the energy footprint of WSS can be estimated through this
tool and methodology, as well as the effect on the WSS’s reliability which is crucial for the services
provided by the water utility.
CONCLUSIONS

There is significant potential for energy recovery through the use of micro-hydropower installations in
WSS. In 4 case studies, multi-objective management tools have been used to optimise the hydro
energy potential in WSS, and simultaneously optimise the hydraulic and energy efficiency. From
the case studies can be concluded, that:

• Performing an energy audit of pressurised water networks, gives a good indication of the energy pro-
blems and possibilities and locations for energy saving. In the case of Alcoy, the energy audit
revealed that Erl represent 19% of the total energy supplied. Introducing a PAT could result in
an energy recovery of 631 kWh/d.

• In the Algarve, after having applied an energy audit, two multi-criteria decision-making methods
resulted in the selection of the preferred energy-efficient operating water supply scheme, i.e. the
year round operation of Beliche WTP with energy recovery by a micro-hydropower plant with
two PATs.

• Numerical dynamic modelling results of turbines in the Langhirano water distribution network
shows that the inclusion of microturbines matches with the measures taken to save water and
energy, i.e. further pressure reduction and optimisation of pumps operation.

• In Athens, the UWOT can accurately estimate the hydro energy potential of the urban water system.
The development of an additional hydropower plant at the outlet of Evinos–Mornos tunnel
appeared to have the biggest impact on net energy consumption and renewable energy fraction.

The presented methods showed that through an integrated approach the WSS can be optimised for
both hydraulic and energy efficiency. By applying multi-objective management tools, the full potential
of hydro energy can be exploited in balance with the optimal hydraulic performance and water supply
service.
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