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H I G H L I G H T S

� An innovative solution for Sustainable Urban Drainage Systems (SUDS).
� Use of retention ponds to reduce risks of urban flooding while producing energy.
� Use of recently developed hydropower converters for low heads.
� Solution to be integrated in future smart water networks for increasing efficiency.
� Water and energy nexus for sustainable operation towards future smart cities.
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a b s t r a c t

The development of a methodology for urban flood adaptation and energy recovery solutions is resting on the
concept of Sustainable Urban Drainage Systems (SUDS) as a measure to reduce risks of urban flooding while
fully utilizing the available resources. Flood drainage systems are infrastructures essential in urban areas,
which include retention ponds that can be used as water storage volumes to damp floods and simultaneously
to produce energy, constituting innovative solutions to be integrated in future smart water grid′s designs.

The consideration of urban flooding as a problem caused by excess water that can be harvested and re-
used is expected to provide a comprehensive representation of a water-energy nexus for future urban areas.
The study comprises an optimization of energy recovery in SUDS of a small district area of Lisbon down-town
through the use of a low-head hydropower converter.

The status-quo solution based on a basin catchment for the average expected runoff is analysed, with
influence of the tidal backwater effect of the Atlantic Ocean which causes difficulties to the drainage of excess
flow. The methodology used to reach the flow damping and the optimized solution for energy production is
presented.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Urban flooding is the result of rainfall exceeding the drainage
capacity. The overflowing of roads, properties and infrastructures
causes not just high damages but also distress and even life losses.
Moreover, this urban flow is a major source of pollution, picking
up and transporting harmful substances and posing risks to public
health and to the environment.

A common solution for this problem is the storage of the water
excess in retention ponds. These reservoirs usually discharge into
the environment or lead the water to treatment plants.

What poses a new challenge is the fact that the impact of flooding
in urban areas may be worsened in the near future, due to the

augmentation of impermeable areas. In fact the European Environ-
ment Agency (EEA) confirms that the urban space is increasing, the
green areas are being reduced and a greater number of people are
living in urban areas than in rural regions. Europe is one of the
continents with the highest rate of urbanization, with about 75% of
the population living in urban areas, and recent studies reveal that
this scenario could increase to 80% in 2020.

The EEA also states that the space occupied by urban areas is
increasing faster than the population itself. It is expected that,
between 2000 and 2030, the world population will have increased
approximately 72%, while, for the same period, it is expected an
increase of 175% of urban areas with 100 000 or more inhabitants.
In Fig. 1 it is shown the urban growth expected in 2030.

This growing urbanization is contributing to reduce the soil
absorption capacity and storage of stormwater, which has lead,
together with the ageing of the existing drainage infrastructure, to
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an increase in the cost of flood management (Wegehenkel
and Kersebaum, 2008; Einfalt et al., 2009; Tingsanchali, 2012;
Makropoulos et al., 2008). To tackle this challenge, innovative
and sustainable urban drainage systems and methodologies are
needed.

The design of urban drainage traditionally sought to catch the
excess runoff and lead it out of the cities, according to sanitary and
security precepts. However, nowadays urban drainage can be seen
in a more broad vision, as a part of the water-energy nexus. This
nexus refers to the fact that water and energy are basic needs with
similar demands and, consequently, should have an integrated
base-management. Even though these are some of the essential
goods in modern societies, few authors have presented global-
scale water and energy foot-printing analyses (Vieira and Ramos,
2008; Ramos and Ramos, 2009; Hoekstra et al., 2009; Ramos et al.,
2011) being traditionally managed independently (Beaulieu, 2010;
Lindström and Granit, 2012; Howe and Mitchell, 2012).

The new approach of having a joint management in sustainable
urban drainage systems (SUDS) will not only assure that the
system is designed to face the likely hydrological extreme events
of the area but also to increase the penetration of renewable
energy sources, which is particularly relevant in a context with
increased scarcity of primary resources (Pender and Néelz, 2007;
Bizikova et al., 2008; Breinholt et al., 2008; UK.Lee et al., 2012).

In this context, the flood-control and drainage systems can be seen
as new hydropower opportunities. Hydropower is the most used
source of renewable energy in the world and it can help mitigate the
climate changes by cutting our dependence on carbon-based fuels
(Sommers, 2004; San Bruno et al. 2008; Wiemann et al., 2009).

The integration of hydropower production in SUDS will be
sensitive to total runoff, to the timing of the runoff and to the
geometry of each retention pond in each drainage system. Addi-
tionally, specific energy converters for small heads are needed for
the feasibility of such systems.

The development of hydropower converters for very low heads
has been in progress under the European project HYLOW (2009–
2012), where studies of new systems were gathered to exploit the
energy created by small waterfalls or to take the advantage of non-
negligible available flow energy in any water pipe system. Two of low
head energy converters from the HYLOW project research are worthy
of mention in this context: first, the hydraulic pressure machine
(HPM), which was developed at the University of Southampton in the
UK (Senior, et al., 2008), is a waterwheel working for small heads,
from 1 to 2.5 m, and flow values between 1 and 2 m3/s, depending on
the size of the machine; second, as an alternative to this device, a
tubular propeller with 5 blades (TP5B) and an internal diameter of
100 mm was developed at the Instituto Superior Técnico, Technical
University of Lisbon, and it is suitable for heads between 0.5 and 10 m
and flow values in the range of 3 to 16 l/s (Ramos et al., 2009, 2012b,
2012c, 2013; Caxaria et al., 2011). These new technologies can be
applied to existing water systems, with the purpose of producing
energy (Ramos et al., 2009; Madsen et al., 2009), being the drainage
systems one example of possible applications. These converters have
significant low-costs of installation and maintenance which makes
them largely suitable and attractive as a sustainable solution.

Hence, the purpose of the present study is to optimize the
energy production in the outlet of a retention pond through a
micro-hydro converter specifically suitable for low heads. A case
study was chosen based on a previously calibrated Mike Basin
model (Ramos et al., 2012a), that characterizes the precipitation-
runoff relation based on rainfall, evaporation and territory proper-
ties. The studied area is a district of Lisbon which has been facing
several serious flood problems (Fig. 2) thanks to its location in a
downtown area, near the Tagus River and the Atlantic Ocean.

The analysis is based on the settlement of a power target demand
and on the design of the volume, the shape and the depth of the
retention pond, as well as on the control of the water discharge.

Since the use of reservoirs involved with flood risk assessment
has been documented in some references (Eum et al., 2012;
Talukdar et al., 2011), the combination of flood control with energy
generation is the novelty proposal in this research. The introduc-
tion of the concept of SUDS connected with water-energy nexus is
an intended innovation, which leads to proposing joint manage-
ment methods and design implications to optimize water/power
systems. The goal is to present a new methodology for micro-
hydro solution by sizing both the volume and the water height in
flood control ponds in order to maximise the energy production.

2. System modelling

2.1. Brief description

Mike Basin (MB) is a water management network model that
analyses water resources and water uses. It was created to solve waterFig. 1. Prediction of urban growth in the world.

Fig. 2. Example of flood events in Lisbon (October 2010).
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sharing problems and environmental issues in several application
fields. Rivers and channels are represented by branches on the system
network and the nodes represent confluences, diversions and water
facilities such as reservoirs and hydropower stations (DHI, 2009). The
simplified configuration of the studied system is presented in Fig. 3.

Ponds allow storage rainfall from a catchment to avoid floods
and MB tools contain several multi-purpose reservoir systems.
A rule curve reservoir is used in this study and the characteristics of
the retention pond are user defined. The most important parameters
are its size and shape and the rules to control its behaviour, such as
the flood control level and the top of dead-end storage. The flood
control level is set at the height of each pond as a weir crest level.

The study is based on two hydropower stations which are
located downstream of a pre-defined retention pond (Fig. 3).
Power outputs are calculated as function of the outlet discharge
and the net head is created from the water level inside the pond.

Power Target demands are considered for each hydropower
station. The first one has priority over the second and the target
demand is stated constant. For the second one, the target demand is
monthly variable, depending on the season. The targets control the
generated power and, consequently, the turbine discharge. The
simulator model is able to control the power target demands
according to the water level. The power generated is allowed to
exceed the demand when the “surplus capacity” is accepted. More
precisely, below a characteristic water level, called reduction level, the
target demand is affected by a reduction factor (RF) between 0 and 1.
This allows keeping a certain head of water in the reservoir and, as a
result, to optimise the energy production, for a given RF. In practice,
the pond is provided with an extra control system.

In this study, the reduction rule is set the same for each
hydropower station (1 and 2). The reduction level is fixed at two
thirds of the reservoir height (i.e. 6.7 m for the 10 m-high reten-
tion pond and 2 m for the 3 m-high pond, respectively) and for the
RF a constant value of 0.8 was considered. The control in both
water outlets prevented the outlet flow from exceeding the
maximum turbine discharge assumed by each hydropower station.

2.2. Model simulation

MB simulates the runoff on a catchment taking into account the
hydrological cycle, the type of soil and the provision of water, such
as the over-land flow, base-flow and inter-flow. The supply of
water comes from rainfall and snow melt, being also affected by
the evaporation. The soil is divided into four inter-connected
zones: surface, groundwater and snow storage. The characteristics
of each zone are defined according to the type of area under
analysis, which is, in this case, a down-town urban zone. In these
circumstances, surface storage, interflow and base flows are
considered negligible and, from that premise, the model is then
calibrated. The pond at the starting point is considered dry. The
rainfall is based on data belonging to the meteorological institute
of Portugal (Meteo.pt, 2012), from the station of Lisbon.

Simulations are run for a series of daily rainfall. This consists on
getting the water management based on inputs and several rules
which control the water balance. Calculations are done for the flow in
each node, for the storage and the water level inside the retention
pond and for the generated power, as well as for the power deficit of
each hydropower station. The objective is to analyse the electricity
production capacity regarding the generated power, the power deficit
and the water turbine discharge. The aim of each retention pond is to
avoid floods, which consequently emphasizes the importance of
controlling the water turbine discharge.

3. Micro-hydro implementation

Integrated in the EU—HYLOW Project developments, a novel
hydropower converter for open channel flows and very small head
differences of 1 to 3 m and flow rates from 50 to 420 l/s with
0.97 m of wheel width was developed at Southampton University
in cooperation with the Technical University of Darmstadt (Senior
et al., 2011; Schneider et al., 2011) (see Fig. 4). A theoretical
approach was developed to assess the performance characteristics
of this Hydrostatic Pressure Machine (HPM).

The following results can be summarised as follows:

� diagonal blades mounted in an angle of 20 degrees on the hub
were identified as the best combination of simple geometry
and efficiency;

� a flume width ratio of approx. 1:1.3 is recommended as most
efficient and economic set-up;

� minimizing the gap between the tip of the blade and the
curved bottom section, a flexible rubber band increases the
available power output and the efficiency significantly;

� an increase in head difference between the up- and down-
stream water levels results in a significant increase in power

Fig. 3. Simplified representation of a retention pond and hydropower-base system.

Fig. 4. Performance curves obtained in lab: diagonal blades with different ratios of
HPM to flume width; d1¼0.815 m, d2¼0.2 m (adapted from Schneider et al., 2011).
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output and efficiency. Even if the upstream water level is
slightly higher than the top edge of the hub (about 1/4 of the
blade length) the power output and efficiency of the HPM
improve.

As an alternative solution for very small available discharge
values, a tubular propeller with 5 blades (Fig. 5), which can be
applied in a pipe system, has been developed at Instituto Superior
Técnico—CEHIDRO, in the University of Lisbon (Ramos et al., 2009,
2012a–2012d).

Under lab conditions and for the internal diameter of 100 mm,
the tubular propeller with 5 blades (TP5B) was tested for different
head and flow values in order to simulate the conditions found in a
typical real water system (Fig. 5).

Additionally a mathematical approach was developed to assess
the performance characteristics as shown in Figs. 6 and 7, obtained
based on CFD simulations, which allow to compare head
and mechanical power for a tubular propeller with the internal
diameter of 100 mm.

For power generation purposes, a 500 W with a DC permanent-
magnet machine was also used. The use of a TP5B in water pipe
systems demonstrated good hydro-mechanical efficiency values
(40–80%), representing a solution to be used for available flow
energy that would be dissipated or wasted.

4. Methodology

The first step of the study consists on identifying the influence
of suitable micro-hydro converters on the generated power solu-
tion and water discharge in order to find the best set-up to
optimize joint management of the water-energy nexus. It is
intended to both maximize the energy production and control
the floods. Thus, according to each target demand, the height of
the retention pond, the reduction factor and the output data are
defined as a function of the volume.

For the case study, the selected maximum heads are 3 and
10 m. Those values correspond to the use of a wheel hydropower
converter (3 m) and a tubular propeller (10 m) in order to take into
account their respective limits of application. For this procedure,
the rainfall and the size of urban area are defined. The size of the
area under analysis is set at 1 km².

Rainfall and runoff graphs data are inputs to the model from
the meteorological Lisbon station for a typical climatic situation, as
presented in Fig. 8. The feasibility analysis of producing energy
with a micro-hydro converter is then analysed. It was considered
the daily rainfall data of the year of 2011.

Fig. 9 shows the typical dynamic flow scenario in the complete
drainage system composed by underground pipe flow and the
respective piezometric line variation along the pipe profile.

Fig. 5. Tubular propeller with 5 blades.

Fig. 6. Performance curves of head (lozenges) and efficiency (squares) versus
discharge, for a runner with five blades and a diameter of 100 mm.

Fig. 7. Performance curves of mechanical power (lozenges) and efficiency (squares)
versus rotational speed for a runner with five blades and a diameter of 100 mm.

Fig. 8. Rainfall (mm) (top) runoff (m3/s) (bottom) for a small district Lisbon
catchment area.
Source: Meteo.pt, 2012.
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Fig. 9. Flood drainage system: plan view and type of flow (top); evaluation of the piezometric line along the analysed branch of the Lisbon area (bottom).

Fig. 10. Catchment basins: (a) Evolution of urbanization and runoff curves, (b) Basins geometry and respective runoff curves.
Sources: adapted from Tucci, 2003 and adapted from Santos, 2011.
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Fig. 10 shows the influence that the urbanization can have in
the runoff evaluation, as well as the catchment shape, in the
maximum values.

Particularizing for the case of Lisbon, the type of flooding is
similar to the one produced by a rounded basin geometry.
The volumes of water are sufficient to stop traffic, as well as to
inundate residential and commercial ground floors, causing pro-
blems on the daily commercial dynamics of a city due to its
complex level of accessibilities.

In Lisbon, as well as in many other cities, the arising problem
from flooding in urban areas is not a recent problem, and the
frequency and intensity of the episodes have been getting worse in
recent years. Some analyses have shown, for different periods, that
the vast majority of flooded areas lie on old water lines (Fig. 11),
a phenomenon explained by urban sprawl that led to the disap-
pearance of watercourses, including the temporary flow regimes,
through its plumbing, old beds being occupied by paved streets,
buildings and other constructions. Fig. 11 shows the sites of floods
in Lisbon in this last century. It is noticeable the correlation of the
rounded shape of the Lisbon catchment basin and its consequence
in the flood events, transforming in few minutes the downtown
into an inundated zone.

5. Results

This analysis is done by observing the evolution of the total
generated power, the total power deficit and the flow discharged
downstream as function of the pond volume. In the sensitivity
analysis, the volume varies from 510 to 25 500 m³. The surplus
capacity was not a variable of this study because it was not
considered relevant to the main objective of this research. The
influence of the flexibility of such a drainage system can be
achieved with a joint management of runoff water and energy
production using different target demands, reduction factors and
different pond heights (available heads) of the retention ponds to
find the best parameters for the pond volume that optimize the

production of energy and minimize both the power deficit and the
outlet runoff leaking.

5.1. Analysis for two different target demands

The results were analysed for the following target demands:
Target 1 corresponds to a power installed of 800 W: a constant
value of 800 W for the hydropower station 1 (Target 1 and
hydropower 1¼1H1) and a variable value with a maximum of
800 W for the hydropower station 2 (Target 1 and hydropower
2¼1H2), depending on the season and on the monthly evolution
of power demand (REN, 2012). The Target 2 demand is for a power
installed of 130 W: a constant value of 130 W in hydropower 1
(target 2 and hydropower 1¼2H1) and a variable value with a
maximum of 130 W (target 2 and hydropower 2¼2H2, respec-
tively), as represented in Fig. 12.

In Fig. 13, the average per day of the total generated power for
both Targets in a 10 m-high pond is represented, as well as the
maximum generated power, which corresponds to the average per
day of the total target demand. The Target 2 shows how the

Fig. 11. Sites of flood events in Lisbon between 1918 and 2012.

Fig. 12. Two selected power target demands for each hydropower station.
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generated power follows the power demand. In Fig. 14, the flow
directly discharged in the river is presented for both targets.

The set for Target 2 underestimates the capacity of the reten-
tion pond but the maximum intended power production is
reached. However, the direct discharge is very significant when
compared with the flow through hydropower stations H1 and H2.
In fact, the target is lower than the production obtained if the total

amount of water was fully used, which means that the water
losses are significant.

Target 1 is the one that best suits the system. A maximum
generated power is reached at 8925m³ (Fig. 13) but the water losses
are still important. Thus, the most appropriate volume is 10 000 m³
since the generated power is optimized without water losses.

Figs. 15 and 16 show the same type of analysis for a 3 m-high
pond. In this case, the flow has to be increased and the amount of
water is not sufficient for the Target 1. However, Target 2 is too low
to be profitable and leads to important water losses as well.

Fig. 14. Directly discharged flow as function of the pond volume for two different
targets and for a 10 m-high pond.

Fig. 15. Average per day of generated power as function of the pond volume for
two different targets and for a 3 m-high pond.

Fig. 16. Directly discharged flow as function of the pond volume for two different
targets and for a 3 m-high pond.

Fig. 17. Generated power as function of the pond volume for different reduction
factors.

Fig. 13. Average per day of generated power as function of the pond volume for
two different targets and for a 10 m-high pond.

Fig. 18. Power deficit as function of the pond volume for different reduction factors.
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In the following steps, the study is focused on the 10 m-high
pond since its generated power is much higher than the one
obtained with the 3 m-high pond due to the low flow values of the
case study.

5.2. Impact of the reduction factor

The reduction factor has a relevant influence on the optimiza-
tion of the energy production. The principle is to slow down the
water discharge for water levels below two-thirds of the global
height of the pond. Hence, the instantaneous production is
reduced but the water level is kept high for a longer time period,
resulting in a better global production.

Figs. 17–19 present, respectively, the total generated power, the
total power deficit and the directly discharged flow for three

different reduction factors (0.3, 0.5, and 0.8) for a 10 m-high pond
with the Target demand 1.

The reduction factor 0.5 leads to a good production of energy
and a low power deficit (around 40%) when compared with the
reduction factor equal to 0.8. Besides, the directly discharged flow
in the river decreases until 0 for volumes in which there is a better
production.

Fig. 19. Directly discharge flow as function of the pond volume for different
reduction factors.

Fig. 20. Storage pond solutions in SUDS: (top) scheme of flood control system; (bottom) typical storage modular cells.
Source: Santos, 2011, adapted from www.hydro-international.biz and www.marleyplumbinganddrainage.com.

Table 1
Characteristics of the micro-hydro converters.

TP5B (D¼100 mm) HPM (0.97 m width)

Head Low head o10 m Very low head o3 m
Discharge Small flow from 0.003 to

0.016 m³/s
Medium flow about 0.05 to
0.420 m³/s

Fig. 21. Flows as function of the pond volume for two different heights of ponds.
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5.3. Comparison between results and the range of application of
micro-hydro converters

The purpose of this study is to produce energy from a retention
pond with a new micro-hydro converter installed at a pipe
connection as illustrated in Fig. 20 (Andoh, 2012 and Santos, 2011).

The proposed energy converters will use low heads and each
one has its own characteristics regarding the head and the
discharge, which are presented in Table 1.

The flow values which are obtained through the outlet are
small, as it is presented in Fig. 21 for different pond volumes.

Hence, in this case study, the tubular propeller (TP5B) seems
more suitable for this type of water retention ponds, because of
the low available flow values, and allows, consequently, a more
continuous energy production along the all year.

5.4. Consistency of results

The methodology was also applied to the rainfall data of
another year, 2010. The aim is to validate the consistency of results
in order to choose the optimal volume for the design of a
retention pond.

Figs. 22 and 23 present the generated power and the dis-
charged flow for the two considered time series of rainfall (2010
and 2011). Through the observation of the results, a good correla-
tion can be observed between both, confirming the pertinence of
the results.

The descending of the generated power curve after the reached
peak shows how important it is to avoid excess volumes in
retention ponds design, in order to reduce the risk associated to
not having enough power production in these joint water-energy
management solutions in drainage systems.

6. Conclusions

The study gives clear results about water-energy nexus solu-
tions for urban drainage systems based on flood retention ponds.
These can be promising keys towards future smart water grids and
cities, where the importance of the drainage system elasticity can
change the actual paradigm of flood adaptation/mitigation. The
runoff, which can lead to problematic floods, has also become a
new energy source with several advantages for the social environ-
ment of urban areas. This new water-energy prototype can be
implemented in existing runoff systems or in forthcoming urban
design solutions.

In the analysed solutions, the higher the water level in the
pond for the same volume the better the production of energy,
because the available head is higher for the same turbine dis-
charge. Indeed, flow values depend on rainfalls, so the control is
operation-rainfall-runoff dependent. Also, there is a pond volume
for which the solution is optimized for a given set of parameters
and a pond volume interval can be set as the range of the system
operation. In addition, the target demand should be adjusted
regarding rainfalls and system characteristics.

A special effort of optimization is required to maximize the
generated power and minimize the power deficit. The control of
the water level was proved essential. Indeed, the reduction of the
target demand according to the allowed water level improves
considerably the energy production because the head is kept high.
The case study reveals that this system could produce about
210 MW h/year (for an average year hourly power of 800 W).
It should be noticed that the main purpose of the system is not
the energy production, but the flood prevention in urban areas.
A hydropower solution integrated in drainage systems can con-
tribute to slow down the flow out of ponds, which allows a better
prevention of floods, with a significant damping of the fast flow
wave′s propagation.

It is important to highlight that this hydraulic simulation
methodology, with an optimized low-cost hydro solution and
real-time flood control/adaptation, can improve the future drai-
nage system elasticity in urban areas, with regional scale improve-
ments. The methodology operates in a dynamic framework,
depending on the pond volume, rainfall-runoff values and hydro-
power characteristics.

On the industrial side, the objective was to develop leading
expertise in integrated management strategies (of water and
energy), in a new perspective of the so-called future smart water
systems based on new sustainable stormwater-power solutions.
These solutions should take into account the control and adapta-
tion of a joint management of flood-energy drainage systems
under renewable innovative energy policy goals, particularly when
the concern is the goal of non-carbon emissions, aiming to a
higher share of renewable energy sources in a near future.
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Fig. 22. Generated power as function of volume for two different rainfall data.

Fig. 23. Direct discharge as function of volume for two different rainfall data.
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