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Abstract: Urban green spaces can be intensive water and energy consumers in the cities, particularly
in water scarce regions. Though a very efficient use of such resources is necessary, tools for assessing
both water and energy consumption and efficiency are not available. In this paper, a new methodology
based on water and energy balances is developed for assessing the water-use and energy efficiency in
urban green spaces. The proposed balances, adapted from those developed for water supply systems,
are specifically tailored for accounting for urban green spaces specificities, namely, landscape water
requirements, other uses besides irrigation and over irrigation water losses. The methodology is
demonstrated in two case studies of different nature and characteristics: a modern garden with
a smart irrigation system and an urban park with traditional irrigation system. The results show
that the developed water balances allow to estimate and assess the irrigation efficiency over the
years and to assess the effectiveness of implemented water saving measures. The application of
the water—energy balance demonstrates the impact of water efficiency measures on the energy
efficiency of the irrigation systems. The proposed methodology can be used to assess water and
water—energy efficiency in urban green spaces and to identify the most adequate improvement
measures, contributing for a better management of the two resources in the cities.

Keywords: urban green spaces; water balance; water—energy balance; irrigation efficiency; landscape
water requirement

1. Introduction

The current environmental agenda in Europe reflects concerns with the conflicting
economic and industrial growth and the environment and natural resources protection [1]
In this context, the concept of Green Infrastructure has gained popularity in the last decades,
despite its origin dating the XIX century in the United Kingdom with the greenbelts and the
creation of public parks in urban areas [2,3]. Green Infrastructure is defined as a network
of natural and semi-natural areas strategically designed and managed to deliver a wide
range of ecosystem services and to enhance human wellbeing [4]. The fact is that green
infrastructures, such as gardens and parks, provide multiple benefits to the inhabitants
of urban areas and to the environment, both by mitigating the effects of pollution and
of extreme weather events (e.g., floods, heat waves) and by providing recreational areas
contributing for public health and wellbeing [5].

However, urban green spaces can be intensive water consumers, particularly in arid
and semi-arid regions [6]. In areas of low rainfall, additional watering in dry months is
required in order to maintain the health and the appearance of plants [7]. Consequently,
urban gardens and parks have been identified as large water consumers in the cities,
contributing for the water footprint [8,9], included in the cities” water efficiency action
plans [10,11], where targeted efficiency measures are often considered.

Water consumption for the irrigation of urban green spaces depends on the water
requirements of the vegetation, which in turn depends on the planted species and on local
climatic conditions. Autochthones species are generally those that require less irrigation, as
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they are adapted to local climatic conditions. However, turfgrass is often the chosen vege-
tation for greening extensive areas in many urban parks, due to both aesthetic reasons and
practical purposes, despite its high water demand [12]. Additionally, green spaces in the
cities usually include trees and shrubs, both requiring less water than the turfgrass [12,13].
The shades provided by the trees also contribute for lowering the water requirements of the
green space, by reducing the evapotranspiration of the vegetation around them [14]. The
simultaneous presence of vegetation of different types introduces more complexity and
uncertainty in determining the exact amount of water needed for irrigation [15]. On the
other hand, the type and condition of the installed equipment greatly affects the amount of
water consumed for irrigation. In general, micro irrigation systems are much more efficient
than sprinkler irrigation, which are mostly used for irrigating extensive turfgrass areas.

Water-use efficiency in urban green spaces is attained when the supplied water
matches the real water needs. However, the water consumption for irrigation is often
higher than the estimated demand of the green space, meaning that there is a saving
potential [16]. In order to optimize irrigation efficiency in green spaces, smart irrigation
technologies have been developed and adopted in recent years. These technologies aim at
optimizing irrigation by an accurate estimation of plant water requirements and an optimal
efficiency of the irrigation systems, in order to minimize excessive watering [17,18].

While most urban gardens are irrigated with drinking water from the supply network
and make use of the network pressure for their own functioning, others rely on local
groundwater abstraction or rainwater harvesting. These alternative water sources can have
enough quality for irrigation and allow for drinking water savings, which is particularly
needed in regions suffering from water scarcity [19]. However, supplying the irrigation
systems with such waters requires the use of pumps, which increases energy consumption.
In addition, the components of the smart irrigation systems require electrical energy too [20].
Hence, the urban green spaces are also energy consumers. Even though renewable sources
of energy can be used to supply the irrigation systems [21], the energetic aspect of the green
spaces must also be taken into account when assessing their sustainability

For the sustainable use of resources in the cities [22], both water and energy must
be wisely used and the effectiveness of efficiency measures needs to be monitored and
evaluated. The latter is a common practice in the water supply sector, in which annual
water balances and performance indicators are calculated, in order to estimate water losses
and to identify the most adequate improvement measures [23]. Similar water-energy
balances for the water supply systems have been developed and tested [24]. Water and the
associated energy use in urban green spaces must also be accounted for in the overall city
balance and tools for assessing the efficiency of water and energy in the green spaces are
needed [25].

In this paper, a new methodology for assessing water and energy efficiency in urban
green spaces is proposed, adapted from existing practices for water supply systems. The
methodology is based on the water and energy balances widely used for assessing the
performance of water supply systems. New components of the water balance are intro-
duced to account for the landscape water requirements, for water consumption due to
other uses besides irrigation and for water losses due to over irrigation. In accordance,
new components for the water-energy balance are also proposed. The application of
the methodology is demonstrated in two case studies: an urban green space equipped
with a smart irrigation system and an urban park with a traditional irrigation system and
additional water uses.

2. Materials and Methods
2.1. Water Balance

A novel water balance for assessing water-use efficiency in gardens and urban green
spaces is proposed (Figure 1), based on the water balances developed for water supply
systems [23] and for agricultural irrigation systems [26]. The water balance concept is
based on the identification and quantification of all possible water volumes that go in and
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out of a system over a certain period. It is frequently calculated for a one-year period to
minimize the different uncertainties on measurements and estimations of water volumes.

Consumption for irrigation Landscape water requirement

Effective use
Uses in toilets, restaurants,

Consumption for other uses

System input drinking fountains, lakes, etc.

volume Unauthorised consumption
(drinking water; Apparent losses
groundwater; Metering inaccuracies
harvested _ )
rainwater: Water losses iigation losses Evaporation losses, soil deep

. percolation and runoff
reclaimed water)

Leakage in the irrigation
Network real losses .
network (pipes, tanks, etc.)

Figure 1. Proposed water balance for urban green spaces (m?/year).

The system input volume in an urban green space (e.g., parks, gardens) is the total
amount of water that is supplied to that space by a man-made system. Urban green spaces
are frequently supplied and irrigated with drinking water from the supply network [12,16],
though other sources might exist, particularly in larger spaces, such as abstracted ground-
water, reclaimed water or harvested rainwater. Supplied water volumes should be prefer-
entially metered, or estimated as accurately as possible.

For determining the effective water consumption in the green space, all water uses
must be identified. Though irrigation is often the largest water consumer in a green space,
other uses can also exist, particularly in parks where leisure activities take place (e.g.,
restaurants, public toilets, drinking water fountains). The effective use for irrigation is, in
fact, the landscape water requirement (LWR), which can be calculated by:

LWR = x [(ETo x KL) —Ry] X A )

DULo

where LWR is the landscape water requirement (m?/year), DU\ q is the lower quarter
distribution uniformity of the associated type of irrigation equipment (dimensionless),
ET) is the reference evapotranspiration (mm/month), Ky, is the landscape coefficient
(dimensionless), R, is the allowable rainfall (mm/month) and A is the irrigated area
(m?) [9,27,28]. Calculating LWR for green spaces with a variety of types of vegetation and
local microclimates can be challenging and the result may lack in accuracy [29]. However,
dividing the irrigation area by hydro zones and estimating monthly LWR for each zone
allows closer estimates of real LWR. Calculated LWR for each month must then be summed
up for estimating the annual water requirements. Water consumption for other uses in the
green space, if any, must ideally be measured by specific water meters, or alternatively,
estimated using the best available methods.

All the water that goes into the green space but that is not effectively consumed,
either for irrigation or other uses, is lost in some way. Water losses in urban green spaces
comprise the irrigation losses (e.g., evaporation, percolation, runoff), the apparent losses
(unauthorised consumption and metering inaccuracies) and the piped network real losses
(e.g., due to leaks in pipes). Irrigation losses include all the water that is consumed for
irrigation but that is more than needed to fulfil the plants’ requirements. Such water
is loss through evaporation, percolation through soil and surface runoff, but due to the
complexity required for estimating each of these losses, this component is estimated as a
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whole. Unauthorised consumption regards to water thefts and illegal connections to the
irrigation system. If detected by the garden workers, it can be estimated by multiplying
the duration of the event by the probable flowrate. Metering inaccuracies can be estimated
based on the characteristics of the metering devices installed. Network real losses include
all the losses in the water network of the green space, such as leaks in pipes or in storage
tanks. Leakage in the irrigation network can be estimated by Minimum Night Flow
Analysis (MNF) when there is no irrigation or consumption for other uses [30].

Several performance indicators can also be calculated based on the water balance for
urban green spaces allowing the diagnosis of green areas for identifying the inefficiencies
and the comparison between several improvement measures. The simplest and most
helpful indicator is the irrigation efficiency (IE) [27], herein defined as:

LWR

IE=——+——
Vine — Vou

% 100 ()

where LWR is the landscape water requirement (m?/year); Vinp is the system input
volume (m?/year); Voy is the volume of water consumed for other uses (m3/year). The
IE is classified in: good irrigation efficiency for IE > 80%; reasonable irrigation efficiency
when IE is between 60% and 80%; and inadequate irrigation efficiency for IE < 60%.

2.2. Water—Energy Balance

The proposed water-energy balance for urban green spaces (Figure 2) is based on
the top-down energy balance for water supply systems [24]. Additional components and
simplifications are introduced in order to better tailor the balance for urban green spaces
and their water-uses. It is also calculated for a one-year period.
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Figure 2. Proposed water—energy balance for urban green spaces (kWh/year).

The water—energy balance approach is very similar to that of the water balance, as it
accounts all the energy that is supplied to the green space along with the water, as well as
the energy that is lost with water losses.

The total system input energy is the sum of the energy that is supplied to the urban
green space by its various water sources. Natural input energy, Ey, refers to the potential
energy supplied by pressurised delivery points or storage tanks at the inlet of the water
system that supplies the urban green space. In most green spaces, supplied by the drinking
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water network, natural input energy refers only to the pressure energy. Shaft input energy,
Es, is associated with energy supplied by the pumping stations of the irrigation system.
The sum of these two energy sources, natural and shaft, is the total system input energy,
Einp. In case there are no pumping stations in the system, the total input energy can be

calculated as follows:
YVmne H
3600 x 1000

in which Ejnp is the total energy input (kWh), v is the specific weight of water (9800 N/ m?),
Vinp is the system input volume (m®) and H is the pressure head supplied to the irrigation
system (m), assuming that the kinetic head is negligible. The pressure head can be obtained
as follows:

®)

Emp =

szﬁ%—m @)

in which z. is the elevation of the node at the inlet of the water supply system of the
green space (m), Pinlet is the pressure at the inlet of the system (Pa) and z is the reference
elevation, typically the node with the minimum elevation in the irrigation system (m).

The input energy is subdivided into energy associated with effective use, Egy, and
energy associated with water losses, Ewrp..

The energy associated with water losses (Ewr,) can be obtained by associating the
water losses percentage from the water balance as proportion to the energy associated with
water losses, as follows:

EWL = EINP x WL/100 (5)

where Eyy is the energy associated with water losses (kWh), Epnp is the total system input
energy (kWh) and WL corresponds to the percentage of water losses obtained from the
water balance (%).

Energy associated with effective use includes the energy that is effectively supplied
to the consumers, Esyp, and the energy that is dissipated in the system, Epjs. The energy
associated with the water supplied to consumers includes the minimum required energy
for irrigation, Eypn, the minimum required energy for other uses, E'\n, and the surplus
energy, Esyr. The first can be obtained from the theoretical minimum operating pressure,
given by the manufacturer of the irrigation equipment. It depends on the type of sprinkler
or dripper/micro-sprinkler. The second one is related with the minimum pressure require-
ments at the consumption point for the other water uses. The minimum required energy;,
both for irrigation and for other uses, can be calculated as follows:

ano Y Vneeds,i Hmin,i
Enin = = . 4 6
i 3600 x 1000 ©)

in which Epjj is the minimum required energy (kWh), Vieeqs i is the water needs at node i
(m®) and Hyyip ; is the minimum pressure head in each consumption node i (m), given by:

Hmini = zi + % — Zg )

in which Hpin j is the minimum pressure head at each node i (m), z; is the elevation of node
i (M), Pmin is the minimum required operating pressure (Pa), z is the reference elevation
or the node of minimum elevation in the system (m).

The surplus energy, Esyp, corresponds to the energy above the minimum required
that is supplied at the node level. Dissipated energy, Epjs, in the water supply systems
of the green spaces is due to pipe friction, valve head losses and the pumping stations’
inefficiency, if wells or boreholes exist. These two components (dissipated and surplus
energy) can be computed together as the difference between the energy associated with
effective use and the sum of the minimum required energies for irrigation and other uses.
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Three energy performance indicators, E1, E2 and E3, can also be calculated from
the water-energy balance. Performance indicator E1 represents the energy in excess per
volume of input water (kWh/m?):

E —E
E, — DINe — Fvin ®)
Vine

This ratio allows the evaluation of the potential of energy reduction per unit of the
water volume that enters into the system. It is always positive and should be as low
as possible.

Performance indicator E2 represents the energy in excess per volume of water effec-
tively used, i.e., the water needs (Vpeeds) (kWh/m?):

Ene — E
E, = INP MIN (9)
Vneeds

This indicator is very similar to the previous one; however, E2 allows the assessment
of the effect of water losses on the energy efficiency of the system.

Performance indicator E3 is the ratio of the system input energy over the minimum
required energy.

Ey — Emp (10)
Emin

This indicator provides a very simple metric for assessing how much energy is being
supplied in excess. It should be as low as possible and, in an ideal situation, equal to 1.

3. Case Studies Description
3.1. Case Study 1: Green Space with Smart Irrigation System

Case study 1 is an urban green space with 19,200 m?, located in a touristic resort in
Vale do Lobo, in the Algarve region, Portugal (Figure 3). The green space includes 154 small
gardens with 20 installed irrigation meters. The green space surrounds a neighbourhood
of villas with turf grass and flowerbeds. A smart irrigation system was installed in the
beginning of 2019. The system includes a connection with a meteorological station located
in Faro and a platform that determines the irrigation needs, according to local weather
conditions and that, automatically, controls, at every hour, the amount of water that is
supplied by the irrigation system, shutting off the system, if no irrigation is needed. The
turf grass area is irrigated with sprinklers and the flowerbeds with drip-irrigation. The
sprinklers (Rain Bird, series 5000) have a minimum working pressure head of 17 m.

Water supplied by the irrigation system of this green space is exclusively consumed
for irrigation purposes; thus, there is no consumption for other uses. The estimation of the
landscape water requirements considered the two types of vegetation and the irrigation
systems of each area. The distribution uniformity, DU q, of both sprinkler and drip
irrigation systems is assumed to be 0.7, while the landscape coefficient, K}, is considered
to be 0.7 for the turfgrass areas and 0.5 for the flowerbeds. The elevation of the node that
connects the inlet of the irrigation system of the green space, z, to the municipal water
distribution system is 32 m, while the minimum elevation in the irrigation system, zy, is
22 m. The pressure head at the inlet of the system, pinjet /v, is of 35 m.

The proposed water and water—energy balances are applied to case study 1 for three
consecutive years—2017, 2018 (before the installation of the smart water meters) and 2019
(after the installation)—and results are presented and discussed in Section 4.
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Figure 3. Case study 1: landscape and system boundaries.

3.2. Case Study 2: Urban Park

Marechal Carmona is a public urban park located in the centre of Cascais (Figure 4).
This park has approximately 14,343 m? of irrigated area, of which about 11,100 m? corre-
spond to turfgrass area with sprinkler irrigation, and the remaining 3243 m? are covered
with shrubs, herbaceous and flowers and are irrigated via micro irrigation. In the park,
there are also trees, a small lake, several picnic areas, a field to play traditional games, cafes,
toilets, a museum, a building for small conferences, a municipal library for children and
youth and a playground. All water users, including the irrigation system, are supplied by
the drinking water network of the park, which includes five water meters: three of them
connected to the other uses in the park (e.g., café, toilets, library) and two connected to the
irrigation system. The water meters are not connected to any telemetry system and the
readings are carried out once per month or every two months. The irrigation systems are
manually turned on or off by the irrigation workers, who empirically adjust the irrigation
time to the weather and soil conditions. The lake is filled with abstracted groundwater
from a borehole.

The coefficients DUy g and K}, used for estimating the water requirement of the park
are the same as in case study 1. The water balance is calculated for 2015, 2016 and 2017.
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Figure 4. Case study 2: landscape and system boundaries.

4. Results and Discussion

The water balances are calculated for both case studies, although the water—energy
balance is only carried out for case study 1. This is because there were no records in the
municipal services of the physical characteristics and the topology of the irrigation system
of case study 2, essential to compute the energy balance components.

4.1. Water Balance Application to Case Study 1

The proposed yearly water balance is applied to case study 1 for 2017, 2018 and 2019.
Landscape water requirements are computed for each month, making use of available
reference evapotranspiration data for the region and summed for annual estimation.

Some assumptions regarding the calculation of the water balance components have
been considered. The unauthorized consumption is considered null due to the extremely
low probability of existing illegal connections given the existing high security in the area.
The metering inaccuracies are considered equal to 2% of the system input volume for the
three years, which corresponds to typical average values used for these type of meters. Due
to the lack of information regarding the water losses in the pressurized irrigation system,
these losses are estimated together with the irrigation losses. The system input volume is
the sum of all metered water volumes by the 20 irrigation meters.

The results of the water balance for the three years (Figure 5) show that the water losses
have decreased over the years from 45% to 30% of the system input volume. Accordingly,
the irrigation efficiency described by Equation (2) has increased from 55% in 2017 and 57%
in 2018 to 70% in 2019, gradually approaching to the irrigation needs. This improvement,
particularly evident from 2018 to 2019, is due to the installation of the smart irrigation
system in the beginning of 2019 that manages the irrigation according to the plant needs
and to the weather conditions. However, a higher efficiency was not achieved since it used
a reference meteorological station located in Faro (not a local one) and it did not have any
measurement of the existing humidity in the soil; thus, it could not accurately estimate
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the vegetation needs. Additionally, the system estimated a single vegetation need and not
adjusted it to the type of plant (i.e., turf grass and flowerbeds).

17 433 (55%) (2017)
13 860 (57%) (2018)
21 525 (70%) (2019)

Effective use
17 433 (55%) (2017) irrigation
13 860 (57%) (2018)

21 525 (70%) (2019) Consumption for other
uses

Consumption for

System input

volume
31 533 (2017)
24 349 (2018)
30 894 (2019)

631 (2%) (2017)
487 (2%) (2018)
618 (2%) (2019)

Water losses Apparent losses
14 099 (45%) (2017) | (metering inaccuracies)
10 489 (43%) (2018)

9 369 (30%) (2019)

13 469 (43%) (2017)
10 002 (41%) (2018)
8 751 (28%) (2019)

Irrigation and network

real losses

Figure 5. Water Balance for Case study 1 in 2017, 2018 and 2019 (m?/year).

Annual variations in the system input volume and in the effective water used for the
irrigation (i.e., LWR) are in agreement with observed variations of the precipitation and
evapotranspiration. LWR in 2018 is the lowest within the analysed three-year period due
to the highest precipitation (529 mm) in this year compared to 2017 (317 mm) and 2019
(229 mm). In 2019, due to lower precipitation, LWR increases but the system input volume
does not increase proportionally, due to a more efficient water use and less water losses.
This corresponds to the year 2019, when the smart irrigation system began to operate, and
demonstrates that this smart system effectively reduces water losses.

The calculation of the water balance allows for a more systematic analysis of the water
consumption and efficiency of its use in the green spaces. Overall, the results show that
almost half of the water consumed in 2017 is lost due to over-irrigation, which was halved
in 2019 thanks to the smart irrigation system. Over the studied period, the water consumed
for irrigation approaches the water requirements of the green space, particularly in the
drier months, from June to September, although there is still potential for more water
savings (Figure 6).

Further investigations should focus on a detailed analysis of the irrigation efficiency
in the areas associated with each irrigation meter, in order to identify possible local ineffi-
ciencies, as well as on the development of an irrigation algorithm that both integrates the
meteorological and the soil humidity conditions.
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Figure 6. Landscape water requirements and system input volume in case study 1 in 2017, 2018 and 2019.

4.2. Water Balance Application to Case Study 2

The proposed water balance is applied to case study 2 for 2015, 2016 and 2017
(Figure 7). LWR is computed for each month, using local data for climatic parameters. The
unauthorized consumption is considered null due to the inexistence of illegal connections
within the fenced park. The metering inaccuracies are also considered equal to 2% of the
system input volume for the three years. The water losses in the irrigation pipe system due
to leaks and ruptures are estimated together with the irrigation losses.

30 000
m2015 2016 = 2017 2 ~
OBl v 8
25000 ol ©
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= 20000
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I p>] =
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Figure 7. Measured water volumes in 2015, 2016 and 2017 (m3/year).

Consumption in the park is measured in five flow meters, M1 to M5, in a monthly
or bimonthly basis. According to the water utility knowledge, three of the meters mea-
sure only the consumption for other uses (M1, M3 and M4), whereas the remaining two
measure the input water volume for irrigation (M2 and M5). The measured annual water
volumes are presented in Figure 7, in which irrigation represents, on average, 67% of water
consumption in the park.

The annual water balances are calculated for each of the three years (Figure 8). Results
show that the water losses have decreased from 36% in 2015 to 13% of the system input
volume, even though irrigation practices are not based on smart systems. There are two
main reasons for the decrease of water losses. The primary reason is that irrigation is
dictated by the empirical knowledge of garden workers that have become increasingly
more aware of the need for water savings in a context of scarcity and that have taken more
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efficient irrigation practices, manually adjusting the time and duration of the irrigation
process. The second reason is the uncertainty associated with the consumption for other
uses that was estimated based on the measurement of three meters that are believed to
uniquely supply the existing infrastructures; though civil works have taken place in the
park in the last 5 years and some parts of the irrigation network might have be connected
to these meters.

17 164 (37%) (2015)

Consumption for

Effective use PR
irrigation

30 143 (65%) (2015)
25 741 (76%) (2016)
33 084 (87%) (2017)

15 864 (47%) (2016)

16 836 (44%) (2017)

12 979 (28%) (2015)

System input Consumption for

0
volume other uses 9 877 (29%) (2016)

16 248 (43%) (2015)

46 156 (2015)
33 924 (2016)
37 881 (2017)

923 (2%) (2015)
Apparent losses

(metering 678 (2%) (2016)
inaccuracies)

Water losses
16 013 (35%) (2015)
8 183 (24%) (2016)
4797 (13%) (2017)

758 (2%) (2017)

15 090 (33%) (2015)
Irrigation and

network real 7 504 (22%) (2016)
losses

4 040 (11%) (2017)

Figure 8. Water Balance for Case study 2 in 2015, 2016 and 2017 (m3/year).

The water balance also shows that the percentage of water consumed for other uses
than irrigation is quite high (varying between 27% and 43% of the system input volume)
and increases over the years in an inverse trend to that of the consumption for irrigation. It
must be noticed that this consumption was calculated based on metered water volumes;
hence, all the inefficiencies associated with the many water uses (e.g., a dripping tap in a
museum toilet) are included in this component.

For a more comprehensive analysis of the irrigation efficiency, the monthly water
volumes consumed for irrigation, metered by the dedicated meters of the irrigation system,
are also compared with the estimated overall LWR of the park (Figure 9). The results
show that the water consumed for irrigation is much more than that needed in 2015 but
approaches LWR in 2017. The irrigation efficiency, defined as the ratio between LWR and
the real water consumption for irrigation, increases from 52% in 2015 to 56% in 2016 and
then, to 78% in 2017, which is similar to that observed in case study 1.

The application of the water balance to the park allows concluding that the irrigation
efficiency is good, even though there are no smart irrigation system and that further
analysis on water efficiency in the park should focus on the analysis of the effective use of
water in other water uses.
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Figure 9. Landscape water requirements and system input volume in case study 2 in 2015, 2016 and 2017.

4.3. Water—Energy Balance Application to Case Study 1

The methodology proposed for the water—energy balance in urban green spaces is
applied to case study 1 for the years 2017, 2018 and 2019. Because the irrigation system is
supplied by the drinking water distribution network, all the input energy of the irrigation
system is pressurized energy (natural input energy) and there is no shaft input energy.
The water—energy balance components are calculated by Equations (3)—(7) for the three
analysed years (Figure 10).

Natural Minimum 1281 (33%) (2017)
input required 1018 (34%) (2018)
Energy energy for 1582 (42%) (2019)
0,
(100%) Energy irrigation
Energy
associated
3 associated with Minimum 0(2017)
H with  water
c effective use required 0(2018)
o supplied to
5 K © 2| 2136 (55%) (2017) energy for 0(2019)
2 o o o consumers
= o o &1 1698 (57%) (2018) other uses
E o o v
e 8 & | 2637 (70%) (2019)
2 o N o Surplus 855 (22%) (2017)
»
s energy 680 (23%) (2018)
o 1055 (28%) (2019)
Dissipated energy
Shaft
input 1727 (45%) (2017)
Energy associated with water losses
Energy 1285 (43%) (2018)
(0%) 1148 (30%) (2019)

Figure 10. Water—energy Balance for Case study 1 in 2017, 2018 and 2019 (kWh/year).

The energy losses associated with the water losses, either due to irrigation inefficiencies
or due to leaks in the irrigation system pipes, vary between 30% and 45% of the system
input energy. Hence, a significant part of the energy that is supplied to the urban green
space by the drinking water network is lost due to water losses. The water—energy balance
also shows that the increase in the irrigation efficiency from 2017 to 2019 is accompanied
by an increase in energy efficiency, as less water and its embedded energy is wasted.

The water-energy balance also shows that the irrigation system is supplied with
much more energy than that needed, as the minimum required energy for irrigation is of
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only 33% to 42% of the input energy. Concomitantly, 22% to 28% of the input energy is
supplied in excess or dissipated at the sprinklers. These results suggest that part of the
energy consumed upstream for assuring high pressures in the drinking water network is,
then, lost in the urban green space. For that reason, the pressure at the inlet node of the
irrigation system should be lower, only slightly exceeding the necessary pressure at the
sprinklers. Alternatively, the green spaces could benefit from recovering part of the excess
hydro energy in the irrigation systems [31] that could then be locally consumed (e.g., for
supplying the smart irrigation systems’ equipment).

In order to better assess the energy efficiency of the irrigation system, performance
indicators E1, E2 and E3 given by Equations (8)—(10), often computed to assess energy
efficiency of water supply systems, are also calculated (Figure 11). The results show that
the performance indicators E1 and E2, which represent the energy in excess per volume of
input water (E1) or per effectively used water (E2), are very low and very similar. Only
a slight decrease is noticed in 2019, as a result of the water efficiency measures. The lack
of benchmarking values for comparing the obtained indicators hampers the evaluation of
the energy efficiency of the irrigation system based on such indicators. Overall, E1 and E2
are very small when compared with those of water supply systems [32], which is likely
due to the much smaller length and diameters of the irrigation networks. Regarding the
performance indicator E3, which allows assessing how much energy is being supplied
in comparison with the minimum required energy, a significant decrease from 3.02 to
2.39 is observed. This is in agreement with the previous observations of energy efficiency
improvement from 2017 to 2019 due to the decrease in water losses. For water supply
systems, the E3 value should be in the range of 1 to 2 (ideally, equal to 1), which shows that,
despite the reduction in water losses, energy efficiency of the irrigation systems requires
further measures, in particular, those that address the reduction or the recovery of the
excess of supplied water—energy.

3.02 593
3.00

2.39

E1, E2 (kWh/m?)
E3(-)
N
S

1.00

0.50
0.08 0.08 0.07 0.08 0.08 0.07
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E1 (kWh/mA3) E2 (kWh/mA3) E3 ()
W 2017 2018 2019

Figure 11. Performance indicators for energy efficiency (case study 1).

5. Conclusions

A methodology to calculate water and water—energy balances for urban green spaces
is proposed. The methodology is demonstrated with two urban green spaces of different
nature: a modern green space with a smart irrigation system and a typical urban green
park. The proposed balances are based on the existing balances for water supply systems
and for collective irrigation systems to which several changes have been introduced to
specifically tailor them to the water uses in the green spaces.

The proposed water balance to the green spaces allows assessing the irrigation effi-
ciency in the green spaces over the years, the effectiveness of water saving measures (e.g.,
smart irrigation systems or empirically—based irrigation practices) and the importance of
other water uses (e.g., toilets, cafes) in the overall water consumption of green areas. The
water balance helps in identifying the most adequate measures for a more efficient water
use in the urban green spaces. The application of the two case studies has demonstrated
that smart irrigation systems can significantly increase irrigation efficiency from inadequate
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(IE < 60%) to reasonable or good (IE > 60%); however, good efficiencies (IE > 80%) require
the installation a meteorological station in situ and monitoring of the soil humidity in order
to more accurately estimate the plant irrigation needs. On the other hand, reasonable or
good irrigation efficiencies (IE > 60%) can also be attained with empirical knowledge of
gardeners that can manually adjust the time and duration of the irrigation process.

The application of the proposed water—energy balance demonstrates that water effi-
ciency measures have a direct and positive impact in the energy efficiency of the irrigation
systems. Additionally, the water-energy performance indicator E3 shows that the irriga-
tion systems are supplied with more than twice the energy needed, even after reducing
water losses, thus suggesting additional measures for energy efficiency improvement other
than those targeting water savings, such as the reduction of the supplied pressure or the
water—energy harvesting by the installation of pico-energy recovery devices.

The proposed water and water-energy balances are valuable tools for assessing water
use and energy efficiency in urban green spaces, highlighting the water inefficiencies and
allowing the identification of the most adequate measures, thus contributing to a better
water and energy management in urban green spaces.

This study has been applied to two green infrastructures in Portugal: one green
area located in Algarve region composed of turf grass area irrigated with sprinklers and
flowerbeds with drip-irrigation; and a second park covered with shrubs, herbaceous and
flowers irrigated via micro-irrigation, though with other uses within the park (toilets, cafes).
The water and water—energy balances should be further applied to other different case
studies, with different types of vegetation and with other infrastructures, so that lessons
learnt could be used for establishing a set of best practice recommendation for saving both
water and energy, namely, the selection of low-water demand species and the use of more
efficient irrigation systems. Another very relevant inefficiency in green infrastructures,
often forgotten, is the water loss in undetected leaks and bursts in the pipe irrigation
system; thus, efforts should be done to assess the importance of this component in irrigated
areas by measuring the minimum night flows as well as to control it by reducing operating
pressures or closing inlet valves when irrigation is not necessary.
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