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Abstract: Studies have shown micro-hydropower (MHP) opportunities for energy recovery and
CO:z reductions in the water sector. This paper conducts a large-scale assessment of this potential
using a dataset amassed across six EU countries (Ireland, Northern Ireland, Scotland, Wales, Spain,
and Portugal) for the drinking water, irrigation, and wastewater sectors. Extrapolating the collected
data, the total annual MHP potential was estimated between 482.3 and 821.6 GWh, depending on
the assumptions, divided among Ireland (15.5-32.2 GWh), Scotland (17.8-139.7 GWh), Northern
Ireland (5.9-8.2 GWh), Wales (10.2-8.1 GWh), Spain (375.3-539.9 GWh), and Portugal (57.6-93.5
GWh) and distributed across the drinking water (43-67%), irrigation (51-30%), and wastewater (6—
3%) sectors. The findings demonstrated reductions in energy consumption in water networks be-
tween 1.7 and 13.0%. Forty-five percent of the energy estimated from the analysed sites was associ-
ated with just 3% of their number, having a power output capacity >15 kW. This demonstrated that
a significant proportion of energy could be exploited at a small number of sites, with a valuable
contribution to net energy efficiency gains and CO2 emission reductions. This also demonstrates
cost-effective, value-added, multi-country benefits to policy makers, establishing the case to incen-
tivise MHP in water networks to help achieve the desired CO2 emissions reductions targets.

Keywords: water supply; irrigation; water treatment plants; micro-hydropower; energy efficiency;
extrapolation

1. Introduction

Significant proportions of water resources in the EU are consumed by the domestic
drinking water (14%) and agricultural sectors (40-45%), respectively [1]. The energy con-
sumption associated with pressurized water networks is estimated to represent 2-3% of
global energy consumption [2]. A significant proportion of this is associated with the
transport or distribution of water in pipe networks through pumping. The consumption
of energy inherent in the extraction, treatment, and distribution of drinking water is a
well-publicised area of concern for water utilities and their respective governments [3-5].
Energy consumption is similarly high in the collection and treatment of wastewater [6].
Energy consumption in irrigation networks, particularly pressurised irrigation systems,
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has been shown to have increased dramatically in recent years. Some studies in Spain
reported the energy costs in approximately 40% of total water costs on average, reaching
peaks of 65% in some cases [7,8]. As such, water networks of various kinds are associated
with significant energy consumption.

Numerous technological and policy approaches have been developed and investi-
gated with a view to reducing this energy consumption and subsequent CO2 emissions
within the water sector, including activities such as leakage reduction measures [9,10],
water pricing [11], irrigation network sectoring [12], the production of bio-gas in
wastewater treatment [13], and the recovery of energy in pipe networks using micro-hy-
dropower turbines (MHP) [14,15].

Focusing on MHP energy recovery in particular, a significant focus has been placed
on this energy-saving technique in recent years. Investigations have been conducted ex-
tensively on the design and performance of hydraulic machines suitable for in-pipe MHP
generation applications [16-21]. Investigations have also examined in detail the optimisa-
tion of water networks to incorporate the optimal placing and number of MHP turbines
using various objective functions, such as maximising energy production or minimising
leakage [9,22,23]. Numerous case studies have been conducted assessing the potential im-
pacts of MHP at local and regional scales and in drinking water, irrigation, and
wastewater networks.

Gallagher et al. [24] outlined the potential for the recovery of 17.9 GWh/y from 80
existing pressure-reducing valves and other network infrastructure in drinking water net-
works in Ireland and Wales. Power et al. [3] highlighted the potential for MHP energy
recovery from >100 wastewater works in parts of Ireland and the UK at 1.1 MW. Bousquet
et al. [25] assessed the potential for MHP energy recovery in Switzerland, highlighting a
potential for 9.3 GWh/y from 19 profitable wastewater sites. Garcia Morillo et al. [26] es-
timated a potential of 270.5 MWh/y from four potential turbine installations in a 4000 ha
pressurised irrigation network in Southern Spain. Pérez-Sanchez [27] highlighted the po-
tential for the recovery of 188.2 MWh/y at a 290 ha irrigation network in Eastern Spain.

However, the potential impact of MHP in water pipe networks across a large geo-
graphical scale has not been assessed to date, owing in part to the difficulty in obtaining
the required water network data to conduct such an assessment. These data are often
missing or unavailable from water authorities. As a result, the full potential impact of this
technological intervention on energy consumption and CO: emissions in the sector is un-
known. Therefore, limited exploitation of the resources to date has occurred due to a com-
bination of inertia within the water sector, a lack of knowledge about its potential impacts,
and a lack incentives from governments.

The objective of this work focused on the development of the largest assessment of
energy recovery potential through MHP in the water sector conducted to date, using a
dataset amassed across six EU countries. The results of this work will show the potential
of MHP to generate clean energy in three key sectors such as drinking water, wastewater,
and irrigation. These results will enable policy makers to see the full potential impact of
MHP in water pipe infrastructure at a multi-country scale, making the case to promote
and incentive the technology as a means to achieve the desired CO: emissions reduction
targets of the sector and resulting action at the level of individual utilities.

2. Methodology
2.1. MHP Energy Recovery Resource Assessment

Data on the location, flow, and pressure conditions in existing water infrastructure
were collected from numerous water utilities and public organisations across Ireland,
Northern Ireland, Scotland, Wales, Portugal, and Spain. Data were collected from these
six countries in particular as part of an EU funded research project, REDAWN, which
focused on this particular area of Europe (the Atlantic Area, www.REDAWN.eu, accessed
on 25 March 2021). Data were collected on the existing water network infrastructure
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known to possess potential for significant amounts of excess pressure, which could be
used to generate electricity in an MHP system, without interfering with water service re-
quirements. These existing locations where excess pressure is intentionally dispelled from
the water system have been previously highlighted as pressure-reducing valves, control
valves, break pressure tanks, gravity-fed reservoir inlets, inlets of gravity-fed water treat-
ment works, and outlets of wastewater treatment works [4]. In these locations, previous
investigations have shown the potential to install MHP turbines to recover energy from
excess pressure in pipelines, or excess head in free-surface flows, without affecting down-
stream consumers or processes. Collecting data on these existing locations in existing in-
frastructure enabled the assessment of the potential for energy production, which could
be achieved by installing MHP turbines at these various sites.

This methodology facilitates an assessment of the potential at existing infrastructure;
however, it fails to assess the total or optimal potential. This is the case as, while pressure-
reducing valves (PRVs), for example, exist in water networks to reduce pressure, their
presence is not optimal in every region, and excess pressure can exist in water networks
where PRVs are not present to reduce it. As such, the current approach can only assess
the potential of replacing or coupling the existing infrastructure with MHP turbines. To
obtain an assessment of the full optimal potential of MHP in water networks would re-
quire hydraulic models of every network to be assessed, which is not feasible at a multi-
country scale, representing the main limitations of this study

Data from 8828 water network sites (Table 1) were collected across Ireland, Northern
Ireland, Scotland, Wales, Spain, and Portugal. Thirty water utilities and public organisa-
tions (for drinking water, wastewater, and irrigation networks) across the six countries
were contacted. Over 73% of utilities contacted were in a position to provide data in var-
ying levels of resolution, and with varying record lengths. Data obtained varied from an-
nual average flow and pressure information, to long data records at 5-minute intervals.
However, the majority of data was collected at low temporal resolution, and therefore, the
subsequent multi-country assessment of energy potential was conducted on the basis of
annual average flow and pressure conditions.

The potential energy available for MHP generation at each site was estimated accord-
ing to Equation 1.

P =pgQHe, D

where:
P (W) is the potential power output.
Q (m3s™) is the flow rate of the water.
p (kg m=) is the density of the water.
g (9.81 m s?) is the acceleration due to gravity.
H (m) is the head available at the turbine.
eo is the efficiency of the overall power plant.

A constant and conservative efficiency of 50% [24,26] was assumed for the purposes
of this analysis. While the efficiency of turbines and hydropower plants in total are known
to vary with fluctuations in flow, pressure, and machine type [17], this information was
not universally available in most of the studied sites. Similarly, detailed design level as-
sessment of the performance of each site was not the focus of this research. Rather the aim
was to produce a multi-country level assessment of potential energy resources. Hence,
using a conservative constant efficiency value of 50% was deemed appropriate. Sites that
resulted in an energy recovery potential of less than 2 kW were also excluded from the
analysis on the assumption that installations less than 2 kW were unlikely to be economi-
cally viable. This assumption was held on the basis that the cost competitiveness of pump-
as-turbine installations is diminished below this level, and pump-as-turbines are noted as
most suitable for small power capacity MHP installations of this kind [21].
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Table 1. Number of potential sites for micro-hydropower (MHP) energy recovery across the six
selected EU countries: data collected by sector.

Drinking Wa-
Country mn tler;g a Wastewater Irrigation Total
Scotland 5351 0 0 5351
Northern Ire- 2154 0 0 2154
land
Ireland 44 535 0 579
Wales 179 0 0 179
Spain 34 343 173 550
Portugal 11 0 4 15
Total 7773 878 177 8828

2.2. Drinking Water Networks

From the total 8828 sites shown in Table 1, 7773 corresponded to existing potential
sites in drinking water networks. The majority of data collected was in Scotland (69% of
total sites). The data also included all relevant infrastructure in Northern Ireland and
Wales. Data in Ireland were partial and mostly comprised information from the Dublin
region (capital city). Data in Spain and Portugal were also partial datasets and comprised
the southern regions and Madeira Island. The mean flow and excess pressure at these
locations were then used in Equation 1 to estimate the mean annual energy recovery po-
tential, assuming a conservative plant efficiency to account for the lack of high-resolution
data.

2.3. Wastewater Networks

Data on the annual average effluent flow rate for 535 facilities in wastewater treat-
ment plants in Ireland were compiled from the published annual wastewater discharge
licences, provided by the Irish Environmental Protection Agency, including all
wastewater treatment plants in the country. In addition, data were also collected from 343
wastewater treatment plants in Spain. In this case, the discharge licenses for the main river
basins in the country were collected.

The wastewater discharge licenses provided information on annual outflow rates
and the coordinates of the discharge point. Digital elevation models and satellite images
were subsequently used to estimate the head drop available between each treatment
works and its discharge point using the methodology described in Power et al. [3].

2.4. Irrigation Networks

In the case of the irrigation networks, detailed information on instantaneous flow and
pressure within networks or at points of interest such as PRVs or control valves is not
commonly registered. Therefore, the excess pressure cannot be usefully determined in the
same manner as for drinking and wastewater networks. For irrigation networks, data re-
quired to develop full hydraulic models for 18 pressurised irrigation networks in southern
Spain and Portugal were collected (Figure 1). Using data on network layout, crop water
requirements, meteorological factors, models of the distribution of flow, and pressure for
each network were determined as described in detail in [28,29]. From this analysis, the
potential for 177 MHP installations at points of excess pressure was determined across 18
networks, covering 36,536 ha of irrigated land in southern Spain and Portugal. Further-
more, these results were used to estimate the energy recovery potential in 180 municipal-
ities located within the Seville and Cordoba regions, in southern Spain, for a total irrigated
area over 164,000 ha [30].
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Figure 1. Spatial distribution of 18 irrigation networks analysed in southern Spain and Portugal
containing 177 potential locations for MHP energy recovery [30]. The 18 networks are further de-
scribed in Table 5.

2.5. Resource Extrapolation

Once the energy potential estimates were completed for the 8828 sites, the relation-
ship between potential energy recovery and local descriptive statistics was analysed as a
means of extrapolating the findings to areas where water network data were not available.
These local descriptive statistics served as proxy indicators of the likelihood of the exist-
ence of MHP energy recovery potential in the absence of network information. For drink-
ing water networks, the potential for MHP obtained from the existing site data was com-
pared against the population served by the network in the local region. The ratio of MHP
energy potential to population served was compared across the six countries and used to
extrapolate the findings to the full population in each case, following four different as-
sumptions.

In the case of wastewater, the power potential of the sites identified was compared
against the population served by each treatment works, and this correlation was used to
predict the potential in all six countries. This was done, as lower uncertainty was found
to exist in the extrapolation of wastewater MHP energy recovery, compared to drinking
water networks.

For irrigation networks, the relationship between the estimated power and energy
potentials and the corresponding irrigated surface area were examined across the 177 sites
identified in the studied networks. These ratios were then applied to the most important
irrigated areas in Portugal (Alentejo and Algarve) and Spain. In the case of Spain, more
detailed data about the total area specifically dedicated to localised (drip and sprinkler)
irrigation for the different regions of the country were available. In Spain, localised irriga-
tion is commonly linked to large pressurised irrigation networks, although it is also pre-
sent in small networks generally supplied by private wells. For that reason, data about the
surface irrigation water and the total irrigation water volumes used by regions were also
collected. In this way, the localized irrigation area was affected by the power/energy-sur-
face area ratio obtained from the analysed networks and, then, corrected by a second co-
efficient. This second coefficient was used as a reduction ratio, to minimize the effect of
possible small private pumping from wells, which would have very limited possibilities
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to present potential for MHP. The findings and extrapolations in this case were not ex-
tended to the rest of the countries in the study, as they were only relevant to the large
pressurised and on-demand-organized irrigation networks found in these selected re-
gions of Spain and Portugal. Open-channel irrigation networks or networks that are
sourced from on-farm wells were not included in this analysis. The inclusion of other ir-
rigation and water conveyance systems may increase the energy recovery potential sig-
nificantly but would require more specific information and detailed studies, which were
not available for this work.

A schematic representation of the general process followed for each sector analysed

is shown in Figure 2.
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Figure 2. (a) Schematic representation of the methodology followed to estimate the MHP annual
energy recovery potential (ERP) in the drinking water sector. (b) Schematic representation of the
methodology followed to estimate the MHP annual energy recovery potential (ERP) in the
wastewater sector. (c) Schematic representation of the methodology followed to estimate the MHP

annual energy recovery potential (ERP) in the irrigation sector.

Finally, the energy estimation is compared against the total energy consumption of

the water sector in each case.
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3. Results
3.1. Drinking Water Networks

Figures 3 and 4 illustrate the distribution of the drinking water sites with energy re-
covery potential identified from existing infrastructure in Scotland and Seville (Spain),
respectively. For brevity, the rest of the figures, corresponding to the different countries,
are appended in the Supplementary Materials section as Figure S1 to S5. For the drinking
water sector, the head and flow data included in the different databases were partially
recorded or estimated, depending on the available information at each site. The estimation
methodology depended on the water company that managed each of the corresponding
databases. In the case of Scotland, mean flow and pressure were available in the original
database for all relevant infrastructure in the region, comprising 5351 locations with var-
ying potential for MHP energy recovery. Nevertheless, the original database assumed av-
erage flow and head for a significant number of sites (72%), where actual values were
unknown. These average flow values were based on pipe diameters or flow rate assuming
total property coverage. The spatial distribution of the data in Seville showed a more typ-
ical scenario where only partial data in the region were available. In this case, the database
included assumptions for the available head in some of the BPTs, while recorded data
were available for all PRVs. Similar to the spatial distribution in Seville, plots with partial
data were also available for Ireland, Northern Ireland, Wales, Spain, and Portugal. In the
case of Northern Ireland, the original database provided the average head values for all
sites, but for flow data, the values were again estimated based on the pipe diameter and
assumptions on average velocity. The Dublin database, in turn, included head and flow
data obtained from a hydraulic model of Dublin drinking water network, operated by the
corresponding water utility.

Power [kW]
° 00-20
o 21-50
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Figure 3. Power potential for MHP in the different sites identified in Scotland, for the drinking
water sector.

Table 2 outlines the power potential of regions within the six countries examined. A
total of 17,944 kW was identified from existing network data in the six countries investi-
gated. The majority of this estimate was in Scotland (15,516 kW), which had a complete
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dataset. The second largest estimate for countries with a complete dataset was Northern

Ireland, with 859 kW.
Table 2. Potential estimates (>2kW) for MHP by country for drinking water sector and relationship with population
served.
Country/ Power Pop. Covered Total pop. (M Extr. Power po- Extr. Power po-
Region Estimated (M people) people) kW per 1000 ppl tential I* tential IT**
Scotland 15,516 5.37 5.44 2.89 15,704 3958
N. Ireland 859 1.81 1.81 0.47 860 1318
Ireland 668 1.90 4.76 0.35 1671 3465
Wales 772 3.06 3.14 0.25 793 2284
Spain 95 1.02 47.10 0.09 4403 34,277
Portugal 34 0.11 10.28 0.31 3153 7479
Total/ average 17,944 13.27 72.53 0.73 26,584 52,781
*Extrapolation of power (kW) using the country specific ratio; **extrapolation of power (kW) using the average ratio 0.73
kW/1000 population.

Extrapolating the power estimated to the areas of countries not included in the data
collection was carried out on the basis of using the specific ratio determined for each coun-
try with partial data (extrapolated power potential I), and using the average (0.73 kW per
1000 population) across all of the countries by comparison (extrapolated power potential
IT). In the case of Ireland, for example, data were collected from the Dublin region in an
area of the water network serving 40% of the national population. This was extrapolated
to the entire country using a ratio of power potential to population served of 0.35 kW per
1000 population and 0.73 kW per 1000 population, for extrapolated power potential I and
II, respectively.
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Figure 4. Spatial distribution of MHP energy recovery sites in the drinking water sector in Seville, Spain.

To compile an assessment of the total energy potential for the six countries, the indi-
vidual extrapolated power potential I values were used for countries with full data, while
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extrapolated power potential II was used for those cases in which only partial data were
available. This extrapolation was made considering 365 days and 24 h of operation of the
installations. The total extrapolated annual energy potential using this method for drink-
ing water amounted to 548.2 GWh. Noting the significant variation in the extrapolation
ratios across each region in Table 2, which varied between 0.09 and 2.89, and that the value
for Scotland was significantly higher than the other locations, the accuracy of the total
estimate should be considered. For this reason, an extra estimation of the extrapolated
energy potential was added under different assumptions, summarized in Table 3:

e  Assumption 1 estimated the extrapolated energy potential based on the individual
ratios for Scotland, N. Ireland, and Wales, for which the full database was available,
while the average ratio was used for the rest of countries.

e  Assumption 2 used individual ratios for all countries.

e Assumption 3 considered individual ratios for countries with a full database, while
for Ireland, Spain, and Portugal, energy potential estimations were based on a partial
average ratio, excluding Scotland, due to the significant difference in its ratio, com-
pared to the rest of individual ratios.

e Assumption 4 applied the median of the individual ratios to all countries.

The four different assumptions showed total extrapolated annual energy potential
values in the range of 208.9 to 548.2 GWh, which differed by more than 250%. Previous
investigations have highlighted that a weak correlation exists between MHP energy po-
tential and local population statistics, with a R? = 26% for drinking water networks [31].
However, this previous study was conducted on the basis of local population estimates in
1 x 1 km? grids as opposed to on a regional and country basis here.

Table 3. Energy potential (GWh) for MHP extrapolated from power estimations under different
assumptions (As. 1 to As. 4) for the different countries.

Extrapolated Energy Potential (GWh)*

As. 1 As.2 As. 3 As. 4
Scotland 137.6 137.6 137.6 15.7
Northern Ireland 75 75 75 5.2
Ireland 30.4 14.6 12.3 13.7
Wales 6.9 6.9 6.9 9.0
Spain 300.3 38.6 122.0 135.7
Portugal 65.5 27.6 26.6 29.6
Total 548.2 2329 313.0 208.9

*Assuming 24-hour and 365-day operation.

3.2. Wastewater Networks

Table 4 outlines the estimated energy recovery potential of wastewater treatment
plants in the countries examined. This estimate was conducted on the basis of the analysis
of 535 treatment plants in Ireland and 343 in Spain. These data comprised all plants in
Ireland (see Figure 5) and most of those corresponding to Spain (78%). For the remaining
countries, data were not collected, and instead, energy potential was estimated on the ba-
sis of the relationship between power potential and population served by each treatment
plant. A linear correlation was found between the estimated hydropower potential (kW)
for sites and the population served by each plant, with an R? = 78%, according to Eq. 2.
Due to the stronger correlation between population and power potential for wastewater,
data collection in all six countries was deemed unnecessary.
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Figure 5. Spatial distribution of MHP potential of wastewater treatment plant outfalls in Ireland.

y = 44222 x 10~5x — 1.4565
where:

and

x represents the size of the population served by each plant.

@)

y represents the estimated power potential for wastewater treatment plant outlets (kW),

Country Population Power Extrapolated (kW)* Energy Extrapolated (GWh)*
Scotland 5,438,100 239 2.1
Northern Ireland 1,810,863 79 0.7
Ireland 4,761,865 209 1.8
Wales 3,138,631 137 1.2
Spain 47,100,396 2081 18.2
Portugal 10,276,617 453 4.0
Total 72,526,472 3206 28.0

*Power estimated on the basis of Eq. 2; energy extrapolated for 24 h and 365 days.

A total of 3206 kW of power at wastewater treatment plant outfalls in the six coun-
tries was estimated on the basis of Eq. 2 and corresponding population data. The low-
head inherent in most wastewater treatment plant outfalls resulted in a relatively low en-
ergy potential from this sector in comparison with drinking water, amounting to an an-

nual total of 28.0 GWh.

3.3. Irrigation Networks

Figure 1 shows the spatial distribution of irrigation networks analysed, located in
southern Spain and Portugal. For pressurized irrigation networks, data on the irrigated
surface areas and corresponding energy recovery potential were collected from 177 sites
identified by Crespo Chacon et al. [30]. A mean ratio of power recovery potential to irri-
gated surface area was found at 0.08 kW/ha. In this case, the irrigated surface areas were
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those areas downstream of each potential turbine installation according to the irrigation
networks topology.

In total, 2995 kW of potential for power recovery was identified at the 177 sites with
available excess pressure. However, in contrast to wastewater and drinking water sectors,
this power recovery potential in irrigation networks would only be available during the
irrigation season (which usually covers around 6-7 months). Considering the daily irriga-
tion time and season, the annual energy recovery potential was estimated at 6.11 GWh per
annum. The energy production was estimated to occur between the months of April and
October with intensive activity in July and August, as described in detail in [28,29] and
summarised in Table 5. In this table, a ratio between the energy estimated and the corre-
sponding irrigated surface was determined, with an average value of 0.167 MWh/ha.

Table 5. MHP energy potential estimates from the analysis of 18 irrigation network models in Spain and Portugal [30].

# of MHP .
Sites Irrigated ?urface Power  Energy
Network Country Identi- Surface with M.HP (kW) (MWh)
fied (ha) potential
Genil Margen Izquierda Spain 17 4450 62.0% 133.5 662
Bembezar Margen Izquiera Spain 15 3900 88.7% 197.1 744
Bembezar Margen Derecha-53 Spain 4 631 56.8% 38.2 46
Bembezar Margen Derecha-54 Spain 8 1679 48.6% 96.4 98
Bembezar Margen Derecha-S5 Spain 3 1186 47.8% 14.1 59
Bembezar Margen Derecha-56.1 Spain 15 726 92.9% 196.8 452
Bembezar Margen Derecha-56.2 Spain 3 924 92.5% 57.0 107
Bembezar Margen Derecha-S7 Spain 5 922 66.3% 90.4 94
Bembezar Margen Derecha-58.1 Spain 4 1141 70.1% 76.5 123
Bembezar Margen Derecha-S8.2 Spain 8 1686 53.7% 155.2 127
Bembezar Margen Derecha-S9 Spain 5 1275 83.0% 97.6 132
Bembezar Margen Derecha-S10 Spain 3 993 70.2% 87.5 80
El Villar Spain 13 2726 94.3% 293.8 917
Genil Cabra Spain 34 4320 88.4% 639.4 1165
Guadalmellato Spain 1 475 21.1% 17.0 161
Fuente Palmera Spain 26 5611 91.0% 487.7 934
Aboroa Portugal 4 1200 74.6% 48.9 79
Zujar Spain 9 2691 58.2% 267.5 281
Total/Average 177 36,536 70% 2994.6 6114

Extrapolating the estimated energy recovery potential to the rest of identified areas
was conducted on the basis of the obtained mean ratios for power and energy per hectare
of irrigated surface area. Extrapolation was only conducted for regions in Spain and
Southern Portugal, which include similar pressurised irrigation infrastructure to those
networks analysed by [30] in Table 5. The extrapolation did not extend to the other con-
sidered countries due to the lack of irrigation requirements and/or infrastructure. Table 6
summarizes the findings for Portugal in the two regions, Alentejo and Algarve, showing
a total annual energy potential of 24 GWh.
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Table 6. Power and energy potential estimates for MHP from the analysis of regions containing
pressurised irrigation networks in Portugal.

Irrigated Surface Power Extrapo- Energy Extrapo-

Country Region Covered (ha)  lated* (kW) lated+ (MWh)
Portugal Alentejo 126,184 10,347 21,073
Algarve 17,240 1414 2879
Total/Average 143,424 11,761 23,952

*Power extrapolated on the basis of the average power per irrigated surface area 0.082 kW/ha.
+Energy estimated on the basis of the average energy per irrigated surface area 0.167 MWh/ha.

In the case of Spain, Table 7 includes the surface area for localised irrigation, the ratio

between the surface irrigation water and total irrigation water volumes, and the power

and energy extrapolation for the different regions, amounting to a total annual energy
potential of 221.4 GWh.

Table 7. Power and energy potential estimates for MHP from the analysis of regions containing pressurised irrigation

networks in Spain.

Surface for Localized Surface/Total Power Extrapolated* Energy Extrapolated+

Irrigation (ha) Irrigation Water (MW) (GWh)

Andalucia 866,931 0.71 50.2 102.21
Aragon 69,775 0.97 5.6 11.34
Castilla y Leon 30,598 0.82 2.1 4.20
Castilla-La Mancha 357,225 0.47 13.8 28.16
Cataluna 98,685 0.83 6.7 13.71
Com. Valenciana 211,403 0.41 7.2 14.61
Extremadura 158,351 0.90 11.6 23.67
Region de Murcia 159,929 0.50 6.5 13.22
Navarra 21,126 0.89 1.5 3.13
La Rioja 22,036 0.89 1.6 3.27
Rest 36,693 0.63 1.9 3.38

Total/average 2,032,752 0.73 108.7 221

*Power extrapolated on the basis of the average power per irrigated surface area 0.082 kW/ha. +Energy estimated on the
basis of the average energy per irrigated surface area 0.167 MWh/ha.

In total, the instantaneous power estimated from the irrigation networks in Spain and
Portugal was 120.5 MW, and considering that the operation of the networks is typically
concentrated in the summer months, the total annual energy available for MHP recovery
was estimated at 245.4 GWh. It is important to note, as previously mentioned, that only
the surface water used for localised irrigation was considered for this study. The inclusion
of open-channel irrigation networks or networks fed by on-farm wells would increase the
energy recovery potential significantly, but it would require more detailed studies per
specific areas.

3.4. Total Energy Potential

The total annual energy estimated across the six countries and three sectors is sum-
marised in Table 8 as 482.3 to 821.6 GWh, depending on the assumptions selected for the
energy potential estimation in the drinking water sector. The majority of energy identified
was located in drinking and irrigation water networks (ranging between 43 and 67% for
drinking water and 51 and 30% for irrigation). Although the power potential for pressur-
ised irrigation networks was high in Spain and Portugal, due to the summertime concen-
tration of this activity, less energy is available on an annual basis, compared to drinking
water networks, for the results corresponding to the upper limit from the considered
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assumptions. Furthermore, this assessment did not extend beyond pressurised irrigation
network infrastructure, which is prevalent in some parts of the EU. Energy potential at
wastewater treatment works outfalls ranged between 6 and 3% of the total, depending on
the selected assumptions for the drinking water sector.

Table 8. Summary of total annual MHP energy potential estimates (GWh) across the six countries and three sectors.

Country Drinking Water Wastewater Irrigation Total
Scotland 15.7-137.6 21 0.0 17.8-139.7
Northern Ireland 52-7.5 0.7 0.0 5.9-8.2
Ireland 13.7-30.4 1.8 0.0 15.5-32.2
Wales 9.0-6.9 1.2 0.0 10.2-8.1
Spain 135.7-300.3 18.2 221.4 375.3-539.9
Portugal 29.6-65.5 4.0 24.0 57.5-93.4
Total 208.9-548.2 28.0 245.4 482.3-821.6

4. Discussion

As previously shown in the results section, the analysis of the energy recovery po-
tential with MHP technology in the water industry in the six European countries analysed,
including drinking water, wastewater, and irrigation sectors, reached a total annual value
of between 482.3 and 821.6 GWh, depending on the extrapolation method chosen for the
drinking water sector. From this total, the drinking water sector showed the highest con-
tribution in all countries except in those where the irrigated agriculture is a key sector in
the economy of the country. This is the case of Spain and Portugal, where both irrigation
and drinking water sectors represented the largest share of the estimated potential. These
results, together with those obtained in previous studies focusing on the drinking water
[14,15,24], wastewater [3,25], and irrigation sectors [26,27,30], show that MHP can play an
important role in the transition to a more sustainable water industry at a cross-country
and cross-sector scales, with a subsequent impact on society in environmental and eco-
nomic terms.

Table 9 outlines the total electricity consumption in drinking water, wastewater, and
irrigation activities in the analysed countries/regions, and the potential contribution of
MHP energy recovery installations. This can be seen to vary from 1.7-3.6% in Ireland to
9-13% in Spain.

Table 9. Electricity consumption estimates across the six countries assessed compared against the potential energy recov-
erable using MHP for drinking, wastewater, and irrigation services.

Scotland, N. Ireland,

Cfiiit;i‘;z) " Ireland (GWh yr) and Wales ( Gi\ll);l;r 1) Portugal (GWh yr)
(GWh yr)
Drinking Water 422 404 447 683
Wastewater 469 1015 2225 418
Irrigation 0 0 1486 144
MHP Potential 15.5-32.2 33.9-156.0 375.3-539.9 57.6-93.5
% Saving 1.7%-3.6% 2.4%-11.0% 9.0%-13.0% 4.6%-7.5%

Put into context, the total annual energy requirement of the pressurised irrigation
infrastructure in the regions considered was estimated as 1486 GWh. This estimate was
based on the irrigated surface areas outlined in Tables 6 and 7 and an average energy
requirement per hectare of 1003 kWh/ha, as determined by [7]. The potential energy esti-
mated from MHP in the irrigation networks in these regions accounts for 13% of the cor-
responding estimations for energy consumed by the irrigation activity. This highlights
that the potential in irrigation networks for energy recovery using MHP is on a par with
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or even greater than that of drinking water networks, where pressurized irrigation infra-
structure exists. While this is only a partial contribution to the total required, the main
advantage of MHP in the irrigation setting lies also in the provision of electricity at farm
level in areas, which are often far from grid connections, and where renewable energy
sources would be preferred to diesel generators. The results of Table 8 highlight that the
wastewater (between 6 and 3%) sector accounted for the minor share of MHP potential,
although wastewater infrastructure was present in all regions. In the case of irrigation
networks, not present in all regions, these presented a substantial potential where such
infrastructure was present, representing between 51 and 30%, against 43 and 67% of the
drinking water sector.

The high-level analysis conducted here presents some limitations, as several assump-
tions were made, and results should be treated in light of the methodology used. Many of
the identified 8828 sites could prove to be non-viable on detailed assessment due to a va-
riety of factors including land-access, grid connection availability or off-grid consump-
tion, flow/pressure variability, etc. As outlined in Section 2, the analysis also only consid-
ered the potential for MHP from existing locations with excess pressure/head and not all
possible locations, which would have required access to numerous hydraulic models, and
results in underestimation of the total potential. Open-channel irrigation infrastructure
was also omitted from the assessment, which also results in an underestimate of the MHP
potential for the entire irrigation sector.

In examining the distribution of potential installation sizes across 8828 sites, installa-
tions with a power potential over 15 kW represented 3% of the total number of sites (Table
1) and 10% of the sites, which had energy potential over 2 kW (Figure 6). Nevertheless, it
was found that 42, 64, and 66% of total energy potential from the analysed sites for drink-
ing water, wastewater, and irrigation sectors, respectively, could be produced in installa-
tions with more than 15 kW of power. These figures highlight that a significant proportion
of the energy potential estimated in this study could be exploited by installing MHP plants
in only a small number of the sites. A further 28% of the energy available was at sites in
the range of 5-15 kW (Fig. 6), and these represented 8% of the total number initially iden-
tified and 28% of those that presented power potential equal to, or higher than, 2 kW (Fig-
ure 6). These small-scale sites could be economically viable if exploited using pump-as-
turbine technology. Pumps-as-turbines in water networks have been shown to be partic-
ularly relevant in the range of 2-50 kW, which adds confidence to the reliability of the
estimated energy potential.

W 2-5 kW
W 5-10 kW
10-15 kW
>15 kW

(a) (b)

Figure 6. Distribution of the total number of sites with power potential over 2 kW (a) and total
energy estimations (b) between the pre-defined ranges of plant power sizes.
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The potential MHP installations identified here could cumulatively make a valuable
contribution to net energy efficiency gains and CO:2 emission reductions in the EU’s water
sector. This is also significant, as it demonstrates cost-effective, value-added, multi-coun-
try benefits to policy makers, establishing the case to promote and incentivise MHP in-
stallations to help achieve the desired CO:z emissions reduction targets in the sector.

5. Conclusions

A total annual potential for energy production using MHP turbines in the drinking
water, irrigation, and wastewater networks was estimated in the range 482.3 to 821.6 GWh
across six countries in the EU, depending on the assumption used for extrapolations for
energy recovery potential in the drinking water sector. This energy was shown to repre-
sent a potential reduction in the electricity demand of these water services by 1.7 to 3.6%
and 9 to 13%, depending on the assumptions and countries. A large abundance of poten-
tial locations to install MHP turbines was identified. For example, over 5000 and 2000 lo-
cations were identified in Scotland and Northern Ireland, respectively, demonstrating a
large potential for renewable energy activity and energy-saving potential in water net-
works. Almost half of the potential energy associated with the 8828 sites identified could
be produced in installations with a capacity greater than 15 kW, and these could, there-
fore, be readily exploitable using low-cost MHP technology, such as pump-as-turbines or
alternative approaches. These sites also only represented a small number of the total iden-
tified. Most existing PRVs identified produced power estimates less than 2 kW and would
be less likely to be economically viable as power plants. Most energy potential was present
in the drinking water and irrigation networks. Irrigation was shown to be the most im-
portant sector in regions where this activity was present. Wastewater treatment plant out-
falls by contrast presented limited potential for exploitation related to the number of iden-
tified sites and their systems’ characteristics.

The potential MHP installations identified here at existing water network infrastruc-
ture taken together could make a valuable contribution to improving the sustainability of
the EU’s water sector. Incentivisation and regulation of installations of this kind could
prove to be a valuable mechanism in achieving the desired CO: emissions reductions tar-
gets in the sector.
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land for the drinking water sector; Figure S3: MHP energy recovery potential of sites identified in
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identified in Cordoba, Spain, for the drinking water sector.
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