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Abstract This paper presents an extensive review of all known published literature on water consumption
from hydropower plants. The paper documents that the estimates show a large variation, from close to zero
m’/MWh to more than 3500 m*’/MWh, where the maximum values are far beyond the values published by
IPCC (2011). The highest values are from irrigation reservoirs with very limited hydropower production.
The review reveals that there is no consistent methodological approach in place, which is a major obstacle in
making a fair comparison between hydropower projects, and ultimately between technologies.
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INTRODUCTION

Climate change and the needed reductions in the use of fossil fuels call for the development of
renewable energy sources. Energy production is, however, recognised as potentially having an
impact on the water resources and vice versa. This has led to a growing interest in assessing the
“water footprint” of energy production, i.e. how much water is needed to produce one unit of
energy (m’/MWh). The recently published Special Report on Renewable Energy Sources and
Climate Change Mitigation (IPCC, 2011) compared renewable energy sources with respect to
water consumption. This report revealed that the variation in water consumption per unit of
electricity produced from hydropower projects was extremely large, ranging from close to
0 m*/MWh up to 209 m*’MWh, where the maximum value was far beyond other renewable energy
sources. The high value of water consumption from hydropower is explained by the high
evaporation rates from reservoirs located in subtropical and tropical regions, and that reservoir
evaporation is assigned as losses of water to the hydropower plants. The report (ibid.) suffers from
very few studies as the range of estimates for hydropower is based on only two sources/studies,
reported in four publications. Due to the very limited number of studies, it is also very difficult to
diversify the projects based on location, type of projects (reservoir versus run-of-the-river, large
versus small) or other characteristics. A recent study (Macknick et al., 2011, 2012a) provides an
updated review of estimates of operational water withdrawal and water consumption factors for
electricity generating technologies (but only including studies from the USA. These studies (IPCC,
2011; Macknick et al., 2011, 2012a) all acknowledge that estimates of water consumption from
hydropower production face methodological challenges.

The methodological approach of calculating the water footprint of hydropower projects has
been questioned and debated (e.g. Pfister & Hellweg, 2009; IHA, 2011; Mekonnen & Hoekstra,
2011). The most well-known water footprint method is presented in Mekonnen & Hoekstra (2011)
and defines the water footprint from hydropower to be the gross evaporation from the reservoir.
This method misses several essential aspects. Firstly it does not take into account the evaporation
from the reservoir areas prior to the hydropower project and provides therefore no information on
net change in catchment water balance. Secondly, in the case of multi-purpose reservoirs, the
water consumption is in most cases not shared between the various water uses, but is only assigned
to the hydropower plant. Thirdly, the fact that reservoirs could improve the availability of water
both in the reservoir area and the downstream areas due to their regulating effect is not accounted
for, nor other services provided by the regulation, such as flood control, improved navigation, etc.
Furthermore, Bates et al. (2008) emphasises the importance of reservoirs as measures against
impacts on the water resources due to climate change.
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This paper aims to provide a complete and updated review of all known and available
studies/publications on estimates on water consumption from hydropower projects from all parts
of the world. The paper clarifies terms, presents the estimates, unveils the primary sources,
highlights the methodological differences used in the calculations and discusses possible reasons
for the large variations.

REVIEW OF PUBLISHED ESTIMATES
Clarification of terms and limitations

A number of different terms related to the topic of this paper are used in the literature, including
water use/usage, water consumption, water losses, water withdrawal and water footprint,
sometimes having slightly different meaning, and applied in a non-consistent manner. The paper
by USGS (Hutson et al., 2004), referred to by several authors (e.g. Kenny et a/., 2009; Fthenakis
& Kim, 2010; Macknick et al., 2012b), defines “withdrawal as the amount of water removed
from the ground or diverted from a water source for use”. Furthermore, consumptive use/water
consumption is “the part of water withdrawn that is evaporated, transpired, incorporated into
products or crops, consumed by humans or livestock, or otherwise removed from the immediate
water environment”. Pfister et al. (2011) states that “water consumption (consumptive use)
denotes the part of the freshwater which is not released back to the original watershed;
primarily due to evaporation and product integration”. Water withdrawal holds then both a
consumptive and a non-consumptive component. Hoekstra et al. (2011) defines water footprint
as “the volume of water consumption that can be associated with a specific human purpose” and
by this argues (in the context of hydropower production) that “the full reservoir evaporation can
be attributed to the purpose of the reservoir”. According to the Water Footprint Network (WFN,
2012) the water footprint of a product (a commodity, good or service) “is the total volume of
freshwater used to produce the product, summed over the various steps of the production
chain”. This definition clearly refers to a life-cycle perspective of the production of a
commodity, good or service.

In this paper we define water consumption in hydropower production as the quantity of water
that leaves the analysed system due to the reservoirs, and can hence be considered lost for
hydropower production or the downstream water users/ecosystem. It appears from the reviewed
studies (see overview in Table 1) that the system boundaries for the analysis (“analysed system”)
are in most cases the reservoir(s) established for power production. The fact that the evaporated
water might return as precipitation to the river basin is hence neglected. The temporal span of the
analyses are in most cases the operational phase of the power production.

The publications reviewed in this paper are all focused on the quantities of water that are
consumed, and to a very little extent how a regulation/reservoir affects the quality of the water.
Changing the river system from running to standing water due to damming and changing the
natural hydrological conditions in the affected rivers might also change the water quality.
Referring to Hoekstra et al. (2011), the water footprint methodology consists of three components:
blue, green and grey, where the grey represents the polluted part, but in all the reviewed cases
(including the case by Mekonnen & Hoekstra, 2012), only the impacts on the blue component
(surface water and groundwater) are estimated.

It is assumed in the reviewed studies that the major water consumption from hydropower
projects are by far dominated by evaporation losses from the reservoir surface. The issue is raised
by e.g. Gleick (1994) by discussing the possible contribution of losses due to seepage, which
might be present in hydropower projects sited in areas with porous geological formations. Gleick
(1994) argues that seepage should not be considered as “consumed water” even though it is not
available for electricity production, as it is assumed returning to the river/river basin downstream
of the hydropower plant and hence not “lost” into the atmosphere or embedded in a product or
service.
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Table 1 Published estimates for water consumption from hydropower projects.
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Study Given estimate Estimate in Climatic region Calculat. Data source
(m*/MWh) method
Gleick (1992)/  Range: 0.01-58 km*/10"* ] 0.04 (min) California, US (a Gross E Primary source
Gleick (1993) Median: 1.5 5.4 (median) diverse set of 100
209 (max) plants)
Gleick (1994) California: California: California and US Gross E Gleick (1992)
Mean: 5.4 m*/10° KWh Mean: 5.4 m*’MWh averages
Median: 26 m*/10° KWh Median: 26 m/MWh
US average: 17 m*/10° KWh  US average: 17
m’/MWh
Torcellini et 18 gal/KWh 68 (average) US average — 120 Gross E¥ Primary source
al. (2003) largest plants,
providing ~65% of
prod. in 1999
US Dept. of 4500 gal/MWh 17 US average Gross E Gleick (1994)
Energy (2006)
Pasqualetti & 30078 gal/MWh 113.9 Arizona, US Gross E®  Primary source
Kelly (2008)
Gerbens- 22 m’/GJ 80 Global average'” Gross E Primary source
Leenes et al.
(2009)
Mielke et al. 4500 gal/MWh 17 US average Gross E Gleick (1994) & US
(2010) Dept. of Energy
(2006)
Fthenakis & California — range: 38— 0.04 (min) California and US Gross E Gleick (1993)*
Kim (2010) 210000 L/MWh Median: 5.4 (median)
5300 L/MWh 209 (max)
US average: 17 000 L/MWh 17 (US average)
Herath ef al. Gross average: 6.05 m*/GJ 21.8 (Gross average)  “All plants” Gross E, Primary source
(2010) Net average: 2.72 m*/GJ 9.8 (Net average) Northern and NetE &
Water balance: 1.55 m*/GJ 5.6 (Water balance) Southern New wB®
Zealand
IPCC (2011) Range: 38 L/MWh — 209 0.038 (min) US only Gross E Gleick (1993),
m’/MWh 209 (max) Torcellini et al.
(2003), Mielke et al.
(2010), Fthenakis &
Kim (2010)"
Macknick et Range: 1425 ga/MWh — 5.4 (min) uUsS Gross E Gleick (1994),
al. (2011)/ 18 000 gal/MWh 17.0 (median) Torcellini et al.
Macknick ez Median: 4491 gal/MWh 68.1 (max) (2003)®
al. (2012a) /
Pfister et al. Low estimate: 1.0 m’/MWh  Low: 1 Mainly US, but Gross E Gleick (1994),
(2011) Average: 25 m*/MWh Average: 25 probably also Torcellini et al.
High estimate: 600 m>’MWh  High: 600 Tanzania and the (2003), Kadigi et al.
Alps (2008), SN Energie
Gruppe (2008)"
Mekonnen & Range: 0.3 m’/GJ — 846 1.08 (min) World-wide, 35 Gross E Primary source
Hoekstra m’/GJ 244.8 (average) plants, ~ 8% of
(2012) Average: 68 m*/GJ 3045.6 (max) global installed
capacity
Yesuf (2012) Gross estimate —range: 34 — 34 (Gross min) Ethiopia Gross E &  Primary source
82 L/KWh 82 (Gross max) (Omo-Ghibe River) NetE
Net estimate — range: 10 — 10 (Net min)
26 L/KWh 26 (Net max)
Tefferi Range: 11 — 137 L/KWh 11 (min) Ethiopia (Blue Gross E Primary source
(2012)19 4 hydropower reservoirs 136.9 (max) Nile)
Range 1371-3521 L/kWh 99 (w. average) Sudan (Blue Nile)
2 irrigation reservoirs 1371 (min) Roseires & Sennar
3521 (max) Irrigation reservoirs

1480 (w. average)

(1) Abbreviations used: Gross E = gross evaporation divided on production; Net E = net evaporation divided on production and WB =
Water Balance-approach

(2) The study also includes an assessment of the evaporation prior to damming, assuming a free-flowing river. Estimates of evaporation
before are only 3.2% of the evaporation after damming, giving a negligible difference between gross and net evaporation.

(3) This study takes into account the multi-purpose functions of the reservoirs, and the water consumption is assigned to the various
water users based on the economic valuation of water to each sector/user. In this study, 55% of the losses were assigned to hydropower.

Notes continued overleaf
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(4) This study combines global hydropower production (Gleick, 1993) with global evaporation estimates from reservoirs (Shiklomanov,
2000).

(5) The study introduces LCA-concepts to assessment of water consumption, but as this is limited documented/described and hence not
presented in our paper.

(6) The net water balance method is defined as the evaporation from the reservoir surface minus the direct rainfall on the reservoir,
divided on production.

(7) IPCC (2011) also refers to LeCornu (1998), but we do not see that this reference provides useful information to the discussion of
water consumption estimates.

(8) The max value in Macknick et al. (2011) seems to be the same as the average value in Torcellini e al. (2003). It could be speculated
if this is because Torcellini ef al. (2003) includes only large (most reservoir-based) plants, while Macknick et al. (2011) also includes in-
stream plants (run-of-the-river plants).

(9) The latter reference appears to be not available from the web-site given in Pfister ez al. (2011).

(10) This study includes a large lake/reservoir where irrigation is the (by far) dominant water use, and also a large lake where hydro-
power is just a minor add-on, giving extremely low estimates as all the evaporation losses are assigned to the hydropower production.

Comments on the published estimates (Table 1)

— The presented estimates are based on different methodological approaches and only figures
based on the same methodologies should be compared. The approach using the gross
evaporation divided by production is dominant.

— There is an extensive re-use of data in publications, especially data originating from Gleick
(1992).

—  Some of the newly published estimates are far beyond the maximum values published earlier
by IPCC (2011).

— Some of the high estimates are from reservoirs, with the irrigation as the primary purpose and
limited hydropower production.

—  Only two studies report both gross and net evaporation. In these cases the net evaporation was
30—45% of gross evaporation.

— Some studies are single-plant studies, while others have a very large geographical extent (up
to world-wide averages presented), “smoothing out” large spatial variations in water
consumption values.

— There is probably large uncertainties related to the quality/precision of the evaporation rates
used in many studies, due to limited observations and the reason given in the preceding bullet
point.

— The studies/publications range from technical reports, master theses to peer-reviewed
scientific articles, representing differences in quality.

DISCUSSION

The literature study has shown that there are at least four different approaches for estimating the
water consumption from a hydropower project, where three of them include only the water
consumption in the operational phase of the project. Most studies (see Table 1, column 5) seem to
base the water consumption estimates on gross evaporation rates, i.e. they do not adjust the gross
evaporation rates with the evaporation from the areas prior to the damming/construction of the
plant. Herath et al. (2011) and Yesuf (2012) estimate the water consumption based on both the
gross and the net evaporation rates and Herath et al. (2011) also introduce a third calculation
method called the “water balance”-approach. In addition to these three calculation methods, a Life-
Cycle Assessment (LCA) is an alternative approach that also includes the water consumption in
processes upstream of/prior to the operational phase (i.e. planning and construction phase of a
hydropower project). This approach is briefly described in some of the reviewed papers (Inhaber,
2004; Ridoutt & Pfister, 2010; Fthenakis & Kim, 2010), but a full LCA has not been performed for
hydropower in any of the published studies, as far as the authors know. Pfister et al. (2011) argues
that the operational phase with evaporation from the reservoir by far dominates the water
consumption from the other life-stages of a project, making a full LCA too comprehensive and
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inappropriate for the purpose. The selection of approach might have large effects on the results, as
shown in Herath et al. (2010) and Yesuf (2012) that compare the gross- and net evaporation. IPCC
(2011) therefore emphasised the need for a consistent calculation framework, and stressed
especially the need for research to determine the net effect of reservoir construction on evaporation
in a specific watershed.

The water consumption estimates are very sensitive to the evaporation values that are used.
Large uncertainties in the evaporation estimates will be transferred into large uncertainties in the
water consumption estimates. The reviewed studies have very different geographical extent,
ranging from studies of single plants, to regional and global studies. The precision/quality of the
evaporation data will hence most likely vary a lot, possibly causing biased estimates, which means
that comparisons should be made with great care.

It is timely to ask if large water consumption values are problematic or not, i.e. if the water
consumption is sustainable. The reviewed papers discuss to a small extent the impacts on the water
resources caused by high water consumption values. Ridoutt & Pfister (2010) argue for such a
need and Pfister ef al. (2011) proposes to bring in “aridity” as a possible proxy for potential impact
on the water resources from an activity, e.g. power production. In the water footprint manual
(Hoekstra et al., 2011) a very simplistic sustainability calculation is defined. The sustainability
calculation is based on the estimates of the blue water availability and the water footprint, and
sustainability concerns rise when the water footprint exceeds the blue water availability. We also
refer to the application in Heihe River (Zeng et al., 2012) for further details on this.

CONCLUSION

This review has revealed that there are now a larger number of published studies on water
consumption from hydropower plants available than during the review carried out by IPCC (2011).
The newly published data partly falls within the range of estimates published by IPCC (ibid.),
partly far beyond the earlier published maximum values (e.g. Pfister et al., 2011; Mekonnen &
Hoekstra, 2012; Tefferi, 2012). The dominant method for estimating the water consumption is by
using the gross evaporation (in contrast to net) divided by production, but it is problematic that this
approach is controversial and no consistent, solid and agreed methodology is in place.
Furthermore, the issue of assigning the water loss to the appropriate water user in a fair way in the
case of multi-purpose reservoirs remains unsolved. Methodological inconsistencies and natural
large variation possibly explain most of the large variation in the water consumption estimates.

An improved concept for calculating the water consumption/footprint should also address the
possible impact an activity with high water consumption values might have on the local water
resources. So far, this issue has only been raised by a few publications to a limited extent (e.g.
Ridoutt & Pfister, 2010; Pfister et al., 2011; Hoekstra et al., 2011; Zeng et al., 2012). Such a
concept should also take into account the possible positive effect a regulation could have on the
availability of water.
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