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a b s t r a c t 

For centuries, humans have resorted to building dams to gain control over freshwater available for hu- 

man consumption. Although dams and their reservoirs have made many important contributions to hu- 

man development, they receive negative attention as well, because of the large amounts of water they 

can consume through evaporation. We estimate the blue water footprint of the world’s artificial reservoirs 

and attribute it to the purposes hydroelectricity generation, irrigation water supply, residential and indus- 

trial water supply, flood protection, fishing and recreation, based on their economic value. We estimate 

that economic benefits from 2235 reservoirs included in this study amount to 265 × 10 9 US$ a year, with 

residential and industrial water supply and hydroelectricity generation as major contributors. The water 

footprint associated with these benefits is the sum of the water footprint of dam construction ( < 1% con- 

tribution) and evaporation from the reservoir’s surface area, and globally adds up to 66 × 10 9 m 

3 y −1 . The 

largest share of this water footprint (57%) is located in non-water scarce basins and only 1% in year-round 

scarce basins. The primary purposes of a reservoir change with increasing water scarcity, from mainly hy- 

droelectricity generation in non-scarce basins, to residential and industrial water supply, irrigation water 

supply and flood control in scarcer areas. 

© 2018 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Increasing the limited availability of freshwater to meet ever

rowing and competing demands is on many policy agendas

 WEF, 2017 ). Drivers for the growing concern include a grow-

ng world population, increasing wealth, a transition from fossil-

ased to renewable energy sources and climate change ( UN-

WAP, 2015 ). For centuries, humans have resorted to building

ams to gain control over freshwater available for human con-

umption. Toward the middle of the 20th century, construction

ntensified. What started off mainly in the developed world, was

oon followed by developing countries in the 1970–80s. When

ost suitable locations had been developed and most rivers reg-

lated, construction slowed down. Today, new reservoirs are be-

ng built mainly for the purpose of hydroelectricity generation

 Shiklomanov and Rodda, 2003; Liu et al., 2015; Timpe and Kaplan,

017 ). 
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Dams and their reservoirs have made an important contribu-

ion to human development in many ways, such as storing, us-

ng and diverting water, for consumption, irrigation, cooling, trans-

ortation, construction, mills, power generation, fishing and recre-

tion. Derived benefits have been – and continue to be – consider-

ble ( World Commission on Dams, 20 0 0; Gernaat et al., 2017 ). As-

ociated costs, both in (socio)economic and ecological terms, have

een considerable as well ( Pacca and Horvath, 20 02; Gleick, 20 03;

atrubesse et al., 2017 ). Moreover, since artificial reservoirs have

ecome so prevalent in our modern world, it is increasingly ac-

nowledged that reservoirs are not mere in-stream water users.

hey can be large water consumers, because of the water that

vaporates from their surface. This consumptive term adds to the

ressure on (regional) water resources ( Shiklomanov, 20 0 0; Hoek-

tra, 2013; Liu et al., 2015; Vanham, 2016 ). 

A previous influential study to humanity’s water footprint (WF),

owever, excluded the WF of reservoirs altogether ( Hoekstra and

ekonnen, 2012 ). In addition, despite an addendum acknowledg-

ng the importance of water consumption by reservoirs through

vaporation, AQUASTAT does not list them as water consumers
nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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in national statistics ( FAO, 2016 ). About hydropower, the Interna-

tional Energy Agency does not even mention the term evapora-

tion in their recent World Energy Outlook 2016 ( IEA, 2016 ). By it,

they ignore one of the most important balance terms of water for

energy. 

Studies that try to account for water consumption by reservoirs

typically employ one of two methods, the so called net approach

and the gross approach ( Bakken et al., 2013, 2016 ). The net ap-

proach reduces evaporation from the reservoir surface with evap-

otranspiration in the ‘natural’ state before dam development (e.g.

Shiklomanov and Rodda, 2003, Grubert, 2016, Scherer and Pfister,

2016 and Strachan et al., 2016 ). The gross approach, which most

studies use, takes total evaporation from the reservoir as measure

of reservoir consumption (e.g. Torcellini et al., 2003, Pasqualetti

and Kelley, 2008, Mekonnen and Hoekstra, 2012 and Zhao and

Liu, 2015 ). Although scholars debate on which approach to use, we

postulate both approaches have their merit. Confusion arises be-

cause of misinterpretation of the intention for which one method

is chosen over the other: the net approach is suitable for analyz-

ing changes in hydrology on a catchment scale, while the gross

approach is preferred for water footprint assessments, where the

aim is to show the total volume of water appropriated to certain

purposes and that is therefore not available for another purpose

( Hoekstra et al., 2011; Hoekstra, 2017 ). This study intents the lat-

ter. 

Following the global water footprint standard ( Hoekstra et al.,

2011 ), the WF related to reservoirs must include all steps of the

supply chain. The total WF should afterwards be attributed to

derived products and services, based on their economic value. A

reservoir generally serves multiple purposes, the most common of

which are hydroelectricity generation, supplying water for residen-

tial and industrial use, supplying irrigation water, regulating the

flow of rivers to prevent flooding and enabling inland navigation

( ICOLD, 2011 ). Reservoirs are rarely created for recreational and

fishing purposes, but after a dam is built, these are important sec-

ondary purposes ( Ward et al., 1996 ), and therefore share in the WF

of reservoirs. 

Previous studies attributed the total reservoir water footprint

to purposes either partially or using simpler methods. Instead of

using economic value, one purpose takes all, purposes receive an

equal share, or some prioritization is set up ( Mekonnen and Hoek-

stra, 2012; Bakken et al., 2016; Grubert, 2016; Scherer and Pfister,

2016 ). 

The aim of this study is to estimate the blue WF of the world’s

artificial reservoirs, and attribute it to the purposes hydroelectricity

generation, residential and industrial water supply, irrigation water

supply, flood protection, fishing and recreation, based on their eco-

nomic value. The blue WF refers to consumption – which includes

evaporation – of blue water resources (surface water and ground-

water). For each purpose, the WF is expressed in terms of water

consumption per unit (that is, m 

3 GJ −1 for hydroelectricity genera-

tion, m 

3 ha −1 for irrigation water supply, and so on). This unit WF

is translated into water consumption per US dollar (in m 

3 US$ −1 ),

and its inverse, economic water productivity (in US$ m 

−3 ). Produc-

tivities of hydroelectricity generation are compared with both pro-

ductivities found in other studies and those of other types of elec-

tricity, thereby feeding discussions on energy scenarios. Although

water consumed by reservoirs is no longer available for (down-

stream) use, the question is how worrisome this consumption is. In

water-scarce river basins, the opportunity cost of water consump-

tion may be high and a large WF may worsen scarcity, whereas in

more water-rich basins impact may be small. We therefore close

with an investigation into the water scarcity levels in all river

basins with reservoirs. 
H  

w  

t  
. Method and data 

The blue water footprint related to an artificial or man-made

eservoir (WF res [m 

3 y −1 ]) includes both an operational and a sup-

ly chain part. It thus comprises the WF related to evaporation

rom the reservoir surface (WF evap [m 

3 y −1 ]) and the WF related

o reservoir construction (WF constr [m 

3 y −1 ]): 

F res = WF evap + WF constr (1)

WF evap is determined by means of the gross consumption ap-

roach: 

F evap = 10 EAκ (2)

here E [mm y −1 ] is the depth of water that evaporates yearly

rom the reservoir surface, A [ha] the maximum reservoir area and

an area correction factor, set to 0.5625, to correct for the fact

hat the reservoir surface at average filling conditions is smaller

han the maximum area reported in the databases. This factor

s derived from a volume-area relation that is based on the as-

umption that a reservoir is on average half-filled during the year

 Kohli and Frenken, 2015 ) and is trapezoid-shaped. Multiplication

y 10 adjusts the units. Since reservoir areas are considered con-

tant in the databases (see Section 2.1 ) and also κ is kept con-

tant, we fail to capture anomalies in surface areas and hence its

ffect on WFs. We prudently quantified the resulting uncertainty

ange for two indicators, namely the global total WF and global

verage WF of hydroelectricity generation. For these two indica-

ors we calculated two extreme scenarios, one in which we set κ
o 0.2 (indicating all reservoirs evaporate from a surface area that

oughly corresponds to the dead storage filling, resulting in the

mallest possible WF evap ), and one in which we set κ to 1 (indi-

ating all reservoirs evaporate from their maximum surface area,

ielding the largest possible WF evap ). The resulting range should

e interpreted as a preliminary estimate of uncertainty associated

ith fluctuating reservoir areas. 

WF constr depends mainly on the construction material of the

am. Earth and rock fill dams are usually constructed with ma-

erials found near the dam site, whereas gravity, buttress and arc

ams are mostly made of reinforced concrete ( Chen, 2015; No-

ak et al., 2007 ). For earth and rock fill dams we accounted only

or water consumption related to the energy used to excavate

nd transport the rock or earth. We took average fuel use from

hn et al. (2009) and applied to it the WF of diesel (1058 m 

3 MJ −1 )

rom Gerbens-Leenes et al. (2008) under the assumption that the

aterial on average is sourced 20 km from the construction site.

or gravity, arc and buttress dams we estimated only the WF of

einforced concrete, using the WF of cement and unalloyed steel

rom Gerbens-Leenes et al. (2018) and assuming a mixture of 1%

teel, 29% cement and 70% aggregates. We used the WF for rock

nd earth as describe above also for aggregates. Water consump-

ion related to clearing the construction site, equipment and in-

tallations either lack reliable data or were assumed negligible.

e therefore did not account for these terms. Finally, the annual

F constr is calculated by dividing the water footprint of construc-

ion by the assumed typical lifespan of a dam of 100 years. 

WF res is assigned to the different reservoir purposes i (WF i [m 

3 

er unit of production]) through an allocation coefficient ηi that is

ased on the economic value V [US$] of each purpose i: 

F i = ηi WF res with ηi = V i / 
∑ 

V i (3)

Lastly, we placed WF res in the context of local water scarcity.

e used monthly water scarcity levels per river basin, represen-

ative of and averaged over the period 1996–2005 as provided by

oekstra et al. (2012) , to examine the scarcity level of the basin in

hich the reservoir is located. A basin is considered water scarce if

he total blue WF of all human activities combined exceeds water
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Fig. 1. Combining the WRD and GRanD databases yields 2235 reservoirs with full data availability. 
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vailability (runoff minus environmental flow requirements) in any

iven month. Because the study by Hoekstra et al. (2012) does not

over all basins, this scarcity analysis includes 71% of reservoirs in

his study that are located in basins with data available; the re-

aining 29% were excluded. 

.1. Reservoir data 

Dam and reservoir data are obtained by combining two

atabases: the World Register of Dams (WRD) from the Interna-

ional Commission on Large Dams ( ICOLD, 2011 ) and the Global

ams and Reservoirs Database (GRanD) by Lehner et al. (2011) .

RD contains over 37,0 0 0 reservoirs, including information on

eservoir purpose, depth and area, dam height, type and body vol-

me, location (latitude, longitude) and production data for hydro-

lectricity generation, irrigation water supply and other benefits.

RanD contains information on 6854 reservoirs, including reser-

oir purpose, average depth and maximum area, dam height and

levation, and comes with a georeferenced vector map of reservoir-

haped polygons. Neither database reports temporal variations, ei-

her intra- or inter-annual, in any dam or reservoir variable. 

WRD and GRanD are combined, since neither one is complete

or contains all information required. We linked the two databases

ased on the name and country of each dam. Also, we put in a

anual effort to match as many entries as possible based on alter-

ative or slightly different dam or country names. If an element,

uch as height or area, was present in both databases, GRanD

ntries were selected because of its perceived higher quality. Af-

er excluding reservoirs with a reported natural origin, river and

oastal barrages and entries with missing production data, our fi-

al database contained 2235 reservoirs with full data availability

 Fig. 1 ). These 2235 reservoirs cover a maximum surface area of

29,0 0 0 km 

2 ( ∼50% of total GRanD database surface area of man-

ade reservoirs). 

.2. Evaporation estimation 

Many methods exist to calculate evaporation. To prevent bias

oward any one method, we estimated open water evaporation

rom the 2235 reservoirs as an ensemble mean of four different

ethods: the ones provided by Kohli and Frenken (2015), Jensen

nd Haise (1963) , Hamon (1961) and a modified version of Pen-

an ( Kohler et al., 1955; Harwell, 2012 ). 
The Kohli and Frenken (KF) method is straightforward: 

 KF = 

365 ∑ 

j=1 

k c E T 0 (4) 

here k c is a crop coefficient, set to 1 for open water, and ET 0 
mm d 

−1 ] the daily FAO reference evapotranspiration rate. 

The Jensen and Haise (JH) method is an energy budget based

ethod which has proven accurate under limited data availability

 Rosenberry et al., 2007; Majidi et al., 2015 ): 

 JH = 

365 ∑ 

j=1 

0 . 03523 R s ( 0 . 014 T a − 0 . 37 ) (5) 

here R s [W m 

−2 ] is incoming solar radiation and T a [ °F] mean

aily temperature. If T a becomes lower than 26.5 °F, evaporation

ecomes negative, in which case evaporation becomes zero. 

The Hamon (H) method calculates evapotranspiration based on

he relation between maximum incoming energy and the moisture

apacity of the air. It assumes open water evaporation is equal to

vapotranspiration. We took the modified version of this method

s used by the US Army Corps of Engineers ( Harwell, 2012 ): 

 H = 

365 ∑ 

j=1 

13 . 97 

(
N 

12 

)2 (SV D 

100 

)
(6) 

here N is the maximum number of daylight hours and SVD

g m 

−3 ] the saturation vapor density. 

The modified Penman (P) method combines mass transfer and

nergy budget methods, which expels the need for the surface wa-

er temperature, to determine open water evaporation ( Harwell,

012; Majidi et al., 2015 ): 

 p = 

365 ∑ 

j=1 

(
�

� + γ
R n + 

γ

� + γ
E a 

)
(7) 

here � is the gradient of saturated vapor pressure, γ the psy-

hrometric constant, R n [mm d 

−1 ] the effective net radiation and

 a [mm d 

−1 ] the evaporation from a Class A pan. 

Climate data necessary to evaluate the four evaporation meth-

ds was taken from the ERA-Interim database ( Dee et al., 2011 ),

ith a spatial resolution of 5 × 5 ′′ , for the period 1981–2010. We

ggregated sub-daily data to daily values, because not all variables

ere available on a daily same time step. For each variable, we

alculated average daily values over the period 1981–2010 to yield

vaporation estimates for one (climate-averaged) year. Evaporation

as evaluated at the midpoint of each reservoir. 
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2.3. Economic value and attribution 

The WRD database states the purposes of a reservoir and pro-

vides production information on hydroelectricity generation, irriga-

tion water supply and flood control storage, if present. For some

reservoirs, production information was conflicting with purpose

data. As a rule, we recognized hydroelectricity generation, irriga-

tion water supply and flood control storage as a purpose if pro-

duction data was available – even if the database did not explic-

itly list it as a purpose. We excluded navigation as a reservoir

purpose, because only a few reservoirs are reported to serve this

purpose. Besides, no data are reported on the economic value of

reservoirs for the specific purpose of navigation. We converted

and discounted all prices to represent 2014 equivalent US dol-

lars, using inflation correction factors and exchange rates from the

World Bank (2015) and Williamson (2015) . 

2.3.1. Hydroelectricity generation 

The economic value of hydroelectricity generation [US$ y −1 ] is

calculated by multiplying the mean annual electricity generation

[GWh y −1 ] with the economic value of electricity in the country

where the reservoir is located [US$ GWh 

−1 ]. For some reservoirs

(984 in total), WRD reports both mean annual electricity genera-

tion and production capacity. For reservoirs with only a produc-

tion capacity reported (359 reservoirs), we assumed mean annual

electricity generation as 34% of the production capacity. This per-

centage is based on the ratio between mean and capacity pro-

duction for reservoirs which have both metrics stated. National

electricity prices were taken from IEA (2012), RCREEE (2013) or

EUROSTAT (2015) or, if not available in these, based on prices

found for comparable neighboring countries. 

2.3.2. Irrigation water supply 

The economic value of irrigation water supply [US$ y −1 ] is cal-

culated by multiplying the irrigated area serviced by the reser-

voir as provided by WRD [ha] with the average economic value

of agricultural land in the country where the reservoir is located

[US$ ha −1 y −1 ]. The latter is a proxy for the value of crops that

are actually being irrigated with water from the reservoir, be-

cause the databases are limited to reporting general servicing area

for agricultural purposes. The average economic value of agri-

cultural land is estimated per country by dividing the value of

agricultural production of all crops in the country [US$ y −1 ] by

the production area of all crops in the country [ha]. Agricultural

value and harvested area per crop per country were taken from

FAOSTAT (2015) for the year 2013. 

2.3.3. Flood control storage 

The economic value of flood control storage [US$ y −1 ] is cal-

culated by multiplying the available flood storage volume as pro-

vided by WRD [m 

3 ] with the economic value of flood storage [US$

m 

−3 y −1 ]. The only study plainly stating economic value of flood

storage to our knowledge is by Zhao and Liu (2015) , who found a

value of 0.16 US$ m 

−3 y −1 for the Three Gorges reservoir in China.

The US Army Corps of Engineers ( USACE, 2016 ) reports on pre-

vented flood damage since the year of completion for several of its

projects, most noticeably 24 reservoirs in the North-East US. Trans-

lated to mean annual values, their study yielded estimates of 0.002

to 0.58 US$ m 

−3 y −1 , with an average of 0.117 US$ m 

−3 y −1 , which

is similar to the aforementioned estimate by Zhao and Liu (2015) .

We used 0.117 US$ m 

−3 y −1 as a proxy for all reservoirs globally

that have flood control as a stated purpose. 

2.3.4. Residential and industrial water supply 

The economic value of residential and industrial water supply

from reservoirs [US$ y −1 ] is calculated by multiplying the esti-

mated yearly abstracted volume [m 

3 y −1 ] with the economic value
f residential water in the country where the reservoir is located

US$ m 

−3 ]. However, estimates of yearly abstracted volumes are

ot readily available. Based on data from 132 reservoirs in the

nited States ( IWR, 2012 ) and 30 in Australia ( Knook, 2016 ), the

atio between abstracted volume over reservoir volume was de-

ermined. These ratios showed a large variation, mainly because

f size of the reservoir and climate: small reservoirs in humid cli-

ates typically have higher ratios than large ones in arid regions.

ased on the set of 162 reservoirs, we drew two rating curves –

ne for humid and one for (semi-) arid regions. Depending on the

limate zone of individual reservoirs, either curve prescribes the

stimated abstracted volume. Note that in this procedure, other

actors that might influence abstracted volumes are not considered.

ational water prices were taken from Danilenko et al. (2014), IWA

2012) and OECD (2010) or, if not available, based on prices found

or comparable neighboring countries. 

.3.5. Recreation 

The economic value of recreation [US$ y −1 ] is calcu-

ated by multiplying the economic value of recreation [US$

a −1 y −1 ] with the reservoir surface area [ha]. Although ex-

ressing values of recreation in terms of surface area is rare,

ostanza et al. (1997) gave a value of 368 US$ ha −1 in 2014 net

resent value. For lack of better estimates, we applied this value

o all reservoirs with recreation as stated purpose. 

.3.6. Commercial fishing 

The economic value of recreation [US$ y −1 ] is calculated by

ultiplying the average economic value of wild caught freshwater

sh [US$ kg −1 ] with the reservoir surface area [ha] and the fish-

ng yield [kg ha −1 y −1 ]. Economic values were obtained from The

orld Fish Center (2008), Mitchell et al. (2012) and FAO (2015) .

ishing yields depend on multiple factors such as water body

olume, food supply and climate ( Marmulla, 2001 ), but country-

verage yields were the best metric we could find. Average national

shing yields were taken from Marmulla (2001), Van Zwieten et al.

2011) and Mitchell et al. (2012) or, if not available, based on prices

ound for comparable neighboring countries. For lack of reliable

ata, we excluded aquaculture in our analysis. 

. Results 

.1. The water footprint related to artificial reservoirs 

The global water footprint of evaporation from the 2235 reser-

oirs in this study, averaged over the four estimation meth-

ds, is 65.7 × 10 9 m 

3 y −1 . Fig. 2 shows the evaporation distri-

ution for each method over all reservoirs. Table 1 gives the

F evap aggregated to the continent level. We grouped the reser-

oirs by climate class following the Köppen–Geiger classification

 Kottek et al., 2006 ) in Fig. 3 . The different methods vary in their

esulting estimates of evaporation. Typically, the straightforward

ohli and Frenken method gives the highest evaporation estimates

especially in warm arid climates). The Hamon method yields

he lowest estimates, which was anticipated by previous stud-

es by Harwell (2012) and Majidi et al. (2015) . The Jensen-Haise

ethod estimates higher evaporation rates in equatorial climates

ompared to other methods, possibly because the Jensen-Haise

ethod was originally developed for more arid regions ( Jensen and

aise, 1963 ). Given that this study included only those reservoirs

or which all data were available, the total, global water footprint

f reservoirs must be substantially higher than the number pre-

ented here. 

The global water footprint of reservoir construction for the

235 reservoirs in this study is 39.6 × 10 6 m 

3 y −1 ( Table 1 ). This

umber represents 0.05% of WF evap and thus hardly contributes to
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Fig. 2. Comparison of estimated distribution functions and quartiles of different evaporation (E) methods (average [avg], Hamon [H], Jensen-Haise [JH], Kohli-Frenken [KF] 

and Penman [P]) over all reservoirs. 

Table 1 

Estimated evaporation volumes from reservoirs for each continent. 

WF evap [10 9 m 

3 y −1 ] WF constr [10 6 m 

3 y −1 ] 

Minimum Average Maximum 

Africa 15.6 18.8 25.1 0.38 

Asia 15.3 18.0 22.3 33.4 

Europe 2.9 3.8 4.7 0.74 

North America 2.9 3.5 4.3 4.62 

Oceania 1.0 1.2 1.5 0.18 

South America 16.4 20.5 25.6 0.35 

Global 54.1 65.7 83.6 39.6 
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he total yearly WF of reservoirs. Each reservoir individually shows

uch insignificant WF contr share of the total as well. Note, how-

ver, that WF constr is only trifling because we discounted it over the

am’s lifespan. Water consumption could be significant still during

he period of actual dam construction. 

.2. Allocation of WF res to purposes based on economic value 

The total economic value of the reservoirs in this study,

pawned by hydroelectricity generation, irrigation water supply,

ood control, domestic and industrial water supply, recreation and

shing, is US$ 265 × 10 9 in 2014 dollars. Table 2 shows the to-

al economic value and allocation coefficients for each continent.

ydroelectricity generation, irrigation water supply and residential

nd industrial water supply account for the largest part of reser-

oirs’ economic value. These are also the most common reservoir

urposes. 

With the water footprint and allocation coefficients of each

eservoir, we calculated the WF per purpose per reservoir. Table 3

ummarizes the results at the continental level. The global wa-

er footprint study by Hoekstra and Mekonnen (2012) – which ig-
ored water losses from reservoirs by evaporation – estimated the

lue water footprint of crop production at 899 × 10 9 m 

3 y −1 and

he blue water footprint of industrial and domestic water supply

t 80 × 10 9 m 

3 y −1 (on average, over the period 1996–2005). To

e complete, the evaporation from reservoirs assigned to irrigation

ater supply (4.45 × 10 9 m 

3 y −1 ) must be added to the WF of crop

roduction. Likewise, the WF of reservoirs assigned to residential

nd industrial water supply (6.47 × 10 9 m 

3 y −1 ) and hydroelectric-

ty generation (48.4 × 10 9 m 

3 y −1 ) must be added to the WF of

ndustrial and domestic supply. If we do so, the global blue WF of

rop production is roughly 0.5% higher than estimated by Hoekstra

nd Mekonnen, and the global blue WF of industrial and domestic

ater supply even 69% higher. Note that these are still conserva-

ive estimates, since our study includes only 30% of the world’s

eservoir area. 

Table 4 shows the global average WF per unit of production

or each purpose, using the lowest, the highest and the average

vaporation estimate of the four evaluated evaporation methods.

ote that results are not comparable among purposes, because the

nit of production or the unit interpretation differ (for example,

or flood control a cubic meter refers to a volume stored, while for

esidential and industrial water supply it refers to a volume deliv-

red). The right-hand side of Table 4 shows that the WF per unit of

roduction not only differs for each evaporation method, but also

rom reservoir to reservoir. The 66% range around the median –

hat is, 66% of the reservoirs in this study with the stated pur-

ose have a WF per unit of production between the reported high

nd low value – demonstrates the large variability found among

eservoirs. This variability is mainly owing to reservoir surface size

n relation to each purpose’s production size, rather than to cli-

ate (cf. Liu et al., 2015; Mekonnen and Hoekstra, 2012 ). More-

ver, variation in reservoir surface area itself, induced by season-

lity or reservoir regulation, leads to uncertainty around our es-
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Fig. 3. Average evaporation rate per climate class for the four evaporation methods. 

Table 2 

Total annual economic value generated and allocation coefficients for each continent. 

Number of 

reservoirs 

Economic value 

[10 9 US$ y −1 ] 

Allocation coefficients ( η) per purpose [%] 

Hydro-electricity 

generation 

Irrigation 

water 

supply 

Flood 

control 

Residential/industrial 

water supply 

Recreation Fishing 

Africa 203 16.5 23 18 37 22 0.0 0.0 

Asia 653 92.8 21 52 17 10 0.0 0.5 

Europe 519 39.2 27 4 17 53 0.0 0.0 

North America 549 20.5 30 0 0 70 0.4 0.0 

Oceania 171 15.1 14 5 0 80 0.0 0.0 

South America 140 80.8 84 0 1 15 0.1 0.0 

Global 2235 264.8 41 20 11 27 0.1 0.2 

Table 3 

Water footprint of reservoirs per reservoir purpose for each continent. Dashes imply reservoirs do not serve the specified purpose and/or lack 

sufficient data on the purpose according to the used datasets. 

Hydroelectricity 

generation 

[10 9 m 

3 y −1 ] 

Irrigation water 

supply [10 9 m 

3 y −1 ] 

Flood 

control 

[10 9 m 

3 y −1 ] 

Residential/ 

industrial water 

supply [10 9 m 

3 y −1 ] 

Recreation 

[10 6 m 

3 y −1 ] 

Fishing 

[10 6 m 

3 y −1 ] 

Africa 12.3 1.95 4.01 0.39 53 31 

Asia 12.7 2.09 1.21 1.96 3 66 

Europe 2.54 0.06 0.06 1.09 3 0 

North America 0.97 – – 1.64 863 3 

Oceania 0.38 0.32 0.01 0.52 3 –

South America 19.4 0.03 0.13 0.86 3 –

Global 48.4 4.45 5.42 6.47 928 100 

Table 4 

Global average WF per unit of production per reservoir purpose, as it varies across evaporation methods (columns 2–4) and across reservoirs 

(columns 5–8). 

Reservoir purpose Evaporation method Reservoirs in 66% range Reservoirs in 95% range 

Minimum Average Maximum Low High Low High 

Hydroelectricity generation [m 

3 GJ −1 ] 12.1 14.6 18.3 0.3 10.0 0.1 207.1 

Irrigation water supply [m 

3 ha −1 ] 229 277 368 94 1634 21 10,989 

Flood control [m 

3 m 

−3 ] 0.018 0.022 0.031 0.003 0.044 0.001 0.358 

Residential/ industrial water supply [m 

3 m 

−3 ] 0.071 0.090 0.112 0.015 0.177 0.003 0.538 

Recreation [m 

3 ha −1 ] 2013 2321 2833 18 11,360 2 41,532 

Fishing [m 

3 ton −1 ] 0.81 0.94 1.12 0.10 0.99 0.04 26.95 
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Table 5 

Scenarios regarding the variation of evaporative surface areas of reservoirs. The ranges between brackets refer to uncertainties 

due to the evaporation estimation method. 

Reservoir areas at 

20% of max. capacity 

Reservoir areas averaging 

56.25% of max. capacity 

Reservoir areas at 

max. capacity 

Global WF evap [10 9 m 

3 y −1 ] 23.4 (19.2–29.7) 65.7 (54.1–83.6) 117 (96.2–149) 

WF hydroelectricity generation [m 

3 GJ −1 ] 5.2 (4.3–6.5) 14.6 (12.1–18.3) 25.9 (21.4–32.5) 

Table 6 

WF per dollar of economic output and economic water productivity per purpose. 

Reservoir purpose WF per dollar [m 

3 US$ −1 ] Economic water productivity [US$ m 

−3 ] 

Hydroelectricity generation 0.44 2.26 

Irrigation water supply 0.08 12.1 

Flood control 0.19 5.32 

Residential/ industrial water supply 0.09 11.2 

Recreation 6.31 0.16 

Fishing 0.21 4.81 

Fig. 4. The total water footprint of reservoirs per country and the share of different reservoir purposes in the total for the 25 countries with the largest total water footprint. 

The number between brackets refers to the number of reservoirs in the country included in the study. 
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imates. Table 5 shows the uncertainty associated with the global

otal WF and the global average WF of hydroelectricity. 

The purposes become mutually comparable if we consider the

F per dollar of economic output [m 

3 US$ −1 ], or its reverse, the

conomic water productivity [US$ m 

−3 ]. Table 6 shows the WF

er dollar production, based on WFs per purpose averaged over

he four evaporation methods. The WF per dollar of economic out-

ut is relatively low (high productivity) for residential and indus-

rial water supply and irrigation water supply, and relatively high

low productivity) for recreation. Except for recreation, all purposes

ield at least several dollars in revenue for each cubic meter of wa-

er evaporated. 

Zooming in to the country level, we find that Brazil has the

argest total WF related to reservoirs, followed by Russia and Egypt

 Fig. 4 ). This is a different list than that of countries with the

ighest installed reservoir area, which is headed by Russia, Brazil

nd China. This difference can be explained by the climatic condi-

ions, which favor high evaporation in these high WF countries. For

ome countries, our database included only one reservoir, which

sually is a very large reservoir that experiences high evapora-

ion rates. Examples are Lake Nasser in Egypt, Lake Volta in Ghana

nd the Brokopondo reservoir in Suriname. Although there are 71
 fi  
eservoirs included in Zimbabwe, the total WF of reservoirs there

argely results from the Kariba reservoir. Results per reservoir and

er country area available in the Supplementary Materials. 

.3. The water footprint of reservoirs in the context of water scarcity 

The largest part (57%) of the WF of reservoirs is located in river

asins with a low water scarcity level ( Fig. 5 a). The other part is lo-

ated in basins facing 1–3 months (29%), 4–6 months (7%) or 7–11

onths (5%) of moderate to severe water scarcity a year. Moder-

te to severe water scarcity here means that more water is con-

umed than sustainably available – that is, environmental flow re-

uirements are violated ( Hoekstra et al., 2012 ). About 1% of the

F of reservoirs lies in basins with year-round moderate to severe

ater scarcity. We further find that in river basins with low wa-

er scarcity throughout the year, hydroelectricity generation consti-

utes the largest part of WF res . The relative contribution of hydro-

lectricity generation to the total decreases with increasing water

carcity levels ( Fig. 5 b–f). In river basins with more than 7 months

f moderate to severe water scarcity, residential and industrial wa-

er supply are the primary reservoir purposes. This finding con-

rms a previous assessment by Bakken et al. (2015) , who found
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Fig. 5. The share of the global WF of reservoirs in river basins facing moderate to severe water scarcity during 0, 1–3, 4–6, 7–11 or 12 months per year (a); and the WF 

share per purpose located in basins facing moderate to severe water scarcity during zero (b), 1–3 (c), 4–6 (d), 7–11 (e) or 12 (f) months per year. 
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few reservoirs used for hydroelectricity generation are located in

water-scarce areas. 

4. Discussion 

We have chosen four different evaporation methods to calcu-

late WF evap out of a host of other available approaches. We antici-

pated these methods would vary – as indeed they did – so we cal-

culated an ensemble mean. However, ambiguity remains on what

method(s) to choose to assess open water evaporation. In addition,

adding effects such as thermal heat storage, which was disregarded

in this study, both complicates and improves evaporation estima-

tions ( Finch, 2001; Majidi et al., 2015 ). It is worth noticing that the

simple Kohli and Frenken method – which is often used to calcu-

late open water evaporation – turned out to be the most deviant

method. 

Beside methodological considerations, resulting evaporation

fluxes depend to a large extent on the shape and surface area of

the reservoir, as is shown in Table 5 . Although we touched on the

uncertainty associated with reservoir area variations, adding time

series on fluctuating reservoir areas would reduce uncertainty and

allow for more detailed, time-dependent WF estimations. 

The difficulty to determine surface area (or any dam or reser-

voir parameter for that matter) became clear when we combined

the ICOLD and GRanD databases. Incompleteness and differing def-

initions, naming or surveying methods between the two, inevitably

propagated to our resulting reservoir database. Especially the lack

of data on abstractions for domestic and industrial water supply

took away from ICOLD’s usefulness. Moreover, data availability of

most variables needed to estimate economic value of reservoirs

was low. Especially national values of recreation and of fishing

yields and prices were often approximated, and data on volumes

abstracted for industrial and residential supply should be consid-

ered with caution. 
The estimated global WF of reservoirs is based on a selected

et of reservoirs for which enough data was available. This set

epresents a combined surface area of 129,0 0 0 km 

2 ( ∼50% of full

RanD database surface area of manmade reservoirs or ∼30% if all

RanD reservoirs are included). Shiklomanov and Rodda (2003) es-

imated an installed reservoir area of 50 0,0 0 0 km 

2 around the

eginning of the 21st century, which according to their estimate

vaporated 208 × 10 9 m 

3 y −1 . The total WF res of 66 × 10 9 m 

3 y −1 

ound in this study could prudently be extrapolated to account

or the excluded reservoir surfaces. A tentative estimate of global

eservoir WF, then, is about 250 × 10 9 m 

3 y −1 . This final figure

orresponds to ∼25% of the total human blue water consump-

ion (1025 × 10 9 m 

3 y −1 ) as estimated by Hoekstra and Mekon-

en (2012) . 

We found the global average WF of hydroelectricity is

4.6 m 

3 GJ −1 ( Table 4 ), and varies highly among reservoirs.

erbens-Leenes et al. (2008) report 22 m 

3 GJ −1 , Mekonnen et al.

2015) 15.1 m 

3 GJ −1 , Scherer and Pfister (2016) 17.1 m 

3 GJ −1 

median) or 38.9 m 

3 GJ −1 (global average), and Bakken et al.

2017) give a range of WF of hydroelectricity (determined via

he gross approach) of 1.5–65 m 

3 GJ −1 . Despite the differences

n methods and data used, these values indicate that hydroelec-

ricity is a water intensive form of energy compared to other

nergy sources (cf Mekonnen et al., 2015 ). If we again extrapo-

ate our findings, by applying the average WF of hydroelectric-

ty generation of 14.6 m 

3 GJ −1 to the global hydroelectricity pro-

uction of 3940 TWh in 2015 ( World Energy Council, 2016 ), we

rudently estimate the global WF of hydroelectricity production is

07 × 10 9 m 

3 y −1 – adding over 20% to the total global blue water

ootprint as estimated earlier by Hoekstra and Mekonnen (2012) . 

We confined the spatial system boundaries to the reservoir. The

nfluence of reservoirs on evaporation, especially in cascaded sys-

ems, extends beyond the reservoir to the rivers below, because

f a change in flow regime ( Bakken et al., 2013 ). Depending on
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he system, this regime change can lead to decreased downstream

vaporation (because of decreased flood duration and associated

vaporation from flooded land), or an increase in evaporation (be-

ause of raised groundwater levels due to additional percolation

nd associated evaporation from groundwater). Although these

rocesses and their importance differ at the individual reservoir

evel, they may cancel out at the larger scale ( Shiklomanov and

odda, 2003 ). 

This study gives a first glimpse of how the beneficiary purposes

f reservoirs share the burden of water consumption. The reservoir

nd climate data are all taken from global databases, with all ac-

ompanying restraints. For individual reservoirs – both those cov-

red in this study and those to be developed in the future – we

ecommend to redo this analysis using local data whenever possi-

le. 

. Conclusion 

Building a dam and reservoir can be a valuable measure to

ddress a host of water related issues. This study estimates the

conomic benefits from reservoir products and services is US$

65 × 10 9 globally, mainly because of value added by hydroelectric-

ty generation, residential water supply and industrial water sup-

ly. We also show that these benefits come at a significant cost in

erms of water loss. The total blue water footprint of 2235 reser-

oirs included in this study, related to both dam construction and

vaporation losses from reservoir surfaces, is 66 × 10 9 m 

3 y −1 . Wa-

er use studies, dam development plans, and water-for-energy sce-

arios seldom account for this reservoir water footprint. Paradox-

cally, a reservoir may be an apt measure to increase water avail-

bility during a certain time of the year, but only at the cost of

educing total water availability over the whole year. 

Since reservoirs typically serve multiple purposes, the total WF

f reservoirs must be assigned to those purposes. Rather than leav-

ng them implicit, we explicated quantitative WFs per reservoir

urpose, by attributing the total WF to purposes based on their es-

imated economic value – for the first time, and on a global scale.

rom the reservoir purposes considered, hydroelectricity genera-

ion constitutes the largest share of the total WF, followed by res-

dential and industrial water supply. The global average WF of hy-

roelectricity is estimated at 14.6 m 

3 GJ −1 , which is in line with

stimates by previous studies. It demonstrates that hydroelectric-

ty – on average – is a water intensive form of energy. On the pos-

tive side, economic water productivity [US$ m 

−3 ] is high for all

urposes except recreation. 

For each reservoir purpose, the WF per unit of production

hows substantial variability around the global average. One fac-

or contributing to the spread is the choice of method to estimate

pen water evaporation. Another is climate, because cold temper-

te climates give rise to low WFs and equatorial and arid climates

o high WFs. However, the reservoir surface size in relation to the

roduction size of each purpose contributes most to the variability.

We investigated the water scarcity levels of the basins in which

eservoirs are located and found the majority (57%) of reservoir-

elated WFs is located in water-abundant basins. The remainder

s located in basins with one or more months of moderate to se-

ere water scarcity. The primary reservoir purpose changes with

hanging water scarcity levels. While hydroelectricity generation is

he primary purpose in non-scarce basins, in scarcer areas residen-

ial and industrial water supply and irrigation water supply are the

urposes for which the reservoir is mostly used. 

Because of growing freshwater demand, increasing water-

carcity levels worldwide, and continuing dam developments, wa-

er consumption from artificial reservoirs needs to be accounted

or. All value-generating purposes of a reservoir share in this WF

urden. We therefore recommend to build on this methodology,
nd apply it to future dam development and water-for-energy sce-

ario studies in specific, and to water use assessments in general. 
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