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Abstract 

Understanding the relationship between water and energy systems is important for effective 

management of both resources. Improved data availability has made more comprehensive 

modeling of hydropower and its water use possible, even as droughts and climate change have 

made questions about reservoir evaporation responsiveness more timely. This work makes three 

main contributions: first, it presents national and regional estimates of gross evaporation and 

evaporation net of evapotranspiration from local land cover (“net evaporation”) for U.S. 

hydroelectricity, arguing that net evaporation is more consistent with other measures of energy-

related water intensity; second, it introduces and validates a method for estimating system-wide 

evaporation based on primary purpose allocation that reduces data requirements by two orders of 

magnitude; and third, it makes available for public use a full Penman-Monteith model with 

multiple built-in sensitivity analyses. Based on this model, the U.S. hydropower system 

consumes an estimated average of 1.7 m3 of net freshwater per GJ electricity produced (11 m3/GJ 

gross).  
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1. Introduction 

 Water and energy are both critical resources for human life, and modern practices have 

contributed to interconnections between water and energy systems. Energy is used to move, treat, 

and condition water, and water is used to access, process, and convert energy. Cooling systems at 

energy conversion facilities like power plants and refineries comprise one of the largest 

categories of freshwater withdrawal in the United States, at 38% (tied with irrigation, also at 

38%) (Maupin et al., 2014). Understanding the water intensity of fuel life cycles, such as during 

resource extraction or processing, is increasingly important as water intensity effects on energy 

system management grow (e.g. Jornada and Leon, 2016; Koch and Vögele, 2009; Macknick et 

al., 2015; Sanders, 2014; Stillwell et al., 2011; Wolfe et al., 2009). 

 One of the clearest examples of energy-related water use is hydroelectricity, or electricity 

generated by water flowing through a turbine. While it is clear that water is being “used” for 

hydroelectricity, that use is qualitatively different from water use in other major energy systems: 

consumption is associated with evaporation and unrecoverable seepage from reservoirs behind 

dams rather than with extractive and cooling operations. Independent reservoir evaporation 

estimates are well represented in the literature (e.g. Gerbens-Leenes et al., 2009; Gleick, 1994; 

Herath et al., 2011; Mekonnen and Hoekstra, 2012; Pasqualetti and Kelley, 2008; Pfister et al., 

2011; Torcellini et al., 2003), in part because evaporative consumption is thermodynamically 

driven and thus easier to calculate from physical principles than many other types of water use in 

energy systems. However, estimates vary so widely—perhaps because they are almost always 

based on samples rather than consistent populations of reservoirs—that they are not especially 

useful for comparison of hydropower’s water intensity to that of other energy resources. Indeed, 

hydroelectricity is often excluded from comparative studies (e.g. Sanders, 2014; Elcock, 2010; 
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Ruddell et al., 2014; Spang et al., 2014). Such exclusion can lead to important oversights: for 

example, decisions about removing, repowering, or altering storage patterns for roughly 750 

single-purpose hydroelectric dams (out of 2,200 total U.S. hydroelectric facilities, USACE, 

2013) could be affected by a better understanding of their water intensity relative to alternatives. 

Particularly as other low-carbon energy resources become more cost effective and more able to 

provide the types of ancillary services hydropower is valued for through e.g. batteries and power 

electronics, even existing hydroelectricity is not necessarily the most environmentally benign 

option. Thus, overcoming the problems of not having trustworthy estimates for hydroelectricity’s 

water intensity or a practical method for allocating consumption to hydropower are important. 

This study argues that, for the purpose of comparing hydroelectricity’s water intensity to 

that of other energy resources, estimates can be improved with a usable, generalizable, and 

transparent method of assessing system-wide evaporative water consumption from 

hydroelectricity based on each reservoir’s primary purpose and by considering net rather than 

gross evaporation. A cluster analysis-based method for making this estimate is demonstrated 

using the United States’ entire population of hydroelectric dams, with national and regional 

estimates for both net and gross evaporation. This work thus demonstrates potential approaches 

to two major challenges in the hydropower and water-energy nexus literature: how to allocate 

environmental impacts of multipurpose reservoir infrastructure to derive general and 

representative estimates and how to estimate net evaporation from reservoirs.  

 

1.1 Allocation 

There is currently no accepted methodology for allocating impacts to multiple reservoir 

purposes (Bakken et al., 2013), and it is unlikely that a methodology appropriate for certain kinds 
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of questions (e.g. “how much water does the U.S. hydroelectricity system consume through 

evaporation?”) is appropriate for all others (e.g. “how should I manage this particular 

reservoir?”). This work proposes primary purpose-based allocation for a system-wide intensity 

estimate. This proposal is based on the idea that a reservoir’s primary purpose is a reasonable 

proxy for the primary driver of its construction and evaporative impacts. Primary purpose-based 

allocation is coarse but unambiguous, as an internally consistent and comprehensive database of 

primary purpose exists for U.S. dams: the United States Army Corps of Engineers’ (USACE) 

National Inventory of Dams (NID). While the ability to characterize individual dams at high 

resolution is lost with such an allocation procedure, system-wide (e.g. regional or national) 

dynamics are reasonably well represented assuming that all reservoirs are included in the 

analysis. 

One major reason for seeking a system-level allocation method is that properly allocating 

across purposes at a particular site imposes a substantial data burden. Bakken et al. suggest that 

allocating environmental impacts to uses at a multipurpose reservoir be based on volumetric 

relationships derived from a single data source and verified by a site visit (2015). Given that over 

2,200 facilities produce hydroelectricity in the U.S. (USACE, 2013), such internal consistency 

and detailed physical review is not practical, particularly given that such single data sources on 

the various outputs of a dam often do not exist. Where these data sources do exist, they often rely 

on value judgments that are not consistent across facilities. Such reservoir-level data and locally-

grounded valuation can be immensely valuable for local use, but consistent system-wide 

conclusions are very difficult to draw from these studies. Additionally, those reservoirs for which 

sufficient information does exist tend not to be representative of the overall system, as larger or 

more controversial facilities are more likely to be well studied.  
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Part of the issue with reservoir-based allocation is that a multipurpose dam’s products are 

not typically discrete, well-defined outputs: “coproducts” to which environmental impacts are 

assigned are often highly subjective and site-specific, such as recreational values, ecosystem 

services, and relatively inelastic outcomes like flood control and navigability. Further, the 

marginal contribution of a cubic meter of water storage to provision of these services is difficult 

to ascertain. This fact makes it challenging to use well-established recommendations for 

environmental impact allocation, such as those in Life Cycle Assessment (LCA). LCA 

recommends that allocation across products be avoided if at all possible, but if necessary, that it 

proceed first based on physical relationships (e.g. the mass of output in each product), and then, 

only if necessary, based on economic or other relationships (ISO, 2006). For dams, economic 

allocation in particular suffers from the problem that some of the more economically significant 

activities associated with a reservoir might be entirely incidental to the original rationale for 

construction. For example, recreational and ecosystem service values associated with a reservoir 

might dominate present day economic benefits, but on their own, these uses would not have 

resulted in the construction of the reservoir and are thus dubiously responsible for evaporation. 

Economic allocation is found in the literature (e.g. Zhao and Liu, 2015; Liu et al., 2015), but it is 

often applied to dams selected based on data availability rather than true representativeness, and 

it usually does not capture all positive and negative economic effects of a given reservoir due to 

the issues of intangible valuation and nonlinear value of marginal volumes of water described 

above. Even when a consistent database of economic values is available, economic valuations 

can be highly contested: deep ethical concerns often accompany efforts to assign monetary value 

to various impacts of dams, particularly since many do not account for negative effects of e.g. 

inundation, habitat losses, and downstream effects in those valuations. 
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To avoid problems like those described above, allocations of environmental burden are 

often made very conservatively, for example by assigning all impacts to a single use regardless 

of the importance of that use in overall dam operations. Many works overestimate the water 

impact of hydropower by assigning all evaporation from reservoirs associated with any 

hydroelectricity production to hydroelectricity (e.g. Herath et al., 2011; Mekonnen and Hoekstra, 

2012; Pfister et al., 2011; Torcellini et al., 2003; Gleick, 1992; Macknick et al., 2012, via 

citation). Considering the distribution of primary purposes in a system rather than evaluating 

impacts at the individual dam level can add nuance without adding large amounts of subjectivity 

or imposing unrealistically large data burdens. 

 

1.2 Net versus gross evaporation 

The nature of evapotranspirative consumption presents a question about whether gross 

evaporation or evaporation net of that by local land cover is more appropriate. One important 

position supporting the use of net evaporation is found in the recently published ISO 14046 

standard on water footprinting, which notes that “Change in evaporation caused by land-use 

change is considered water consumption (e.g. reservoir)” (ISO, 2014). Net evaporation reflects 

the fact that landcover evapotranspires water before inundation by a reservoir, and the 

evaporation associated with the open water surface of the reservoir might be higher or lower than 

the original evapotranspiration. Depending on transpiration rates of the original vegetation, then, 

net evaporation can be positive or negative. While gross evaporation from the reservoir surface is 

important for analyses like regional water balances, the net evaporation—that is, the change 

induced by inundation—more accurately describes human appropriation of water for dam-related 

uses. 
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Despite recent movement toward net evaporation, net evaporation estimates for 

hydropower remain unusual in the literature, particularly at the system level. Herath et al. show 

that considering prior vegetation is important for consumption estimates (2011); Torcellini et al. 

consider evaporation from the original river surface area but do not include evapotranspiration 

from inundated local vegetation (2003). Strachan et al. provide important empirical grounding 

with a recent, measurement-based study of net evaporation from a reservoir in the Canadian 

boreal forest (2016). This work contributes both gross and net estimates for hydroelectricity-

related water consumption in the U.S. 

 

2. Methods 

2.1 Data Sources and Data Collection 

This analysis relies on four major types of data: reservoir characteristics, climatic data, 

electricity generation data, and land cover data. This section describes the data sources used for 

each (instructions for accessing the data and models are found in Text S1.1).  

2.1.1 Reservoir characteristics Dam data are taken from the 2013 edition of the NID 

(USACE, 2013). Attributes collected from the NID include dam names, identification numbers, 

locations (as decimal latitude and longitude, as well as county and state), associated reservoir 

surface area, associated reservoir normal storage, primary facility purpose, and all listed facility 

purposes. Reservoir depths associated with dams with a primary purpose of hydroelectricity are 

calculated based on NID data as reservoir normal storage in acre-feet divided by reservoir 

surface area in acres (note that in the NID, “normal storage” includes dead storage and “surface 

area” is defined as surface area at normal retention area (NOAA, 2015), so this method 

appropriately estimates average reservoir depth).  
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2.1.2 Climatic data Long-term average climatic data are taken from the National Climatic 

Data Center (NCDC) (Applequist et al., 2011) and insolation data from the National Renewable 

Energy Laboratory (NREL, 2012). More detail about these datasets and the approximation used 

to derive wet bulb temperature can be found in Text S1.2.  

 2.1.3 Electricity generation data Hydroelectricity data are collected from the Energy 

Information Administration (EIA)’s Form 923 (EIA, 2015). Generation used in this analysis is 

the 2010-2014 average. Generators are associated to dams by means of an approximate matching 

system based on longitude and latitude: as dams and powerhouses are not always colocated, the 

match is inexact. The process is described in Text S1.3. 

 2.1.4 Land cover data Land cover data are collected from the United States Geological 

Survey (USGS)’ National Land Cover Database (NLCD) 2011 (Homer et al., 2015). Land cover 

characteristics are assigned to locations based on visual inspection of maps: specifically, the map 

of centroids and associated facilities was overlaid with the NLCD and evaluated for the most 

common land cover at facility locations (Figure 1). Where land cover is ambiguous, for example 

due to high diversity in a small area, the land cover with the lowest evapotranspiration 

coefficient is selected so as to conservatively overestimate the net evaporation potentially 

attributable to hydropower. No attempt is made to assess what the pre-reservoir land cover might 

have been in each region and extrapolate those conditions to present-day, even though the 

presence of reservoirs likely influences local land use. For example, centroid 8 (Idaho and nearby 

states) shows a wide band of crop cover surrounding the areas hosting reservoirs, which is likely 

due to the provision of irrigation water from Snake River reservoirs. For details of how data are 

prepared and cleaned for analysis, including how duplicates and natural lakes are removed, see 

Text S1.4. 
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2.2 Allocation 

One of the biggest challenges in assessing the water intensity of hydropower is defining 

and using an allocation metric that appropriately accounts for the multipurpose nature of dam 

and reservoir infrastructure. This work considers six allocation methods, including two typical in 

the energy-water nexus literature (assigning all or no reservoir evaporation to hydroelectricity), 

two based on economic values, and two based on reservoir purpose. The allocation method that 

best meets this work’s goals of usability, generalizability, and transparency, allocation based on 

each reservoir’s listed primary purpose, is selected as the preferred method and is described 

below. The other five allocation procedures considered are described in detail in Text S1.5. 

For allocation based on each reservoir’s primary purpose, evaporation from a given 

reservoir is assigned to the reservoir’s NID-designated primary purpose, producing an overall 

estimate of 

water intensity = evaporationprimary purpose = hydroelectricity

generationall hydro generators
  (Equation 1). 

Since the water intensity is reported for a system of dams rather than for a single dam, 

this level of aggregation reflects the multipurpose nature of the system but not individual 

facilities. Thus, this method is well suited to large-scale investigation. 

In order to capture the full population of hydroelectric facilities, analysis proceeds by 

narrowing the U.S. population of over 70,000 dams for all purposes to the subpopulation of dams 

that produce hydroelectricity (about 2,200 dams) (USACE, 2013), then cross-referencing with 

the list of all hydroelectric generators to ensure that generators without reservoirs are captured 

(EIA, 2015). About one third of the ~2,200 U.S. hydroelectricity-producing dams (756) are 

designated as hydroelectricity-only in the NID. Another third are multipurpose dams with 



Final article available at: doi:10.1016/j.advwatres.2016.07.004 

© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 

10 

hydroelectricity as their primary purpose, for a total of 1,563 dams with primary purpose = 

hydroelectricity. These dams account for 60% of hydroelectric generation and 45% of 

hydroelectric-associated reservoir surface area: remaining generation is from dams with primary 

purposes other than hydroelectricity. Evaporation from these 1,563 dams is allocated to 

hydroelectricity and divided by 100% of U.S. hydroelectric generation to calculate systemic 

water intensity (Equation 1), just as evaporation from reservoirs with other primary purposes 

(like flood control) is assigned to those other purposes for an internally consistent, systemic 

assessment of water intensity across the many purposes for which dams and reservoirs are built 

and operated.  

While this allocation method is systemically accurate given its breadth, it is not 

appropriate for high resolution investigation of individual dams: for example, primary purpose-

based allocation to flood control is not particularly useful for management at Grand Coulee Dam, 

the U.S.’ biggest power plant, or at Buford Dam, a major source of Atlanta’s drinking water. 

However, on the whole, such system-based allocation adds a new perspective to a literature that 

typically relies on extrapolating results from studies of nonrepresentative samples of dams and 

reservoirs. Capacity, generation, number of units, and reservoir surface area for both groups of 

powered dams, as well as the remaining hydroelectric facilities not associated with dams or with 

missing NID data, are presented in the Supporting Information (SI) Table S1. 

 

2.3 Evaporation Modeling 

 This work models evaporation from reservoirs using the Penman-Monteith equation 

(which includes heat storage in reservoirs), described in detail by Mekonnen and Hoekstra 

(2011). The complete Excel-based models are available online (links in Text S1.1). The raw 
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Penman-Monteith result, using a depth-dependent evaporation coefficient for the open water 

surfaces of the reservoirs, is the gross evaporation estimate. Net evaporation is calculated by 

subtracting the estimated evapotranspirative water consumption of pre-inundation landcover, 

modeled by applying evapotranspiration coefficients (Natural Capital Project, 2012) for the land 

cover in the region surrounding reservoirs of interest to the reservoir surface area. While this 

estimate does not account for pre-reservoir river area, in most cases where the evapotranspiration 

coefficient of the land cover is significantly lower than that of open water, pre-reservoir river 

surface area is a very low proportion of reservoir surface area (e.g. Torcellini et al., 2003). 

Hydroelectric water consumption is assumed to be freshwater in all cases. 

 

2.4 Generating Proxies via k-means Clusters 

Given the high data requirements for each reservoir surface analyzed (a total of 78 

variables when monthly averages are used: see Table S2), this analysis condenses the data 

burden by using clustering to generate proxy analytical locations. Specifically, reservoirs in a 

given sample are weighted by surface area (due to its direct linear effect on evaporation) and k-

means clustered based on latitude and longitude of the reservoirs’ associated dams. Then, 

climatic data are collected for each cluster centroid rather than each reservoir. In the case where 

k = 20, as used in this analysis, this clustering reduces the total input data requirement to about 

1,600 unique inputs from the 122,000 unique inputs that would be required to analyze the system 

reservoir-by-reservoir (this does not include any data required for more detailed allocation). The 

k value of 20 was chosen based on tests for k = [5,40] based on its position past the elbow of the 

within-class variance versus k plot and its relatively better representation of U.S. climate 
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variability than lower k, based on comparison of centroid location with pan evaporation charts 

(Figure S1). 

Centroid-associated climatic data are applied to a proxy reservoir with the average 

surface area and average depth of the reservoirs in each cluster to calculate evaporation from the 

proxy reservoir, then multiplied by the number of reservoirs to calculate evaporation from the 

full reservoir surface area in each centroid. Essentially, evaporation by centroid is calculated as 

the sum of evaporation from some number of identical lakes (each with the average properties of 

the lakes in the centroid) located at the centroid location. Table S3 summarizes centroid 

characteristics. Additional detail on k-means analysis and data assignment can be found in Figure 

1, Figure S1, and Text S1.6. 

 

3. Results and Discussion 

This analysis finds that based on a primary purpose-based allocation and long-term 

average reservoir, climate, and electricity generation data, U.S. hydroelectricity consumes a 

gross estimated 11 m3/GJ (38 m3/MWh) from reservoir evaporation. Accounting for land cover 

in the areas where reservoirs are located, net consumption is estimated at 1.7 m3/GJ (6.0 

m3/MWh). This net consumption estimate implies that mean U.S. hydroelectric water 

consumption per unit of energy produced is well above that of other electricity fuel cycles, at 

about 2.5 times median estimates for coal and about 8 times median estimates for natural gas 

combined cycle systems (Macknick et al., 2012), but it is much closer than previous estimates 

indicating at least an order of magnitude difference. In regions like the Pacific Northwest, where 

hydropower is a major portion of the electricity system, net water consumption is effectively 0. 
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Regional consumption is discussed in Text S2.1 and is summarized by centroid in Figure 2 and 

Table S4.  

 

3.1 U.S. Consumptive Water Intensity of Hydropower 

 This work finds that US hydroelectricity is responsible for about 1.7 m3/GJ of net 

evaporation-based freshwater consumption based on long-term averages for climatic data, 

generation data, and reservoir characteristics. Since many of the US’ hydroelectricity-purposed 

reservoirs are located in areas where relatively water intensive land covers like crops or forests 

are dominant, the net evaporation is significantly lower than the gross estimate of 11 m3/GJ (net 

and gross evaporation are further discussed in Text S2.2). Text S2.3 describes another potential 

driver of hydroelectricity-related water consumption, nonrecoverable seepage, and explains why 

it is unlikely to be as important as evaporation. 

While few net evaporation estimates exist in the literature, the gross estimate can be 

compared to previously published values to check for consistency. The gross estimate of 11 

m3/GJ made here falls between other widely cited US-based estimates of 4.7 m3/GJ (Gleick, 

1994; cited in Macknick et al., 2012 and Fthenakis and Kim, 2010) and 17 m3/GJ (Torcellini et 

al., 2003), suggesting that it is reasonable. While the data set and analytical method used to 

derive the 4.7 m3/GJ estimate are not clearly defined, the 17 m3/GJ estimate is based on free 

water surface (FWS) evaporation from the reservoirs associated with 1999’s 120 top U.S. 

hydropower-producing dams, while this estimate is based on clusters comprising all U.S. dams 

with primary purpose = hydroelectricity.  

 As discussed throughout this paper, this analysis allocates reservoir evaporation across 

dam uses at a system level by assigning evaporation from dams primarily for hydroelectricity to 
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the entire hydroelectric generation of the U.S., unlike many analyses that only consider the 

generation from facilities analyzed for evaporation. If this analysis were to calculate water 

intensity looking only at the facilities with hydroelectricity as a primary purpose for both 

evaporation and generation, net evaporation would be estimated at 2.8 m3/GJ and gross at 18.1 

m3/GJ. This estimate is nearly twice the whole-system estimate and is similar to the Torcellini et 

al. estimate (2003). Thus, capturing the hydroelectricity from those dams that are primarily 

serving other purposes for an overall system intensity estimate is very important, nearly halving 

the estimated water intensity of the system. Based on this analysis, this work recommends the 

use of as comprehensive a sample as possible both for generators and reservoirs. This framing 

improves representativeness of the output in addition to capturing two important facility 

populations that are easy to exclude when noncomprehensive samples are used: reservoirs built 

for hydroelectricity that produce very little power but continue to lose water and facilities that 

produce hydroelectricity without an impoundment.  

 

3.2 Limitations and Recommended Use of Results 

 Use of the results of this analysis for applications requiring high resolution data, 

particularly for a single watershed or dam, is not advised. While the models accompanying this 

paper are available for use and adaptation to settings at any scale and any region appropriate for 

Penman-Monteith evaluation, the U.S. results presented here are intended to provide high-level 

national and regional data for use as a starting point for decision making to identify targets for 

higher resolution study, and in particular to demonstrate the effects of considering net versus 

gross evaporation. This study uses highly aggregated data and relatively nonspecific information 

to estimate evaporation and is not a substitute for detailed analysis of a particular water 
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management system for high resolution decision making. For example, climatic data from a 

station within 100 miles of an aggregated reservoir centroid was considered adequate for this 

work, and evapotranspiration coefficients are general estimates rather than detailed 

measurements as used by Strachan et al. (2016). Similarly, a coarse approximation of wet bulb 

temperature based on dew point temperature was used, which creates errors of up to 10% for 

summertime estimates in warm regions. Additionally, some data characteristics are not explicit, 

for example the height of wind speed measurement. Results of sensitivity analyses and use of the 

models to evaluate possible impacts from climate change and drought are presented in Text S2.4: 

the most sensitive parameters are insolation, electricity generation, and reservoir area, discussed 

in detail in the SI. 

 

3.3 Effects of Allocation Metric on Water Intensity Estimate 

Allocation across multiple reservoir uses remains challenging for analysts. This work 

argues that system-level allocation of evaporation based on a reservoir’s primary purpose is a 

useful and practical allocation scheme for large investigations of water intensity. Figure 3 

presents the results of a rough estimate of how the water intensity results presented in this study 

would change under different allocation regimes described in Text S1.5. The most common 

allocation schemes in the energy-water literature, either assigning all or no evaporation 

associated with a powered dam to hydroelectricity, result in estimates that are double that based 

on primary purpose allocation and 0, respectively. Allocating impacts based on equal weighting 

of all purposes (that is, if a reservoir is designated for flood control and hydroelectricity, each 

purpose is assigned half the burden) reduces the estimated water intensity of hydroelectricity, 
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while the effect of economic allocation on the water intensity of hydroelectricity varies 

depending on assumptions. 

A very important insight from Figure 3 is that estimated water intensity of 

hydroelectricity is relatively insensitive to choice of literature-supported method for allocation of 

environmental impacts from powered dams to hydroelectricity (between about a third and half of 

the impacts in all cases where multi-use allocation is attempted), but water intensity of other 

reservoir uses is far more sensitive. In particular, economic approaches tend to undervalue 

systemic or rare benefits like navigation and protection from major floods, in part due to 

challenges associated with assigning marginal value of those services to a given volume of 

water. Thus, even though a primary purpose allocation of powered dams shows that many are 

intended as flood control dams, that use receives very little attention from economic valuation 

mechanisms evaluated here. Another caution about using economic allocation, particularly based 

on marginal value, is that not all uses can support the same volumes of use: while fishing might 

be particularly valuable per marginal m3 of water, many fewer m3 of water will actually deliver 

this economic benefit relative to a large-volume user like hydroelectricity or irrigation. 
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Figures 
Figure 1. k = 20 centroids for 48 contiguous U.S. states 
Panel 1a. All facilities associated to each of k = 20 centroids 
 

 
 
Panel 1b. Dams with primary purpose = hydroelectricity with regional land cover 
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Figure 2. Estimated evaporative consumption from hydroelectricity by region (m3/GJ) 
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Figure 3. Effect of allocation metric on estimated water intensity of hydropower 
 

  0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

All to hydro 

Primary purpose 
allocation 

Equal weighting 
of all purposes 

Economic valuation 1 

Economic valuation 2 

None to hydro 

Hydroelectricity Flood Control Irrigation Navigation Recreation Water Supply Other Net 
m3/GJ 

Gross 
m3/GJ 

3.7 23.3 

1.7 10.6 

1.2 7.6 

1.3 8.5 

2.0 12.5 

0 0 



Final article available at: doi:10.1016/j.advwatres.2016.07.004 

© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 

23 

Figure Captions 
 
Figure 1 Caption. (a) 20 k-means centroids are used to describe the population of hydropower 
facilities in the contiguous 48 United States. Centroids are generated based on dams with 
primary purpose = hydroelectricity based on reservoir surface area weighting. These dams are 
denoted as circles. Stars designate dams that produce hydroelectricity but not as their primary 
purpose. Diamonds designate facilities greater than 50 MW in capacity in the EIA hydropower 
generator database but not the NID. These latter categories are assigned to centroids based on 
longitude and latitude. Dams are color-coded by centroid, consistent across panels (a) and (b). 
Map data © 2015 Google, INEGI. Used under fair use permissions. (b) k-means centroids are 
assigned a local land cover using the National Land Cover Database based on the dominant land 
cover at the site of reservoirs. Only reservoirs with primary purpose = hydropower are used in 
this assessment, as only evaporation from these is allocated to hydropower. 
 
Figure 2 Caption. Southwestern reservoirs in scrublands described have the highest net 
evaporative consumption of all regions, followed by reservoirs with high area relative to their 
power production in cropped areas. Gross evapotranspiration is not predictive of net 
evapotranspiration. Bar titles give the centroid number and the state where the centroid is 
located. 
 
Figure 3 Caption. Allocation of environmental burden across multiple uses of reservoirs is a 
challenging topic in hydropower assessment. The most common methods in the energy literature 
assign all or none of the burden to hydroelectricity: this study instead proposes allocating 
evaporation at a whole-system level to reservoirs for which hydroelectricity is the primary 
purpose. 


