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Abstract  9 

Compared to conventional energy technologies, hydropower has the lowest carbon emissions per 10 

kWh. Therefore, hydropower electricity production can contribute to combat climate change 11 

challenges. However, hydropower electricity production may at the same time still contribute to 12 

environmental impacts and has been characterized as a large water consumer with impacts on 13 

aquatic biodiversity. However, Life Cycle Assessment is not yet able to assess the biodiversity 14 

impact of water consumption from hydropower electricity production on a global scale. The first 15 

step to assess these biodiversity impacts in Life Cycle Assessment is to quantify the water 16 

consumption per kWh energy produced. We calculated catchment-specific net water consumption 17 

values for Norway ranging between 0 and 0.012 m3/kWh. Further, we developed the first 18 

Characterization Factors (CF) for quantifying the aquatic biodiversity impacts of water 19 

consumption in a post-glaciated region. We apply of our approach to quantify the biodiversity 20 

impact per kWh Norwegian hydropower electricity. Our result varying over six orders of 21 

magnitude, highlight the importance of our spatiality-explicitly approach. This study contributes 22 

to assessing the biodiversity impacts of water consumption globally in Life Cycle Assessment. 23 
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1.Introduction  27 

Hydropower electricity production has the lowest carbon emissions per kWh of all conventional 28 

energy technologies1 and can provide access to affordable and reliable energy.2-4 Therefore, 29 

hydropower electricity production can contribute to fulfilling two of the 17 Sustainable 30 

Development Goals (SDG), developed by the United Nations for a transition into a sustainable 31 

world,2 namely SDG 7 (Affordable and Clean Energy) and SDG 13 (Climate action). However, 32 

both the United Nations Environment Program (UN Environment)4 and the Intergovernmental 33 

Panel on Climate Change (IPCC)3 point out that there are potential ecological trade-offs related to 34 

hydropower electricity. Freshwater habitat alteration, land use change and water quality 35 

degradation have been identified as the main cause-effect pathways of hydropower electricity 36 

production on biodiversity,5 which may lead to local species extinctions6 of, for example, fish and 37 

macroinvertebrate species,7,8 as well as terrestrial flora and fauna.9-13 As the 17 SDGs can be 38 

viewed as a network,14 with interdependent goals,15 the terrestrial and aquatic biodiversity impacts 39 

of hydropower electricity production therefore may interfere with SDG 6 (Clean Water and 40 

Sanitation) and SDG 15 (Life on Land). Following a sustainable hydropower development, with 41 

minimized trade offs between the SDGs,15,16 requires an assessment of all relevant biodiversity 42 

impacts.  43 

The report from UN Environment on green energy choices4 recommends using Life Cycle 44 

Assessment (LCA) to assess potential trade-offs between renewable energy sources. LCA is a tool 45 

which is commonly used for analyzing the environmental impacts of a product or process 46 

throughout its life cycle.17,18 However, the report from UN Environment does not quantify relevant 47 
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biodiversity impacts from hydropower production in LCA, due to a lack of mature assessment 48 

methods.4,5,19  49 

Our study focuses on freshwater habitat alteration, one of the main threats for aquatic 50 

biodiversity.20 Besides the conservation of aquatic biodiversity has been identified as one of the 51 

key parameters for sustainable development.2,21 For freshwater habitat alteration, storage and 52 

pumped storage hydropower plants are most relevant, since they store water in reservoirs to allow 53 

flexible electricity production.22  54 

The operation of hydropower reservoirs replaces different land types like forest, peatlands and 55 

aquatic features into one large water surface.23 This new water surface can evaporate water 56 

permanently during ice-free periods, while the possible inundated terrestrial surface can evaporate 57 

water only temporarily.23 Due to this increase in evaporation,23 hydropower electricity production 58 

has been characterized as a large consumer of water.24 Following ISO 1404625 the alteration in 59 

evaporation caused by land use change of hydropower reservoirs is considered as water 60 

consumption. Following “water consumption” is used in this sense throughout the paper.  61 

In LCA of hydropower electricity production, a prerequisite for quantifying biodiversity impacts 62 

of the impact category water consumption is to quantify the water consumption per kWh energy 63 

produced for the Life Cycle Inventory (LCI).25-27 This has to be done in a spatially-explicit way, 64 

because underlying environmental parameters (such as precipitation, topographic and climatic 65 

conditions27) may vary considerably globally.28-31 However, global assessments of water 66 

consumption values from hydropower reservoirs are not available,32 and in LCI databases (e.g.33) 67 

spatially-explicit water consumption parameters related to hydropower reservoirs are only 68 

available for Switzerland and Brazil.27 In addition, the dominant approach for published estimates 69 

of water consumption is the gross method.28 In comparison to the net method, the gross method 70 
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does not account for evaporation losses of the natural lake prior to the inundation of the 71 

reservoir.27,34,35 As a consequence, all currently available hydropower LCI water consumption 72 

parameters represent overestimated values. Using this values is leading to an overestimation of the 73 

total environmental impact. Hence, the net water consumption method should be the preferred 74 

choice.28 75 

The water consumption leads to a reduction of the yearly average discharge downstream of the 76 

hydropower reservoir.36,37 As reservoirs can be used to store water in times of surplus and to 77 

produce electricity with a release of water during peak energy demand or drier season, opeartion 78 

of reservoirs can in parallel change the frequency of the flow magnitude38 downstream of the 79 

hydropower reservoir.36 However, this represents a water use25 and is beyond the scope of this 80 

paper.  81 

To quantify biodiversity impacts of water consumption in Life Cycle Impact Assessment (LCIA), 82 

Characterization Factors (CF) quantifying the Potentially Disappeared Fraction of Species (PDF) 83 

per unit of water consumed are required.26,39,40 PDF is the recommend endpoint from Un 84 

Environment to assess ecosystem quality damages.41 The CF does not differentiate between the 85 

cause of water consumption, assuming that water consumption due to evaporation, water 86 

withdrawal for irrigation,42 industrial production, or residential needs, has in principle the same 87 

impact on the freshwater biodiversity. Spatially-explicit CFs for water consumption impacts on 88 

aquatic biodiversity have been globally developed for areas below 42° degrees north, and for 89 

Europe with a focus on Switzerland.43-45 All these CFs are based on Species-Discharge 90 

Relationships (SDR), which relates the discharge rates of given rivers to the associated species 91 

richness.46 The main reason for excluding areas at latitudes above 42° degrees north is that these 92 

river basins were recently (in geological time) glaciated and have not had time to reach their 93 
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maximum species richness potential.43-45 This means that for Canada, Norway, Sweden, Finland, 94 

and Iceland, which have been glaciated during the last glacial maximum47 and account together 95 

for 11.8% of the global hydropower electricity production in 2016,48 no spatially-explicit CFs exist 96 

to assess impacts of water consumption on biodiversity.  97 

Therefore, the first aim of this study is to calculate net water consumption values of hydropower 98 

electricity production for the LCI. Due to data availability we limit the calculation of net water 99 

consumption values for Norway, which is one of the top-ten hydropower electricity producers 100 

worldwide49 and where the government corroborates that hydropower electricity production has 101 

significant environmental impacts on rivers that should be assessed.50 Thereby our suggested 102 

framework has the potential to be used in other regions.  103 

The second aim of the study is to develop the first spatially-explicit CFs for water consumption in 104 

post-glaciated regions, based on regionally specific SDRs for fish, accounting for local variation 105 

in fish fauna by delineating regions with the same postglacial freshwater fish immigration history. 106 

Due to data availability, we only develop CFs for Norway. The output is a set of catchment specific 107 

CFs that express the fish biodiversity loss in PDF per unit water consumed for Norway. Due to 108 

data availability and the complexity to reconstruct the postglacial immigration history of species, 109 

we only consider fish species in this study, as they are good indicators of ecosystem health.75 110 

Third aim of this study is to use the provided LCI values and CFs to calculate, the impact on 111 

aquatic biodiversity of water consumption from Norwegian hydropower reservoirs in LCA. 112 

Further, it enhances the development of CFs quantifying the impact on aquatic biodiversity of 113 

water consumption in other glaciated regions.  114 

 115 
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2.Method 116 

2.1 Quantifying water consumption for the Life Cycle Inventory  117 

Water consumption can be divided into three components: green water consumption (consumptive 118 

use of rain water), blue water consumption (consumptive use of ground or surface water) and grey 119 

water consumption (the volume of water polluted).24 The water consumption quantified in this 120 

study follows the ISO 1404625 and only concerns blue water consumption in the form of 121 

evaporation from reservoirs during the use phase for storage hydropower plants.25 122 

Two main methods exist to calculate water consumption from hydropower reservoirs: gross water 123 

consumption and net water consumption. Gross water consumption is the most commonly used 124 

method and equates the evaporation of the actual reservoir divided by the annual electricity 125 

production. As the reservoir area could originally have been either a natural lake or a terrestrial 126 

area the gross water consumption does not account for evaporation losses prior to the construction 127 

of the hydropower reservoir, leading to an overestimation of the water consumption.28 In contrast, 128 

the net water consumption method accounts for the evaporation losses prior to the construction of 129 

the hydropower reservoir by subtracting the evaporation rates from the actual reservoir surface 130 

area by the evaporation rates prior to the reservoir construction divided by annual power 131 

production. Therefore, the net water consumption is used in this study. Consequently, calculation 132 

of the net water consumption requires open water evaporation rates from the actual reservoir 133 

surface, as well as land use change information, including evaporations rates of the terrestrial land 134 

prior to reservoir inundation. To estimate open water evaporation, several methods exist, including 135 

empirical, water budget, energy budget, or mass transfer exits, which can all be applied either 136 

alone or in combination.24,51 The Penman-Monteith equation with heat storage, a combination 137 
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method of energy budget and mass transfer, is often considered most suitable for estimating open 138 

water evaporation from hydropower reservoirs.24,52 However, this approach can neither be applied 139 

to Norway nor globally, as the necessary in situ data on, for example, water temperature and wind 140 

speed, are not available in the required, detailed spatial scale.53 Therefore, we use the potential 141 

evapotranspiration (PET) as proxy for the open water evaporation,54 as for example done by Pfister 142 

et al. 55 and Scherer and Pfister.34 Evapotranspiration (ET) can be defined as the amount of water 143 

which is transferred to the atmosphere by evaporating water from plant tissues or soil surfaces.56 144 

PET is the amount of evapotranspiration which occurs when an infinite amount of water is 145 

available.57 And AET is defined as the amount of evapotranspiration happening under local water 146 

conditions,57 affected by annual rainfall, vegetation type and climatic conditions.58 147 

The validity of this assumptions is for example confirmed by Lee et al.54 who reports a difference 148 

of 5% between satellite based PET estimates and open water evaporation measurements and 149 

Douglas et 200959 who reports a difference of up to 6% between Penman–Monteith PET estimates 150 

and open water evaporation measurements. However, the rates can differ depending on the PET 151 

estimation method.52,59, 60 152 

The evaporation rates from the actual reservoir equals the potential evapotranspiration of the actual 153 

reservoir surface area. To calculate the evaporation rate prior to the reservoir construction, land 154 

use information prior to reservoirs construction is needed. The evaporation rate prior to the 155 

reservoir construction is the PET occurring on the natural water surface area plus the AET 156 

occurring on the inundated terrestrial land area. As there is no change in PET from changing 1 m2 157 

natural water surface area to 1 m2 reservoir surface are, the net water consumption only considers 158 

the difference between PET and AET of the inundated land area. As the water consumption of all 159 

hydropower reservoirs in a catchment leads to a discharge reduction in the same main river, the 160 
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catchment level is chosen as a system boundary. Thus, the net water consumption [m3/ kWh] in 161 

catchment x for the LCI can be calculated according to Eq. 1. 162 

 163 

Net water consumption𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶 𝑥𝑥 =
∑

��PET𝑦𝑦 − AET𝑦𝑦� × ILA𝑦𝑦  �
1000

𝑘𝑘
𝑦𝑦=0

 ∑ ER𝑘𝑘
𝑦𝑦=0 𝑦𝑦

  164 

(1) 165 

Where k is the number of reservoirs with inundated land data in catchment x, PET is the average 166 

yearly potential evapotranspiration in mm/year of reservoir y, AET is the average actual 167 

evapotranspiration in mm/year of reservoir y, ILA is inundated land area in m2 due to the reservoir 168 

creation of reservoir y and ER is the average annual electricity production in kWh of reservoir y.  169 

 170 

The average yearly potential evapotranspiration and average yearly actual evapotranspiration were 171 

obtained from the MODIS Global Evapotranspiration Project (MOD16).56, 61,62 MOD16 is based 172 

on the Penman-Monteith equation and by using Land Cover Data, the Leaf Area Index and a 173 

modified version of the Normalized Difference Vegetation Index, the MOD16 is able distinguish 174 

the evaporation rates of different vegetation types. It offers an average potential evapotranspiration 175 

and average actual evapotranspiration for the period between 2000 and 2013 in a 1-km2 resolution 176 

for the whole globe.62 177 

To calculate PET we averaged the MOD16 PET values inside the actual reservoir surface area at 178 

highest regulated water level (RSA) provided by the Norwegian Water Resources and Energy 179 

Directorate (NVE)63 (see Supporting Information 2 (SI2)). AET could not be calculated directly, 180 
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because MOD16 assesses the status after reservoir inundation, and information about the 181 

vegetation and soil composition prior to inundation does not exist.64 Therefore, we had to assume 182 

that a buffer around the shoreline of the actual reservoir, represents the vegetation and soil 183 

composition prior to inundation. Based on this assumption we assessed AET by averaging the 184 

MOD16 actual evapotranspiration in a 2-pixel buffer around the shoreline of the actual reservoir 185 

in ArcGIS10.365 (see Supporting Information 2 (SI2)). The sensitivity of this assumption will be 186 

tested and discussed in chapter 3.2 Uncertainty and sensitivity of water consumption. Inundated 187 

land area data are obtained from Dorber et al.64 188 

2.2 Uncertainty and sensitivity of water consumption calculations 189 

Main contributors to uncertainty of the calculated net water consumption are evaporation 190 

estimates, inundated land area estimates and water-level fluctuations. For evaporation estimation 191 

from the MOD16 project, Mu et al.62 report an average mean absolute bias of 24.6% for the AET 192 

value. We account for this uncertainty by calculating a net water consumption due to AET using 193 

24.6% higher and lower AET values (see Supporting Information 1 (SI1), section S2 and SI2). To 194 

account for uncertainty related to inundated land area assessment, we calculate a net water 195 

consumption with the standard deviation (SD) of the adjusted inundated land area data from 196 

Dorber et al.64 Further, Dorber et al.64 calculated the inundated land area related to the actual 197 

reservoir surface area at the highest regulated water level. The common operational scheme for 198 

Norwegian reservoirs is characterized by a distinct decline in water level during winter followed 199 

by a significant increase in spring, and an almost stable water level during summer and autumn.66,67 200 

Additionally, most Norwegian hydropower reservoirs are generally filled to less than 90% of 201 

maximum capacity.68 Consequently, the actual reservoir surface area at the highest regulated water 202 

level may not be reached over the whole year. Thus, our net water consumption values, which do 203 
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not cover seasonal water-level fluctuations, are most likely overestimations. As the relationship 204 

between water level and water surface area is not available for Norwegian hydropower 205 

reservoirs,24 the uncertainty of this temporal aspect cannot be quantified directly. Therefore, we 206 

test the sensitivity of water-level fluctuations on the calculated net water consumption value by 207 

reducing the inundated land area. To test the sensitivity of the assumption that a buffer around the 208 

actual reservoir represents the vegetation prior to inundation, we calculate the net water 209 

consumption in addition with a 1-pixel buffer (see SI2).  210 

 211 

2.3 Aquatic species loss per unit change of discharge 212 

To assign biodiversity damage to water consumption from the LCI in LCIA on a damage level, a 213 

characterization factor (CF) for each catchment needs to be developed. The CF denotes the 214 

Potentially Disappeared Fraction of Species (PDF) per unit of water consumption.41 In this study, 215 

we used the Species-Discharge Relationship concept already applied within LCIA for the 216 

derivation of water consumption CFs.43,44 As species richness is positively correlated with mean 217 

annual discharge,69-72 the SDR is a model that relates river discharge to species richness within a 218 

catchment.46 This relationship can therefore be used to predict the species loss per unit change of 219 

discharge.46 220 

In regions where SDRs have already been developed, fish species richness variability can be 221 

statistically explained as a function of mean annual discharge.69 However, in the northern 222 

Hemisphere, including Norway, species richness variability is additionally explained by historical 223 

glaciation events and postglacial immigration history,71,73,74 which caused variation on a local 224 

scale. An SDR developed for the whole of Norway is weak, because even today postglacial 225 
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immigration plays an important role for species richness variability.44 Therefore, the first step in 226 

developing regional SDRs for Norway is to identify catchments with similar glaciation and 227 

dispersal history. Within each catchment, species richness is subsequently correlated with mean 228 

annual discharge. Consequently, catchment-specific SDRs are calculated.  229 

  230 
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2.3.1 Identifying catchments with similar glaciation and dispersal history 231 

During the last glacial maximum the northern parts of Europe were covered by ice or permafrost.71 232 

Many fish species in the northern part of the continent were unable to migrate along a north–south 233 

gradient and therefore became locally extinct.71 The surviving fish species shifted south into so-234 

called glacial refugia.71,74,76-79 From these refugia, recolonization of all freshwater fish species into 235 

Scandinavia occurred when the ice retreated after the last glaciation (approx. 10 000 years ago).77 236 

As catchments are separated by barriers that are insurmountable for freshwater fish (land masses 237 

or oceans), the movement of freshwater fish into Norway is defined by the connectivity of water 238 

bodies through rivers and streams.74 Saltwater-tolerant (anadromous) fish were able to colonize 239 

coastal Norway via the sea from the West, while non-anadromous freshwater fish probably 240 

colonized Norwegian water courses from the East or Southeast from the Baltic Sea refugium, or 241 

from the south following the retreating glacial front.77 Colonization via the seas is considered a 242 

fast process in comparison to colonization via land masses.71,73 Fish migration via land masses 243 

could only happen during marine regressions when sea levels decreased and new freshwater 244 

connections between catchments became possible.71 During the last glacial maximum a decrease 245 

in sea levels by 20 m occurred.80 Alternatively, fish migration via land mass occurred when the 246 

water of melting glaciers connected catchments located on opposite sides of mountain ridges.71,73  247 

To account for the colonization history in Norway via the seas, we select catchments according to 248 

their associated marine ecoregion.81 This assumes that the distance to the refugia and also the 249 

recolonization time is equal for all catchments draining into the same marine ecoregion. Following 250 

Reyjol et al.,71 the selection of catchments by marine ecoregions also accounts for colonization via 251 

marine regression, assuming that these catchments experienced the same sea-level lowering.  252 

To account for colonization through surface waters in land masses, we select catchments by the 253 
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freshwater ecoregions they belong to. Freshwater ecoregions are partially defined by geological 254 

processes, speciation, glaciation history, climatic and physiographic patterns, and dispersal 255 

barriers, with a focus on freshwater fish species.82 Thus, a region with similar colonization history 256 

is delineated by those catchments located in the same freshwater region and draining into the same 257 

marine ecoregion (Figure 2) (SI1, S3).  258 

 259 

2.3.2 Developing regional SDRs for Norway 260 

Species-discharge relationships for each of the identified regions with similar colonization history 261 

are derived by curve-fitting the relationship between the discharge rates and the fish species 262 

richness of a given catchment. Annual runoff for period 1961-1990 in each catchment is provided 263 

by NVE.63 We use the oldest available period, to represent the natural flow situation before 264 

hydropower. Fish species occurrence data are obtained through the publicly available database and 265 

map services Artsdatabanken83 and GBIF.83-88 We exclude freshwater fish species classified as 266 

introduced from Fishbase89 and obtained 140311 fish occurrence points, collected between 1869 267 

and 2017 in 1463 catchments (SI1,S4). For reasons of comparability, we use the power function 268 

commonly employed in LCA to calculate the SDR.43 The SDR function is solved analytically, as 269 

shown in Eq. 2. 270 

𝑆𝑆 = 𝑎𝑎 × 𝑥𝑥𝑏𝑏 271 

𝑑𝑑𝑆𝑆 = (𝑏𝑏 × 𝑎𝑎) × 𝑥𝑥(𝑏𝑏−1) 272 

(2) 273 

a and b are model coefficients produced by the regression model, whereas x signifies the discharge 274 

rate [m3/y] of the catchment in question. The SDR equates how many species S we would expect 275 

http://dx.doi.org/10.1016/j.eiar.2018.12.002


Dorber, Martin; Mattson, Kim Rainer; Sandlund, Odd Terje; May, Roelof Frans; Verones, Francesca.  
Quantifying net water consumption of Norwegian hydropower reservoirs and related aquatic biodiversity 
impacts in Life Cycle Assessment. Environmental impact assessment review 2019 ;Volum 76. s. 36-46 

DOI: 10.1016/j.eiar.2018.12.002 CC-BY-NC-ND 

 

within a catchment, whereas dS (the derivative of the SDR power function) tells us how the number 276 

of fish species changes as we change the discharge by one unit (m3/y).  277 

As some sites are more likely to be surveyed than others,90 the number of species occurrence points 278 

varies in each catchment. We assume that the accuracy of species richness estimates increases 279 

when more occurrences are recorded in a catchment. To account for this assumption we weigh the 280 

power function fitting by the total number of occurrence records in each catchment (SI1, S4).91 281 

Power function fitting was performed in MATLAB version R2015a using the nonlinear least 282 

squares method.92 We do not calculate SDRs for Norwegian catchments with rivers that flow into 283 

in Sweden or Finland or catchments in Norway where more than 30% of the area is located outside 284 

Norway, because discharge and species richness data for these catchments are not available in an 285 

exhaustive and comparable way.  286 

 287 

2.3.3 Calculation of the Characterization Factor  288 

The characterization factor (CF) [PDF*y/m3], consisting of a Fate Factor (FF) [m3*y/m3*y] and 289 

Effect Factor (EF) [PDF*y/m3], quantifies the impact of water consumption in catchment x on 290 

freshwater fish species in Norway, and can be expressed by Eq. 3. The FF models the river discharge 291 

reduction of a unit water consumed and the EF relates the intensity of a unit water consumed to a 292 

quantified biodiversity effect. 293 

CFx = FF x × EF x =
dQ
dW ×

dS𝑥𝑥
R𝑥𝑥
dQ  294 

(3) 295 
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The FF is adopted from Hanafiah et al.,44 where dQ is the marginal change in discharge [m3/y] and 296 

dW is the marginal change in water consumption [m3/y]. The FF equals one, as one unit change in 297 

water consumption (e.g. 1 m3 evaporation) leads to one unit reduction of river discharge. For EF, 298 

dS is the derivative of the SDR power function developed for the related region in Norway (see 299 

Eq.3), used to find the species loss per unit change of discharge. R is the total fish species richness 300 

of catchment x, which is the maximum number of species predicted by the SDR. The ratio of dS 301 

to R gives the potentially disappeared fraction of fish species loss per unit water consumption. In 302 

our case, dQ is always 1 m3/y, to link it with the water consumption of the life cycle inventory. 303 

We calculated the 95% simultaneous confidence intervals of the fitted power function and the 304 

related coefficients in each region with MATLAB version R2015a92 to quantify the uncertainty of 305 

the CFs.  306 

Water consumption due to water withdrawal for irrigation42, industrial production, or residential 307 

needs has, can in principle have, the same impact on the freshwater biodiversity. Therefore, the 308 

developed CFs are applicable to all fields of blue water consumption in Norway, with related LCI 309 

data, and are not limited to the quantification of water consumption impacts from hydropower. To 310 

showcase the applicability of our results we calculate the impact on aquatic biodiversity of water 311 

consumption from hydropower electricity production in Norwegian catchments in Section 3.5 312 

Application.  313 

3.Results  314 

3.1 Net water consumption 315 
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We calculate net water consumption values for 63 Norwegian catchments including 107 reservoirs 316 

(Figure 1). For the remaining catchments no net water consumption values could be calculated, 317 

due to a limited number of reservoirs with inundated land area data.64 The average net water 318 

consumption was 0.0016 m3/y, with a minimum of 0 m3/kWh and a maximum of 0.012 m3/kWh. 319 

A value of 0 m3/kWh indicates that a natural lake existed prior to the dam construction and that its 320 

surface area was not increased.  321 

 322 

Figure 1: Net water consumption per kWh calculated from the adjusted inundated land area for 323 

Norway.93 In grey areas no inundated land information was available. In the dark grey areas no 324 

hydropower reservoirs exist. Catchment information obtained from the Norwegian Water Resources 325 

and Energy Directorate.63  326 
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3.2 Uncertainty and sensitivity of water consumption  327 

Accounting for uncertainty in the actual evapotranspiration results in an average net water 328 

consumption due to AET that differs by 0.0007 m3/kWh, respectively 42.6% relative to the average 329 

net water consumption presented before. Hence, the average net water consumption due to AET, 330 

varies between 0.0009 m3/kWh and 0.0023 m3/kWh. Accounting for inundated land area 331 

estimation uncertainty results in an average net water consumption due to inundated land area that 332 

varies between 0.0014 m3/kWh and 0.002 m3/kWh, respectively -20.1% and 22.9% relative to the 333 

average net water consumption. The calculation procedure for the inundated land area uncertainty 334 

reveals that a reduction of the inundated land area by 1% results in an average reduction of 335 

0.000016 m3/kWh, respectively 1% relative to the average net water consumption. The difference 336 

between the net water consumption calculated with actual evapotranspiration within a 2-pixel 337 

buffer in comparison to a 1-pixel buffer varies between 11.2% and -9.7%, with an average of 1.2%. 338 

For a visualization of the estimated uncertainty and further explanations see Supporting 339 

Information 1, Section S2.  340 

 341 

3.3 Regional SDRs 342 

For Norway, we identify eight regions where catchments are draining into the same marine or 343 

freshwater ecoregion (Figure 2). We develop an SDR for five of the eight identified regions. It is 344 

not possible to develop a SDR for region 4 and region 6, because they only consist of one 345 

catchment each. Region 8 includes only catchments with rivers flowing into Sweden and Finland, 346 

so no SDR is developed, due to a lack of data. The fit of the power functions, reflected in the R2, 347 

varies between 0.43 and 0.81.  348 
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 349 

Figure 2: Left: Regions where catchments are draining into the same marine or freshwater 350 

ecoregion (3 digit number = Freshwater Ecoregion82 code; 5 digit number = marine ecoregion81 351 

code); Right: Developed SDRs (solid line) and confidence interval (dashed line) with corresponding 352 

coefficients and adjusted R2 for each of the regions.  353 
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3.4 Characterization Factors  354 

Based on the five SDRs, we calculate characterization factors for 1790 of 1833 catchments in 355 

Norway varying between 7.1*10-12 PDF*y/m3 and 8.0*10-7 PDF*y/m3 (Figure 3). For the 356 

remaining 43 catchments, no characterization factors are calculated as these are either situated in 357 

region 4 and region 6 or overlapped with Sweden. 358 

 359 

Figure 3: Results of catchment-specific Characterization Factors quantifying the marginal impact of 360 

net water consumption on freshwater fish species in PDF*y/m3. Catchment information obtained 361 

from NVE.63   362 
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The CFs in Figure 3 do not follow the pattern of the regions identified in Figure 2. The new pattern 363 

can be explained by the fact that we are calculating the Potentially Disappeared Fraction of Species 364 

(PDF) as the species loss per m3 water consumed divided by the fish species richness of catchment 365 

x. Even if the species loss m3 water consumed is the same for a small and a large catchment, the 366 

small catchment will get the comparably higher PDF*y/m3 value, because it has a comparably 367 

lower fish species richness. For further explanation, see Supporting Information 1, Section S6. 368 

By using the 95% confidence intervals of the fitted power function we estimate an uncertainty of 369 

respectively ± 30% in Region 1, ± 4% in Region 2, ± 20% in Region 3, ± 8% in Region 5, and ± 370 

10% in Region 7, relative to the Characterization Factors. Therefore, the CFs considering 371 

uncertainty vary between 8.52*10-12 PDF*y/m3 and 7.66*10-7 PDF*y/m3. The CF values are 372 

provided in Supporting Information 1, Section S6 and Supporting Information 2.  373 

 374 

3.5 Application  375 

To showcase the applicability of our results we calculate the impact on aquatic biodiversity of 376 

water consumption from hydropower electricity production in Norwegian catchments by 377 

multiplying the net water consumption LCI values with the regional CFs assessed in this study 378 

(Figure 4). The functional unit is 1 kWh hydropower produced. In cases where no catchment-379 

specific inventory parameter is available we average the available net water consumption value on 380 

freshwater ecoregions82 (405= 0.0014 m3/kwh; 406 = 0.0023 m3/kwh; 407 = 0.0038 m3/kwh). 381 
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 382 

Figure 4: Impact on aquatic biodiversity of water consumption from 1 kWh hydropower 383 

electricity production in Norwegian catchments [PDF*yr]. Catchment information obtained from 384 

NVE.63 385 

4.Discussion  386 

4.1 Water consumption for the Life Cycle Inventory  387 

This is the first study providing net water consumption values of storage hydropower plants for 388 

the Life Cycle Inventory with estimated uncertainty. The unit of the modelled net water 389 
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consumption is m3/kWh, which is in accordance with the unit of m3 water consumption in the 390 

commonly used water consumption inventory.94 This makes our net water consumption values 391 

calculated for Norwegian catchments directly implementable in LCI databases. 95,96 The average 392 

net water consumption for Norway in our study across all investigated catchments was 0.0016 393 

m3/kWh, which is 25% smaller than the existing value in the Ecoinvent database (0.002 394 

m3/kWh).27 Thus, current Life Cycle Impact Assessments of water consumption from Norwegian 395 

hydropower reservoirs would overestimate a potential impact by 25%. This highlights that 396 

spatially-explicit inventory modelling is needed25, 27, 28, 30 to assess the impact of water 397 

consumption on a global scale in LCA.97 By using remote sensing assessed reservoir inundated 398 

land area95 and global hydropower reservoirs data96 in combination with the global MOD16 399 

evaporation model, the methodology for Norway developed in this study has the potential to be 400 

applied globally. Therefore, this study contributes to providing a method to assess the biodiversity 401 

impact of water consumption from hydropower electricty production, which is a requirement for 402 

LCA purposes.97 403 

We choose the MOD16 model with the Penman-Monteith equation, as it provides global 404 

evaporation values and therefore enhances the development of net water consumption values for 405 

the LCI of hydropower electricity production on a global scale. The basis for our calculated net 406 

water consumption are the evaporation values under the climatic conditions from 2000-2013. 407 

These values do not accommodate for the fact that evaporated water may return as precipitation in 408 

the same catchment.28 This may lead to an overestimation of the net water consumption. 409 

Abstraction of water in hydropower tunnels is also not included. If evaporation rates change under 410 

further climate change scenarios,44 new net water consumption values will have to be calculated.  411 
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A net water consumption value for only 63 of 1833 catchments could be calculated, due to a limited 412 

number of reservoirs with inundated land area.64 However, the availability of data on 63 413 

catchments, including 107 reservoirs, adds important information from Norway to the 52 414 

reservoirs assessed to calculate a water consumption for Switzerland in the existing Ecoinvent 415 

database.27 Seven out of the 107 reservoirs are used as multipurpose reservoirs.63, 64 In these cases 416 

hydropower electricity production might not be the only factor causing water consumption, 417 

wherefore the resulting water consumption in multipurpose reservoirs should be allocated to all 418 

use purposes.98,35 For four out of the seven multipurpose reservoirs, a net water consumption of 0 419 

m3/kWh was calculated, meaning that in these cases allocation would not have an influence on the 420 

results. As the remaining three reservoirs are only used as flood protection dams in addition to 421 

hydropower electricity production, we have not included an allocation factor. Consequently, our 422 

calculated net water consumption values may overestimate the water consumption caused by 423 

electricity production for these three hydropower reservoirs.  424 

During the whole life cycle of a storage power plant, the dam construction and the reinvestment 425 

contribute additionally to the total water consumption. For Norway a contribution of 67.8% from 426 

the use-phase of storage power plants of the total water consumption has been reported,32 427 

indicating that water consumption of the use-phase is the major contributor to the total water 428 

consumption.  429 

 430 

4.2 Uncertainty and sensitivity levels in water consumption estimation 431 

The average net water consumption considering AET uncertainty varies between 0.0009 m3/kWh 432 

and 0.0023 m3/kWh. Accounting for uncertainty of the inundated land area results in an average 433 

net water consumption that varies between 0.0014 m3/kWh and 0.002 m3/kWh.  434 
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We have investigated evaporation and inundated land uncertainty separately. A combined 435 

assessment of both uncertainties is not possible, as the standard deviation of the inundated land 436 

area is obtained directly for each reservoir, while the evaporation uncertainty is only available as 437 

average mean absolute error based on field stations not located in Norway. A reduction of the 438 

inundated land area by 1% results in an average reduction of 1% relative to the average net water 439 

consumption. This indicates a linear relationship between the calculated net water consumption 440 

and water-level fluctuations. However, as the relationship between water level and water surface 441 

area is not available for Norwegian hydropower reservoirs,24 the overestimation cannot be 442 

quantified directly. This highlights the need for quantifying the relationship of water level and 443 

water surface for all Norwegian hydropower reservoirs, to account for water-level fluctuations in 444 

net water consumption values.  445 

The proportional difference between the net water consumption calculated with actual 446 

evapotranspiration within a 2-pixel buffer in comparison to a 1-pixel buffer varies between 11.2% 447 

and -9.7% with an average of 1.2% (SI2). Our finding, that the average proportional difference 448 

between the net water consumption calculated with actual evapotranspiration within a 2-pixel 449 

buffer compared to a 1-pixel buffer is only 1.2%, shows that vegetation and thus actual 450 

evapotranspiration is not sensitive to distance.  451 

 452 

4.3 Regional SDRs for Norway 453 

Our five SDRs with an R2 between 0.43 and 0.81 lie in the range of the R2 between 0.35 and 0.90 454 

reported by Tendall et al.43 for Europe and the R2 between 0.47 and 0.61 reported by Xenopoulos et 455 

al.46 for the USA, and may indicate that the SDRs presented here are sufficiently good for use in LCA. 456 
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Further, our results show that regional SDRs for fish can be calculated for rivers above this latitude, 457 

even if the fish diversity is lower due to the postglacial history. 458 

To show the importance of regional developed species discharge relationships we compare our 459 

SDRs with the global SDR from Hanafiah et al.44 and the Central Plains SDR from Tendall et al.43 460 

in Supporting Information 1, Section S5. As our SDRs predict the lowest species richness, our 461 

results are in accordance with the statement from Hanafiah et al.44 that currently existing SDR 462 

models should not be applied to rivers north of 42° latitude, due to the low species richness per 463 

unit of discharge in these river basins. This highlights that spatially-explicitly developed SDRs are 464 

an important requirement43 to assess the impact of water consumption on a global scale in LCA.97 465 

To develop the regional SDRs, we identify five regions with similar glacial and dispersal history. 466 

In accordance with our assumption that the distance to the refugia is an important factor for 467 

recolonization, region 3, located in the southeast of Norway closest to the identified glacial refugia, 468 

has the highest species richness. Regions 2 and 5 located in the west of Norway and along the 469 

coast, have the lowest species richness, as these regions are further away from the refugia, and 470 

could predominantly be colonized by saltwater-tolerant species. However, region 7 located in 471 

northern Norway has a higher species richness than regions 2 and 5, and the same species richness 472 

as region 1 located in the most southern part of Norway. This is due to the topography in northern 473 

Norway, and indeed in northern Fennoscandia and Russia, which allowed for the postglacial 474 

immigration of a diverse fauna of freshwater fish from the east.99  475 

 476 

4.4 Characterization Factors 477 
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In this study we develop the first CFs quantifying the impact of net water consumption on freshwater 478 

fish species in Norway, contributing to spatially-explicit regional LCIA models of water 479 

consumption impacts on biodiversity. The unit of the CFs is PDF*y/m3 and is in accordance with 480 

existing characterization factors assessing the impacts of water consumption on biodiversity (e.g.43, 481 

100). In addition, we use the power function as a regression function to ensure comparability which 482 

existing characterization factors assessing the impacts of water consumption on biodiversity (e.g.43, 483 

100). Therefore, this study provides new regional CFs Novel to this study is that it develops the first 484 

method to calculate SDRs in glaciated regions. This further indicates that SDRs for northern Europe 485 

and northern America can be calculated and used in connection with newly developed CFs. This 486 

enables a more regional specific Life Cycle Impact Assessment, which is needed to assess the 487 

biodiversity impact of water consumption on a global scale.43,101 488 

Hanafiah et al.44 reports an average CF of between 2.51*10-15 PDF*y/m3 and 1*10-08 PDF*y/m3 489 

below 42° latitude north. Our CFs varying between 7.1*10-12 PDF*y/m3 and 8.0*10-7 PDF*y/m3 490 

are therefore generally higher. This shows that the impact per fish species of 1 m3 water 491 

consumption in Norway is comparatively higher than that below 42° latitude north. However, as 492 

PDFs are calculated relative to the actual species richness in each catchment, only a few potential 493 

fish species lost in one catchment could lead to a high PDF value. As our SDRs report a lower fish 494 

species richness then the SDRs from Hanafiah et al.,44 the absolute number of potentially 495 

disappeared fish species in Norway could be lower compared to Hanafiah et al.44 Our results 496 

highlight that spatially-explicit CFs above 42° latitude north are needed to assess the impact of 497 

water consumption on a global scale in LCA.97 Our calculated CFs currently only account for a 498 

relationship between annual flow magnitude and species richness. However, frequency and timing 499 

of high and low flows or the rate of energy available in a river,7, 102 temperature,46 or trophic 500 
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interactions46 can also influence species richness. Some migratory fish species, for example, 501 

require a minimum discharge to migrate103 and a discharge falling below a certain threshold will 502 

lead to a migration stop.104 Therefore, our SDRs represent a simplification of the relationship 503 

between water consumption and biodiversity loss. However, it has been noted that exactly this 504 

simple relationship is important in identifying general patterns between flow and fish species 505 

richness.105 Therefore, this simplification is justifiable, for LCA purposes, as it enables the 506 

development of regional specific Characterization Factors for water consumption impacts on 507 

biodiversity.43, 44, 106 Indeed, if appropriate data would be available, the robustness of the SDRs 508 

could be increased by including, e.g., species-specific habitat requirements and habitat-discharge 509 

interactions.46  510 

Further, the developed CFs account only for freshwater biodiversity loss due to loss in magnitude 511 

of flow, as they are based on the mean annual discharge. As a result, they are not able to assess the 512 

effect of seasonality in magnitude change and the related impact on fish species. Our CFs with 513 

annual averages thus likely overestimate the impact, as water consumption during a specific season 514 

does not necessarily always lead to an impact for all fish species.  515 

 516 

4.5 Uncertainty of Characterization Factors  517 

We use the 95% confidence intervals of the obtained power function coefficients to assess 518 

uncertainty quantitatively. In addition, the obtained fish occurrence contributes to the uncertainty 519 

of the CFs. However, this uncertainty cannot be assessed quantitatively and therefore is only 520 

discussed in a qualitative way in the following section. The obtained fish occurrence data often 521 

reflects a strong spatial bias in survey efforts, because some sites are more likely to be surveyed 522 
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than other sites.90 Also, occurrence data is often collected without planned sampling schemes.107 523 

In addition, the probability of detecting a species depends on features of the local habitat or the 524 

surrounding landscape.108 As a result, the species richness estimation used for the SDR may 525 

represent an underestimation. Although not quantifiable, this underestimation is accounted for by 526 

weighing the power function by the total number of occurrence records in each catchment.91  527 

 528 

5. Application in LCA 529 

This study provides net water consumption values of Norwegian hydropower reservoirs in 530 

combination with CFs quantifying the impact of water consumption on freshwater fish species in 531 

Norway. When the net water consumption values are implemented in inventory databases and the 532 

CFs in Life Cycle Impact Assessment methods, the impact of water consumption of Norwegian 533 

hydropower plants on aquatic biodiversity can be assessed on a damage level. When performing 534 

an LCA of the whole-life cycle of a storage power plant, water consumption of dam construction 535 

and reinvestment phases also have to be considered.32 Water consumption values for these 536 

processes are available in LCI databases (e.g.33). The fact that the CFs vary substantially between 537 

the catchments shows that is important to only apply the CF of the relevant catchment in an LCA 538 

study and not use average CFs from other catchments, since this may result in a substantial bias in the 539 

results. In addition, the CFs in this study should only be used to quantify the impact of a decrease 540 

in discharge, due to the uncertain influence of increased discharge on fish species richness.46 541 

Finally, we would like to point that water consumption is only one of several cause-effect pathways 542 

from hydropower production on biodiversity,5 as dam construction for example can also lead to 543 

habitat fragmentation 109 or influence food web interactions110. Consequently an holistic LCA of 544 
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storage power plants should asses all relevant biodiversity impacts from hydropower electricity 545 

production.5 546 

 547 

6. Conclusions and future research 548 

This study provides net water consumption values of Norwegian hydropower reservoirs in 549 

combination with the first developed CFs quantifying the impact of net water consumption on 550 

freshwater fish species in Norway. Thereby, this study contributes to providing methods and values 551 

to assess the biodiversity impact of water consumption. We calculate catchment-specific net water 552 

consumption for Norway using reservoir land inundation data in combination with 553 

evapotranspiration data. The average net water consumption across all investigated catchments, 554 

taking into account evaporation losses prior to the inundation of the reservoir, is 0.0016 m3/kWh. 555 

This is 25% smaller than the existing value in the Ecoinvent database (0.002 m3/kWh).27 Further, 556 

we develop 1790 catchment-specific Characterization Factors for Norway, quantifying the aquatic 557 

biodiversity impacts of water consumption based on species-discharge relationships for fish, 558 

varying between 7.1*10-12 PDF*y/m3 and 8.0*10-7 PDF*y/m3. Novel to this CF is that it develops 559 

the first method to calculate SDRs in glaciated regions, by delineating regions with similar glacial 560 

and fish dispersal history. By using remote sensing assessed reservoir inundated land area95 and 561 

global hydropower reservoirs data96 in combination with the global MOD16 evaporation model, 562 

the methodology for Norway developed in this study has the potential to be applied globally. 563 

Further assessment of inundated land area from hydropower reservoirs is thereby most critically 564 

needed to allow for the estimation of net water consumption values of hydropower reservoirs on a 565 

global scale. This study shows that it is possible to calculate regional SDRs and related CFs for 566 
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fish species in glaciated regions, and therefore additional SDRs for northern Europe and northern 567 

America should be calculated and used to develop new CFs. In addition, flow regime alterations have 568 

been linked to reduced invertebrate species richness as done by Tendall et al.,7, 111 so developing 569 

macro-invertebrate SDRs could be justified in the future. Our CFs developed for Norway can be 570 

applied to hydropower projects that aim to include life cycle impacts of existing and planned 571 

hydropower reservoirs. Furthermore, a comparison with other energy carriers should be 572 

performed, to minimize the highlighted trade-offs between the mentioned SDGs.15, 16 573 

 574 

Supplementary material 575 

Details on the methodology is available as PDF (S1) and net water consumption and CFs 576 

calculations results are available as Excel file (S2).   577 
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