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Large hydropower and

water-storage

potential in future glacier-free basins
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Climate change is causing widespread glacier retreat’, and much attention is devoted
to negative impacts such as diminishing water resources?, shifts in runoff seasonality?,
and increasesin cryosphere-related hazards*. Here we focus on a different aspect, and
explore the water-storage and hydropower potential of areas that are expected to
becomeice-free during the course of this century. For roughly 185,000 sites that are
glacierized at present, we predict the potentially emerging reservoir storage volume
and hydropower potential. Using a climate-driven glacier-evolution model® and
topographical analysis®, we estimate a theoretical maximal total storage and
hydropower potential of 875+ 260 cubic kilometres and 1,355 + 515 terawatt-hours per
year, respectively (95% confidence intervals). A first-order suitability assessment that
takes into account environmental, technical and economic factors identifies roughly
40 per cent of this potential (355 +105 cubic kilometres and 533 + 200 terawatt-hours
per year) as possibly being suitable for realization. Three quarters of the potential
storage volume is expected to become ice-free by 2050, and the storage volume would
be enough toretain about half of the annual runoffleaving the investigated sites.
Although local impacts would need to be assessed on a case-by-case basis, the results

indicate that deglacierizing basins could make important contributions to national
energy suppliesinseveral countries, particularly in High Mountain Asia.

Widespread glacier retreat is causing huge changes to glacierized
landscapes around the globe'. Further changes are already inevitable,
with glaciers expected to lose a substantial fraction of their volume

Q-Ie1ven if ongoing climatic warming were to stall’. Under scenarios of

e

igh greenhouse-gas emission, glaciers are predicted to disappear
almost completely in many regions®. Although negative impacts such as
changing water availability>*, cryosphere-related hazards* and sea-level
rise® are well recognized, newly emerging ice-free basins have some-
times been suggested to provide opportunities as well'* 2, Increasing
interseasonal water storage in newly deglacierized areas, for example,
has been suggested as a possible mitigation measure against future
seasonal water scarcity®—an issue threatening the water security of
millions of people who live downstream of mountain ranges hosting
glaciers*™*, Similarly, projects toincrease energy production and stor-
age through hydropower installations in areas becoming ice-free have
been proposed®, the flexibility and storage capacity of such schemes
being recognized as valuable assets within the increasingly transient
energy mix'®. Although the idea of constructing dams at former gla-
cier locations might seem implausible at first, the lack of established
human land use, the relatively simple ecosystem structures” and the
possibility of natural lake emergence™ may help to alleviate some of
the environmental and social concerns typically associated with hydro-
power development'®*,
Here we quantify the potential storage volume and hydropower pro-
duction of glacierized areasthat are projected tobecomeice-free within
this century. By determining the technical potential and the suitability

of developing diversional hydropower plants at each individual glacier
in the globally complete Randolph Glacier Inventory® (RGI, version 6),
we complement existing studies on the global hydropower potential
of non-glacierized surfaces?. We virtually place adam wall at the low-
est point of each glacier thatislarger than 0.05 km?and outside of the
Sub-Antarctic (see Methods), and use digital elevation models of the
subglacial terrain®to simulate the reservoir storage volume of each of
the roughly 185,000 sites selected in this way (see Extended DataFig.1
foravisualization). The lake volume per dam-wall areais optimized by
varying dam orientation, length and height, the latter two parameters
being constrained to remain within the range of already-existing, high-
alpine hydropower infrastructure. The selection criteria are meant to
minimize the impact on the landscape (rather than maximizing eco-
nomic revenue, for example) while maximizing the reservoir volume
and thus the flexibility in reservoir operations for both hydropower
production and water management. The extent and timing of areas
becomingice-free are provided by the Global Glacier Evolution Model
(GloGEMY)®, which is driven by 14 global climate models based on three
representative concentration pathways (RCPs)?. Annual potential
hydropower production during the period 2017-2100 is estimated
using projected basin-runoff from GloGEM and the available hydraulic
head—thelatter being determined as the maximum elevation drop from
thevirtualdamlocationto the surrounding topography (see Methods).

Drawing on principles outlined by the Hydropower Sustainability
Assessment Protocol?, we also provide an initial assessment of the
suitability of every site. We consider a series of independently rated
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Fig.1|Global hydropower and water-storage potential from deglacierizing
areas. a, Cumulative hydropower potential for a given number of sites
(1PWh=10°TWh). Differently coloured lines depict different suitability-score
thresholds. b, Enlargement of the indicated frame (note the logarithmic x-axis).
¢, Temporal evolution of the maximal cumulative hydropower potential (top)

- andreservoir storage volume (bottom). Results are shown for three

O

& indicators (see Methods) that we group into three categories, reflect-
q) ing environmental (three indicators), technical (five indicators) and
economic (one combined indicator) suitability. Each category is con-

= servatively rated using the value of the worst-scoring indicatorin that
" category, and the final score is obtained by arithmetically averaging
these values. The resultis a continuous suitability score ranging from

0 (unsuited) to 100 (highly suited). Two environmental and two tech-

nical indicators are treated as ‘killer’ criteria, meaning that an overall

U scoreof zerois assigned irrespective of any otherindicator if a certain

condition is met (see Methods).

- Inaworldinwhichglaciers have disappeared, we estimate the total,
=« = Maximaltheoretical storage volume of newly deglacierized areas as
Q_§75 +260 cubic kilometres (km?®) (Fig. 1c, bottom). To put this in per-

pective, this volumeis about 10% of the worldwide volume of existing

whmd artificial lakes®, or 48% of the annual runoff from all glaciers. Using

the most conservative scenario of glacier retreat (RCP 2.6), 68% of the

potential reservoir storage volume would be glacier-free by 2050. This

figure changes to around 80% for RCP 8.5 (a high-emission scenario
implying faster glacier retreat).

We estimate the maximal, theoretically achievable hydropower
potential fromall basins as 1,355+ 515 terawatt-hours peryear (TWhyr™)
(average over 2020-2100 and for all scenarios; Fig. 1a). Thisis equiva-
lent to 7% of the global total electricity consumption as of 2015, or
35% of the global hydropower production®. There is little temporal
variation in the global hydropower potential, although higher RCPs
show higher potential over time owing to increased availability of
glacier meltwater (Fig. 1c, top). Note that the global average masks
some substantial regional differences in future hydropower potential
duetorunoffevolution: the general trend towards decreasing annual
runoff projected for most regions is compensated by runoffincreases
inthe Arctic regions, particularly under stronger warming scenarios
(Extended Data Fig.2).

We find 29% of the identified hydropower potential (387 +47 TWhyr™)
and 24% of the potential storage volume (212 + 63 km?) at sites with
suitability scores below 10 (Extended Data Fig. 3). Such a low score is
generally due to high levels of environmental protection, technical
restrictionsincluding the presence of surging glaciers, lack of reservoir
storage or hydraulic head, or high production costs (Extended Data

representative concentration pathways (RCPs) and include 95% confidence
intervals (grey shading). Note that the displayed global averages mask regional
differences (see Extended DataFig. 2).d, Cumulative hydropower potentialas a
function of estimated production cost. Colours depict contributions from
individual cost components.

Fig. 4). The unique nature of glacierized environments, for example,
has qualified many sites for UNESCO World Heritage or World Protected
Areastatus? (see Methods for definitions). This results in a suitability
score of zero for many sitesin New Zealand (80% of the identified poten-
tial; Extended DataFig. 5), Tajikistan (46%) and the United States (39%).
For29% of allinvestigated sites, on the other hand, the local topography
does notyield any potential storage volume because the basins are
either too wide, too flat, or too steep. These sites all score low in suit-
ability and add up to 20% of the maximal hydropower potential when
accounted for asrun-on-river plants. Finally, high production costs are
typically caused by the necessity of connecting remote locationsto the
existing power grid, or by alow ratio between potential power genera-
tion and dam-construction costs (Fig. 1a and Extended Data Fig. 6).

Production costs of lessthan 0.5and 0.1US dollars per kilowatt-hour
(USD kWh™) are estimated to be possible for 60% (818 + 310 TWhyr™)
and 13% (169 + 64 TWh yr™) of the maximal theoretical hydropower
potential, respectively (Fig. 1d). The largest potentials at produc-
tion costs below 0.1 USD kWh™ are found in High Mountain Asia
(101+38 TWhyr'for Central and South Asia; see Extended DataFig. 7
for definition of regions), Alaska (80 + 30 TWh yr™), Arctic Canada
(20+8 TWhyr™) and the Southern Andes (18 + 7 TWhyr™). The poten-
tial for production costs below 0.5 USD kWhis 1.3 to 8.2 times larger,
depending onthe region considered (Extended Data Fig. 6).

A suitability score higher than 50 (an inflection point in the cumu-
lative distribution of the scores; Extended Data Fig. 3a) is achieved
by 39% (534 +202 TWh yr™) of the theoretical hydropower potential
(Fig. 1a, b; see Extended Data Fig. 3a for any other score threshold).
Theamount canbe putinto perspective by aggregating it per country
and comparingit with the national energy consumption® (Fig.2). The
glacier basins of Nepal, Afghanistan, Bhutan and Kyrgyzstan contain
enough hydropower potential to exceed present electricity consump-
tion, although this is partly due to very low demand per capita. Other
countries with large potential include Tajikistan (82% of current con-
sumption), Chile (40%), Pakistan (35%) and Georgia (31%). Canada,
Iceland, Bolivia, Norway and Switzerland have the potential for 10-23%
of their present consumption, and the numbers become even more
important when compared with today’s national renewable electric-
ity production (Extended Data Fig. 7). Suitability scores higher than
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75 are found for 4% (51+19 TWhyr™) of the theoretical potential, the

highest potentials beinglocated in Canada (15.6 +5.9 TWhyr™), the US

= (10.7+4.1TWhyr™),China (6.1+2.3TWhyr™),India (4.1+1.6 TWhyr™)
" and Norway 3.0+ 1.1TWhyr™).

We emphasize thatbuildingadamatevery glacier locationis neither
realistic, nor sustainable, nor desirable. We find, however, that most of
theidentified potential comes from arelatively small number of sites.
Forinstance, 1,000 of the roughly 185,000 assessed sites contain 31%
(423+160 TWhyr™) of the total energy potential (Fig. 1b). The global dis-
- tribution of the sites with the highest energy potential and the relevant

= = suitabilityscoresaregivenin Extended DataFig. 8. Thetenlargestsites

with suitability scores larger than 50 could produce 7 TWhyr ! or more
ineach of USA, China, Canada and Nepal. That is substantial for Nepal

whmd (where thisenergy potential represents1.9 times the present electric-
ity consumption), but notin China, for example, where this potential
pales in comparison with national demand (roughly 5,300 TWhyr™)
and the scale of already-planned hydropower developments'®. In Bhu-
tan, Afghanistan, Kyrgyzstan, Tajikistan and Greenland, fewer than10
dams would have the potential to provide more than 10% of national
electricity demand (Fig. 3). We note that our estimates consider only
the runoff generated within each of the glacierized basins. Although
it can be difficult to realize water diversions because of both techni-
cal and political constraints, the hydropower potential and the cost
efficiency could be substantially increased by diverting water from
surrounding basins.

In addition to providing hydropower energy, artificial reservoirs
have been suggested to play arole in mitigating changes in seasonal
water availability and related water stress®. As glaciers shrink, so does
their ability to store snow and ice over long time periods, and to release
the corresponding water during the melt season’. Reservoirs might
imitate this storage function, to the benefit of arid regions relying on
meltwater during the dry season. The globally aggregated reservoir
volume corresponds to 48% of the average annual runoff from the
contributing glacier catchments, hinting at the substantial potential
for water management in such sites.

Our analyses are a first quantification of the global potential for
hydropower production and water storage in deglacierizing areas.
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Further assessment of the actual feasibility of the locations identi-
fied here would be needed on a case-by-case basis. Particularly impor-
tant will be an understanding of the local energy and development
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Fig.3|Cumulative hydropower potential and average suitability score for
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with asuitability score of 50 or more are considered. For eachindicated
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framework, ademonstrated need for additional infrastructure, and a
detailed environmental, technical and economic feasibility assessment.
Changing glacial environments are an emotive topic exemplifying
global change in a very tangible way, and outside interference can be
met with apprehension'?. Accounting for the concerns and needs of
local communities and safeguarding the functioning of downstream
ecosystems should be of utmost importance when planning for new
infrastructure.
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maries, source data, extended data, supplementary information,
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Methods

We apply the methods and suitability assessments described below
to each individual glacier in the globally complete Randolph Glacier
Inventory®® (RGI, version 6), excluding the Sub-Antarctic and glaciers
smaller than 0.05km? Each of the 187,268 glaciers is considered to be
aseparate potential site. The lowest point of the glacierized area—the
terminus—is set as the potential dam-wall location and watershed-
collection point, limiting our study to areas that are ice-covered at
present (years 2002 £ 10, as given by the glacier inventory).

Potential storage capacity
Digital elevation models (DEMs) of the subglacial topography of eachloca-
tion are determined by subtracting the estimated ice thickness (derived
from the global ice-thickness model of ref. %) from DEMs of the glacier
surface®*2, Damwalls are simulated at the lowest point of each glacier to
determine the potential reservoir volume in the future ice-free area. The
wallsaresimulated tobe perpendicular to the glacier centre lines®, and at
rotations of +15° and + 30°. The orientation returning the largest ratio of
reservoir volume to dam-wall areais selected. Dams are grown to the maxi-
mumvolumethat canbeaccommodated by thelocalice-freetopography,
with wall dimensions limited to 800 m in width and 280 min height to
reflect the maximum dimensions of existing damsin high-mountain areas.
For eachssite, we calculate the uncertainty in simulated storage vol-
ume through the uncertainty in ice thickness from which subglacial
topographyisinferred. Thelatter has been assessed to be of the order
of 20% at the point scale and 30% for the glacier-wide scale®. Note that
this uncertainty does not affect the estimated hydropower potential, as
the storage volume does not enter those computations (see below). By
comparisonwith amanual or amore sophisticated dam-wall placement
that further optimizes the location within the valley topography, our
simulation provides a conservative estimate for reservoir volumes.

Hydropower potential

The potential hydropower production over a certaintime period, £, (in
watt-hours, Wh), is primarily afunction of water availability, available
hydraulic head and system design:

E,= Y min(Q, Qy)Athpgn oy
t

Q—where Q. and Q, are the discharge rate and the design discharge rate

e

(inm?s™), respectively; At is the time step (in hours); h is the available
hydraulic head (inm); pgis the specific weight of water (9,800 N m);
andnis the systemefficiency (dimensionless, conservatively estimated
as 80%; ref. ). Q,is modelled atamonthly resolution (see below), while
Q, is defined as the minimum discharge that is required to turbine
the entire basin runoff every year. For sites with no reservoir, Qp is the
maximal monthly discharge. For sites with areservoir, Q, isinstead the
maximum between the average monthly discharge and the discharge
levelthat, ifexceeded, resultsin awater volume thatis equal to the vol-
ume of the reservoir (Extended Data Fig. 9). When considering annual
electricity production, this definition of Q, allows us toreplace min(Q,,
Qp)inequation (1) with the average annual discharge.

The catchment from which runoffis generatedis defined by applying a
watershed delineation algorithm® to the DEM of the subglacial topogra-
phy and the surrounding non-glacierized catchment area. Projections of
specific runoffrates at monthly resolution come from the Global Glacier
Evolution Model (GIoGEM)®. GloGEM is astate-of-the-artglacier evolution
model that computes glacier mass balance and glacier geometry changes
foreachindividualglacier. The glacierized portion of each catchment has
anannually updated geometry (areaand elevation distribution), and basin
runoff consists of rainand melt (from snow, firn and ice), minus refreez-
ing. Processes such as groundwater recharge or evapotranspiration are
not explicitly accounted for, because there is a lack of data to constrain
the processes at the considered scale, and because their contribution is

expected to be small in the addressed, highly glacierized catchments.
GloGEM is driven by climate projections from 14 global climate models
(GCMs)*, whichinturnaccount for three future greenhouse gas concen-
tration pathways?: RCP 2.6, 4.5 and 8.5. Annual average discharge rates
are computed by averaging over the 14 GCMs and allmonths of the year.
The presented values for hydropower potential are averages over the
years 2020-2100 and all three emission scenarios.

The available hydraulic head over which hydropower could be pro-
duced is determined for each site as the maximum topographic drop
fromthe base of the simulated dam wall toamaximum distance of 2, 4,
6,8,10,12and 15km. Topographic drops are determined using the 3-arc-
second Viewfinder Panoramas global DEM*"*®, The range of distances
over whichthe hydraulic head is calculated provides possible energy-
productionoptions for eachssite. For each option we estimate a produc-
tion cost (see ‘Economicindicators’ below), and we choose the option
with the lowest cost per unit of produced energy. We use the standard
deviation of the hydraulic heads calculated with the various options
(16% on average) as an estimate of the corresponding uncertainty.

The uncertainty in total energy potential, averaged over all climate
models, all emissions scenarios, and all years from 2020-2100, is esti-
mated as +33%. The individual uncertainty components, combined in
quadrature, stem from the estimated hydraulic head (+16%), the 14 dif-
ferentclimate models (+20%), the three emissions scenarios (+12%), and
temporal variation over the considered period (+17%). We assume that
allrunoffis available for energy production but neglect the possibility
of diverting water from beyond the watershed. Note that calculations
of potential hydropower production are independent of the potential
damvolume assessments (the dam volume does not feature inequation
(1)). Sites with atopography that is unfavourable for dam construction
cantherefore be thought of as run-on-river power plants. Suchalack of
storage capacity, however, is penalized in the suitability score.

Suitability score

Werate the suitability of each potential site with a score ranging from O
(unsuited) to100 (highly suited). The score is the average value assigned
to three equally weighted categories that account for environmental,
technical and economic factors. The individual categories comprise
betweenoneandfiveindependently rated indicators (again withavalue
between 0and100), and the value of the worst-scoring indicator is con-
servatively assigned to the corresponding category. Some indicators
aretreated as ‘killer’ criteria, meaning thatifagiven criterionis met, an
overallsuitability score of O is assigned irrespective of any other indica-
tor. Details for the computation of individual indicator are given below.

Environmental indicators. Environmental indicators include: (1) the
presence of UNESCO World Heritage Sites (retrieved fromref. *); (2) the
presence of otherwise protected areas (taken from the World Database
onProtected Areas (WDPA)*°); and (3) the density of endangered spe-
cies (obtained from the Global Amphibianand Mammal Species Rich-
ness Grids of the International Union for Conservation of Nature*-*?).

Species-richness grids are available with30-arc-second resolution,
and vector data for UNESCO and protected areas are gridded to the
same resolution. Information for every potential site is obtained by
intersecting the so-obtained grids with the position of the glacier termi-
nus. Thescores for the threeindicators are assigned as follows: 0 (100)
ifalocationis (isnot) withinan UNESCO area; O (50) if alocationis rated
ascategory I (categoryll) inthe WDPA;and 100 ifitis rated as category
Illoris not classified; 100 - 10N for the density of endangered species,
Nbeingthe number of such species (score=0 for N >10). UNESCO and
WDPA category [ status are treated as killer criteria.

Technicalindicators. Technicalindicatorsinclude: (1) the reservoirin-
filltime; (2) the risk of slope instabilities; (3) the timing by which agiven
reservoir is projected to become ice-free; (4) the risk of rapid glacier
advance (surging); and (5) the presence of an ocean-terminating glacier.



Reservoir infill time—calculated as the ratio between the potential
dam volume and the projected annual inflow—is awidely used metric
inhydropower engineering. Dams with large infill times are favourable
because they have larger potential for storage and water-management
purposes, and longer lifespan in terms of sediment infill. A score of
100 is assigned for infill times of more than 6 months, and the score
decreaseslinearly to O for zero infill time. The latter also occurs when
thereservoir volumeis zero—thatis, whenno suitable dam can be simu-
lated within the imposed dimension limits (a common occurrence
when the subglacial topography is very wide, very flat or very steep).

Weroughly assess therisk of slope instabilities from the 80th percen-
tile ofabasin’s slope (a metricidentifying very steep parts of the basin).
Thelikelihood of high-alpine slopeinstabilities increases substantially
whentheslopeissteeper than40° (ref.**). Alinear scoreis assignedin
the slope range 40 + 10°, with scores of 0 and 100 assigned to basins
with slopes above 50° and below 30°, respectively. Earthquake risk
isaccounted for in the calculations of production costs (see below).

The timing by which a given reservoir becomes ice-free—which is
central to the concept of using currently glacierized areas as potential
reservoirlocations—is assessed through the GloGEMresults (see above).
More specifically, the timing is determined as the year by which the

: lowest glacier elevationrises above the elevation of the simulated dam
crest. The most conservative estimate from the three climate scenarios
O (latest retreat) is used. A score of O (or 100) is assigned if the reservoir
a remainsice-covered until 2100 (or2040), with alinear scoreinbetween.
O Surging and ocean-terminating glaciersimpose risks on the potential
infrastructure from rapid glacier advance and ocean waves, respec-
tively. Surging glaciers are identified through arecent inventory**, while
q) ocean-terminating glaciers are determined from the elevation of their
terminus. Bothindicatorsarebinary (withascore of either 0 or100) and
= are treated as killer criteria. Note, moreover, that ocean-terminating
" sites bear only minimal hydropower potential, as their hydraulic head
O is limited to a fraction of the potential dam height.

O Economic indicators. Economic indicators consider only the cost of
hydropower production. The calculations are based on the levelized
costofelectricity (LCOE)*, which we compute asin ref.?, This reference
uses cost-estimation formulae (see Extended Data Table 1 for details)
developed by the Norwegianand US hydropower industries to estimate
electricity production costsin early project phases***’, and annualizes
he investments using a discount rate of 10% over a 40-year economic
whmd [ifespan. The individual cost components include turbine, piping and
power-station costs; costs for electro-technical equipment, power-line
connectionand site operation; and costs deriving from seismic hazard
mitigation, land loss and possible population displacement. The compo-
nents are mainly a function of: the installed turbine capacity, P;, which
weimposeto belarge enough toaccommodate the entire, theoretically
possible production at each site; the design discharge, Q,, (see above);
and geometrical parameters such as dam height, D,,, dam length, D,,
hydraulic head, h, and length of piping, L,, which are all given by our
topographical analysis. Details on the calculations of the individual cost
contributions are given in Extended Data Table 1, while Fig. 1c and Ex-
tended DataFig. 6 provide overviews of the cost distribution. Following
the price thresholds used inref.?, we assign ascore of 0 (or 100) for sites
with production costs above 0.5 USD kWh (or below 0.1USD kWh),
andwelinearly interpolate the scorein between. Note that the produc-
tion costsaredrivenlargely by the technicalinfrastructure, and thatno
distinctionis made between price levelsin different countries, because

most components can be considered to be commodities.
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Extended DataFig. 1| Visualization of virtually installed dams and approximate locations of the sites are shownin the bottomright corners.
reservoirs.a-f, Anarbitrary subset of dams and reservoirs forlocationsin: Backgroundimages are from GoogleEarth (providers: a-f, DigitalGlobe;
a, Alaska; b, Scandinavia; ¢, North Asia; d, Central Asia; e, Low Latitudes; andf, b, c,e, Landsat/Copernicus; b, d, e, CNES/Aribus; a, f, Maxar Technologies;
New Zealand (see Extended Data Fig. 7 for the nomenclature of regions). The f, Planet.com).
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latter are taken from the International Renewable Energy Agency' for the year
2017. Thered boxesindicateregions as defined in the Randolph Glacier
Inventory? and are used for aggregating datain Extended Data Figs.2,6. The
basemap was generated using Matplotlib®.
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Extended DataFig. 9| Conceptual representation of the procedure used for
determining the designdischarge Q. Q,,, is the average monthly discharge
and V,, (orange area) is the volume of the reservoir. Small and large reservoirs
arediscerned onthebasis of annual discharge: areservoiris considered to be

No reservoir

Small reservoir

Large reservoir

a Vres = O

discharge Q
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largeifit canstore half of the annual discharge or more. In this case, turbining
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theannual discharge every year requires Q, to equal Q,,, (asmaller Q, would
imply water accumulation fromyear to year, thus leading to reservoir overspill
and productionloss over time). Smaller reservoirs require alarger Q,, because
less water can temporarily be stored. Letters on the x-axis denote months.



Extended Data Table 1| Equations used to compute hydropower production costs

Cost component Equation Notes Ref.
p,=1.943 pP,07634 108 P; : turbine capacity (MW)
Turbine (USD) with Q, : design discharge (m®s™) 45
P;=Qphpgn 10° hpgn : as in Equation 1 of the Methods section
p,=(-0.0006 Q,? + 0.67 Q,—6.95) 10°  (for Q, 250 m®s™") 46, 48

Power station (NOK)

.= (0.4948 Q, + 1.7) 10°

(for Q, <50 m*s™)

Electro-technical equip.(NOK)

p,=3.9142 P,06022 106

46

Dam (NOK)

p,=0.72 D,/ D, 10°

D,;: dam height (m)
D, : dam length (m)

Note the wrong exponent in ref.?' Table S5

46

Piping — headrace tunnel (NOK)

ps=219.99 A+ 13658 (L,—h)m, n
where:
A= Qplv

P

m,=0.0054 (L,107%)? — 0.0039 (L, 107%) + 0.9671

A, : tunnel cross section (m?)
L, : length of the pipes (m)
h : hydraulic head (m)

m;, : tunnel length multiplier (=)
n, =1 : number of pipes (-)

v=3ms™": flow rate in the pipe (m®s™")
Note that the low value for v causes large A, and thus conservatively high cost estimates.

46

Piping — penstock (NOK)

ps= (6 D+ 9.4 h) n, 10°

D,=2 VA, it : tunnel diameter (m)

46

Miscellaneous (NOK)

p,=(=38.795 log Q,+ 309.89) P,10°

Note the missing parenthesis in ref.?' Table S5

46

L : distance to next power line using

according to the Global Seismic Hazard Map*®

Power line connection (NOK) ps=L p, OpenStreetMap data by ref.2" (km) 46
p, - P-dependent power-line price (NOK km™)
Seismic hazard mitigation (USD) p,=0.05 Z,i P, Only for sites with medium or high seismic risk 4 59

Owner cost (USD)

P0=020 5 p,

45

Operation and maintenance (USD)

M,=0.02 5 p,

45

Fish passage

Not required (no fish in glacierized areas)

Ref.2' computed a cost based on ref.%'

Agricultural land loss

No cost (no agriculure in glacierized areas)

Ref.?' computed a cost based on the revenues
that agricultural production would generate if the

reservoir-area was cultivated.

Population displacement

//doc.rero.ch

No cost (no populatio in glacierized areas)

Ref.2' computed a cost based on the number of

people displaced because of inundation.

Total cost (USD kWh-")

http

S5+ M) (1 +1)")

LCOE = -
Yo (E(1+1)Y)

I, - investment for year ¢ (USD)
lo=52%p,; ;=0 fort>0

M, : operation and maintenance in year { (USD)

E, : energy production in year t (kWh)
r=0.1: discount rate (-)
n =40 : system design life time (years)

Hydropower production costs are taken as the levelized cost of electricity (LCOE). The calculations of individual cost components p; follow ref. ?'. Costs are in 2010 US Dollars (USD). 1NOK is

approximately 0.12 USD. Equations are from refs.

45,48-51
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