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Abstract

High elevation or high latitude hydropower prodoct (HP) strongly relies on water
resources that are influenced by glacier melt ardhaus highly sensitive to climate warming.
Despite of the wide-spread glacier retreat sineedi#velopment of HP infrastructure in the
20" century, little quantitative information is avdila about the role of glacier mass loss for
HP. In this paper, we provide the first regionalagufication for the share of Alpine
hydropower production that directly relies on thatevs released by glacier mass loss, i.e. on
the depletion of long-term ice storage that canmetreplenished by precipitation in the
coming decades. Based on the case of Switzerlandl{vproduces over 50% of its electricity
from hydropower), we show that since 1980, 3.0%@% (1.0 to 1.4 TWh ¥ of the
country-scale hydropower production was directlpvmted by the net glacier mass loss and
that this share is likely to reduce substantiafy2040-2060. For the period 2070-2090, a
production reduction of about 1.0 TWh'yis anticipated. The highlighted strong regional
differences, both in terms of HP share from glacieass loss and in terms of timing of
production decline, emphasize the need for sinatalyses in other Alpine or high latitude
regions.

Key words: hydrology, glacier mass balance, hydwgro climate change, Alps
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1 Introduction

Hydropower provides around 16% of the world’s ta&ctricity [1]. In the European Union,
hydropower represented 11% of the gross electremtysumption of the 28 member states in
2016 [2] and high shares of hydropower productidR)(can in particular be found in high
latitude and high elevation regions [3], where pHrHP relies on water resources that are
temporarily stored in the form of snow and ice, anelthus particularly vulnerable to climate
warming [4].

Despite the well-known inherent variability of wateesources availability, fundamental
energy market models [5] but also large-scale hyoln@r assessments usually only account
for selected baseline water years [6]. The notakiEeption are recent continental to global
scale studies of HP potential [1] or of climate rop@ impact on HP [7, 8]. While giving the
broader picture at continental scales, these sturhenot yet adequately resolve the natural
variability of water resources at the HP catchnsmatle or in mountainous regions in general
[9]. Accordingly, the impact of climate warming d#P in snow- and glacier influenced
regions still essentially relies on individual casedies [namely from the Alps and US, see,
9], with some regional analyses of the effect amate warming on snow- and glacier
influenced HP available for the US [10, 11]. Glacdietreat has in this context long been
recognized as potential threat to HP around thédn&2-14]. Studies quantifying the actual
impact of glacier mass loss on HP are, howeveremsly rare. Existing impact studies in the
Alpine region focus on the quantification of watesources regime changes [15, 16] rather
than on quantifying the impact of actual glaciersméss on hydropower production, as for
example in the work of Vergara et al. [17] for tinepical Andes. They showed that glacier
retreat might reduce HP for the Cafion del Pato ldRtpn the Rio Santa by 570 GWH'if

the glacier contribution disappears.

This paper provides, to our knowledge, the firsamgification of how HP in an Alpine
country, Switzerland, depends on annual glaciersrnass, in the past as well as in the future.
The relevance of this study is twofold: i) Swiss HElps balancing the regional electricity
exchanges between France, Germany, ltaly and Augwoltage regulation), guarantees
power and frequency modulation (primary, secondarg tertiary controls) and allows for
black-start of the regional grid [18]; ii) Swiss BN be seen as a reference case for all other
Alpine HP regions in Austria, Italy and France ngm&he methodology used in this paper is
also transferable to northern countries with glaméuenced HP.

Hydropower represents around 55% of the Swissradggtproduction, which in 2015 was
61.6 TWh [19]. All large Swiss rivers and many slerativers used for HP are influenced by
melt water from seasonal snow cover and glaciezsuniderstand the role of glacier retreat for
HP, the key variable is the amount of water thagioated from annual glacier mass loss.
This number is usually unknown but can be estimbts®d on observations of the key water
balance components, i.e. precipitation and streawmnfSection 3). The recent work of Fischer
et al. [20] — who estimated annual mass changealff@laciers in Switzerland during 1980-
2010 — represents a unique opportunity to obtasiglrs into the role of glaciers for the Swiss
water resources.

In this paper, we combine the above estimates Silss-wide data for water resources [21],
glacier runoff simulations [22] and the spatial abetse on Swiss hydropower plants
developed by Balmer [23] to quantify the role ciaérs for HP in Switzerland. By doing so,
we provide the first quantitative assessment fer share of HP that can be attributed to
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annual glacier mass loss and how this share mighive in the future owing to changes in
water availability from glacier melt. The remaindgrorganized as follows: we first give an
overview over the Swiss HP system (Section 2) &edused data sets (Section 3), before
presenting the methods to quantify HP from glaciater resources (Section 4) and the
obtained results (Section 5). A detailed discussibthe results (Section 6) and conclusions
(Section 7) complete this document.

2 Swiss water resources and HP

The average available water for Switzerland (tatatler volume divided by area) over thé"20
century was around 1300 mmi'yj24]. Recent estimates of glacier mass changalf@wiss
glaciers indicate a net change between 1980 and @01620 mm yr (relative to the glacier
area in 2010, i.e. 944 K4n[20]. This corresponds to —14 mm'ywhen averaged over the area
of Switzerland. This negative glacier mass chamgpgasents a water input for hydropower
production that does not originate from this yea@afall but from water accumulated
decades to centuries ago.

2.1 Hydrological regimes

The temporal distribution of streamflow, or theesinflow regime, is key to understand the
interplay of glacier melt water and HP. The strdamfregimes of Switzerland (Figure 1) are
of two fundamentally different types [25, 26]: @how- or glacier-dominated regimes that
show a pronounced low flow during winter (due te freezing conditions) and much higher
flows during the melt months (April-August), and) (rainfall-dominated regimes, where

streamflow follows the seasonality of rainfall anidevapotranspiration (resulting in typical

summer low flows). An overview of the spatial distition of streamflow amounts is given in

the Supplementary Material (Figure S1).

With anticipated atmospheric warming over the canoecades, major changes in the
streamflow regime of snow- and glacier-fed drainkgsins are expected [4]. As glaciers
retreat, they release water from long-term storagetributing thereby to a transient increase
in annual streamflow for a few decades [27]. Tiheirtg of maximum glacier melt volumes
depends on the characteristics (elevation rangevatume) of the catchment and the rate of
climate change [28]. In mountainous catchmentsifsognt shifts in the hydrological regime
are expected with increasing streamflow in sprind @arly summer and declining streamflow
in July and August [29-31]. These changes resalhfan earlier onset of the snow melting
season and from shrinking glacier areas.

2.2 Swiss hydropower infrastructure

The Swiss HP infrastructure in the year 2016 waspmsed of 662 powerhouses [32] and 195
large dams that are under the direct supervisioth@fSwiss federal government [33]. The
average annual HP was 35.7 TWH"yior the period 1980-2016 (Table 1). The spatial
distribution of the HP schemes is conditioned bg thscussed specificities of the Swiss
hydrological regimes (Figure 2): the southern aedt@l mountain regions host most of the
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storage HP schemes; the large run-of-the-river jRefRemes are located on the lowland
rivers.

The Swiss HP infrastructure can be divided int@ehmain groups [34] (Figure Zproup 1
includeslarge storage schemes that shift large amounts of melt water inflows freaommer

to winter to buffer winter droughts. The group nipsbnsists of high-head (>100 m) storage
schemes with one or several reservoirs (e.g. tHekwewn Grande Dixence with its storage
reservoir of 401 1%n®). These reservoirs have typically natural catchneaeeas of between
50 and 150 kmand waterways draining water from additional, afistcatchments. Most
group 1 schemes show periods in which their reseigofull and during which they are
operated as run-of-the-river schemes.

Group 2 includeslow-head (a few tens of meterdRoR schemes with large catchments
(>2500 knf) with a typical installed capacity between 5 MWdatDO MW, built on large
lowland rivers close to urban and industrial arddee hydrologic regime of these rivers is
strongly influenced by artificial or natural lakasd water management upstream.

Group 3 includes both low-head and high-heRoR schemes with catchments < 2500 km?.
Contrary to low-head schemdsgh-head RoR schemes (with heads from 100 to 1100 m)
by-pass a given river-reach and usually have ilestatapacity below 30 MW. Schemes of
group 2 and 3 usually have marginal storage capacit

A special case are pumped-storage HP schemes ibedte between one or two in-stream
reservoirs (semi-open or open-loop pumped-storafj@@. number of such schemes might
increase in the near future as a means for gridlaggn [35]. They are not discussed

separately here. It is noteworthy that both Grougnd 3 include schemes that transfer water
across the natural boarders of the major Europeansr(e.g. the Gries HP scheme from the
Rhone to the Po basin, the Hongrin scheme from éRtonRhone or the Totensee scheme
from Rhone to Rhine).

2.3 Climate change impact projections on HP

Numerous studies quantified the effect of climabange on Swiss HP with a so-called
climate change impact modeling chain [9]. Thesdistihave a strong focus on high Alpine
HP [28, 30, 36, 37]. Only few studies exist on HRawland rivers [for an example, see, 26,
38]. While the earliest studies [16, 29] made wenygh assumptions about the evolution of
glacierized surfaces, recent work highlighted theportance of more detailed
parameterizations of glacier surface evolution [88H of reliable estimates of initial ice
volumes [40].

The latest comprehensive analysis of climate chamgact on Swiss HP was elaborated in
the context of two research projects, CCHydro fuhbg the Swiss Federal Office for the
Environment [41] and CCWasserkraft [42] funded byisSelectric research and the Federal
Office for Energy. In agreement with all previogsults, these analyses of 50 representative
Swiss catchments for the periods 2021-2050 and -2080 concluded that the ongoing
warming in the Alps will significantly decrease bdhe snow cover duration at all altitudes
and the maximum annual snow accumulation at highatlons. As a result, Swiss glaciers
will strongly reduce in surface by 2100. The coneireffect of a reduced snowfall-to-rainfall
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ratio and of warmer spring temperatures will sthi# annual maximum monthly streamflow
of snow-dominated rivers to earlier periods in jffear (up to several weeks). At the same
time the snowmelt induced high flows might be mecoacentrated in time. The concomitant
glacier melt will result in a temporary increaseaminual streamflow but ultimately lead to
reduced annual flows in glacier-influenced catchisiewith reduced flows in late summer
[43].

In general, late summer streamflow will be reduicedll snow-influenced catchments due to
the earlier melting season. For non-glacierizeadhoaents, the annual flow might slightly
decrease by 2100 due to a warming-related increhgyapotranspiration and a potential
(small) decrease of precipitation. For a compretvensverview of projected changes, see the
work of Speich et al. [44].

The amplitude of changes remains, however, highigettain due to uncertainties in both
modeling and initial ice volume [45]. An assessnithe volumes of all Swiss glaciers with
ground-penetrating radar [46] is ongoing in thetewh of research for the Swiss energy
transition [47].

3 Datasets

The detailed analysis of the role of glaciers fd? i$ based on five data sets: (i) a GIS
database of the Swiss HP infrastructure [HYDROQ2S], (ii) the Swiss hydropower
production statistics [48], (iii) monthly naturakesamflows of the Swiss river network [49],
(iv) estimated glacier mass changes between 198@@n0 [20], and (v) simulated past and
future glacier runoff for all individual Swiss gilacs [22].

3.1 Hydropower infrastructure: HYDROGIS

The GIS data base developed by Balmer [23] inclyfds powerhouses corresponding to a
total installed power of 14.5 GW out of the tot&ll®.0 GW installed in 2005. In 2016, the
total installed power was 16.2 GW.. During the saimee, the total expected production
increased from 38.7 GWh to 39.9 GWh [48].

In HYDROGIS, the powerhousese characterized by their production type (RoBragfe or
pump-storage) and for most of them, the installedlgy and the turbine design discharge are
known. Information on the feeding catchments isyéwer, not available at the powerhouse
level since the 401 powerhouses are grouped indoHR8 schemes, which is the reference
level for HP catchment information. The databassuohes furthermore 214 HP reservoirs,
119 dams and 787 water intakes.

For the present analysis, the most important ad@ééoe of HYDROGIS is the connection
between HP schemes and catchments, which was @umipy Balmer [23] via a detailed
analysis of adduction tunnels and of company repafrall schemes. Detailed checks showed
that the database is reliable in terms of connestioetween catchments and HP schemes,
which is the basis for the water resources anahgsisin.
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3.2 Hydropower production statistics

Hydropower production statistics are available frahe yearly electricity statistics of
Switzerland [19] aggregated to six large regioms:T(cino, (i) Grisons, (iii) Valais, (iv)
Northern Alps, (iv) Jura, (vi) Plateau (for the mmpondence of these regions to main Swiss
river catchments see Table S1). Besides actualahpnoduction, the statistics contain annual
production potentials, which have to be reportedH® companies for water tax purposes.
The production potential is used here as an estimiathe total annual amount of water that
was available for production in the catchments fwbeused or not).

3.3 Natural streamflow of Swiss rivers

The Swiss Federal Office for the Environment (FOEBD] provides a Swiss-wide raster data
set (500 m x 500 m) with simulated monthly natsteéamflows. This data has been shown to
give relatively unbiased estimates of the monthiws§ if aggregated to areas between 16 km
— 1000 kn (beyond this scale, large lakes might bias thelt®s[21]. We use here the latest
version of the data, made available by Zappa ef44l. It covers the period 1981-2000,
which thus serves as reference period for all prteskanalyses.

3.4 Mass changes of Swiss glaciers

Geodetic mass changes between 1980 and 2010 atebkesdor all glacier-covered HP
catchments from Fischer et al. (2015). Correspandjiacier outlines are taken from the
Swiss Glacier Inventory SGI12010[51].

Between 1980 and 2010, the estimated average geodass balance for the entire Swiss
Alps was -620 mm water equivalent (w.e.)} ynwith remarkable regional differences (Table
4).

3.5 Glacier runoff

For each individual glacier, past and future glacass balance, surface geometry change
and retreat, and monthly runoff is available frohe tGlobal Glacier Evolution Model
(GloGEM, Huss and Hock, 2015). The model has beetetl with ERA-interim climate re-
analysis data [52] for the past and with 14 Gldbiatulation Models and three different O
emission pathways [53] until 2100. For the purpok¢he present paper, we define glacier
runoff as all water exiting the glacier during omenth (for details, see the Supplementary
Material).

The future glacier runoff simulations from GloGEMaosv the expected decrease of glacier
runoff in the period 2040-2060 for catchments vidv glacier coverage. For the period 2070
— 2090, the simulations show a consistent decretsggacier runoff for all HP catchments
[Figure S2 and 43].

4 Methods

We give hereafter details on how HP is estimatedifégrent scales based on discharge data
for different time periods, followed by details tre assessment of past and future HP from
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annual glacier mass loss and of expected HP charegedting from hydrologic regime
modifications.

4.1 Estimation of HP production at the scheme scale

The HP data available at the powerhouse level deduthe expected annual electricity
production for average years (based on past opajatE, [Wh yr'l], the total available
power, P, [W], and the total design discharge through théines, Q' [m® s'], whereh

designates the (power)house level. A first orddmede of the number of powerhouse
operating hoursy; [h yr'], can thus be obtained as:

_E
Th_Ph*' (1)

The asterisk (*) is used to identify design vargsbhnd not actual time-varying quantities.
Note that the estimate neglects the percentagema that only part of the powerhouse
capacity is used (i.e. not all turbines in usetqraatial load).

Based onr,, we estimate a first lumped water-to-electricitgneersion factor, called
electricity coefficient,y;, [kKWh m~] as follows:
___ & _ R

Q,r;,3600106 Q, 3600 f0

Y ()

The electricity coefficients obtained at the sazléhe powerhousesy, , can be summed up to
the scale of the HP schemes:

V=2 Vs ©)

OhOj

where y; is the electricity coefficient of scherie

This electricity coeﬁicienM relates indirectly the average annual streamfleailable from

the catchment), [m® s'] to the corresponding electricity production ae thcheme level,

based on the past average electricity productioowev¥er, not all powerhouses within a
catchment use the water of the entire catchmenttlatatchments corresponding to each
powerhouse are unknown. We thus assume that thgndeéscharge for each powerhouse,
Q, , multiplied by the expected operation hours, is representative of the amount of annual

water that feeds this powerhouse. This assumpsoadequate for storage plants, which
mostly operate in design conditions. For ROR scleentieis assumption leads to
underestimating the operation hours and overestignéte electricity coefficient.

Accordingly, we propose to use the following wegghtscheme-scale electricity coefficient

~

Y.

J
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Actual discharge time series for different timeipds are available at the catchment-scale
only. An estimate of the dischardgg@, feeding each powerhoudeover time period is
obtained as:

Q
=0~ (5)
'2Q
Ondj
whereQ; [m® s] is the average annual discharge available fosdeme catchmeptiuring
time period.

The weighted scheme-scale electricity coefficientthie key to estimate HP from annual
glacier mass loss for past and future time peratdbee scheme-scale.

4.2 Estimation of HP production at the regional scale

The electricity statistics also report productidatistics for six regions of Switzerland. To

obtain a regional-scale electricity coefficiept [kWh m?] for regionr, the scheme-scale

electricity coefficients are weighted accordingheir expected total production (a flow-time
scaling is not possible since the concept of opegdtours does not make sense at the scheme
scale):

o 2E
_ YEr (6)

Y, =
SE

vjEr

Where E]f = Z E, is the expected production at the scheme levels Tégional-scale
OhOj

electricity coefficient expresses how much hydropois produced from a }rof water flow
that is originating in that region.

4.3 Estimation of HP production at the HP network scale

Changing the perspective from the hydropower produacatchment to a hydropower

producing river reach, we can estimate a weightedtricity coefficient y at a given

locationx:
~ E Eh thhTh
}/x = 360r)hupstreamx = Vhupstream x S (7)
> 9n Y 9
Vhupstream x Vhupstream x
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While ij expresses how much hydropower is produced fromi af water flow generated in

a catchment, this point-scale electricity coefftiey , expresses how much electricity is
generated per frof water that transits a given locatioin a river.

The total hydropower production of the entire HRamek upstream of locatior for periodi
is then obtained as:

E,=360010 Y Q.. ®)

Ohupstreanx

4.4 Analysis of past and future water resources availability from annual glacier mass loss

Based on the observed data of Fischer et al. [2]),vBe propose to estimate the share of
water resources that results from glacier massetiepl p, , at the scale of all HP scheme

catchments as follows:

p = (9)
qij

wherem; [mm yr'] is the average annual glacier mass loss in catohjrover period, and

i [mm yr'] is the specific discharge of catchménfdischarge in rs" divided by the

catchment area). Given the assumed linear reldtiprietween annual HE;, and available

discharge (Equation 7)p, gives a direct estimate of the share of annuattdPresults from

glacier mass depletion.
Discharge and ice melt data are available for tleowing periods: T=1981 — 2000,
T,=2040-2060 and»=2070-2090. In addition, some results are repoidedhe time period

1980-2010, which is the original reference period the mass balance data published by
Fischer et al. [20].

4.5 Future regime impacts on HP

Climate change induced modifications of glacieroffimffect the water availability in terms
of quantity and temporal occurrence (an examplatofe simulated glacier runoff is given in
Figure 3). We quantify the effect of regime modifions on HP in terms of the absolute
difference of the runoff volume from the glacierveced area between two time periods for
each montm:

Vi? () =[Q¢ (M) - Q2 (M) 4,,, (10)

ref

Where\/”g (m) [m? is the glacier @) runoff volume difference for montt, time periodi and
catchment, Q°(m) [m* s is the monthly simulated glacier runoff of timerjod i, and
9 (m) [m°s?] is the monthly glacier runoff for the referenceripd. A, [s] is the duration

ref

of the month. The reference area ‘iéﬁ', Q?Y, and QY. is the glacier-covered area during the

ij ? ref

10
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reference period. For future periods, in which gexhave retreated, this area will notably
include ice-free surfaces as well.

A glacier runoff change indicatos; is obtained by (i) normalizing/’(mMto the total

catchment discharg®,, ; (M) for the reference period and (ii) averaging ovemanths (see

ef,j
Figure S3 for an illustration):

_& Vi(m)
Jij _mz:l ref,j(m)Am . (11)

d, is the relative amount of water that, for peripds available during a different period of

the year than it was for the reference period. ABsg again a linear relationship between
annual HP and available dischardg,can also be directly interpreted in terms of HRjives

the relative amount of annual HP that, in the feitwvill be available during a different period
of the year.

5 Results

5.1 Swiss HP overview

The Swiss HP schemes use the water of an area &®&nf, corresponding to 93% of the
Swiss territory and including all Swiss glacierbeTlarge percentage is due to the run-of-river
(RoR) HP schemes in series on all large riversitga8witzerland (Figure 2 and Table S2).
The cumulative sum of all HP scheme catchments atsoiw 528,278 kfor roughly 13
times the total catchment area (Table 2), whichleasges the degree of nesting of the HP
catchments, in particular in low-lying areas (Pdateegion, North of the Alpes region).

On average, the water from the 134 headwater catotsms used in 12 HP stages, with 12
headwater catchments that are not part of a laigeenetwork. The water from some Alpine
headwater catchments is used in up to 30 HP sthyes to the Rhine in Basel.

5.2 Natural variability of Swiss HP resources

Measured in terms of production potential, thersgjor HP regions (Table 2) show important
differences in interannual variability of availableater (Figure 4a), with coefficients of
variations (standard deviation divided by the meaa)ging from 0.06 to 0.16. The
interannual variability of precipitation (Figure ¥bn contrast, is rather similar across all
regions, with a coefficient of variation betweef@and 0.11.

The lowest variability of the production potentislobtained for the region with the highest
glacierization (Valais, Figure 4c) and for the B&at region (Figure 4e). For the Valais, as for
other areas with a high glacierization, the glaciact as a strong buffer of interannual
variability. This notably results in a relativeltable interannual operation of high elevation
HP reservoirs across Switzerland [see 26, includingllustration of Swiss reservoir filling
curves].

11
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The low variability of the production potential thfe Plateau region can be explained by the
large number of RoR power plants with large catamsyefor which the spatial precipitation
variability averages out. At the Swiss scale, e Variability of the production potential
results from an averaging effect across regions.

5.3 Electricity coefficients from the scheme scale to the regional scale

Swiss HP infrastructure shows high electricity fiogfnts, with an average electricity
coefficient of the analyzed powerhouses of 0.63 kivfi and an average scheme scale
electricity coefficient of 0.59 kWh t(Table 3). For individual schemes, the values range
from 0.004 kWh rit for lowland RoR schemes to up to 3.84 kWH for the single-stage
high-head Cleuson- Dixence HP scheme (Figuaedb-igure 6).

The overall high scheme-scale electricity coeffitcseare explained by the high electricity
coefficients of headwater catchments, with an aye@f 0.95 kWh i (Figure 5a). Three of
these headwater schemes have both a particulgtiyh@ad with their powerhouses located at
low elevation in the Rhone valley bottom and higkvation catchments, resulting in
electricity coefficients above 3 kWhh{Figure 5a).

At the level of the electricity statistics regiomasgenerally strong elevation trend of electricity
coefficients becomes visible (Figure 5b). The trendf 1.00 kWh it per 1000 m of increase
of the mean catchment elevation. This Swiss-wiéadrcan be converted into a rough
estimate of the electricity coefficient of HP fragtacier melt water: given the mean elevation
of the Swiss glaciers by 2010, 3042 m asl ), theegad elevation trend of regional electricity
coefficients (Figure 5b) yields an electricity cigént of 1.00 1¢ kWh mi®* m*x 3042 m -
0.940 kWh n = 2.11 kWh T (see Section 5.5 for further details).

5.4 Electricity coefficients at the HP network scale

The effect of having sequences of HP schemes aiwvexg can be illustrated based on the two
largest HP networks, the one along the Rhine @l along the Rhone river (Figure 2). The
Rhine HP network has a weighted electricity coéfic of 0.04 kWh i, which is twice as
high as the electricity coefficient of the hydropavplant operating on the Rhine at its Swiss
outlet (Birsfelden), which equalg=0.02 kWh n? (Table 3). For the Rhone catchment,
including many high-head hydropower plants and wuttter being used in up to 9 stages, the
weighted electricity coefficient of the entire HBtwork equals 0.27 kWh Th which is more
than 10 times the electricity coefficient of thenmshouse on the Rhone at its Swiss outlet (at
Chancy-Pougny, 0.02 kWh

5.5 Estimation of HP production from annual glacier mass loss

The high elevation HP schemes receive a signifieanbunt of water input from annual
glacier mass change, up to 500 mrit yrelative to the scheme catchment area) for 1981-
2000, or more than 25 % of the total annual catcfirdischarge (Figure 7).

On a Swiss-wide area-average, the glaciers’ netribotion was of 479 mm w.e. yrfor
1981-2000 (Table 4). During this period, the aver&yiss glacier cover was 1111 km
(assuming a linear retreat of the glacier area &etwl1973 and 2010) [20]. A first rough
estimate of the HP originating from annual glaomess loss can be obtained with the regional
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electricity coefficient extrapolated to the mearaagr elevation. The corresponding
production over 1981-2000 equals thus 0.479 thxr1111 16 m* x 2.11 kWh n? = 1123
GWh yr', or 3.2 % of the Swiss-wide annual production a®r same period, which was
34,738 GWh yir [48]. For the period 1980 — 2010, which had arsies annual glacier mass
loss (Table 4), this ratio equals 4.0 % (Table 5).

This estimation of HP ratios from glacier mass lasies on two numbers: the average annual
glacier mass loss and the electricity coefficiestineated from design data (expected annual
production, production time and turbine flow). Thlmnual glacier mass loss has an
uncertainty of +/- 0.07 m ¥r[20]. For the interpolated area of individual géas between
observation dates, an error of +/-5 % can be asduamea conservative estimate. The 95%
confidence interval of the electricity coefficiemterpolated at the Swiss-scale for glaciers
(from linear regression analysis) is 2.11 +/- Ok#8h m*. Inserting these uncertainties into
the above regional estimate of HP from glacier-cedeareas results in estimated HP from
annual glacier mass loss of between 1.8% and 5a2%é period 1980 to 2000 and 2.3% to
6.2% for the period 1981 to 2010.

HP calculations based on scheme-scale melt refigsire 8a) gives very similar estimates:
the production ratip; averagedver all glacier schemes, weighted by the expesté@me
production, equals 3.2% for the period 1981-2000 40 % for 1980-2010 (Table 5). These
Swiss-wide averages of HP production ratios froacigr mass loss hide significant regional
differences, with estimates for the past periodgireg from between 6.4 and 7.8 % for the
Rhone river to between 1.8% and 2.2% for the Rhuer (Table 5).

For the future, the GIoGEM simulations predict tha% and 79% of the 2010 glacier volume
will be lost by 2040-2060 and 2070-2090, respedbtiy€able S3). The strong reduction from
2010 to 2040-2060 is coherent with the observed bfs37% (22.5 ki) over the period
1980-2010 (the estimated glacier volume for 2018 wf59.9 kni: [20]. The corresponding
simulated annual glacier mass loss rates at thensefscale result in an averggeof 2.5%
for 2040-206QFigure 8c) anaf 1.2% for 2070-2090 (average over glacier scherfiexble
5).

The maps ofp; (Figure 8c,d) reveal that, in the past, annual igtamass loss was an

important source of water for HP at larger scaled mot only in the headwater catchments.
Given the strong glacier retreat, the input frormwal glacier mass loss is, however,
significantly reduced in future simulations . FbetRhine river, input from annual glacier
mass loss is likely to become insignificant in thire (Table 5).

For the Rhone river catchment, the simulations esgthat the decrease in HP from annual
glacier mass loss might only occur after the pe@6d0-2060. The contributions, however,
will remain significant for this century, with 3.8&stimated for the period 2070-2090 (Table
5).

5.6 Impacts of glacier runoff regime changes

Future runoff from glacier catchments is, on averaxpected to shift to earlier periods in the
year, especially for catchments with important glawolume loss. The simulated glacier
runoff shifts, as summarized by the indicajr, correspond mostly to less than 10% of the
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scheme-scale discharges. This is true for bottoger2040-2060 and 2070-2090 (Figure 9).
The notable exception are a few run-of-river screitiat are located at elevations higher
than 1400 m asl.. Here, shifts go up to 35% for pkeeod 2040-2060. Given the strong
simulated glacier retreat up to then, the reginhgs enly slightly beyond this period.

6 Discussion

The method proposed in this paper to analyze thmaamnof glacier retreat on HP brings
together a number of data sets that have not bealyzad jointly so far. In particular, it
combines recent model results on glacier mass #w@p|uestimates for glacier runoff and
catchment-scale river discharge, as well as statisind spatial information on hydropower
infrastructure. The contribution of annual glacieass change to HP is estimated in two
different ways: either (a) by estimating and avarggatios of annual glacier mass loss and
total discharge for all HP scheme catchments, pfrfm an elevation-dependent electricity
production factor and the mean glacier elevatiohil$Vthe first method relies on discharge
estimates that are based on simulations and olisersathe second only relies on observed
glacier mass balance data and interpolated elggtcaefficients.

Both methods give similar results for the sharéiBfresulting from the depletion of glacier
mass, with Swiss-wide average estimates ranging f8al% to 4.0 % for the observation
periods. The relevance of this result is twofo)dini terms of transferability of the proposed
method, the obtained results suggest that simiatyaes could be completed in any region
that has detailed glacier mass balance data ariglsipdormation on electricity coefficients.
i) For Switzerland, the estimated ratios give bust estimate of the amount of Swiss-wide
HP that originated from annual glacier mass losthenrecent past. It has to be noted that
these numbers are considerably higher than thelsimyperage share (not weighted by
production) of water originating from glacier masepletion in the various scheme
catchments. The latter, in fact, amounts to onljwben 1.3% and 1.7% (Table 4). This
almost doubling effect between the average ratiavafer availability from glacier mass
depletion and the corresponding average ratio ofiHHR direct consequence of using the
glacier melt water several times along the HP netvamd of the high electricity coefficients
associated with glacier water resources.

The simulations suggest that, on a Swiss-wide b&d?smight receive a significantly lower

share of water from annual glacier mass loss ajr@adhe near future. Compared to 1981-
2000, the future simulations predict a reductiorthef HP ratios from 3.1% to 2.5% for the
period 2040-2060 and to 1.2% for 2070-2090. Thisesponds to a production reduction of
around 0.56 TWh yt for 2040-2060 and of around 1.00 TWH jor 2070-2090.

This share of HP from glacier mass depletion habe@ut into relation to other changes
expected for HP in the near future. HP is namepeeted to decrease by 1.4 TWH ylue to
the implementation of the Swiss water protectioh daging concession renewals [47, 54].
This is in contrast to the Swiss Energy Strategy02@hat plans a net HP increase (beyond
water protection effects) by at least 1.5 TWH. ykccording to the same strategy, this should
be obtained by building new small hydropower pldmts3 TWh yi') and from the extension
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and adaptation of existing large plants (+0.9 TWH) y34, 47], which is challenging given
that all major Swiss river systems are alreadyaieud [34].

The reduction of annual melt water might well be ttominant warming-induced impact for
many schemes. The presented analysis shows, hgwbeaerfor most schemes, the future
temporal pattern of glacier melt water inflow wiisult in a redistribution of less than 10% of
the total available water. In other terms, the ahiiP pattern will not fundamentally change
for those schemes. It must be noted, however ttidoes not applies to RoR schemes that
have catchments currently exhibiting an importaagrde of glacier coverage. Such schemes
might in fact experience a profound modificationtleéir water inflow regime already in the
near future.

Given the individual character of HP schemes, aemietailed analysis of the temporal

redistribution of melt water flows is challengingdawould require a detailed analysis at the
level of water intakes. Some water intakes migbt lese water during future melt periods if

the melt water flow is more concentrated on shoperiods and thus exceeds the intake
capacity (resulting in a potential increase of epél duration and magnitude). This might in

particular affect glacier-influenced storage HPesohs that usually have a high number of
water intakes [e.g. the Grande Dixence scheme G@krh of tunnels to route the water of 75
water intakes to its main reservoir, 55]. The Swisde database on water intakes [which
includes 1406 HPP intakes, 56, p. 22] is, howekegwn to be incomplete and contains
essentially the intakes that are directly rele¥antesidual flows.

A third implication of climate warming for glacieénfluenced HP is a potential modification
of the year-to-year variability of available watdihis modification is anticipated in many
climate change impact studies in high Alpine enwinents [29]. With the average monthly
flow data used in this study, no further assessnoénthis important aspect is possible.
However, the analyses presented for the annuabpggrer production potential (quantifying
the production potential) and for the annual prigaijpn variability at a regional scale shows
that there is no clear link between the today's am® of glacier cover and the annual
variability in the production potential. This resid unexpected since HP regions with a high
glacier cover were previously thought to show atre¢ly low year-to-year variability of
hydropower production potential [26]. Understandingletail how the HP network structure
buffers current year-to-year precipitation varidpiand how this might evolve in the future is
left for future research.

7 Conclusion

Alpine hydropower production (HP) is benefittingtmn glacier water resources that have been
accumulated decades and centuries ago, and thattdaa replenished in the near future. This
first quantification of the HP share originatingrin annual glacier mass loss at the scale of an
Alpine region reveals that 3.1% to 4% of the tatahual Swiss HP presently originates from
this transient water resource. The share will dgpaecline for all Swiss regions, resulting in
a reduction of the present-day production levelatwdut 1.0 TWh yt by mid-century. This
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figure is comparable to the 1.4 TWhyproduction loss that can be expected from the
implementation of the new Swiss water protection[4¢, 54]. An exception is given for the
Rhone river catchment, in which the relatively Ergmount of glaciers will continue to
provide increased amounts of melt water at leatstt tine late 2040s.

Despite of observational uncertainties, we havevshihat the presented estimates are robust.
We anticipate our results to have direct implicagidor national HP infrastructure projects,
such as storage increase at high elevation sitesittipurpose projects combining HP and the
regulation of interannual hydrological variability.

Beyond the scale of the analyzed case study, thearece of our results can be summarized
as follows: First of all, the results for Switzerthshow that the impact of glacier retreat on
HP can be reliably estimated from regional elettyricoefficient trends, which here was
shown to be of around 1.0 kWh*hper 1000 m elevation increase. Second, the refarlts
Switzerland underline that significant annual HEu&ion might result from glacier retreat
already in the near future; the highlighted larggional differences call for more detailed
studies in Europe and elsewhere.
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762 Tables
763

764 Table 1: Overview of Swiss annual hydropower praidnc(1980 — 2016), including energy
765 consumption for water pumping from lower to uppesarvoirs [48].

Hydropower production TWh r
Average production 35.f7
Maximum (year 2001) 42.3
Minimum (year 1996) 29.7
Standard deviation 3.0
Average consumption for 1.9
pumping
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767 Table 2: Properties of the electricity statistiegions, including the coefficient of variation (av precipitation and the production potential,
768 glacier cover indicates the relative glacier cover for the refee year 2010. The average values for the HP roatuis are computed as the
769 average of all scheme catchments of a region. Téwtreity coefficient is the average value of piwerhouses within a region. Production
770 potential and precipitation data refer to perio83-2014; normalization with the mean over this @ari
Total HP . Average glacier | Average elevation | Average elevation Normalized annual cv cv
. Joint area # power- . . . -
Region catchment 2 cover of HP of HP catchments of powerhouses production potential | production | precipi-
) (km?) houses . . .
area (km”) catchments (%) (m asl.) (masl.) [min, max] potential tation
Switzerland 39741 | 528278 402 3.7 1742 752 (0.85, 1.20) 0.08 0.10
(CH)
Grisons 7088 10235 58 2.0 2162 1014 (0.77, 1.41) 0.14 0.10
Valais 5200 27324 70 12.2 2414 773 (0.83, 1.16) 0.07 0.10
Ticino 2735 2357 33 0.2 1816 1010 (0.63, 1.36) 0.16 0.11
Jura 2532 7075 8 0.0 992 637 (0.68, 1.36) 0.15 0.11
Plateau 10037 | 234419 147 1.3 1124 482 (0.87, 1.14) 0.07 0.11
North Alps 12408 | 246868 86 23 1530 658 (0.86, 1.15) 0.06 0.12
771
772
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773 Table 3: Characteristic electricity coefficient<Q) computed at different levels. Area-scale EGeess how much hydropower is produced per
774 m® of water originating in that area, point -scalesE€xpress how much hydropower is produced petramsiting through that point. The
775 weighing type indicates how the underlying datavésghed (lesign discharge is the design discharge of the turbineg. stands forexpected
776 and designates a design value rather than an atisafved value.

EC name Scale Aggregation level Underlying EC data Weighing kWh m?

Powerhouses, average (n=284) Point-scale Powerhouses Powerhouses No weighing 0.634
Powerhouses, max Point-scale Powerhouses Powerhouses Does not apply 4.444
Powerhouses, min Point-scale Powerhouses Powerhouses Does not apply 0.004
Schemes, average Area-scale Schemes Powerhouses Exp. production hours x design discharge 0.591
Grisons Area-scale Production region Schemes Exp. annual production 0.856
Valais Area-scale Production region Schemes Exp. annual production 1.707
Ticino Area-scale Production region Schemes Exp. annual production 0.997
Jura Area-scale Production region Schemes Exp. annual production 0.216
Plateau Area-scale Production region Schemes Exp. annual production 0.020
North Alps Area-scale Production region Schemes Exp. annual production 0.530
Switzerland Area-scale Switzerland Schemes Exp. annual production 0.906
Rhine Point-scale HP Network Powerhouses Exp. production hours x design discharge 0.041
Rhine outlet, Birsfelden Point-scale Scheme Powerhouses Does not apply 0.018
Rhone Point-scale HP Network Powerhouses Exp. production hours x design discharge 0.269
Rhone outlet, Chancy-Pougny Point-scale Scheme Powerhouses Does not apply 0.021
CH glacier area Area-scale Switzerland Regions Interpolated from regions 2.101
Rhine glacier area Area-scale Switzerland Regions Interpolated from regions 1.892
Rhone glacier area Area-scale Switzerland Regions Interpolated from regions 2.212
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777 Table 4. Observed average glacier mass balancegebgin mm of water equivalent) for Switzerland (Ckdhe Rhine and the Rhone HP
778 catchments at their outlet and the correspondifig od net annual ice melt to average annual digghavithout considering HP nesting. A few
779 glaciers are not included neither in the Rhinerritd® network nor in the Rhone HP network; someigtawater of the physiographic Rhone
780 catchment is exported, i.e. does not feed the RhvaeHP network (e.g. Gries).

Area HP . . .
. . Avg discharge reference | Ratio of annual glacier
production | Annual glacier Mass . 2) . .
A Glacier area (km period mass loss to discharge
catchments loss (mm yr™) (mm yr) (%)
(km?) Y i
1981-2000 | 1981-2010 1973 2010 1981-2000 | 1981-2010 |1981-2000 | 1981-2010
CH 39741 479 620 1261.2 942.8 1037 1013 1.3 1.7
Rhine 26520 502 634 406.3 283.0 1007 984 0.65 0.8
Rhone 7655 452 579 682.5 543.4 1109 1092 3.3 4.2
781
782
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783 Table 5: Estimated average HP ratios from gIaciett,mBCH, estimated either from ratios of net glacier melttotal discharge (labeled

784 discharge ratios) or from glacier-averaged electricity coefficiefgee Table 3), labeleBC. Confidence limits (given in brackets) can be
785 calculated for the EC method only; discharge-bassttnations are weighted averages over the schemitbsweights corresponding to the
786 expected annual production of each scheme. Faitn@ations, the net ice melt corresponds to thk bedween two simulation time periods.

Estimation method Ref(:irni:T:tir;ennod Period Source D 1) Devars () Drrs )
avg EC 1981-2000 Obs 3.2(1.8,5.2) |6.4(3.4,10.2) | 1.8(1.0,2.9)
avg EC 1980-2010 Obs 4.0(2.3,6.2) | 7.8(4.4,12.2) | 2.2(1.3,3.4)

Discharge ratios 1981-2000 Obs 3.1 7.0 1.5
Discharge ratios 1980-2010 Obs 3.8 8.6 1.8
Discharge ratios 2010-2020 2040-2060 GloGEM 2.5 7.1 0.4
Discharge ratios 2040-2060 2070-2090 GloGEM 1.2 3.8 0.1
Expected production |, HYDROGIS 36,458 10,341 18,931
GWh yr
Avg HP GWh yr* 1981-2000 | Electricity stat. 34,738 9853* 18,038*
Avg HP GWh yr! 1980-2010 Electricity stat 35241 9996* 18299*
Avg glacier elevation SwissTopo 3042 3170 2814
787 *estimated by scaling the Swiss-wide production by the expected production
788
789
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Figure captions

Figure 1: Swiss hydrological regimes in terms @ thtio between mean monthly streamflow
and the mean annual streamflow (denote@)s) for south of the Alps and the Jura, b) for
north of the Alps. Data source: [57].

Figure 2: Distribution of main types of HP powerkes according to the nine main Swiss
river catchments; the Limmat and Reuss feed intoAhre river, which itself feeds into the
Rhine river; own representation based on the HPepoouse type and feeding catchment
contained in [WASTA, 58]; other data sources: ga@utline [51], digital elevation model
[59], lake vector data: [60], catchment vector d&waiss Hydrological Atlas HADES [61]

Figure 3: Present and future glacier runoff comgatie the catchment discharge for the
reference period for two selected HP catchmentdva)voisin HP scheme located in the
Upper Rhone River catchment; b) Bergeller HP schikroated in the Adda catchment (see
Figure 2). Data source: glacier runoff [22], catemihdischarge [49].

Figure 4: Normalized annual production potentiad annual precipitation (with reference to
the average value for the period 1983 — 2014):rajlyction potential for each of the six
regions used in the electricity statistics and tguaverage, b) precipitation for each region
and country-average (data as recorded at the Swidsdl stations, [62], c) to h) production
potential and precipitation per region; given isaalthe correlation between production
potential and precipitatiorcdrr), the coefficient of variation of the productiontential €v
prod) and the degree of glacier cover. The hydrologyealr starts on 1 Oct.

Figure 5: Relationship between elevation and al@ttrcoefficients: a) electricity coefficients
at the scale of headwater catchments; shown arpaiver house electricity coefficienys

against power house elevation and the scheme-statdricity coefficients ?j against

catchment elevation; b) regional electricity cogéits, Q , for the six HP regions and for
entire Switzerland against average scheme catdheferation.

Figure 6: Spatial distribution of electricity coeféents of all HP schemes. The catchments are
nested, lowland RoR catchments contain upstreachents. Light blue corresponds to lake
areas.

Figure 7: Annual glacier mass loss and correspanldydropower production as a function of
scheme catchment elevation for the period 1981-28p@nnual glacier mass loss in mrt yr
(log-scale) b) estimated hydropower production frammual glacier mass loss (multiplied

with the electricity coefficienﬂ ) in GWh yrt.
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Figure 8 : Spatial distribution of the hydropoweodguction from glacier mass loss; a) ratios
pij for the period 1981-2000, b) ratios for the peridgd40-2060 based on GloGEM
simulations; c) hydropower production from glacieass loss in GWh rfor the period
1981-2010, d) 2040-2060 based on GIoGEM simulations

Figure 9: Glacier runoff change ratiog;) for all schemes that had glaciers during the
reference period, plotted against scheme catchelemation: left, period 2040-2060; right,
period 2070-2090. The reference period is 1981-26000th future periods. Mixed schemes
have run-of-river (RoR) and (pump-)storage hydropoproduction.
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The role of glacier retreat for Swiss hydropower production

Bettina Schaefli* Pedro Manso?, Mauro Fischer®*, Matthias Huss *° Danidl Farinotti >°

Highlights

» First quantification of Alpine hydropower production share from glacier mass loss
« Since 1980, 1.0 to 1.4 TWh yr™* of Swiss hydropower comes from glacier mass loss
«  Expected country-scale production reduction by 2070-2090 of 1.0 TWh yr*

* Notableregional differences despite of continuous retreat of all Swiss glaciers



