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Climate change impact on Swiss hydropower

production: synthesis report

Preface

The recent update of the Climate Change Scenarios for
Switzerland — CH2018 (NCCS 2018) —is unambiguous: air
temperature will rise in the coming decades because of
increasing CO, emissions worldwide, and the availability
of our water resources will change as a result. For hydro-
power production in Switzerland, which constitutes
the largest share of the nation’s electricity production,
this implies a modification of “fuel provision”, i.e. water
runoff to reservoirs and power plants. In addition,
climate change will impact the boundary conditions
of hydropower production, e.g. by altering the risk of
natural hazards or increasing the demand of competing
water uses.

These predictions are not completely new. Since
at least the 1990s, with the first Swiss National Re-
search Programme on climate change impacts (NRP
31 “Climatic Changes and Natural Hazards”, 1993-
1997) and later with the first national assessment of
climate change impacts on hydropower (HORTON et al.
2006), the hydropower sector has been aware of the

anticipated impacts. The picture became clearer with
the publication of a national synthesis in 2010 (SGHL
2011). In the meantime, global climate models, regional
glacier models and catchment runoff models have im-
proved, and recent research has generated a better
guantitative understanding of relevant geophysical pro-
cesses. This justifies an updated specification of the
current perspectives on hydropower production under
climate change.

The focus of this synthesis is on the effects of ongoing
global change on water availability and on geomorphic
processes and their impact on hydropower production.
However, not all direct and indirect consequences of
climate change can be considered here, e. g. the impact
on energy markets, on the production of alternative
renewables and on ecological constraints to hydropower
are omitted. These complex feedbacks are explored
and discussed elsewhere within the Swiss Competence
Center for Energy Research. This document additionally
includes possible adaptation measures for sustaining
or even expanding current hydropower production to
ensure a safe future power supply for Switzerland.

Manfred Stahli
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Climate Change Scenarios CH2018

Climate Change Scenarios CH2018 from MeteoSwiss (NCCS 2018) are based on

simulations of 21 different climate models and two different emissions scenarios:

— (RCP2.6) Concerted climate change mitigation efforts:
If efforts are initiated immediately to reduce emissions to virtually zero, the
increase in greenhouse gases in the atmosphere can be halted within about
20 years. This will enable the goals of the 2015 Paris Agreement to be achieved,
and global warming will be limited to 2 °C compared to pre-industrial levels.

— (RCP8.5) No climate change mitigation:
Mitigation measures are not implemented. Despite technological advances,
climate-influencing emissions continually increase — and so does global
warming.

The time periods of the Climate Change Scenarios CH2018 are defined as follows:

— (2060) Mid-century: “mid-century” or “2060” refers to the period from 2045 to
2074.

— (2085) End of the century: “end of the century” or “2085” refers to the period
from 2070 to 2099.



Background

The Swiss energy strategy 2050, which includes the
planned phase-out of nuclear power plants, increases
the pressure on hydropower (HP) production. It expects
anincrease in annual production by at least 1.5 TWh/a by
2050 while also stipulating the undertaking of profound
restoration measures for improving the ecological con-
ditions of rivers. At the same time, the hydropower
sector is facing difficult economic and legislative
boundary conditions for implementing new plants and
reservoirs. In addition, the seasonal demand for HP
production is expected to change, with an increasing
share in winter to compensate for the discontinuation
of nuclear power plants. Against this background, it is
becoming increasingly important to know the impact
of climate change on the production of the current HP
infrastructure in Switzerland.

At present, the Swiss HP system is composed of about
700 powerhouses and 195 large dams. The average
annual HP production was 35.7 TWh/a for the period
1980-2016. The spatial distribution of the HP schemes is
conditioned by water availability, including the seasonal
regimes of rivers, as well as by topography, with most
of the storage HP schemes located in the southern and
central mountain regions and the large run-of-river
(RoR) schemes located around lowland rivers (SCHAEFLI
et al. 2019). As a consequence, two-thirds of the total
HP production originates at Alpine plants, while only
one-third is produced in the Swiss Plateau and the Jura
Mountains (SFOE 2017). HP is produced in RoR plants,
which use the current runoff for power production; in
storage power plants, which shift power production
from the moment of inflow occurrence to the moment
of peak market prices; or in so-called pump-storage
systems with price-dependent recirculation of water
between lower and higher level reservoirs (SCHAEFLI et
al. 2015).

Water, the driving force of HP production, is abun-
dant in Switzerland but very variable in time and space.
The largest amount of precipitation occurs in the central
regions of the Alps, where glaciers and snow cover
provide additional water storage for seasonal meltwater
supply. However, this water supply can vary from year
to year depending on meteorological conditions. For
example, during the past 30 years the annual water
yield for the power plant Birsfelden, one of the large
RoR plants along the Rhine river, fluctuated by +/-35%
[average: ~1040 m3/s] (the corresponding production
yield fluctuated by +/-11% [average: ~550 GWh/a]).
Additionally, the seasonal distribution is highly variable
across the seasons, with the largest water supply
present during melt conditions in spring. HP depends
not only on the availability of water, but also on the
dimensions of the power plant and the efficiency of
the infrastructure. Further influencing factors are the
fine and coarse sediments transported in the stream,
which can limit the storage volume of the reservoir and
hamper the intake of water. In addition, HP production

is impacted by natural hazards, such as floods and mass
movements, which endanger structures, reservoirs and
areas below the plant.

The above-mentioned natural boundary conditions
for HP are altering under ongoing climate change.
This trend has become apparent over the past several
decades, e.g. with the retreat of glaciers and the
diminution of snow cover, and will continue, as outlined
in the updated Climate Change Scenarios for Switzerland
(NCCS 2018). Air temperature increases in mountain
regions will be more pronounced than the global
average, mostly due to an albedo effect, which makes
mountain systems more susceptible to climate change
than other regions. The scenarios make it clear that
these trends will persist even if stringent measures for
climate protection are implemented worldwide. For HP
the most relevant changes will be: a) continued glacier
retreat and degradation of frozen soils, b) more frequent
flood events, c) more rain and less snow in winter and
d) drier summers. As the use of HP involves long-term
investments (a concession period is around 80 years), it
is particularly important that power plant operators take
climate change into account in their work.

In order to assess the various consequences of
climate change on natural drivers and related boundary
conditions for HP production, the Swiss Competence
Center for Energy — Supply of Electricity (SCCER-SoE)
established a task group including experts from various
national research institutions with specific knowledge
on glaciers, snow cover, sediments and hydrology. The
goal of the present synthesis report is to summarize
the key findings of the publications that emerged from
the SCCER-SoE during the past years and assess the
integral impact of climate change on HP production in
Switzerland. A second objective is to identify possible
adaptation measures.

A report with the same title and a similar structure
was published in 2011 (SGHL 2011). Since then, various
studies have been carried out and additional knowledge
has been gained, e.g. from radar measurements of
glacier masses. New topics are addressed in the present
report: natural hazards, competing water use, future
power production projections and adaptations. Another
new feature of this synthesis is the consideration of the
latest Climate Change Scenarios CH2018. The scenarios
are based on 21 climate models, 2 different emission
scenarios and 2 different time periods. The Climate
Change Scenarios CH2018 refer rather to mean values,
although averaged values for extreme temperatures,
extreme precipitation events and drought indicators
are also included. The hydrological modelling was done
with a single model (PREVAH). It is important to stress
that there is uncertainty across the entire model chain,
from the emission scenarios down to the hydrological
model and its downscaling methods. This fact must be
taken into account when reading and interpreting this
synthesis.



1 Precipitation and evaporation

Precipitation is the main driver of hydropower (HP) production. The average annual precipitation in
Switzerland is around 1460 mm, of which about 470 mm evaporates and about 990 mm runs off. Climate
change will affect not only air temperature, but equally precipitation, evaporation and the entire hydrological

cycle, with direct consequences for HP production.

Precipitation

The average precipitation in Switzerland of 1460 mm per
year says little about regional conditions. Precipitation
processes are decisively influenced by the Alps. Between
valley floors and mountain summits, windward and lee-
ward aspects, and the north and south sides of the Alps,
there is a multitude of precipitation conditions. On the
north side of the Alps, annual precipitation increases by
about 70-80 mm per 100 m elevation. The zone with

— Average precipitation on a large scale will
change on a seasonal but not annual level.

— Winter precipitation will increase by up to 24 %
and summer precipitation will decrease by up
to 39 % by the end of the century.

— Higher temperatures will not necessarily lead to
a nationwide increase in evaporation but could
cause significant water loss locally (up to 6 mm
per day).

the highest rainfall runs along the northern edge of the
Alps, with the maximum precipitation occurring in the
Bernese and Valais Alps. Above-average precipitation
also occurs throughout Ticino. The seasonal distribution

of precipitation in Switzerland is quite balanced (SPREA-
FICO and WEINGARTNER 2005).

The average annual precipitation is predicted to
remain about the same for most areas in Switzerland,
whereas winter precipitation is expected to increase by
up to 20% by mid-century and by up to 24 % by the end
of the century, and summer precipitation is expected to
decrease by up to 25% (39 %) (Fig. 1).

MOLNAR et al. (2015) indicated that heavy precipi-
tation is expected to intensify with higher air tempera-
tures. According to the CH2018 scenarios, extreme
daily precipitation is foreseen to increase by about
20% in winter and by 10% in summer by the end of the
century (NCCS 2018). However, changes to precipitation
extremes at the daily to sub-daily scales remain well
within the current climate variability (PELEG et a/. 2017,
2019).

Evaporation

An average of 470 mm of water evaporates every year
in Switzerland. With increasing elevation, both potential
and actual evaporation decrease by about 22 mm
per 100 meters (SPREAFICO and WEINGARTNER 2005).
While potential evaporation increased throughout
the year considerably since 1900, actual evaporation
has increased significantly in winter and autumn only

Change in precipitation by the end of the century
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Fig. 1. Winter (left — DJF) and summer (right — JJA) precipitation by the end of the century for the emissions scenarios RCP2.6

and RCP8.5 (NCCS 2018).



(KUMMER 2017). Between 1981 and 2010, actual evapo-
ration also increased in spring, particularly in May and
June. This could be related to the decline in humidity
and the increase in sunshine duration and radiation.
Furthermore, highertemperaturesare partly responsible
for the increase in actual evaporation. However, actual
evaporation depends on water availability. Thus, the
actual evaporation over a large area can be very small,
while in specific locations, for example in lakes, the
actual evaporation can be very large. During hot days in
2018, evaporation from Lake Constance was estimated
at 5 mm/day. When extended to reservoirs, this can
contribute to a noticeable water loss.

In the future, an increase in actual evaporation dur-
ing autumn, winter and spring is expected (BRUNNER
et al. 2019). In autumn, the soil will remain snow-free
for a longer time, and in spring the snow will disappear
earlier. Even during the winter months, especially at
low elevations, no-snow situations will occur more fre-
quently. This change in the cryosphere and thus in
albedo will cause an increase in actual evaporation,
which will be particularly evident in the second half of
the century (Fig. 2).

Importance for Hydropower

The minor changes in mean annual precipitation and
evaporation are not expected to substantially modify
HP production, whereas the increasing probability of
extreme rainfall events (rain storms and droughts) will
likely be more important. Hydrological simulations
show that future inflow variation across the seasons
will be even more pronounced than variation among
years: less summer (June-July-August; JJA) discharge,
mainly explained by a decrease in summer precipitation,
and more winter (December-January-February; DJF)
discharge is projected (SAVELSBERG et al. 2018). More
winter precipitation will have a positive impact on
Swiss power plants, as less water needs to be spilled
(SAVELSBERG et al. 2018). Run-of-river (RoR) power
plants are expected to have greater winter production
and more run time by the end of the century. This
could possibly have an impact on the timing of revision
work. Surprisingly, RoR plants will benefit more from
climate-induced changes despite their lower flexibility,
potentially because of their currently unused capacity
during winter peak periods (SAVELSBERG et al. 2018). For
storage power plants, the amount of unused capacity is
almost zero and their full capacity during winter peak
periods is thus already reached.

Change in actual evaporation by the end of the century

Winter Summer
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Fig. 2. Winter (left - DJF) and summer (right —JJA) actual evaporation by the end of the century for the emissions scenarios

RCP2.6 and RCP8.5 (Based on data by BRUNNER et a/. 2019).



2 Glaciers and show

Meltwater from Alpine glaciers and snow cover are key components of the Swiss hydrological budget and
not least for Swiss hydropower (HP) production. The two components provide a natural reservoir of fresh
water by storing precipitation, filling aquifers and delaying runoff. Meltwater also contributes significantly
to total discharge, shapes seasonal regimes, and especially sustains minimum flow levels during dry periods.
Usually, rivers at low elevations are only marginally or temporarily influenced by snow contributions,
whereas snow (ice) dominated catchments experience peak runoff in May and June (July and August),
with values more than double the mean annual runoff. By the end of the century, it is anticipated that the
volumes of snow and ice stored in the Alps will decrease significantly because of climate change.

Glaciers

The Swiss Glacier Inventory (SGI) refers to a total of
1420 glaciers in Switzerland, with an estimated total
ice volume of 59.9 km?3 for the year 2010 (FISCHER et al.
2015). In the framework of SCCER-SoE, the ice thick-
ness of large parts of the Swiss glaciers have been

— Swiss glaciers will lose between 76 % and 98 %
of their current ice volume by 2100.

— At the end of the century, the glacier melt
contribution to runoff in the Swiss rivers will be
virtually non-existent (today: 2 % at Rhine Basel,
13 % at Aare Brienz).

— HP production could fall by 0.56 TWh/a
(1 TWh/a) by mid-century (end of century),
owing to lower glacierization.

surveyed with ground penetrating radar (LANGHAMMER
et al. 2019a) additionally to the previously surveyed
glaciers (Fig. 4, left). Using these data and the newest
available digital elevation model, the total ice volume is
currently estimated using the approach of LANGHAMMER

Fig. 3. The development of the Rhone glacier from 1850 to
the present (VAW-ETHZ 2010).

et al. (2019b; Fig. 4 right) to be around 53 km?3 (work in
progress).

Swiss glaciers have been losing ice volume since 1850
(Last Glacial Maximum) in response to the warming of
the global climate (Fig. 3). By the end of the century,
the European Alps will be largely ice-free (ZEKOLLARI et
al. 2019); for the Swiss Alps, a loss between 76 % and
98 % of their current ice volume is expected (AYALA et al.
2020). At the same time, bare areas will emerge at high
elevations, which will potentially be usable for new
water reservoirs.

Today, the ice-melt contribution to runoff has a certain
importance even for lowland run-of-river (RoR) plants.
The average glacier contribution to major Swiss rivers in
the month of August varies between 2% for the Rhine
(Basel) and 47% for the Rhone (Chancy) (Huss 2011).
The closer a catchment is to a glacierized environment,
the stronger it is affected by glacier retreat. The main
contribution of ice melt is during late summer, when
the seasonal snow cover has been depleted and pre-
cipitation is limited. No glacial ice melt contributes to
runoff in winter (STAHL et al. 2016).

From a hydrological point of view, the process of
glacier retreat is expected to occur in two stages. Initially,
the air temperature increase will cause enhanced ab-
lation, thus leading to a temporary increase in the
annual discharge of Alpine rivers. In the long term,
however, and once the glacier has shrunk considerably,
annual und summer discharge from Alpine headwaters
will decrease, owing to the reduced ice volume and
meltwater.

Importance for Hydropower

The timing of peak water is an important question for
HP production. At peak water the total runoff and HP
production for a given catchment is maximal. After this
point production decreases because inflow reduces.
The timing of peak water is still uncertain and depends
strongly on catchment properties. Recent studies about
the Alps indicate that this region can be expected to
reach peak water in the first half of the 21t century
(Huss and Hock 2018).

Swiss glaciers will lose a large part of their current
volume. Reduced glacier melt is likely to have a signifi-



Fig. 4. a) Ice thickness of Haute Glacier d’Arolla, which is a section of the Swiss-wide ice thickness- and bedrock topography
map obtained with the approach of LANGHAMMER et al. (2019b), using (b) all available ice thickness data measured with

ground penetrating radar (GPR).

cant impact on HP production (FATICHI et al. 2015). HP
production could fall by 0.56 TWh/a by mid-century and
by 1 TWh/a by the end of the century, owing to lower
glacierization (SCHAEFLI et al. 2019). PAUL et al. (2011)
calculated that almost 500 new lakes, with a total area
of 50 km? and a total volume of 2 km?3, could form in
today’s glacierized areas. This corresponds to about half
of the volume of all current Swiss HP reservoirs. Lakes
can be an interesting opportunity for HP generation and
can have effects similar to those of glaciers in terms of
water storage. Whether a particular site is suitable for
potential reservoirs depends on topography, access, se-
diment flow, specific protection interests (e. g. floodplain
areas) and other local features (EHRBAR et a/. 2018).

Snow

The timing, thickness and spatial coverage of snow
cover is a result of temperature and precipitation. In the
Swiss Alps, the three variables (timing, volume, extent)
have shown negative trends over the past decades
(MARTY et al. 2017b; DURAND et al. 2009; TERZAGO et
al. 2013). The trends are elevation dependent, with
more (less) distinctive changes at low (high) elevations.
Climate-change-induced warming already reduces snow
accumulation because of a greater fraction of precipi-
tation falls as rain. Moreover, warmer spring and summer
temperatures intensify spring snowmelt in the Alps
and thus cause a shift to earlier snow disappearance.
Areas below 1200 m a.s.l. will be most affected by
climate change: almost no snow is expected towards
the end of the century (MARTY et al. 2017b). For regions
above 1200 m a.s.l,, a decrease in seasonal snow cover
duration by 25 days per degree warming is expected
(SHGL 2011). The days with fresh snow, even in regions

above 1500 m a.s.l., will decrease by 15 days under the
RCP2.6 emissions scenario (30 days under RCP8.5) (Fig.
5) and spring snow water equivalent (SWE) also shows
a decrease (MARTY et al. 2017a). These changes will
lead to less variability between snow-scarce and snow-
abundant winters than today.

— In the future, higher temperatures in the Alps
will change the precipitation type from solid
(snow) to liquid, which will in turn lead to more
direct runoff in winter.

— Above 1400 m a.s.l. RoR winter-production
could increase by over 30 %.

— The timing of melt peak will shift towards
earlier in spring and melt volume will be smaller
as a result of reduced snow storage.

The relative snowmelt contribution to runoff strongly
depends on elevation. At 1500 m a.s.l. (2000 m a.s.l.)
snowfall currently contributes about 30% (50%) to the
annual precipitation sum (MARTY et al. 2020). Snowmelt
also contributes to low-elevation river systems, such
as the Rhine (Basel), where the mean annual fraction
of snowmelt is estimated to be around 40%, compared
to only 2% originating from glacier melt (STAHL et al.
2016). This shows the importance of snow as a runoff
component for RoR power plants even at low elevations,
especially during the hot and dry summer season. This
influence will be profoundly reduced, owing to the
projected elevation-dependent reductions in snow
volume between 50% and 97% by 2100 (MARTY et al.
2020). On the basis of long-term SWE measurements,
a clear decline, especially in spring, is expected. The
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loss since the 1960s ranges from 80% below 1000 m
a.s.l. to about 10% at 2500 m a.s.l. for 1 April. Towards
the end of the century, a relative reduction in mean
SWE by about 70% is projected for typical large Alpine
catchments (MARTY et al. 2017a). In the future, higher
airtemperatures in the Alps will change the precipitation
type from solid (snow) to liquid, which in turn will lead
to more direct runoff in winter (ADDOR et al. 2014).

Days with fresh snow
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Importance for Hydropower

The snow-cover change will affect the seasonal dis-
tribution of RoR production and postpone the replen-
ishment of Alpine HP reservoirs. By mid-century, the
amount of RoR production above 1400 m a.s.l. in normal
years could increase by over 30% during the winter
months (SCHAEFLI et al. 2019). In low- and mid-elevation
areas, precipitation will fall as rain instead of snow.
This is favourable to meet the high winter electricity
demand. On the other hand, snowmelt is projected to
occur earlier in the season and exhibit a decline. This
implies that runoff will be less variable over the year
and can be seen as a positive effect for HP use in high-
elevation catchments. On the other hand, the above-
mentioned reduction in summer runoff could affect
HP production in low-elevation regions. The reduction
in summer runoff implies that some mountain rivers
may no longer be able to maintain sustained discharge
during prolonged dry spells, and low-runoff situations
may become more common in low-elevation regions.

Days with fresh snow
South side of the Alps
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Fig. 5. Days with fresh snow at different elevations in the Pre-Alps (left) and the south side of the Alps (right) for the period
2085 and emissions scenarios RCP2.6 (blue) and RCP8.5 (red) (NCCS 2018).



3 Sediments

Sediments transported in streams and rivers are relevant for hydropower (HP) production because they
impair the functioning of infrastructures, especially turbines. Reservoir storage capacity reduces every
year because of sedimentation. Climate change will increase sediment availability as a consequence of
the expansion of proglacial areas and the thawing of permafrost. On the other hand, sediment transport
capacity in streams will decrease in the long term, owing to a declining snowmelt contribution to runoff and
prolonged low-flow periods. The impact of climate change will differ for coarse and suspended sediments.
Changes in climate, sediment availability, release and connectivity may cause various evolutions in time
and between systems, which are difficult to predict and strongly depend on local features.

Sediment availability

In terms of sediment availability, climate change will
have a significant impact. Retreating glaciers typically
leave behind large amounts of loose sediment, while
shrinking permafrost destabilizes loose material and
soil. In the future, Alpine catchment areas will be more
severely affected by hillslope erosion driven by overland
flow and rainfall erosion, owing to less permanently
frozen ground (QUINTON and CAREY 2008). This process
will intensify during summer and autumn, when Alpine
catchments are largely free of snow and extreme rainfall
can erode large amounts of sediment. Intense rainfall
may even trigger natural hazards like rockfalls, debris
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Fig. 6. Observations for the period 1965-2015 of: a) basin-
averaged air temperature and b) suspended sediment
concentration measured at the outlet of the basin. Mean
annual values are shown in grey and the 5-year moving
average is shown with a bold line (CosTA et a/. 2018: 519).

— In Alpine areas, glacier retreat, shrinking
permafrost and shorter snow cover will lead to
greater sediment availability.

— In lower areas, i. e. in the Pre-Alps and Swiss
Plateau, sediment production will change due
to anthropogenic effects rather than due to
climate change.

— Suspended sediment causes abrasion on HP
infrastructure; maintenance is likely to be
required more frequently.

— In Switzerland, 0.2 % of the annual
storage capacity is lost through continuing
sedimentation.

flows and landslides. Such events can deliver a large
mass of sediment to the channel network (BENNETT
et al. 2012). These processes are expected to increase
in frequency (STOFFEL and BENISTON 2006; STAFFLER et
al. 2008; JakoB and LAMBERT 2009; HUGGEL et al. 2012)
and thus increase the sediment availability at high
elevations.

Suspended sediment yield

A decrease in snowfall days, snow-cover duration and
snow depth has an impact on sediment yield (e.g. BENI-
STON 1997; LATERNSER and SCHNEEBELI 2003; SCHERRER
et al. 2004; MARTY 2008; SCHERRER and APPENZELLER
2006). High summer temperatures cause high rates of
glacial melt. Meltwater releases sediment and provides
enhanced flow to transport sediment (LANE et al. 2017).
The suspended sediment concentration is strongly
dominated by temperature-driven ice melt. This leads
to a step-like increase in the suspended sediment
concentration at the outlet of the catchment (CosTa
et al. 2018). A temperature increase of more than 1°C
in the years 1987—2015 compared to 1965-1986 (Fig.
6) led to an increase in the mean suspended sediment
concentration of about 70 mg I (i.e. a 40% increase) at
the outlet of the total Valais basin during the summer
months (COSTA et al. 2018). In glacierized catchments,
bedload transfer occurs continuously over the warm
summer months (TUROWSKI et al. 2011). Currently,

11
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bedload transport in glacierized catchments is less
influenced by individual extreme precipitation events
than in unglacierized catchments. However, owing to
less snowmelt and a reduced extent and duration of
snow cover, the suspended sediment concentration
may increase through enhanced erosion by heavy rain-
fall events over snow-free surfaces (COSTA et al. 2018).
Meltwater does not only contain sediments from the
glacier forefield: NRP70 shows that up to 70% of the
suspended sediment can be eroded directly under the
glacier (BOES et al. 2020).

Transport of coarse sediments

The sediment and bedload transport capacity along
rivers is determined by the flow conditions (Fig. 7).
Due to an increasing number of extreme events at high
elevations in the future, a higher transport capacity is
expected. In addition, an increase in winter rainfall, with
more frequent floods, will result in a higher transport
capacity (RAYMOND-PRALONG et al. 2015). Increased sedi-
ment availability and a temporary increase in runoff
from sediment-rich proglacial areas will lead to more
sediment transfer by mid-century (COSTA et al. 2018). By
the end of the century, less ice melt and less summer
snowmelt could weaken continuous sediment transport
in summer (BAKKER et al. 2017). Models have shown
a long-term decrease in sediment vyield resulting from
reduced runoff during summer and a significant time
shift of the seasonal sediment transport to earlier
months of the year. Further simulations have shown
a significant difference in bedload transport between
winter and the snowmelt season: as bedload transport
relies on thresholds of discharge, by mid-century one
can expect higher bedload fluxes in winter but lower
bedload fluxes in April to June. If more intense or more
frequent rainstorms are expected in the future, the
corresponding increase in sediment transfer may exceed

Fig. 7. The net sampler used for the calibration
measurements at the Albula river (Photo: Tobias Nicollier).

the predicted decrease resulting from reduced glacier
runoff. Moreover, climate-induced changes in sediment
delivery over the next few decades are still uncertain
in the lower elevations of the Alps. However, they are
likely to be more subdued in large lowland rivers than in
glacierized catchments.

Importance for Hydropower

Sedimentdeliveryisknowntohaveasignificantimpacton
HP infrastructures and vice versa (SCHAEFLI et al. 2007).
Flow abstraction schemes for HP differ from classical
reservoir schemes in that they ensure sediment delivery
through intermittent purges. Residual transport rates
may still be sufficient to maintain significant sediment
transfer even though flow abstraction in Alpine streams
may lead to a notable reduction in bedload transport
capacity. Sediment supply and the residual sediment
transport capacity are a function of the number of
purges (BAKKER et al. 2017). Therefore, flows (discharge
and duration) are required to empty the sediment traps.
The evolution of floods under climate change is dealt
with in the next chapter (natural hazards).

Suspended sediments cause abrasion on turbines
and pumps. As suspended sediment concentrations in-
crease in the near future, maintenance is likely to be
required more frequently, affecting runtimes. HP plants
at large lowland rivers will be less significantly affected
by bedload development, as the effect will be more
subdued due to their location.

The sedimentation of storage reservoirs and balan-
cing basins can lead to capacity loss, which is a current
concern in operational management (SCHLEISS et al.
1996; MORRIS and FAN 1998). In Switzerland, on aver-
age 0.2% of the annual storage capacity is lost with
continuing sedimentation (SCHLEISS et al. 2010). The
storage capacity loss has a negative impact on HP
production, flood protection and water availability.
However, long-term predictions indicate a decrease in
sediment loads because of reduced glacier runoff. This
decrease will be advantageous for hydroelectric power
plants, as it will lead to a reduction in purging operations
at the intakes and less rapid aggradation in reservoirs
(RAYMOND-PRALONG et al. 2015).



4 Natural hazards

Hydropower (HP) plants and other HP infrastructures are highly exposed to natural hazards, owing to their
location in Alpine areas. Dam safety management has generally been carried out assuming stationary
climatic and non-climatic conditions. With climate change, the frequency, intensity and seasonality of
natural hazards is expected to change. An increase in heavy precipitation events raises the risk of floods,
and the melting of permanently frozen Alpine areas will be accompanied by more frequent natural hazards.

High-Alpine natural hazards

High-Alpine natural hazards, such as rockfalls, debris
flows, glacier collapses and GLOFs (Glacier Lake Outburst
Floods) are multidimensional and non-linear dynamical
processes with complex occurrences in space and time
(Fig. 8). In the past, such processes have threatened
and occasionally caused heavy damage to HP plants,
both during construction — e.g. Mattmark in 1965
with 88 fatalities (PFISTER 2009) — and operation — e.g.
VAJONT DAM in 1963 with 2000 fatalities (GENEVOIS and
PRESTININZI 2013). Many mass movement processes
are related to steep topography and geological and
cryospheric predisposition. Freeze—thaw cycles in
spring (STOFFEL et al. 2005a), but also heavy rainfall
(SCHNEUWLY and STOFFEL 2008), are typical triggers of
natural hazards.

The impacts of climate change with regard to natural
hazards are most evident in higher-elevation permafrost-
dominated environments, where more and larger events

— Slope instabilities and exposure to previously
ice-covered terrain could lead to increased
mass mobilization, potentially causing floods,
rockfalls and landslides.

— Climate change is likely to influence the
frequency, intensity and seasonality of landslide
activations, rockfalls, debris flows, wet snow
avalanches and floods.

were recorded in the past (1720) and during the heat
wave in summer 2003 (GRUBER et al. 2004; STOFFEL et al.
2005b). Retreating glaciers and dwindling permafrost,
as well as a possible accumulation and intensification
of heavy rainfall events in spring and autumn, are likely
to locally increase the number (and possibly also the
size) of rockfalls in the future. Glacier-related hazards,
such as GLOFs or the temporary damming of proglacial
streamflow through mass movements, are also likely to

Fig. 8. Size of the debris cone in the Swiss village of Bondo in 2018 after the Piz Cengalo rock avalanche (Photo: SRF).
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Fig. 9. Trends in flood magnitude (left) and frequency (right) in Europe. Filled symbols indicate statistically significant positive
(blue) and negative (red) trends at the 10% level of significance. Symbol size indicates: (left) the change in the mean flood
magnitude exceeding the threshold, expressed in % per decade; or (right) the change in the mean number of floods exceeding
the threshold, expressed in events per decade (MANGINI et a/. 2018: 10).

increase in the future as considerable changes occur in
Alpine environments (STOFFEL et al. 2014; Huss et al.
2017). Proglacial lakes carry the risk of sudden water
release, with potentially catastrophic consequences
(FREY et al. 2010; WORNI et al. 2014; HAEBERLI et al.
2016). Slope instabilities, glacier retreat and exposure to
previously ice-covered terrain could lead to increased
mass mobilization, which could affect the incidence of
floods and landslides (BENISTON et a/. 2011; STOFFEL and
HUGGEL 2012; Huss et al. 2017). Furthermore, climate
change is likely to influence the frequency, number and
seasonality of landslide activations and debris flows
(STOFFEL et al. 2014), as well as the risk of wet snow
avalanches (PIELMEIER et al. 2013).

Flood hazard

The seasonality of floods in Europe has shown a clear
shift during the past 50 years (BLOSCHL 2017). Regional
trends in the highest annual flood peak occurrence
range from —13 days per decade for earlier floods to
+9 days per decade for later floods. Over 50 years this
means a total shift of =65 or +45 days. This is caused

on the one hand by higher temperatures, which lead
to earlier spring snowmelt floods in spring, and on the
other hand by delayed winter storms in connection
with polar warming, which lead to later winter floods.
In addition, earlier soil moisture maxima have led to
earlier winter floods. Rapid snowmelt together with
heavy rainfall can lead to considerable runoff or floods.
WEINGARTNER et al. (2003) suggested that flood risk is
reduced in areas >2000 m a.s.l. because of short-term
storage of precipitation as snow cover. WEHREN et al.
(2010) demonstrated that this threshold is slightly
lower, at 1800 m a.s.l., and KOPLIN (2014) stated that the
upper limit of the flood-prone zone is 1000 m a.s.l. The
future frequency and intensity of rain-on-snow events
and associated fast runoff is uncertain (WURZER and
JONAS 2017), but according to BENISTON and STOFFEL
(2016) rain-on-snow events could increase in the future
despite reduced snow cover.

The intensity and frequency of floods in general
are predicted to shift under climate change. A number
of studies suggest that higher temperatures provoke
higher water holding capacities of the atmosphere and
therefore a higher probability of extreme precipitation
events (BORONEANT et al. 2006; BENISTON 2012). The



anticipated increase in heavy precipitation will result
in an increased flood risk (KOPLIN 2014). MANGINI et al.
(2018) showed that the picture of flood change in Europe
is strongly heterogeneous and no general statements
about uniform trends across the entire continent can be
made (Fig. 9). Regional patterns of marked flood trends
do exist, but it has not yet been possible to identify a
consistent climate-change-induced large-scale signal in
flood magnitudes (BLOSCHL 2017).

Importance for Hydropower

Changes to high Alpine mass movements and floods
will affect the vulnerability of infrastructures and a
range of economic services (BENISTON et al. 2011). A
dam failure or malfunction has serious consequences,
as the resulting water volume could not be managed.
A slope failure event near a dam site could entail a part
of the terrain falling into the reservoir or impacting
the dam. Consequences could be an overtopping of
the dam or even a dam failure. A similar hazard risk is
assumed in glacial and periglacial environments, where
rising temperatures lead to a decrease in the thickness
and extend of glaciers and a progressive degradation
of permafrost. The thermal disturbance can cause
stress redistribution and rapid changes in mechanical
conditions at depth (SCHNEIDER et a/. 2011) and increase
the risk of rock avalanches or glacial lake eruptions
(GLOFs) entering the reservoir (EVANS and DELANEY
2015; HUGGEL et a/. 2008; STOFFEL and HUGGEL 2012). In
general, itisimportant to examine how the dimensioning
variables (e. g. floods and earthquakes) and hazard maps
will become altered with climate change so that critical
power plants can be identified.

During a flood event, HP operation is stopped at a
certain point of discharge in order to avoid damage to
the infrastructure. HANGGI and WEINGARTNER (2012)
used the Q, percentile of the frequency distribution to
define this limit. A comparison with the power plants
from chapter 6 shows that the change in Q, value from
the reference period (1981-2010) to the end of the
century (2070-2099) under the considered Climate
Change Scenarios means that power plants (with un-
changed installed machinery) will experience:

— up to 6 days/a HP operation in strongly glacierized
catchment areas

— reduced operation by about 1 day/a along large
lowland rivers

Further, rising temperatures and solar exposure can
pose a hazard to the structural behaviour of concrete
dams (MALM 2016). Temperature variations mean ad-
ditional mechanical stresses for the dam, making it
more susceptible to hydrostatic loads. In addition,
the potential variation in stored water in the reservoir
can increase the exposure of the dam body to solar
radiation and cause larger temperature differences,
as well as higher temperature peaks in the concrete
surface. More frequent changes in storage levels could
reduce soil moisture and thus increase the susceptibility
of dams to processes such as internal erosion. Moisture
content plays a key role in internal erosion properties:
as the water content decreases, the critical shear stress
declines and thus the soil resistance to erosion worsens
(WAN und FELL 2004).
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5 Competing water use

Climate change will not only alter the natural water supply for hydropower (HP), but also have an impact
on the water demand of competing sectors, such as agriculture, industry and tourism. This water demand is
much smaller than the amount of water used for HP production, and it relates largely to the Plateau region.
The total water demand in Switzerland is highest in winter, owing to the strong influence of hydroelectric
power production, whereas demand for agricultural irrigation is highest during dry summers. In the future,
water deficits are likely to become more frequent because of increases in competing water uses (Fig. 10).

Irrigation

In a normal year, agricultural irrigation is estimated to
use 280 million m3 of water, approximately 20% of the
water volume used for HP production (BRUNNER et al.
2019). The spatial distribution of this water demand is
very heterogeneous; whereas the water demand for HP
and artificial snow is particularly important in the Alpine
valleys, other competing water uses are more important
in the Plateau region. Most of the agricultural irrigation
takes place from April to September and, thus, does

— Climate change can lead to more frequent water
deficits.

— Storage power plants can become more
important through regulatory services.

— Multipurpose uses of HP reservoirs have little
impact on the annual production rate, but they
can have an impact on the production pattern
and the annual revenue.

not overlap with electricity production from storage
power plants. At times when a lot of water is needed for
irrigation, relatively little water is needed for electricity
production. Yet, in extraordinarily dry years, such as
2018, the total amount of water needed for irrigation
can be significantly higher. In addition, water demand
strongly depends on the crop, such as vegetables, fruits
and grass. Owing to climate change, the demand for
irrigation is expected to almost double, reaching up to
500 million m3, by the end of the century.

Artificial snow production

Due to climate change and the resulting changes in
conditions in Swiss ski resorts, artificial snow production
has increased sharply. In winter 2015/2016, 49 % of all
ski slopes were covered with artificial snow (JossI 2019).
An estimated 1.5 million m3 of water is used for the
production of artificial snow (BRUNNER et a/. 2019). A
large part of this water comes from snow-making ponds.
In total, around 4 million m? of water is held in these

ponds (BRUNNER et al. 2019). Water for artificial snow
production is taken from HP reservoirs in only a few
cases, e.g. Lac des Dix.

In the future, increasing demands for snow reliability
throughout the winter season will increase the water
demand for artificial snow production. On the other
hand, higher temperatures and a rising elevation for
the 0°C threshold will make the operation of winter
sports facilities below 2000 m a.s.l. very difficult or
even impossible. Assuming that these areas will stop
producing snow towards the end of the century, the
Swiss water demand for snow production is estimated to
increase only slightly, by up to 0.5 million m3 (BRUNNER
etal. 2019).

Ecosystem conservation

Estimating the water demand for nature or ecosystem
conservation is very difficult. To protect humans, ani-
mals and plants from adverse impacts the Swiss Water
Protection Act (WPS) intends to preserve natural habi-
tats for native flora and fauna, in particular fish-bearing
water bodies and water bodies as elements of the land-
scape. To mitigate the negative impacts of a HP reservoir,
continuity (ascent and descent) for living organisms,
bedload transport, natural flow dynamics and an ap-
propriate amount of residual flow must be taken into
account. For the eleven run-of-river (RoR) power plants
considered in the following chapter (6), compliance with
the residual flow rate, compared to no residual flow,
means a production loss of under 4% (112 GWh/a).

Flood protection

In some cases, HP reservoirs are already used as a flood
protection measure. After the flood event of September
1993 in the Saas Valley, flood protection was reassessed.
The overflow edge was raised by 2 m, while the dam
target remained at the same height. With the additional
volume created, the flood peak was greatly reduced and
delayed. Technical adjustments to the raised section
have a further delaying effect. In addition to structural
measures, better meteorological forecasts help to count-
er the risk of flooding by operating reservoirs.



Fig. 10. Interactions between pump-storage power plants
and the environment, economy and society (JOSSEN and
BJORNSEN GURUNG 2018: 109).

Fire-fighting water

Currently, several HP reservoirs are being used as a
precautionary measure against fire hazards, including
forest fires, to secure fire-fighting water. In the canton
of Valais, where drought and forest fire hazards may
exist temporarily, reservoirs such as Lac de Mauvoisin,
Tseuzier, Toules and Gibidum are used for this purpose.

Water for households and industry

The water requirements of households and industry are
not discussed in this chapter, as water for these purposes
is hardly ever supplied from HP reservoirs in Switzerland,
owing to the natural conditions. This situation is unlikely
to change in the future (BRUNNER et a/. 2019).

Importance for Hydropower

HP reservoirs in Switzerland may be required to pro-
vide additional services in the future. Especially in
dry periods, the demand for multipurpose uses can
be expected to increase significantly, for example for
agricultural irrigation. Additional uses will hardly change
the total amount of electricity production by storage
power plants, but they will likely modify the production
pattern and the revenue under today’s conditions.
However, a rising demand for services will also have
an impact on the price. Nevertheless, concessions and
possibly some regulations may be adjusted in order to
regulate competing water uses under climate change.

17
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6 Climate change impact on run-of-river power

production

As discussed in the previous sections of this report, the runoff regime of Swiss rivers will be modified by
climate change. This will directly alter the seasonal and annual production of run-of-river (RoR) power
plants, as they do not have storage capacities. The change in power production can be estimated by a flow
duration curve (FDC). For 11 RoR power plants across Switzerland, representing different elevations, flow
regimes and climatological regions, the FDC was calculated for the current and future climate (CH2018
scenarios) using a state-of-the-art hydrological model (PREVAH), assuming present-day installed machinery

and residual water flow requirements.

FDCs can be used to estimate the yearly (or half-yearly)
power production of a RoR plant with a given installed
capacity (HANGGI and WEINGARTNER 2012). In a FDC, all

— By mid-century, annual RoR production will
remain roughly the same; winter production
will increase by about 5 %.

— By the end of the century, annual RoR
production will decrease slightly; winter
production will increase by about 8 %.

daily runoff values of a given RoR plant are ordered by
size and frequency distribution, resulting in a concave
shape (Fig. 11). The shaded area represents the volume
that can be used for power production and is limited by
two parameters: Qq represents the maximum discharge
that the power plant can use. Qu, is the volume that
cannot be used for hydropower (HP) because the
minimum turbine height is not reached or because
discharge is used for residual flow, irrigation, water
supply, ecological flow, fish passages or other purposes.
The third parameter Qmay, Which completely exceeds
the range of turbine operation, owing to flooding, is

not relevant in this report. Such FDCs can be calculated
for a current runoff regime or for future runoff regimes
under climate change. In the case of HP generation
under climate change, it is not only the change in total
annual runoff that is important, but also how the usable
volume changes, which depends on the dimensions of
the power plant.

Examples of typical Alpine and lowland
rivers

The FDC for the reference period 1981-2010 (black)
and for the end of the century (2070-2099, yellow
and purple) are given in Fig. 12. For the future period,
the daily runoff was calculated with a state-of-the-
art hydrological model (PREVAH; ViVIROLI et al. 2009)
using the official Climate Change Scenarios CH2018
(NCCS 2018). The shaded area bounded by yellow lines
represents the range of FDCs of the various climate
models with concerted mitigation efforts (RCP2.6); the
shaded area bounded by purple lines shows the range
of FDCs of the models with no climate change mitigation
(RCP8.5).The left panel shows values for the Wildegg-
Brugg RoR power plant along the Aare, a large Swiss
river, where the number of days with low flow tends
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Fig. 11. Model flow duration curve (FDC), characterized by the parameters Qq, Qmin and Qmax (HANGGI and WEINGARTNER 2012:

1238).
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Fig. 12. Flow duration curves (FDCs) for the RoR power plants Wildegg-Brugg (Aare; left) and Glaris (Landwasser; right). The
black line represents the reference period (1981-2010), the grey shaded area represents the usable water volume, and the
areas bounded by yellow curves and purple curves represent the range of FDCs for the projected RCP2.6 and RCP8.5 emissions

scenarios, respectively, for the end of the century.
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Fig. 13. The expected changes in the annual mean discharge [MQ] and mean production [GWh/a] at the Wildegg-Brugg power
station (left) and at the Glaris power station (right) for the end of the century. The black line indicates the median value of the
reference period. The yellow (RCP2.6) and purple (RCP8.5) boxplots represent the range of the different model chains.

to increase under the future scenarios. The right panel
shows values for the Glaris (Davos) RoR power plant
along the Landwasser, an Alpine river. Here, the number
of days with low flow will decrease because of more
winter precipitation.

The water volume usable for HP production (shaded
area in Fig. 12) depends mainly on low and medium
water ranges. For the RoR power plant Wildegg-Brugg,
the hydrological predictions indicate that both the
average water supply and the annual production will

decrease in the future (Fig. 13, left). The majority of
changes to the water supply are in the low water range
that is important for HP production.

For the RoR power plant Glaris, which is heavily
influenced by snowmelt, the total water supply will
slightly decline by the end of the century; still, HP
production is likely to increase (Fig. 13, right). The low
water range supply will tend to increase as a result of
the modified regime, which is favourable for that specific
power plant dimension.
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Importance for Hydropower

Figure 14 shows the FDC analyses of 11 RoR power
plants on a map and how annual production (left) and
winter production (right) are expected to change by
mid-century and the end of the century compared to
1981-2010.

By mid-century (2045-2074):

— Annual production will remain roughly the same
with concerted mitigation efforts (RCP2.6) as during
the reference period. Production will decrease
slightly (about 3 %) without climate change
mitigation (RCP8.5). Exceptions are power plants
that are influenced by strong melting processes.

— Winter production will increase at almost every
RoR power plant considered in this study by mid-
century, by about 5% on average.
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By the end of the century (2070-2099):
— Annual production will decline slightly (1.5 %) with

concerted mitigation efforts (RCP2.6). Without
climate change mitigation (RCP8.5), production will
fall further (7 %).

Winter production will increase at virtually all of
the RoR power plants in this study. Depending on
the emissions scenario, the average change will be
between 5% (RCP2.6) and 10 % (RCP8.5). However,
the increase in winter production will not be
sufficient to keep annual production from declining.

Change in winter production [GWh/winter]
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Fig. 14. Expected changes in annual (left) and winter (right) production of selected Swiss run-of-river power plants for the
periods 2060 (mid-century, 2045-2074) and 2085 (end of century, 2070-2099). The calculations are based on the most recent
Climate Change Scenarios CH2018 established by MeteoSwiss (21 climate models; two emission scenarios: with concerted
mitigation efforts RCP2.6 and no climate change mitigation RCP8.5) and a state-of-the-art hydrological model (PREVAH), taking
into account unchanged installed machinery and residual water flow requirements.



Tab. 1. Annual RoR power production and projected change for the periods 2060 and 2085 under the emissions scenarios
RCP2.6 and RCP8.5 sorted by water intake elevation [m a.s.l.].

Annual production GWh/Year Change [%] 2060 Change [%] 2085
Name [ma.s.l] River Reference RCP2.6 RCP8.5 RCP2.6 RCP8.5
Birsfelden 265 Rhein 557.8 -1% 4% -1%
Albbruck-Dogern 318 Rhein 581.4 -1% 4% —2%

Windisch 337 Reuss 12.3 -1% -3 % 2%

Aue 359 Limmat 27.8 -1% 4% 2%
Wildegg-Brugg 361 Aare 289.2 -3%

Lavey 451 Rhone 412.1 —2%

Reichenau 596 Rhein 111.6 2% 0% 1%

Biaschina 618 Ticino 360.6 4%

Amsteg 815 Reuss 461.7 4%

Aletsch 1444 Massa 183.2

Glaris 1473 Landwasser 7.5

Year Reference 2060 2085
RCP2.6 2994 GWh (0.3 %) 2963 GWh (-1.4 %)
RCP8.5 3004 GWh 2916 GWh (-2.9%) 2787 GWh (7.2 %)

Tab. 2. Winter RoR power production and projected change for the periods 2060 and 2085 under the emissions scenarios
RCP2.6 and RCP8.5 sorted by water intake elevation [m a.s.l.].

Winter production GWh/Winter Change [%] 2060 Change [%] 2085
Name [ma.s.l] River Reference RCP2.6 RCP8.5 RCP2.6 RCP8.5
Birsfelden 265 Rhein 239.6 2% 3% 2% 2%
Albbruck-Dogern 318 Rhein 276.1 1% 1% 1% 0%
Windisch 337 Reuss 5.9 2% 2% 0% 0%
aue 359 Lot 123 3%
Wildegg-Brugg 361 Aare 138.6 1% 0% 1% -1%
Lavey 451 Rhone 1743 4%

Reichenau 596 Rhein 45.7

Biaschina 618 Ticino 1333

Amsteg 815 Reuss 134.7

Aletsch 1444 Massa 53.3

Glaris 1473 Landwasser 32

Winter Reference 2060 2085

RCP2.6 1295 GWh (+6.4%) 1274 GWh (+4.7 %)
RCP8.5 1217.GWh 1320 GWh (+8.4 %) 1367 GWh (+12.3 %)
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7 Adaptations

The previous sections have demonstrated that climate change will have manifold effects on hydropower
(HP) production. At the same time, there is a national interest to increase electricity generation in an
environmentally sustainable way. Options for adaptation are at hand through technical, conceptual,
strategic and social measures. The challenge lies in making sensible adjustments to minimize future deficits

and risks for the ecosystem and other water users.

Glaciers and snow

With the retreat of glaciers and the decline of snow cover
in the Alps, the water supply for filling HP reservoirs and
producing HP in summer will diminish. Reservoirs in
deglaciated areas is an option to partly substitute the
function of glaciers and snow cover as seasonal water

— In the future, reservoirs in periglacial areas
could partly substitute the storage function of
glaciers.

— Technical or operational adjustments are
necessary to mitigate the negative impacts of
sediments on water ecology and HP production.

storage (Fig. 15). FARINOTTI et al. (2016) estimated that
for the European Alps, replacing glaciers with new dams
could offset up to 65% of the expected summer runoff
changes from presently glacierized surfaces. An increase
in seasonal water storage capacity can also result from
dam heightening in existing reservoirs, off-stream
storage, reservoir interconnection or new reservoirs in
periglacial areas (GUITTET et al. 2016).

Sediments

Today’s sediment managementin the context of HP deals
with the sedimentation of reservoirs, the sustainable
sediment regulation at intakes and the adherence of the
Federal Act on the Protection of Waters. To cope with
the climate-change-induced modification of sediment
delivery to HP plants, there are various countermeasures
to reduce sediment input and to increase sediment
output from a reservoir:

— Consideration of impact loads on fine sediment to
prevent damage

Provided that the regulatory framework and production
obligations allow, it may be advantageous to close the
water extraction and interrupt turbine operation during
periods of high sediment load. These measures would
prevent damage and thus avoid consequential costs of
almost 3% of the usual annual revenue (FELIX 2017).

— Fine sediment release from reservoirs through
venting of turbidity currents

A recent study examined an innovative system called

SEDMIX, which allows fine particles near the outlets

and dam to be kept suspended or resuspended by

specific water jet arrangements, consequently avoiding

reservoir silting (Fig. 16). The evacuation rate, i.e. the

Fig. 15. Four hypothetical reservoirs are visualized for examples in the (a) French, (b) Italian, (c) Swiss, and (d) Austrian Alps.
For each example, the area (Ajake) and volume (Vie) of the generated lake, as well as the maximal height (Hgam) and the length
of the crest of the required dam (Lqam), are given (for comparison: Grande Dixence, the largest dam currently installed in the
European Alps, has Ajake = 3.7 kM?, Viake = 0.40 km3, Hgam = 285 M, Lgam = 700 m). Topographical imagery is from GoogleTM

Earth (Farinotti 2016: 7).



rate of sediment transport downstream, was found to
be increased by up to 70 % by venting the turbidity flows
(AMINI et al. 2017).

— Fine sediment management at hydropower
schemes considering turbine erosion

Occasional sediment release at the dam toe, as typically
occurs during purging operations, leads to a tempo-
rarily high concentration of suspended sediment, which
can have negative impacts on downstream ecology and
habitats. Another way of reducing reservoir sedimenta-
tion and avoiding such high suspended sediment con-
centrations is to increase the transport of fine sediment
through the power waterway. As a result, sediment-
induced costs increase due to erosion of hydraulic ma-
chinery. The optimal suspended sediment concentration
in the turbine water results from an economic trade-off
between these costs and the value of the avoided or
restored active storage capacity (FELIX et al. 2017).

— Sediment management from an operational and
ecological point of view

With regard to sediment delivery, residual flow is not
always sufficient. Residual flow in such a system reduces
water availability for HP production. If residual flow does
not improve ecological functioning, as sediment load is
not taken into account, the situation can be described
as a lose-lose solution. Suitable sediment management
must be seen as an integral part of the design of eco-
logical currents in abstraction systems and should take
into account the different conditions of dams and water
intakes to find a win-win solution (GABBUD and LANE
2016).
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Fig. 16. Illustration of the SEDMIX concept, applied to the
Corbassiere water transfer tunnel to the Mauvoisin dam
(JENZER-ALTHAUS et al. 2011: 106).

Natural hazards

Proglacial lakes can produce sudden water release with
potentially catastrophic consequences (FREY et al. 2010;
WORNI et al. 2014; HAEBERLI et a/. 2016). In this context,
early planning and hazard prevention measures, such
as lake-level lowering and flood retention, will become
necessary in the future (FReY et a/. 2010; NELAK 2013;
HAEBERLI et al. 2016). Reservoir management might
need adjustment to keep volumes free for anticipated
high flows or to reduce risk in the case of landslides and

— Dams can be at risk or be a risk themselves, and

they can lower hydrological risks related to climate
change; these three dimensions of risks need to be

re-evaluated under climate change.

— Multipurpose operating strategies for HP systems
are required to ensure HP generation, reliability
and flexibility of supply, operational profitability,
and ecosystem conservation under conditions of
more fluctuating demand.

avalanches. Furthermore, spillways and outlet works
play a fundamental role in dam safety. For existing and
planned reservoirs, the risk of dam overtopping by
landslide-generated waves plays a crucial role in dam
safety assessment (FUCHS and BOES 2016; EVERS et al.
2018). They must ensure a certain discharge in the face
of the arrival of a flood with a certain volume. Large wood
transport must thereby be taken into account to avoid
blocking of the spillway intake (BOES and SCHMOCKER
2019).

Competing water use

In order to optimize Swiss HP plants for the future, both
physical and operational adaptations must be taken into
account. In addition to handling the task of generating
electricity, today’s water management must also deal
with the effects of climate change, operational safety of
buildings with regard to (new) natural hazards, sediment
transport and reservoir sedimentation, protection of
ecosystems, and socio-economic requirements. Through
new technological adaptations, existing infrastructures
should increase their efficiency of production and
achieve higher operation flexibility during seasonal and
daily peak demands. To fill the gap (deficit), investments
(construction of new plants) in areas where there is still
untapped potential could be considered to counter the
effects of climate change on electricity generation. In
other areas where the potential is almost exhausted,
better technologies (e.g. higher efficiency) for existing
systems would help mitigate the effects or increase the
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Fig. 17. Visualization of heightening the Sambuco dam by 10 m (during construction) (SCCER-SoE 2018: 74).

contribution of HP to electricity generation (HAMADUDU
2012). Increasing the efficiency of existing HP plants and
reservoirs through their expansion enables more flexible
operation with new and strongly fluctuating demand. A
systematic investigation of dam heightening (Fig. 17) at
25 Swiss dams demonstrated that this adjustment would
enable an additional 2.3 TWh/a of stored energy which
might be transfered from the summer to the winter
half year (FUCHS et al. 2019; Boes 2019), corresponding
to about 25% of today’s total energy stored in Swiss
reservoirs.

Swiss HP plants already play an important role in the
supply of peak energy in the European grid and thus
contribute to the balancing of the volatile production of
renewable electricity. HP plants will remain important
players not only for power production, but also in-
creasingly for further services, most importantly the
prevention of climate change related hazards and the
storage of surplus water for other purposes (substituting
glaciers and snow cover). New operation strategies are
needed to determine future forecast requirements,
especially for multipurpose reservoirs (SCHAEFLI 2015).
New strategies for HP systems are necessary to meet the
needs of power generation, reliability and flexibility of
supply, operational profitability, and ecosystem protec-
tion under conditions of more fluctuating demand.
These requirements will be an essential part of the
renewal of the concession and the question of which
functions can be supported by HP plants (Manso et al.
2015).
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