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Abstract: Hydropower is the most important domestic source of renewable energy in Switzerland.
Many reservoirs are located in the periglacial environment of the Swiss Alps. Climate change and the
changeover to a new energy system will challenge the existing infrastructure, but will also provide
perspectives for new hydropower plants (HPPs). This study presents a framework for the systematic
analysis of the hydropower potential of the periglacial Swiss Alps. The results are referenced to the
Swiss Energy Strategy and other potential courses of action, such as upgrade of existing infrastructure.
An evaluation matrix with 16 economical, environmental and social criteria for the consistent rating
of all feasible sites is proposed. All criteria and their ratings are explained. It is demonstrated that the
chosen methodology leads to a relatively stable ranking even for significantly different weighting
models. Although being affected by uncertainties and remaining challenges, the methodology
and results are sufficiently detailed for decision-making. Therefore, recommendations for future
hydropower investments can be given. The results are strongly linked to Swiss boundary conditions,
but the methodology itself is generally applicable for all glaciers worldwide, if the required input
data are available.

Keywords: climate change; evaluation matrix for new reservoirs; hydropower potential in
Switzerland; periglacial environment; Swiss Energy Strategy 2050

1. Introduction

Hydropower is the most important domestic source of renewable energy in Switzerland. Today,
59% (36.3 TWh/year) of domestic electricity production is sourced from hydropower, of which
more than 50% originates from storage or pumped storage hydropower plants (HPPs) [1]. After the
nuclear disaster of Fukushima Daichii on 11 March 2011, the Federal Council and Swiss Parliament
decided to withdraw from nuclear power, which accounts for more than 30% of domestic energy
production. Adaptions of the Swiss energy system were implemented into the Swiss Energy Strategy
2050, which targets in its Energy Act that hydropower shall produce at least 37.4 TWh/year in 2035 [2].
The hydropower production must therefore be increased by a minimum of 1.1 TWh/year (+3%) by
2035. These numbers are net values, i.e., production losses at the national level due to increased
environmental flows following more severe regulations have to be additionally replaced. Although
this 3% net increase may seem small, it should be noted that the exploitable Swiss hydropower
potential under today’s severe environmental and economic restrictions is quite limited. To reach this
goal, large-scale hydropower development will therefore benefit from investment subsidies, market
premiums, and status of national interest. New HPPs and upgrades of existing infrastructure may
become feasible now, even under the current challenging market conditions.
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The changeover to a new energy system is affected by impacts of climate change. The global
mean air temperature has risen by 0.85 ◦C between 1880 and 2012 [3], with even stronger impacts in
Switzerland. Since the end of the Little Ice Age (around 1864), the mean air temperature has risen by
1.8 ◦C, which resulted in a glacier surface area reduction from 1300 km2 to 940 km2 (−28%) between
1973 and 2010 [4]. Atmospheric warming affects existing HPPs in the periglacial environment due to
changing boundary conditions, such as modified runoff regimes [5–9], increased sediment yield [10] or
more frequent and intense natural hazards [11]. However, it also provides perspectives for new HPPs,
as suitable reservoir locations become ice-free due to glacier retreat. Such new proglacial lakes have
recently started forming at the terminus of Lower Grindelwald Glacier, Trift Glacier and Rhône Glacier,
in the proglacial area of Palü Glacier and Gauli Glacier, or even on the Plaine Morte Glacier. Figure 1
shows the proglacial lake at Trift Glacier where a new reservoir is already in the approval procedure.
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illustrating the fast glacier retreat encountered in the Swiss periglacial environment (Image courtesy:
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The potential of new HPPs integrating new lakes has been studied by [11,12], who applied the
model of [13] and identified 500–600 depressions below glaciers, which might be filled with water and
become new lakes once the glaciers have receded. Forty new lakes would have a volume of more than
10 hm3; five new lakes at Aletsch Glacier, Gorner Glacier, Otemma Glacier, Corbassière Glacier and
Gauli Glacier would have volumes larger than 50 hm3. The largest depression is located at Konkordia
Place in the middle of Aletsch Glacier, with a maximum depth of 300 m and a volume of 250 hm3,
which is comparable to the volume of Lac d’Emosson [13], one of the largest reservoirs in Switzerland.
Except for a few case studies, glacier retreat and new lakes in the Swiss Alps and new lakes as a
consequence of clacier cetreat in high mountains: chances and risks [11,12] did not present estimates
of the hydropower potential of these new lakes.

In this study, we evaluate the potential of new HPPs in the periglacial environment of Switzerland.
Diverging from [11,12], we only consider reservoir locations that are currently ice-free, but we include
all glaciers and did not exclude locations without proglacial lakes. We discuss how suitable sites for
new reservoirs can be identified from a technical point of view and how many new HPPs would
be needed to cover the deficit imposed by the Swiss Energy Strategy 2050. A systematic analysis
to evaluate the potential of new HPPs in the periglacial environment considering climate change
scenarios is presented, starting from (1) evaluating runoff projections for different global circulation
models (GCM) and emission scenarios (representative concentration pathways; RCP); (2) selecting
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sites with annual runoff volumes above a certain threshold; (3) subjecting all remaining sites to an
evaluation matrix to rate them consistently; and, (4) estimating the HPP potential of the best-rated sites.

2. Methods

2.1. Site Selection

Runoff evolution for 197,654 glaciers worldwide for the time period 2010–2100 has been computed
with the Global Glacier Evolution Model (GloGEM) presented by [14]. It is driven by near-surface air
temperature and precipitation from 14 GCM and forced by the emission scenarios RCP2.6, RCP4.5,
and RCP8.5 (note that four GCM did not use RCP2.6) [3]. They specify annual greenhouse gas
concentrations and anthropogenic emissions up to 2100. The runoff projections were further processed
by [15] for 1576 glaciers in Switzerland. Output data are monthly-averaged runoff volumes at current
glacier terminus, with precipitation on current glacier surface being included (but not on non-glaciated
parts of the catchment).

In the present study, the average of all GCM was used. RCP4.5 was analyzed further, as it can
be interpreted as the “realistic” scenario, lying between the “optimistic” scenario RCP2.6 and the
“pessimistic” scenario RCP8.5. All sites with annual runoff volumes larger than 10 hm3, averaged
over the time period 2017–2035, were analyzed further, leading to a reduction to 62 potential sites.
Runoff from non-glaciated parts of the catchments (one-quarter to one-half of the total area) was
left available for environmental flows, so that it is not available for electricity production. This is a
conservative assumption regarding annual production, because a large amount of water is consequently
not exploited.

2.2. Site Rating

All sites were compared to each other and rated with 16 evaluation criteria, grouped into the
three classical sustainability domains: economy, environment and society. The criteria and structure
of the evaluation matrix was chosen to adequately rate HPPs in the periglacial environment facing
challenges of climate change. The criteria weights are generally subjective and were based on personal
experience. They have been varied in a sensitivity analysis, but did not significantly change the order
of best-rated sites. The corresponding evaluation matrix is shown in Table 1. Some criteria can be
attributed to two domains; for example, “degree of protection” could be both an environmental and
social criterion. All criteria are explained below.

Table 1. Evaluation matrix applied to rate potential hydropower plants (HPPs) with quantitative
boundaries for the criterion rating (1, 2, or 3 points) and corresponding criterion weights.

Criterion 1 Point If. . . 2 Points If. . . 3 Points If. . . Weight

ECONOMY 60%

installed capacity <10 MW 10–20 MW >20 MW 10%
electricity production <50 GWh/year 50–100 GWh/year >100 GWh/year 10%

investment costs high medium low 11%
runoff evolution reduction > 25% reduction < 25% increase 3%

reservoir sedimentation infill time < 100 years infill time 100–1000 years infill time > 1000 years 7%
earthquake vulnerability Zone 3 (a and b) Zone 2 Zone 1 3%

impulse wave vulnerability most slopes 30–45◦ few slopes 30–45◦ no slopes 30–45◦ 3%
flood protection daily storage monthly storage seasonal storage 3%

flexibility and storage capacity run-of-river HPP storage HPP pumped storage HPP 10%

ENVIRONMENT 25%

visibility from settlements visible not visible use of natural lake 3%
environmental flow natural river impaired river artificial river 7%
sediment continuity trap efficiency > 90% trap efficiency 50–90% trap efficiency < 50% 10%

hydro- and thermo-peaking release into river release into lake pumped storage HPP 5%
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Table 1. Cont.

Criterion 1 Point If. . . 2 Points If. . . 3 Points If. . . Weight

SOCIETY 15%

degree of protection high (BLN) low (Emerald and others) no protection 7%
land use settlement areas agricultural area or forest unproductive area 5%
tourism negative impacts negligible impacts positive impacts 3%

BLN: Bundesinventar der Landschaften und Naturdenkmäler.

2.2.1. Installed Capacity

The design discharge Qd (m3/s) is calculated as:

Qd =
Vw

3600·tp
(1)

where Vw (m3/year) is the annual runoff volume and tp (h/year) is the annual full-load production
hours. It was assumed that run-of-river power plants have 5000 full-load production hours per year
(ca. 13.7 hours per day), whereas storage plants have 3000 full-load production hours per year (ca. 8.2
hours per day). The installed capacity P (MW) is then calculated as:

P = η·g·ρw·Qd·H (2)

where η (–) is the overall efficiency, g (9.81 m2/s) is the gravitational acceleration, ρw (1000 kg/m3) is
the density of water and H (m) is the gross head. The overall efficiency was assumed to be 0.73: It
includes 10% loss at the turbines and 5% friction loss as well as 15% loss due to year-to-year variability
and uncertainty in runoff projections.

2.2.2. Electricity Production

The annual electricity production E (GWh/year) is the product of installed capacity and the
annual full-load production hours:

E = P·tp (3)

2.2.3. Investment Costs

Investment costs were not calculated at this stage, but rated qualitatively. Six factors were either
judged positively or negatively:

• dam height: positive if less than 150 m;
• tunnel lengths (headrace tunnel and penstock/pressure shaft): positive if less than 2 km;
• HPP type: positive if run-of-river HPP or storage HPP (negative if pumped storage HPP);
• gross head: positive if less than 500 m (more degrees of freedom regarding turbine selection);
• surge shaft: positive if the ratio of total tunnel/penstock length to gross head is less than 4, because

a maximum start-up time of 2.5 s to avoid a surge shaft according to IEC 60308 (International
Electrotechnical Commission) [16] can then typically be met;

• distance to access road: positive if less than 2 km.

If there are more negative than positive factors, the site is rated with “high” investment costs and
vice versa. If positive and negative factors level out, the site is rated with “medium” investment costs.

2.2.4. Runoff Evolution

Average annual runoff volumes of the time periods 2017–2035 and 2090–2099 were compared.
The reduction between the first period (when the goals of the Energy Act have to be reached) and the
second period (end of the runoff projections) was rated.
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2.2.5. Reservoir Sedimentation

Reservoir sedimentation is represented by the infill time ts (years), which is calculated as:

ts =
C
Vd

=
C

Vs·TE
(4)

where C (m3) is the reservoir capacity, Vd (m3/year) is the annual sediment deposition volume, VS
(m3/year) is the annual sediment input and TE (–) is the trap efficiency. The annual sediment input, VS,
is calculated with the approach of [17], which relies on annual inflow volumes and sediment density,
ρs (2650 kg/m3), solely and does not account for bed-load. However, it is assumed that 70–100% of the
sediment input into periglacial reservoirs is clay and silt [18], which, consequently, will be transported
in suspension. Note that Equation (5) is dimensionally incorrect:

Vs =
V1.167

w
101.462·ρs

(5)

The trap efficiency is calculated with the approach of [19] which is based on the capacity-inflow
ratio (CIR) and can be written as in [20]:

TE = 0.970.19log (CIR)
(6)

2.2.6. Earthquake Vulnerability

Earthquake vulnerability of the dams was classified into three zones according to the classification
of the Swiss Standard SN 505 261 “Actions on Structures” [21].

2.2.7. Impulse Wave Vulnerability

Impulse wave vulnerability was linked to the slopes of the future reservoir shores. Impulse waves
can be triggered by, for example, rock falls in summer, or snow and ice avalanches in winter. Such mass
movements are expected on slopes with angles of 30–45◦ [22]. At higher angles, the unstable masses
slide off in small portions because the inner friction angle is usually exceeded. At lower angles, friction
forces are usually high enough to prevent large mass movements.

2.2.8. Flood Protection

The larger the reservoir volume compared to the annual runoff volume, the more relative storage
volume is likely to be used for flood protection, the less likely becomes an overspill during floods and
the higher the retention capacity [23]. Seasonal storage reservoirs with a CIR of at least 40% were rated
best, daily storage (run-of-river) HPPs with CIR of less than 10% [24] were rated worst.

2.2.9. Flexibility and Storage Capacity

Storage capacity and power system stability are important regarding future electricity demands.
Pumped storage HPPs are the most flexible setup possible and rated best.

2.2.10. Visibility from Settlements

Dams visible from settlement areas are a significant disturbance of the landscape in public
perception. Therefore, they were rated worst. Reservoirs without artificial dams (natural lakes in
ice-free depressions) were rated best.
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2.2.11. Environmental Flow

Environmental flow regulations depend on the biotopes and biocoenoses of the downstream
reaches. Natural rivers will likely have the most restrictive regulations, whereas purely artificial
reaches may have only a minimum of constraints to be met.

2.2.12. Sediment Continuity

According to the Federal Act on the Protection of Water [25], reservoirs may not interrupt bed-load
transport in a way that flora and fauna are seriously harmed (Art. 43). Reservoirs with trap efficiencies
(Equation (6)) of less than 50% were rated best, because still half of the sediments are released.
Reservoirs with trap efficiencies of more than 90% were consequently rated worst, as they almost
completely prevent sediment continuity. It has to be noted that the legal framework refers to bed-load
only and suspended-load is not included.

2.2.13. Hydro- and Thermo-Peaking

Short-term, rapid artificial changes in discharge and water level in rivers (hydropeaking) must be
prevented or eliminated according to [25] (Art. 39a). Pumped storage HPPs are judged to be the least
problematic because they usually release water into an artificial reservoir. In contrast, the release of
turbined water into a natural river is most problematic.

2.2.14. Degree of Protection

The Federal Inventory of Landscapes and Natural Monuments of National Importance protects
19% of Swiss land area [26]. These so-called “BLN” areas have the highest degree of protection in
Switzerland. Less restrictive degrees of protection apply to sites in the Emerald Network or UNESCO
World Heritage sites.

2.2.15. Land Use

Most potential reservoir locations are located on glacier forefields, which are considered to be
unproductive areas. These reservoirs are rated highest. HPPs that interact with settlement areas are
rated lowest.

2.2.16. Tourism

Most reservoir locations would not affect touristic activities. Some sites have negative impacts
on recreational areas (for example, popular skiing and hiking trails) and were rated lowest, whereas
others could have positive impacts on local recreation and were rated best.

2.3. Preliminary Design Study

Preliminary design studies were carried out for the best-rated new HPPs based on the
following assumptions:

• maximum reservoir volumes are computed using data from the digital elevation model
swissALTI3D [27] or, if available, bed-rock topography underneath the glacier ice from [15];

• center of mass of reservoir is located at 40% of maximum reservoir depth below full supply level;
• overall constant roughness of 85 m1/3/s in both steel- and concrete-lined tunnels and penstocks;
• a surge shaft is needed whenever the start-up time is above 2.5 s (IEC 60308);
• pressure shaft length should be minimized, while pressure tunnel length should be maximized;
• optimum flow velocities of 3–4 m/s in pressure tunnel and 5–7 m/s in pressure shaft must

be achieved;
• interactions with existing HPPs must be considered (for example, the new HPP at Aletsch Glacier

has to release the water into Gebidem reservoir, from which the total runoff is turbined).



Sustainability 2018, 10, 2794 7 of 14

These preliminary design studies allowed for a more accurate estimate of installed capacity,
annual electricity production and energy equivalent of the reservoir. The latter is defined as the
annual energy production that can be produced from one reservoir filling in the newly built and all
existing storage HPPs (if applicable) downstream of the new reservoir, when the water is released
into the upper reservoir of an existing pumped storage HPP or released immediately upstream of an
existing intake.

3. Results

Three different types of sites were distinguished: (a) sites suitable for isolated new HPPs; (b) sites
suitable as upper reservoirs of pumped storage HPPs due to their proximity to existing reservoirs,
which can be used as lower reservoir; and (c) sites suitable for upgrading existing HPPs by collecting
water and transferring it into adjacent reservoirs. Best-rated sites for new HPPs are at the terminus of
Aletsch, Gorner, Grindelwald, Hüfi, Rhône, Roseg, and Trift Glacier (Table 2). These reservoirs achieve
192–213 points out of the maximum of 300 (minimum score is 100). This shows that even the best-rated
sites have significant drawbacks or, vice versa, the most feasible sites are already being exploited and
only partially feasible sites remain. Upper reservoirs of new pumped storage HPPs would be feasible
at Oberaletsch, Corbassière, Gauli, Allalin, and Schwarzberg Glacier. At many locations, existing
reservoirs will have substantially higher inflows (for example, Gebidem, Lac de Mauvoisin, Lac des
Dix or Grimselsee) due to the higher contributions from glacier meltwater in the future. Additionally,
they could be further upgraded by transferring water from neighboring catchments that is not yet used.

Table 2. Best-rated new HPPs in the periglacial environment of Switzerland (VW = annual runoff
volume; VR = reservoir volume; zmax = full supply level; H = gross head; P = installed capacity;
E = annual electricity production; and Eeq = energy equivalent of the reservoir).

Reservoir Location VW (hm3) VR

(
hm3

)
zmax (m a.s.l.) H (m) P (MW) E (GWh/year) Eeq (GWh/year)

Aletsch Glacier 309 181 1880 435 73 218 396
Gorner Glacier 199 168 2300 650 78 235 199

Grindelwald Glacier 94 71 1520 520 28 85 64
Hüfi Glacier 44 36 1780 1260 35 105 86

Rhône Glacier 56 46 2300 550 19 57 75
Roseg Glacier 96 78 2260 1260 77 231 261
Trift Glacier 1 154 85 1776 446 80 145 215

Total 390 1076 1296
1 Data provided by future operator Kraftwerke Oberhasli AG (KWO).

The seven best-rated new HPPs can exploit an annual electricity production of 1.1 TWh/year and
consequently fulfill the requirements of the Swiss Energy Strategy 2050 (Table 2). All reservoirs serve
as seasonal storages and are intended for energy production as their main purpose. However, they will
have additional flood retention functions, even if the reservoir is at full supply level during a flood due
to flood peak damping effects (see Section 2.2.6). The location of the new HPPs is shown in Figure 2.
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4. Discussion

4.1. Uncertainties

Four main sources of uncertainty, subsequently classified in descending order, can be identified:

1. Runoff projections depend on climate change evolution and thus on the chosen scenario.
Here, scenario RCP4.5 was chosen, which is a stabilization scenario that lies between the
mitigation scenario RCP2.6 and the non-intervention scenario RCP8.5. For the time period
2017–2035, the annual runoff volumes 2% lower for RCP2.6 and 1% higher for RCP8.5 on average,
compared to RCP4.5. These differences are negligible. By the end of the century (2090–2099),
these differences will be 9% lower for RCP2.6 and 2% higher for RCP8.4, on average.

2. The operation modes of the new HPPs depend on the evolution of new renewables as well
as on political measures and market conditions. It was assumed that all new HPPs, which
have CIR > 0.55, operate as seasonal storages to help reduce the winter season deficit imposed
by the Energy Strategy 2050, with the phase-out of nuclear power plants providing base load.
The need for multi-purpose reservoirs (for example for irrigation in dry and hot summers) and
the demand for grid regulation and network stabilization, which may increase significantly
(for example, when the share of volatile, weather-dependent new renewables increases), were
neglected. Nevertheless, storage HPPs can support network stabilization by providing balance
energy generated by turbine operation (or pumping operation in the case of pumped storage
HPPs). Electrical and mechanical equipment should be selected with regards to this service.

3. Reservoir volumes at today’s glacier sites were estimated using bed-rock topography derived
from ground-penetrating radar (GPR) measurements, which have a horizontal resolution of
±25–50 m and are consequently affected with considerable uncertainties. The bed-rock level can
be estimated with an accuracy in the order of ±10 m (D. Farinotti/VAW ETH Zurich, pers. comm.).
Combined with the coarse horizontal resolution, uncertainties in the bed rock topography are
relatively high. Reservoir volumes, dam heights and installed capacity are therefore subject
to uncertainty.

4. Assumptions of overall efficiency, full production hours, etc., were solely determined based
on empirical values and experience. Furthermore, environmental flow regulations were not
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investigated in detail and it was assumed that the high portion of runoff from non-glaciated
catchment will meet the requirements. Finally, water loss due to infiltration and quantitative cost
estimates were neglected, and hydropower or energy strategies of the cantons concerned were
not considered.

Although these uncertainties affect the quantities in Table 2, the sites selected as best reservoir
options are judged to remain among the most interesting of all 62 potential sites investigated in detail.
This has been examined with a sensitivity analysis regarding the weights of the evaluation matrix.
Various weighting models have been applied, of which three are shown in Figure 3. The achieved
scores and the ranking for the three different weighting models presented are shown in Table 3.
The model “original” allows for a distinct rating with scores from 193 to 213 points for the seven
new HPPs. The model “equal” does not weight the criteria (i.e., each criterion has the same weight).
The achieved scores range from 187.5 to 212.5, but many new HPPs have the same score. The model
“acceptance” weights criteria higher, when they are considered to be important in public perception.
Again, scores are in the range of 187 to 218. As expected, Trift Glacier is now the best-rated reservoir,
as it does not affect a protected area, it is invisible from settlement areas and still provides a high
annual electricity production.Sustainability 2018, 10, x FOR PEER REVIEW  9 of 13 
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Table 3. Ranking and scores of best-rated potential future HPPs.

Weighting Model “Original” Weighting Model “Equal” Weighting Model “Acceptance”

Rank Glacier Score Rank Glacier Score Rank Glacier Score

1 Grindelwald 213 1 Grindelwald 212.5 1 Allalin * 218
2 Allalin * 212 Allalin * 212.5 2 Trift 211
3 Aletsch 211 3 Trift 206.25 3 Grindelwald 210
4 Trift 210 Roseg 206.25 4 Roseg 207
5 Oberaletsch * 209 Oberaletsch * 206.25 5 Palü ◦ 204
6 Roseg 206 Schwarzberg ◦ 206.25 6 Corbassière * 202
7 Turtmann ◦ 205 Gauli ◦ 206.25 Mellich * 202
8 Gorner 204 8 Aletsch 200 Schwarzberg ◦ 202
9 Rhône 201 Corbassière * 200 9 Blüemlisalp 200

Schwarzberg ◦ 201 Turtmann ◦ 200 10 Turtmann ◦ 199
11 Corbassière * 200 Palü ◦ 200 11 Aletsch 198
12 Gauli ◦ 197 12 Hüfi 193.75 12 Hohlicht 195
13 Palü ◦ 195 13 Rhône 193.75 13 Gorner 192
14 Hüfi 192 14 Blüemlisalp 193.75 Oberaletsch * 192
15 Fiescher ◦ 190 15 Theodul ◦ 193.75 15 Gauli ◦ 191
16 Mellich * 189 16 Gorner 187.5 16 Plaine Morte * 191

Tsanfleuron 189 17 Mellich * 187.5 17 Hüfi 190
18 Findel 188 18 Tsanfleuron 187.5 Theodul ◦ 190

Blüemlisalp 188 19 Otemma 187.5 Moming 190
20 Theodul ◦ 187 20 Silvretta 187.5 20 Rhône 187

Sites marked with * do not yet have fully ice-free dam locations; sites marked with ◦ are close to existing HPPs and
could be used as upper reservoirs for pumped storage (i.e., combined with an upgrade of the existing infrastructure);
both were therefore neglected in Table 2.

All models have in common that Aletsch Glacier, Grindelwald Glacier, Roseg Glacier and Trift
Glacier are among the top five reservoirs all over Switzerland, followed by Hüfi Glacier, Gorner Glacier
and Rhône Glacier. Trift Glacier is the most promising site in the Swiss Alps and appears in the top five
for all weighting models. This is another indicator of the reliability of the chosen approach. The new
reservoirs include sites that could be used as upper reservoirs for pumped storage HPPs or sites
suitable for upgrading existing HPPs, which were not examined further in this project.

In the weighting models “equal” and “acceptance”, Blüemlisalp Glacier, Hohlicht Glacier and
Moming Glacier are rated better than Gorner Glacier or Rhône Glacier, respectively. Nevertheless,
these potential new HPPs were discarded because the estimated annual electricity is well below
50 GWh and installed capacities are only 5 MW (Blüemlisalp Glacier, Hohlicht Glacier) and 11 W
(Moming Glacier). Although no preliminary design study has been carried out for these three reservoirs,
they would probably be close to small-scale HPPs and not contribute substantially to the domestic
electricity production.

4.2. Challenges

All new HPPs would face several challenges. From a technical point of view, construction and
site accessibility will be costly, as all HPPs are located in high-alpine environments. All new HPPs,
apart from the reservoir at Trift Glacier, are located within protected areas and strong social opposition
must be expected.

At Roseg Glacier, the water naturally flows into the Inn River and later into the Black Sea.
The proposed scheme would turbine the water in Poschiavo and release into the Poschiavino River,
from where the water would flow into the Adriatic Sea. This would distort the hydrological conditions
of the catchment. An alternative would be to turbine the water in Sils, in Upper Engadine, instead of
Poschiavo. The installed capacity and annual electricity production would be 25 MW and 75 GWh,
respectively, due to the reduced head (i.e., about one third of the Poschiavo variant).

Some potential future HPPs might be endangered by natural hazards. The reservoirs at Aletsch
Glacier, Lower Grindelwald Glacier and Trift Glacier are especially prone to impulse wave hazards
due to large, steep, unstable slopes and hanging glaciers around the reservoirs. This would require
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temporary measures, such as real-time monitoring of the potential slides, or permanent interventions,
such as dam crest heightening, to keep the required freeboard [28].

Integration of the new HPPs into the already dense hydropower network is a demanding task.
The new HPPs at Aletsch Glacier, Gorner Glacier and Rhône Glacier would have significant impacts
on the existing HPPs Gebidem, Zmutt (pumping station for Lac des Dix) and Gletsch-Oberwald,
respectively. These interactions must be examined in detail in a possible planning stage.

4.3. Other Courses of Action

Previous studies suggested other courses of action to increase electricity production in
Switzerland. New machines with improved efficiencies could lead to an annual production increase
of 0.6–1.1 TWh [29]. A study by [30] claimed that the pure exchange of hydraulic machinery with
better efficiencies would allow for 0.7 TWh of additional electricity production, taking increased
environmental flow prescriptions into account. This would, however, only partially cover the deficit
imposed by the Swiss Energy Strategy 2050.

The upgrade of existing schemes in combination with the construction of new HPPs could
provide up to 4.2 TWh under favorable political and legislative conditions [30]. Extending and
upgrading existing schemes could gain 1.3–1.7 TWh, again taking higher environmental flows into
account. Estimation of upgrade potential of hydropower in the framework of energy strategy 2050 [31]
presented an additional annual potential of 3.2 TWh under improved economic and social conditions,
considering new environmental flow regulations. Many dams have sufficient excess bearing capacity
to be heightened by 10% of their original height [32]. Existing waterways could be used with minor
adaptions only. The heightening of 19 dams would lead to an additional 700 hm3 of storage volume
and an additional winter production of 2 TWh. The goals of the Swiss Energy Strategy 2050 could
consequently also be reached with these upgrade and heightening projects.

5. Conclusions

Glacier retreat offers new perspectives for hydropower in the periglacial environment, as suitable
sites for new reservoirs become ice-free. A methodology has been presented to identify technically
feasible sites and to rate them consistently for a subsequent analysis of the hydropower potential
of the most promising sites. It was shown that the chosen set of 16 criteria leads to robust results,
even if the weights are changed significantly. Nevertheless, the results are affected by various sources
of uncertainties, mainly related to climate change evolution, future reservoir operation, subglacial
topography and assumptions regarding efficiency, full production hours, etc. Preliminary design
studies demonstrated that at least seven new HPPs are needed to cover the deficit of 1.1 TWh, as will
be imposed by the Swiss Energy Act until 2035. The most promising site in the Swiss Alps, Trift Glacier,
is included in this analysis. It would contribute approximately 13% of the deficit. All sites except
Trift Glacier would be located within areas of highest protection, so severe social opposition must be
expected. Other challenges, such as the integration into the existing hydropower network and natural
hazards, must also be mastered.

The deficit of 1.1 TWh of annual electricity production can be covered by other measures, such as
increasing efficiency of existing HPPs or heightening of dams. Although some studies provide
estimates of these upgrade potentials, future research should also focus on this course of action, as dam
heightening may be implemented easier than the construction of new HPPs.

One main prerequisite to ensure a sustainable use of new HPPs is to control reservoir
sedimentation and to support sediment continuity. Both criteria weights sum up to 17% in the
proposed evaluation matrix, so the site rating significantly depends on the handling of the sediment
fluxes. Experience shows that many projects failed to account for reservoir sedimentation and sediment
continuity in the planning stage, which eventually compromised reservoir use. Storage HPPs with
large capacity-inflow-ratios offer the greatest resilience to climate change, as [33] demonstrated, but an
appropriate sediment management is imperative to conserve storage and ensure reliable energy
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production. In this study, empirical relationships were applied to tackle this problem. However,
observed infill times of Swiss periglacial reservoirs range significantly, covering orders of magnitude.
This large range cannot be represented by empirical relationships. Therefore, an adequate numerical
model, as developed by [34], should be used to predict long-term and large-scale sediment fluxes and
deposition processes in periglacial reservoirs.
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