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Abstract. At medium- and high-head hydropower plants (HPPs) on sediment-laden rivers,
hydro-abrasive erosion in turbines is an important economic issue. In HPPs with headwater
storage, reservoir sedimentation is another problem related to fine sediment. On the one hand,
turbine erosion is mitigated by reducing the sediment load in power waterways. On the other
hand, reservoir sedimentation may be mitigated by conveying more fine sediment through
power waterways to downstream river reaches. To optimize the operation of HPP schemes on
the long-term, it is recommended to find a balance between these options based on real-time
data using available monitoring techniques.

An operational measure to mitigate turbine erosion is to close intakes and switch-off turbines
in periods of high suspended sediment concentration (SSC) and coarse particles, typically dur-
ing floods. Prerequisites for such operation are (i) there is no obligation to generate electricity,
(ii) real-time SSC measurements are available, and (iii) the value of the ‘switch-off SSC’ is
known. In a case study at the high-head HPP Fieschertal, a switch-off SSC of 10 g/l was
estimated. The economic analysis showed that it would have been clearly profitable to practice
such a switch-off during the major flood in 2012 which had an SSC peak of 50 g/I.

1. Introduction

In the design and operation of hydropower plants (HPPs), handling of sediments is a major challenge.
At medium- and high-head HPPs on sediment-laden rivers, hydro-abrasive erosion on hydraulic
turbines is an important economic issue because it increases maintenance costs, and reduces turbine
efficiency, electricity generation and hence revenues [1] [2] [3].

In HPPs with headwater storages, reservoir sedimentation is another problem related to sediments.
The percentage of sediment which settles in a reservoir, i.e. the trap efficiency, depends mainly on the
reservoir’s storage volume compared to the mean volume of annual inflows, i.e. the capacity-inflow-
ratio (CIR) [4]. The CIR reflects the mean residence time of the stored water. With high CIR, finer
sediment particles settle. Reservoir sedimentation may have the following negative effects [4] [5]:

e Loss of active storage volume, and thus reduced ability to compensate in- and outflows for

hydropower, irrigation, drinking water and flood retention;

e Increased turbine erosion because of higher SSCs and coarser particles in power waterways

due to reduced trap efficiency of the reservoir;

¢ Reduced operational safety due to blockage of water intakes and dam outlets;
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e Sediment deposits at the dam may compromise dam stability if not considered in the design;
e Lack of sediment in downstream river reaches, affecting the stability of river beds, banks and
nearby infrastructures, as well as river morphology, ecology and habitats.

The loss of reservoir capacity due to sedimentation is estimated to be 0.8 % per year on worldwide
average [6]. Because this is more than the increase of capacity due the construction of new reservoirs
in recent years, the usable storage volume in reservoirs decreases worldwide [6] [7]. On the medium-
and long-term, reservoir sedimentation may become economically more important than turbine erosion
in some HPP schemes. Both turbine erosion and reservoir sedimentation are becoming more important
for the following reasons:

e More sediment tends to be transported in rivers due to more intense precipitations as well as

retreat of glaciers and permafrost (climate change);

o Additional HPPs are constructed on rivers with relatively high sediment loads;

e Public awareness and legal regulations regarding ecology and sustainability are increasing;

e Market situations may demand further economic and energetic optimization of HPPs.
This paper deals with measures to optimize the design and operation of HPPs at sediment-laden rivers.
First, measures to cope with hydro-abrasive erosion and reservoir sedimentation are reviewed. The
option of conveying fine sediment from reservoirs of low- or medium-head HPPs through the power
waterways to downstream river reaches is highlighted. Then it is proposed to economically balance
turbine erosion and reservoir sedimentation based on real-time sediment monitoring. In the second part
of the paper, the option of temporary closing of intakes and pausing of turbine operation during floods
is treated based on a case study at HPP Fieschertal, Switzerland, which was conducted in the scope of
a research project [3] [8]. In particular, a relatively simple approach to estimate the so-called switch-
off concentration is presented, i.e. the limit of suspended sediment concentration (SSC) above which
the operation of a HPP is unprofitable. Finally, the economic benefit from such an operation regime is
demonstrated in a scenario referring to a past major flood event.

2. Options to cope with hydro-abrasive erosion

2.1. Increasing the erosion resistance

One way to reduce hydro-abrasive erosion is to increase the erosion resistance of exposed parts. For
hydraulic turbines, a martensitic stainless steel with 13 % chrome and 4 % nickel is mainly used [9].
Such steel has a Mohs hardness of 4.5 to 5, i.e. it can be eroded by harder mineral particles such as
quartz and feldspar. Other steel grades and alloys with higher erosion resistance are used for e.g.
welded hard-facing layers in Pelton buckets [10] or needles of Pelton injectors (e.g. steel-cobalt-alloys
such as ‘stellite’).

Another option is to apply coatings on steel surfaces exposed to sediment-laden flow. Soft-coatings
(based on polyurethane/epoxy resin) have been used in turbines at lower heads (e.g. Kaplan) [11]. In
medium- and high-head turbines, thermally sprayed hard-coatings made of tungsten carbide, cobalt
and chrome (WC-CoCr) have become state-of the art [1] [2] [11]. Such coatings are approximately as
hard as quartz. They reduce the extent of erosion and increase the times between overhauls, but can
still be damaged. Coated runners have generally a smaller initial efficiency than uncoated ones due to
higher roughness and potentially different hydraulic profiles, but the loss of turbine efficiency is
slower, resulting in higher revenues depending on site conditions [1].

2.2. Reduction of the sediment loading

Another approach to reduce hydro-abrasive erosion on turbines is to reduce the factors contributing to
the sediment “loading”, i.e. the number of particles, their impact energy and angle of attack (mode of
erosion). In the planning phase, a turbine can be designed to be less prone to hydro-abrasive erosion
[9] [12]. To find a suitable combination of measures and a specific turbine design, turbine erosion
needs to be addressed in an early stage of planning and meaningful sediment data are required [1] [2].
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For existing HPPs, the head and the velocity inside the turbines cannot be generally reduced; and the
hardness and shape of particles are properties of the river catchment.

The SSC and the median particle size can be reduced by investments in the design and construction
of civil works and by suitable operation of HPPs. When the turbine water is not taken from a reservoir,
one or several of the following facilities may serve for partial sediment exclusion:

e Sand traps [13], mostly in the form of long, open-air or subsurface settling basins, possibly
preceded by a gravel trap. Various flushing systems are available. Typically, sediment par-
ticles with diameter > 0.3 mm are excluded; a smaller design particle size can be economically
justified at high-head HPPs with hard and angular particles;

e Flushable intake areas, compensation basins/chambers or storage tunnels;

e Coanda-effect screens for intakes with low discharges (typically below a few m3/s) and when
typically grains with diameters > 0.5 or 1 mm are to be excluded;

e Hydro-cyclones in penstocks with moderate discharges (under development): according to
numerical simulations, particles larger than 60 um and some > 20 um can be excluded [14].

¢ Additional sediment traps (often called ‘rock traps’) should be provided at HPPs with unlined
waterways or with water adductions from simple intake structures into the power waterway.

The sediment load in power waterways and turbines can also be limited by temporary closing of
intakes and pausing of turbine operation during floods or other events with high sediment load [1] [2]
[15] [16] [17]. This operational measure is treated in detail in section 5. Hydro-abrasive erosion can
also be reduced by avoiding part-load operation, because the amount of erosion per kWh is higher at
part load than at full load [2].

Moreover, highly sediment-laden water may be released through Pelton turbines without erosion on
the runner and without electricity generation when the jet deflectors are activated (as during an emer-
gency closure). Such operation is an option for rare situations with very high SSCs, e.g. due to re-
suspension of settled sediment, as may occur during the emptying of upstream storage facilities or
dewatering of the power waterway.

3. Options to cope with reservoir sedimentation

3.1. Overview on countermeasures

There are many measures to mitigate reservoir sedimentation [4] [5] [6] [18] [19] [20] [21]. An over-
view of these measures is given in figure 1. Feasible measures depend also on the CIR. Because
sediment input into reservoirs cannot be fully prevented, sediments have to be evacuated at the latest
when the active storage volume is reduced to an unacceptable extent. Occasional restitution of
sediment-laden water into the river at the dam toe (via dam outlets or by hydro-suction) may lead to
high SSCs downstream of the dam [19]. To limit negative environmental impact, flushing operations
are mostly combined with higher discharges and accompanying measures, and admissible SSCs have
to be respected, depending on site conditions (e.g. [22]).

3.2. Sediment conveyance from reservoirs through power waterways
To mitigate reservoir sedimentation and to re-establish sediment continuity without causing high SSCs
in the river downstream of the dam, fine sediments from reservoirs can be conveyed through power
waterways and hence turbines to downstream river reaches [23]. Sediment particles from reservoirs
can be transported into power waterways by (figure 1):
e Sluicing of sediment-laden water, possibly with the aid of jet-induced turbulence to hinder
settling [23];
e Venting of turbidity currents, possibly requiring modifications of the intake and/or
waterway [24];
e Re-mobilisation of settled fine sediment (often cohesive) by hydro-suction/pumping
[25] [26], with the possibilities to control the area of sediment removal, the sediment
transport rate and to exclude larger particles; or possibly by using air-bubbles [21].
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Figure 1. Overview on options to reduce reservoir sedimentation (modified from [5]).

With sediment conveyance from reservoirs through power waterways, the SSC in the river down-
stream of the HPP’s water restitution point is relatively low, because the sediment is transported
during long periods in a large volume of water. In the river reach between the dam and the HPP’s
water restitution point, i.e. in the residual flow reach, SSC is not increased. Other advantages are that
no further transport, dewatering and land-based disposal of the sediment are required and no flushing
water is lost for electricity generation. To limit turbine erosion, the following factors are favourable
for this option of sediment handling:

e Low to medium head HPP, thus smaller flow velocities in the turbines;

o Relatively small particles (clay as well as fine and medium silt, <20 pm [21]);

e Low particle hardness (typically in catchment areas with sedimentary rocks);

e Suitable turbine design (e.g. seals, trunnions, cooling water system adapted to high SSCs).
Generally, sediment deposits close to intakes and dams are to be removed. In medium and large
reservoirs, deposits in these zones consist typically of fine particles, because coarser sediment particles
settle typically more upstream, in delta zones close to inflows. Because small particles cause less
turbine erosion than larger particles at a given SSC [12] [27] [28], less erosion damage is expected
from such fine sediment.

Sediment conveyance from reservoirs through power waterways was practiced e.g. in the three
Francis HPPs listed in table 1. These HPPs have moderate heads and rather small reservoirs. Sediment
particles (mainly silt) were transported by hydro-suction from the bottom of reservoirs in front of the
intakes, where they were entrained into the power waterway and passed through the turbines. The ad-
missible increases of SSC in the downstream river reaches were defined by environmental authorities
as a function of the season and on the SSC in the rivers upstream of the restitution points (SSCys). The
hydro-suction units were controlled in function of the measured SSCys or corresponding turbidity. In
the second example in table 1, a more dynamic sediment mobilization regime was selected for en-
vironmental reasons. When the hydro-suction installation was operating at full capacity, i.e. removing
200 m® of sediment deposits per hour, the SSC in the turbine water was 1.4 g/l at design discharge.
This is considerably lower than typical SSCs during reservoir flushing operations. The resulting
downstream SSCs are similar to natural conditions before the construction of the HPPs on this river.
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Table 1. Examples of HPPs, where fine sediments were removed from reservoirs by hydro-suction
and conveyed through the power waterway to the downstream river reach.

HPP (river) and Gross  Design dis- Admissible increase of SSC Admissible
reservoir names, head charge of in the downstream river reach sediment return
country turbines Qg at Qq

HPP Kubel (Sitter), 97m 16 mds 0 in winter,

Gubsensee, 0.2 g/l otherwise 270 t/day
Switzerland [29]

HPP Walgauwerk (1), 162m 68 m3/s 0 if SSCys <0.05 g/l,

Compensation basins 0.2 g/l if0.05<SSCys <0.2g/l, 1170 t/day
Rodund, Austria [30] 1.5* SSCys if SSCys>0.2 g/l <4800 t/day
HPP Langenegg, 280 m  approx. practiced restitutions of 0.02 g/l practiced
Reservoir Bolgenach, 30 m3/s to 0.2 g/l (mainly at high natural <500 t/day
Austria [21] Q) were below admissible SSCs (80 000 t/year)

4. Optimization of HPPs with respect to fine sediment

4.1. Balancing turbine erosion and reservoir sedimentation

It is proposed to balance the negative effects of fine sediments on HPPs, i.e. turbine erosion and reser-
voir sedimentation, by economical optimization considering the whole HPP scheme (civil structures
and electro-mechanical equipment) over its lifetime.

The SSC in the power waterway can be partly controlled by operational decisions: The SSC can be
increased to reduce reservoir sedimentation or can be limited to reduce turbine erosion (figure 2). The
former can be achieved by transporting fine sediments in front of the power water intake as described
in the previous section. The latter can be achieved by temporary closing of intakes and pausing of
turbine operation during floods, as mentioned in section 2.2 and treated more in detail in section 5.

_ Reduce
R reservoir sedimentation
! !
Reservoir Increase SSC in Other
sedimentation power waterway | | options

@ Balancing

Turbine Reduce SSC in Other
erosion power \n;atennvay options
t

Reduce
turbine erosion

Figure 2. Economical balancing of reservoir sedimentation and turbine erosion at medium- and
high-head storage HPPs by increasing or limiting the SSC in the power waterway.

4.2. Decision-making based on real-time data

For a few decades or years, various techniques and instruments (sensors) have been available for the
continuous real-time monitoring of (i) sediment levels, SSCs and particle size distributions (PSD) as
well as (ii) turbine efficiency ([31] [32] [33] [34] [35] [36] and [3]). It is recommended to make use of
such monitoring data to optimize the operation of HPPs with respect to sediment and its consequences.
In addition to real-time data, also hydro-meteorological forecasts may be considered in short-term
operational decisions.
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5. Option of turbine switch-offs at high SSCs

5.1. Temporary turbine switch-offs

SSC and PSD in the turbine water may vary considerably [8]. In a period with high SSC and poten-
tially relatively coarse particles, the direct and consequential damages on turbines and other elements
of HPPs may exceed the revenues from electricity sales in these periods. These damages include (i)
the costs of repair works and replacement investments due to hydro-abrasive erosion, and (ii) losses of
revenue due to reduced turbine efficiency or due to downtimes during revision works. If possible from
the regulatory framework and production obligations, it is thus economical to close water intakes and
to pause turbine operation when SSC and particle sizes exceed limit values. Since the effect of PSD on
turbine erosion is not yet fully known, switch-off decisions are so far based on SSC. Engineers are
thus faced to the task to determine the value of the so-called switch-off SSC.

5.2. Basic data and annual sediment-induced costs at HPP Fieschertal

To determine the switch-off SSC, data on the sediment load, turbine erosion, efficiency reductions, as
well as the sediment-induced costs and electricity prices are required. In the frame of an inter-
disciplinary research project, such data were obtained for the high-head HPP Fieschertal in Valais,
Switzerland. This HPP has a design discharge of 15 m®/s, a gross head of 520 m and is equipped with
two horizontal 32 MW Pelton turbines [1]. A storage tunnel (64 000 m®) serves to compensate inter-
daily variations of inflow and turbine discharge (no storage lake). Since the headwater storage is
relatively small, the HPP is practically a run-of-river scheme.

The sediment load, turbine erosion and efficiency reductions in the years 2012 to 2014 are reported
in [8] [3]. The average annual costs which are induced by the fine-sediment load transported through
the turbines were estimated in table 2. For simplicity, the electricity price was assumed to be constant
at 0.05 €/kwh (50 €/ MWh). The annual costs in table 2 resulted from data on executed repair works
and purchased turbine replacement parts as well as the estimated average annual probabilities of the
individual cost elements. The annual costs induced by fine-sediment correspond to some percent of the
value of the annual electricity generation and are thus economically relevant.

Table 2. Average annual costs induced by fine-sediment load at HPP Fieschertal
(for whole HPP with two turbines, estimate based on data from 2012 to 2014).

Cost or loss item 103 €/year Percentage of the value
of the annual electricity
Costs of repairs and replacement parts 270 3.3%
- Runners 180
- Injectors and stationary turbine parts 60
- Flushing system of sand trap 30
Electricity generation losses 30 04%
- Due to reduced efficiency 10
- Due to downtime during runner exchange 20
Total 300 3.7%

5.3. Estimation of switch-off SSC at HPP Fieschertal
In the following, a simplified approach to estimate the switch-off SSC is proposed and illustrated by
the example of HPP Fieschertal.

The long-term average annual load of fine sediment transported through both turbines was
estimated as 50 000 tons. This is the average of the annual loads determined from the measurements in
the years 2013 and 2014 [8]. For the sake of simplicity, it was assumed that the costs induced by the
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fine sediment are proportional to its mass. With this assumption, specific sediment-induced costs
resulted in 300 000 € per year / 50 000 tons per year = 6 €/ton = 0.006 €/kg.

With an average SSC of 0.5 g/l = 0.5 kg/m?, the sediment-induced costs with respect to the water
volume are 0.003 €/m®. If the SSC rises for example to 10 g/l, the fine-sediment induced costs are also
20 times higher, i.e. 0.06 €/m®,

For HPP Fieschertal, 1 m® water is equivalent to 1.2 kWh of electric energy. Thus, the sediment-
induced costs with respect to electric energy is 0.003 €/m3 / 1.2 kWh/m?® = 0.0025 €/kWh at average
SSC. When the SSC increases from 0.5 g/l to 10 g/l, the sediment-induced costs rise to 0.05 €/kWh,
corresponding to the assumed electricity selling price. From this it is concluded that the operation of
HPP Fieschertal is not profitable when SSC >10 g/l. This switch-off SSC is an approximate value
since it resulted from a simplified linear approach and a relatively short data set (3 years). It is
recommended to re-evaluate the assumptions and the approach when more data will be available.

5.4. Switch-off and switch-on procedure
The control system of HPP Fieschertal was programmed to issue a warning when the SSC measured at
the top of the penstock exceeds 10 g/l for 15 minutes. Preliminary warnings are given from continuous
turbidity measurements (i) in the river upstream of the intake and (ii) in the sand trap, offering both a
prewarning time of about one hour (cross-section averaged flow time in the storage tunnel at full load
at maximum operation level). If the SSC exceeds 10 g/I for 15 minutes, the staff member on duty has
the competence to close the intake and to switch-off the HPP, considering the weather forecast and his
observations.

Taking the HPP back to operation is associated with some effort, e.g. de-clogging of cooling water
systems, flushing operations and checks. Therefore it was proposed to resume operation when SSC is
considerably lower than 10 g/l, say 5 g/l, and when the flood is expected to end soon.

5.5. Switch-off scenario during the 2012 flood

These rules for turbine switch-off and restart were hypothetically applied to the situation of a major
flood event which occurred in July 2012. This was the only flood event in the years 2012 to 2014, in
which the switch-off criterion would have been met. The switch-off duration would have been 16
hours (figure 3).

40 Stop turbine operation h Resume operation
ifSSC =10 g/l \ ifSSC<5g/l
= 30 during 15 Min. and after considering |
= \ the weather situation
o
3 20 o
Y k\
10 13'000 t \J\J\J{\ﬁ
y
fJ/\.__J 16 h
0 1
00:00 06:00 12:00 18:00 00:00 06:00 12:00
July 2, 2012 Time July 3, 2012

Figure 3. SSC time series in the turbine water of HPP Fieschertal during the major flood event
of July 2012 [8] and switch-off scenario with the proposed rules.

During this time, 13 000t of fine sediment were transported through the turbines (orange fill in
figure 3). This corresponds to 12 % of the annual sediment load in 2012 or to 25 % of the sediment
load in the other years without a major flood event (average of 2013 and 2014). The amount of sedi-
ment which entered the power waterway during these 16 h was higher than the sediment load of the



28th IAHR symposium on Hydraulic Machinery and Systems (IAHR2016) IOP Publishing
IOP Conf. Series: Earth and Environmental Science 49 (2016) 122011 doi:10.1088/1755-1315/49/12/122011

turbines, because a part of the sediment entering the HPP system settled in the storage tunnel. These
deposited sediments were occasionally re-suspended and transported through the turbines in the
months after the flood. Thus, a sediment load of more than 13 000 t would have been prevented to
enter the power waterway and to pass through the turbines if the intake had been closed during these
16 hours.

The economic potential of the switch-off scenario during this flood was evaluated and the result is
summarized in table 3. This indicates that switching-off both turbines during the flood in July 2012
would have been clearly profitable, with a net benefit of roughly 200 000 €.

Table 3. Economic analysis (benefits vs. losses and costs) of the switch-off scenario at
HPP Fieschertal during the major flood event in 2012 (for whole HPP with two turbines).

Benefits € Losses and costs €
Avoided repair costs because of Generation loss during switch-off
less erosion (rough estimate) 200 000 (2*32MW * 16 h~ 1 GWh) - 50000
Avoided generation loss because
of less reduced efficiency 30 000 Potential penalty for non-compli-
Avoided generation loss because ance with the announced if
of no runner exchange required 30 000 generation program applicable
Total 260 000 Total (without potential penalty) —50 000

6. Conclusions

Measures to cope with turbine erosion and reservoir sedimentation were reviewed. To optimize HPP
schemes with respect to fine sediment, a combined approach is required. This involves knowledge in
engineering sciences (hydraulic, mechanical, material, civil and environmental) in combination with
economic analysis.

Adequate solutions to mitigate reservoir sedimentation and turbine erosion depend on the site
conditions, the layout and components of HPPs. Long-term measurements and documentation of
sediment loads, turbine erosion, efficiency changes, maintenance actions and costs are highly recom-
mended as a basis for economic and power production optimizations. To reduce reservoir sedimen-
tation, conveying fine sediment through power waterways is an option for low- to medium-head
storage HPPs if sediment particles are relatively small and soft, and SSCs are low. To mitigate turbine
abrasion, temporary closing of intakes and turbine switch-offs in periods of high SSCs and coarse
particles are economically interesting measures for medium- to high-head HPPs with no or only small
headwater storages, if compliant with the regulatory framework and production obligations.

A relatively simple linear approach for the calculation of the switch-off SSC was proposed and a
value of 10 g/l was obtained for HPP Fieschertal. If this switch-off SSC had been applied in the major
flood in 2012, the shutdown duration would have been 16 hours and a net benefit of roughly 200 000 €
would have resulted.

7. Outlook

As a basis for optimized design, operation and maintenance of HPPs, further knowledge on quan-
titative relations between sediment and turbine parameters, turbine erosion and efficiency reductions
are required. Therefore, further field investigations with detailed measurements at HPPs are highly
recommended to enlarge the set of prototype data and to provide a basis for comparison with
laboratory investigations, numerical simulations and analytical considerations.

For some HPPs worldwide, a certain SSC-value is taken as switch-off criterion so far. However, a
combination of SSC- and PSD-information would better account for the actual erosion potential. The
effect of PSD on turbine erosion can be considered by defining a ‘modified SSC” = SSC * Kiiz, as
proposed by Nozaki [28]. The coefficient ksiz reflects the relative abrasion potential of particles of
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various size classes. Then, a switch-off criterion referring to a modified SSC can be formulated and no
additional criteria on limit particle sizes are required.

Acknowledgements

The support of the mentioned research project by swisselectric research, the Swiss Federal Office of
Energy (SFOE), the HPP operator Gommerkraftwerke AG as well as the Swiss Competence Center
for Energy Research - Supply of Electricity (SCCER-SoE) and the Research Fund of the Swiss
Committee on Dams are gratefully acknowledged. Further thanks go to Endress+Hauser, Sigrist
Photometers and Rittmeyer for lending measuring equipment as well as to all members of the project
team for their contributions.

References

[1]  Winkler K 2014. Hydro-abrasive erosion: problems and solutions. Proc. 27" IAHR Symposium
on Hydraulic Machinery and Systems, Montreal, Canada. IOP Conf. Series 22 052022

[2] Wedmark A 2014. Living with particle abrasion. Proc. Hydro Conf., Cernobbio (Lake Como),
Italy: paper no. 08.02

[3] Abgottspon A, Staubli T and Felix D 2016. Erosion of Pelton buckets and changes in turbine
efficiency measured in the HPP Fieschertal. Proc. 28" IAHR Symposium on Hydraulic
Machinery and Systems, Grenoble, France, IOP Conf. Series

[4] Morris G L and Fan J 1998. Reservoir sedimentation handbook. McGraw-Hill, New York

[5] Boes R M and Hagmann M 2015. Sedimentation countermeasures - examples from Switzerland.
Proc. 1% Intl. Workshop on Sediment Bypass Tunnels, VAW-Mitteilung 232 (Boes R M, ed.),
ETH Zirich, Switzerland: 193-210

[6] [ICOLD 2009. Sedimentation and sustainable use of reservoirs and river systems. Bulletin 147,
International Commission on Large Dams (ICOLD), Paris, France

[71 Annandale G 2013. Quenching the thirst: sustainable water supply and climate change. Create-
Space Independent Publishing Platform, North Charleston, South Carolina, USA.

[8] Felix D, Albayrak I, Abgottspon A and Boes R M 2016. Suspended sediment measurements and
calculation of the particle load at HPP Fieschertal. Proc. 28" IAHR Symposium on
Hydraulic Machinery and Systems, Grenoble, France, IOP Conf. Series

[9] |IEC 62364 2013. Guide for dealing with hydro-abrasive erosion in Kaplan, Francis, and Pelton
turbines. Edition 1.0, International Electrotechnical Commission (IEC) Geneva, Switzerland

[10] Maldet R 2008. Pelton runner with high erosion caused by glacier sediment: assessment and
measures. Proc. 15" Intl. Seminar on HPPs, Doujak E (ed.), Vienna, Austria: 639-646

[11] Engelhardt M, Schneider C and Oechsle D 2001. Real scale performance of advanced erosion
protection techniques on water turbines. In Kaushish S P and Naidu B S K (eds.), Proc. 2"
Intl. Conf. on Silting Problems in HPPs, Bangkok, Thailand: 168-175

[12] Naidu B S K 1999. Developing-Silt Consciousness in the minds of Hydro Power Engineers. In
Varma C V J, Naidu B S K and Rao A R G (eds.), Proc. 1% Intl. Conf. on Silting Problems in
HPPs, New Delhi, India (paper no. 1). Rotterdam/Brookfield: Balkema

[13] Ortmanns C 2006. Entsander von Wasserkraftanlagen (Sand traps of HPPs). PhD thesis, VAW-
Mitteilung 193 (Minor H E, ed.), ETH Zurich, Switzerland (in German)

[14] Doujak E and Gétsch H 2010. Usage of an axial hydro cyclone as sediment seperator. Proc. 16
Intl. Seminar on Hydropower Plants, Doujak E (ed.), Vienna, Austria: 87-95

[15] Mudller P and De Cesare G 2009. Sedimentation Problems in the Reservoirs of the KW Sar-
ganserland — Venting of turbidity currents as the essential part of the solution. Proc. 23"
ICOLD Congress, Q89 R21, Brasilia, Brazil

[16] Boes R M 2010. Kontinuierliche Messung von Schwebstoffkonzentration und —korngrdssen-
verteilung im Triebwasser und Quantifizierung der Hydroabrasion an einer Peltonturbine
(Continuous measurements of SSC and PSD in the turbine water and quantification of wear
at a Pelton turbine). Wasser Energie Luft, 102(2), Switzerland: 101-107 (in German)



28th IAHR symposium on Hydraulic Machinery and Systems (IAHR2016) IOP Publishing

IOP Conf. Series: Earth and Environmental Science 49 (2016) 122011 doi:10.1088/1755-1315/49/12/122011

[17]

[18]

[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]
[32]
[33]
[34]

[35]

[36]

Singh M, Banerjee J, Patel P L and Tiwari H 2013. Effect of silt erosion on Francis turbine: a
case study of Maneri Bhali Stage-11, Uttarakhand, India. ISH J. of Hydr. Eng. 19(1): 1-10
Sumi T 2005. Sediment flushing efficiency and selection of environmentally compatible
reservoir sediment management measures, East Asia of ICOLD, Proc. Intl. Symposium on

Sediment Management and Dams, 2" EADC Symposium: 9-22

ICOLD 1989. Sedimentation control of reservoirs. Bulletin 67, International Commission on
Large Dams, Paris, France

ICOLD 1999. Dealing with reservoir sedimentation. Bulletin 115, International Commission on
Large Dams, Paris, France

DWA 2006. Entlandung von Staurdumen (Removal of reservoir sediments). Deutsche Vereini-
gung fir Wasserwirtschaft, Abwasser und Abfall e.V., Hennef, Germany (in German)

BUWAL 1994. Okologische Folgen von Stauraumspiilungen (Ecological consequences of re-
servoir flushing). Schriftenreihe Umwelt no. 219; Bundesamt fir Umwelt, Wald und Land-
schaft, Bern, Switzerland (in German).

Jenzer Althaus J 2011. Sediment evacuation from reservoir through intakes by jet induced flow.
PhD thesis no. 4927. Hydraulic Constructions Laboratory (LCH), Ecole Polytechnique
Fédérale de Lausanne, Switzerland

LaiJS, Lee FZ, Wu CH, Tan Y C and Sumi T 2015. Sediment bypass tunnels of the Shihmen
Reservoir in Taiwan. Proc. 1% Intl. Workshop on Sediment Bypass Tunnels, VAW-Mitteilung
232 (Boes R M, ed.), ETH Ziirich, Switzerland: 55-70

Schittrumpf H and Detering M 2011. Innovative sediment handling to restore reservoir
capacity. Dams and reservoirs under changing challenges, Schleiss A J and Boes R M (eds.),
CRC Press: 345-352

Jacobsen T and Jiménez A 2015. Recent experiences from sediment removal projects. Proc.
Hydro Conf. Bordeaux, France

Winkler K, Dekumbis R, Rentschler M, Parkinson E and Garcin H 2011. Understanding hydro-
abrasive erosion. Proc. Hydro Conference, Prague, Czech Republic

Nozaki T 1990. Estimation of repair cycle of turbine due to abrasion caused by suspended sand
and determination of desilting basin capacity. Report, Japan International Cooperation
Agency, Tokyo

De Cesare G, Baumann R, Zuglian R and Binder F 2009. Sedimentausleitung aus dem Speicher
Gubsensee Uber die Triebwasserleitung (Evacuation of fine sediment from the Giibsensee
reservoir through the power waterway). Wasser Energie Luft, Switzerland 101(3): 203-206
(in German)

Sollerer F and Matt P 2013. Sediment management of reservoirs — sediment discharge in
dependence on the suspended load concentration in the run-off water. Proc. Hydro Conf.
Innsbruck, Austria, paper no. 18.08

Agrawal Y C and Pottsmith H C 2005. Turbine Erosion - lasers warn of abrasive sediments.
Proc. Hydro Conference, Villach, Austria

Bishwakarma M B and Stgle H 2008. Realtime sediment monitoring in hydro-power plants.
J. of Hydr. Research 46(2): 282—-288

Rai A K and Kumar A 2015. Continuous measurement of suspended sediment concentration:
Technological advancement and future outlook. Measurement 76: 209-227

Albayrak I, Felix D, Hagmann M and Boes R M 2015. Suspended Sediment and Bed Load
Transport Monitoring Techniques. Dresdner Wasserbauliche Mitteilungen 53: 405-414

Felix D, Albayrak I, Abgottspon A and Boes R M 2016. Real-time measurements of suspended
sediment concentration and particle size using five techniques. Proc. 28" IAHR Symposium
on Hydraulic Machinery and Systems, Grenoble, France, IOP Conf. Series

Gruber P, Felix D, Storti G, Lattuada M, Fleckenstein P and Deschwanden F 2016. Acoustic
measuring techniques for suspended sediment. Proc. 28" IAHR Symposium on Hydraulic
Machinery and Systems, Grenoble, France, IOP Conf. Series

10



