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The role of pumped storage under current mm—————
and future water availability and electricity prices

D. Anghileri', E. Weber!, A. Castelletti’, and P. Burlando’

Motivation

European energy markets have experienced dramatic changes in
the last years because of the massive introduction of Variable
Renewable Sources (VRSs), such as wind and solar power
sources, in the generation portfolios in many countries.

This has resulted in lower electricity prices, but, at the same time,
in increased price volatility, and in network stability issues.

Storage hydropower systems play an important role in
compensating production peaks, both in term of excess and
shortage of energy.

«  Hydropower systems are called to a more flexible operation to
secure the supply and to maximize their income.

Objectives and relevance of the work

Assess how the operation of a pumped storage system react to
different water availability scenarios (in terms of annual volume
and seasonal pattern).

Assess how the operation of a pumped storage system react to

different electricity price scenarios (in terms of mean annual price
and variance).

The results inform on the role of pumped storage systems under
current and future climate conditions and electricity market situations.

\
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Approach

We use a modeling framework for the integrated continuous
simulation of streamflow regimes and of operation of HP systems
composed of:

Mass balance model of the hydropower system (reservoir module
of Topkapi-ETH).

Design of the hydropower system operations using optimization
techniques (optimal policy of the hydropower operations)

Simulation of the optimal hydropower operations with a spatial

distributed hydrological model (hydrological module of Topkapi-
ETH)

Meteorological variables

Topkapi-ETH
Electricity price Reservoir release
Implicit model Reservoir Hydrological
(Optimal Policy) Module Module
Reservoir inflow Streamflow

Reservoir  Hydropower Hydrological
dynamics performance  response

Figure 1: Scheme of the modeling framework combining optimization of the
hydropower operations (yellow box) and simulation of the combined- human-
natural system (blue boxes).
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Water availability and electricity price scenarios

Water availability Electricity price
Current |+ Observed time series over « Observed time series over
scenario the period 2008-2014. the period 2008-2014.

Topkapi-ETH hydrological model |* SWISSMOD model
o i of the Swiss electricity market
Emission Scenarios: A1B (Schiecht and Weigt, 2014a,b)
Futurc? + Climate models: ECHAMS, « Swiss Energy Strategy 2050
scenario RegCM3 scenarios (Prognos, 2012)
Stochastic Downscaling (Bordoy

! « EU Energy Roadmap to 2050
Molina, 2013) (Capros 2013)

Study site

Mattmark hydropower system

Hydropower company: Kraftwerke
Mattmark AG c/o Axpo Power AG

Mattmark storage: 100,101,000 m3

Zermeiggern power plant: 38.8 MW
Zermeiggern pumping plant: 46 MW
A\ Stalden power plant: 187 MW

% 3 #.  Catchment area: 778 km?

Figure 2: Study site hydrological catchment and hydropower system.

Preliminary results

The optimal reservoir operating policy is designed by maximizing the
hydropower income. While the release patterns remain similar when
considering the 3 different price scenarios (showing increasing volatility
because of increasing shares of VRSs), the pumping patterns vary
significantly as a consequence of price volatility, showing an increase of
both intensity and frequency (Figure 3).
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Figure 3: a) Future price scenarios relative to 2025, 2035, and 2045 (Scenario
1-3 respectively): they correspond to different electricity market formulations with
increasing shares of VRSs and increasing electricity demand. b-d) Reservoir
storage, release, pumping (mean over 10 simulated years).

References

Bordoy Molina (2013). Spatiotemporal downscaling of climate scenarios in regions
of complex geography. PhD. Thesis — ETH Zurich.

Capros, P. (2013). The PRIMES Model 2013-2014: Detailed model description.
E3MLab/ICCS at National Technical University of Athens.

Prognos AG (2012). Die Energieperspektiven fir die Schweiz bis 2050.
Energienachfrage und Elektrizitdtsangebot in der Schweiz 2000 - 2050.

Schlecht and Weigt (2014a). Swissmod: A model of the Swiss electricity market.
Social Science Research Network.

Schlecht and Weigt (2014b). Linking Europe: The role of the Swiss electricity
transmission grid until 2050. Social Science Research Network.

109



SCCER-SoE Science Report 2017

/ SCCER-SoE Annual Conference 2017 fucooperation with the CT) \
S CC E R SO E I §:,Tsrsggompe‘ence Centers for Energy Research

P ———
SWISS COMPETENCE CENTER for ENERGY RESEARCH Q) Eoviesenion e

Confederazione Svizzera

SUPPLY of ELECTRICITY Confederaziun svizra

Swiss Confederation

Using streamflow forecasts to improve hydropower ==

reservoir operations
D. Anghileri’, S. Monhart?, Z. Chuanyun’, K. Bogner?, A. Castelletti’, P. Burlando’, and M. Zappa?

1) Institute of Environmental Engineering ETH Zurich; 2) Mountain Hydrology and Mass Movements, Swiss Federal Research Institute WSL WSL
Motivation Experimental approach
+  Hydropower reservoir operation can be improved by considering The assessment of the improvement in HP system performances will
streamflow forecasts when deciding how to operate the system, be based on the framework proposed in Anghileri et al., (2016).
i.e., reservoir and power plant.
* Accurate and reliable streamflow forecasts are key to anticipate .l
extreme events at different temporal scales, particularly on the -
short term (several hours ahead). woeo | e J Sveantou
e L J Forocest
* Increased anticipation capability results into more flexibleand | N\~
adaptive hydropower operation over different time horizons from Pty kel meew s | eterspems
hourly operation, to weekly management, to monthly production o e e el | Predictive (<
plannlng Meteo (noweast) | o ditions (forecast) o
Forecast l { Reservor
Operatng
Poicy
Objectives and relevance of the work Legend Joer
Smation
The objective of the work is to develop a real time hydropower B potea roeast Sreemter
operation system for Alpine snow and rain dominated system, which B Ciimatology l { EEZ?;.‘;L
includes:
a = Perfect Forecast Value
i. an ensemble streamflow forecasting system; b = Forecast Value gpomasien 2.3
ii. areal-time control system scheme.
The specific objectives are:
: to analyze. the dqua“ty_ of a set of streamflow forecasts on a Figure 1: Forecast-based adaptive management framework composed of a forecasting
retrospective dataset; model and a Model Predictive Control optimization scheme. The experimental setting
+ toimprove the hydropower system operations; consists of two benchmark (perfect forecast, climatology) which are compared with the
. X X . forecast to determine the improvement of the HP performances as measured by the
+ toassess the_ utility of pre-processing meteo"o'c’g'ca' forcing and reservoir operating objective (modified from Anghileri et al., 2016).
post-processing streamflow forecasts in terms of hydropower
performance.

The results inform on how much reservoir operations can benefit by Study site

th ideration of ble st flow f ts.
e consideration of ensemble streamflow forecasts The forecast-based adaptive

scheme is applied to the Verzasca
hydropower system (Tessin).

HP system features

» Hydropower company: Verzasca
SA

Method and tools

We use a forecast-based adaptive management framework (see Figure 1)
composed of:

i) Forecasting system ‘ e g + Reservoir storage: 85 108 m?
. . . System
The forecasting system used is the one developed and adopted in the o ) ¢ 7 . .
NRP70 HEPS4POWER project. See separate poster by Monhart et al.. o Installed power: 105 MW
GV‘&
This system is a further development of the one used by Jérg-Hess et F S =
al. (2015) for early detection of hydrological droughts in Switzerland. Figure 2: Study area in red and Verzasca hydropower system.

The new implementation has been setup for the Verzasca river basin
and has following features:

Hydrological features

* hydrological model PREVAH forced by monthly IFS ensemble The basin is ch terized b N

predictions (5 members for 1994-2014 and 51 members for 1€ basin Is characterized by 3

2014-2015); mixed snow and rain. ..
+ use of raw and pre-processed IFS forcing. Pre-processing make Atlonger lead times the §

use of quantile mapping; discrimination capability of 3

. . ) hydrological predictions is better

» use of post-processing techniques to refine the streamflow for low flow conditions (Figure 3). °

f B I, 2016). )

orecasts (Bogner et al., 2016) Only at early lead times higher T S T
" . R flows show higher discriminative Leadtime [days]
ii) Real-time optimization system power. Predictions of flash floods  Figure 3: Two-alterative forced choice
We use a Model Predictive Control (MPC) scheme where the reservoir remain challenging. The result score (2AFC) for different streamflow
operations are periodically revised to include the most up-to-date confirms the findings by Jorg- quantiles. Values below 0.5 indicate that

the forecasts have no discrimination, a
streamflow forecasts. Hess etal. (2015). value of 1 indicates perfect discrimination.
We use a deterministic optimization on a rolling-horizon to define the
operations for the following 30 days, we apply the reservoir release

decision for the first day, and we re-optimize the operations for the References
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H H i H Jorg-Hess S, Griessinger N and Zappa M. 2015. Probabilistic Forecasts of Snow Water
in the reservoir operatlon performances' In so domg, We Can assess Equivalent and Runoff in Mountainous Areas. J. Hydrometeor, 16, 2169-2186. doi:

how the buffering capacity of the reservoir can mitigate potential http://dx.doi.org/10.1175/JHM-D-14-0193.1
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Contexte Solutions

Les barrages ont linconvénient de représenter une barriere a la  Le canton de Fribourg et le groupe E, ont laché une crue artificielle de
continuité des cours deau. Le régime de débit est modifié, la  24h du 14 au 15 septembre 2016 pour nettoyer la riviere de ses algues. En
migration des poissons est interrompue et les sédiments sont paralléle, des sédiments ont été ajoutés par le LCH dans la riviere sous
retenus a I'amont des barrages. La riviere de la Sarine a été forme de 4 dépéts alternés, selon (Battisacco, 2016).

considérablement modifiée par I'implantation en 1948 du barrage de .

Rossens. Le déficit de charriage a entrainé l'incision de la riviére et le Obectifs

développement d’une végétation importante qui stabilise les berges et  Cette solution expérimentale vise a remobiliser les sédiments pour
empéche donc les sédiments d'étre remobilisés. Aprés la modification  réactiver une dynamique de charriage naturelle. Une meilleure diversité
de la LEaux en 2011, le canton de Fribourg a entrepris un programme  hydro-morphologique de la riviere est attendue. Ceci devrait en outre,
de renaturation de la Sarine pour réduire les effets négatifs de  améliorer la qualité de vie des habitats pour la faune et la flore alluviales.
I'utilisation de la force hydraulique.

Transport des RFID

Un RFID est mis en mouvement au temps t, puis sort de la zone des
dépots apres un temps t,. Il est ensuite détecté par une antenne au temps
t, et finalement déposé aprés un temps t;. Les débits critiques pour
I'érosion, permettent de connaitre t; et t,.

Méthodologie
Conditions initiales

> 4 dépots de 250 m? X3
> 489 sédiments équipés d’un systeme ¥
RFID (Radio Frequency

Identification) Hypothése: Les RFID parcourent la distance x2 + x3 a une vitesse

moyenne v = x3 / (t5-t,).

» Une crue artificielle pendant 24 h X1 X2 X3
avec un débit de pointe Q = 195 m%/s Emplacement
Dépét 1 final d'un RFID
Déroulement de I’étude “ “ \ o
Hauteurs L : longueur des dépbts e B
deau B : largeur de la riviere “
] Dépot2  Dépdt4 " Antenne
Vitesses
d'eau f i : —
to t1 Tempst t2 ts
Bathymétrie 18
51 % des RFID retrouvés
[=} | dans la riviere ont été
10 .
4 retrouvés en aval de la
Débits Comparaison 3 zone des dépdts. Le temps
critiques des profils 2 nécessaire t, qu'il leur est
pour £ s nécessaire pour sortir de la
I'érosion Z zone des dépots est
présenté ci-contre (€
Analyse du gauche).
transport )

0 5 10 15 20

des Temps t1 [h]

Analyse sédiments
statistique

HMID (Indice hydro-morphologique de diversité)

Amélioration plus importante (+30%) du HMID dans la zone d’impact
aprés la crue, suivant les mesures in situ et les résultats de la simulation
numérique.

Résultats
Position des RFID et zone d’impact

277 RFID retrouvés sur 489, dont 166 retrouvés dans la riviere et 111 | Conclusion
sur les dépdts. La zone d’'impact s’étale sur environ 300 m.

N

Le HMID indique une amélioration de la diversité hydro-morphologique
dans la zone d’impact, due aux dépéts.

Selon (Battisacco, 2016), un nouvel ajout de sédiments avec une crue
pourrait augmenter considérablement la longueur de la zone d’'impact.

Légende

[] Dépdt 1 - Aprés la crue
I Dépot 2 - Aprés la crue

B Dépdt 3 - Aprés la crue Les dépdts 1 et 3 profitent de I’écoulement secondaire créé par la
[ Dépot 4 - Aprés la crue courbe juste a I'amont et sont donc plus érodés. Plus de sédiments
& REIDovEnERtdn deptl pourraient donc étre ajoutés sur ce type de dépdts.
i:gﬁxﬁ::::g:ﬁ; Bien que basé sur des hypothéses qui méritent une vérification plus
RFID provenant du dépdt : approndie, le temps t, élevé, nécessaire aux les sédiments pour quitter la

zone des dépdts, représente une borne supérieure et peut étre une
valeur de comparaison de I'efficacité de la crue pour de prochaines
experiences.
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How does the HMID behave using numerical data?

Severin STAHLY*, Pierre BOURQUI, Christopher T. ROBINSON, Anton J. SCHLEISS
severin.staehly@epfl.ch

LABORATOIRE DE CONSTRUCTIONS HYDRAULIOUES:

IEPA

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Motivation

More than 15,000 km of the river network is categorized as strongly
modified or artificial in Switzerland. In order to classify the natural
state of a river, a solid method is needed. Commonly used methods,
such as the Rapid Bio assessment Protocol (RBP, Barbour et al.,
1999) based on visual observations, are sensitive to the person
doing the survey.

The Hydromorphological Index of Diversity (short HMID, Gostner
et al., 2013) can easily be combined with numerical 2D simulations
and can serve as an objective measure in the geomorphological
evaluation of a river before and after its modifications.

Based on a case study at the Sarine river, a sensitivity analysis of
the HMID from numercial data was conducted, regarding:

*  Model calibration (Strickler roughness values)
* Extreme values

Case study Sarine

Hydropower
ation Hauterive |

Situation of the Sarine
Background: © swisstopo

Sarine River (Figure 1)
* Meandering river (wide canyon)

*  Floodplain of national importance
«  2.5m%s (residual flow reach)

*  Average river width 30 m

Fig. 1: Situation (top left), Sarine river (right)
and the cross-sections taken for the
numerical 2D model (bottom left)

Numerical model
*  Numerical 2D model in BASEMENT with 2 m mesh size
* Based on 27 Cross-sections (80 m spacing) and LiDAR data

Tab. 1: Calibration of Strickler roughness values and the
difference in water levels compared to the in-stream measured

MAX

Results model calibration

Based on the dy, measured in K DIFFERENCE AN DIFFERENCE
the river, a initial Strickler [m13/s] [m] [m]
roughness value K = 30.4 m'?/s
was determined and applied. 30.4 0.45 0.20
Table 1 shows that the optimal fg g'ﬁ’ g‘lg
roughness based on the flow 14 0.39 011
depth lies at K = 10 m'3/s. 12 0.38 0.09

10 0.35 0.09

Computing the HMID for the
different roughness values one

can observe in figure 2 that the 14

HMID ranges from 8.4 (K = 10 X Q=25m

m'3/s) to 12.1 (K = 30.4 m'3/s). 124 O a=100m?s XX
The value measured with _—
acoustic measurements in the o XX

field lies at 94 what was 2 |

closest obtained with K = 14 8

m'?/s (HMID(K=14) = 9.6). s

If the same procedure is o o 00
applied with a higher discharge, ‘e 12 16 20 2 = =
the dependence is significantly Strickler K (m /s

smaller.
Fig. 2: Dependence of HMID on Strickkler roughness value

10
Results extreme values

8

Taking the example of K = 10 m'?/s, 6&
the influence of extreme values was
investigated. The blue lines in figure
3 show the removal of the largest >
and the smallest 5% of the values.

The HMID drops from 8.4 to 5.6, % 20 20 e 80 10
what corresponds to a decrease of
33%.

HMID

4

[%] of extreme values removed

Fig. 3: Dependence of HMID on extreme values

Discussion and conclusion

« Analysis have shown that the calibration of a nurmerical model is
important in regards to HMID computations. This effect is stronger
at low discharges. In the Sarine the not calibrated model attains an
HMID which is roughly 30% higher than the best calibrated.

*  Awell calibrated model attains HMID values which are close to the
one measured in the field.

« The HMID is largely influenced by extreme values. Therefore, data
selection in the field has to ensure that profiles with shallow as
well as profound flow depths are accurately represented in
the dataset!

< In this analysis, the Manning-Strickler flow law was applied, which
has been developed for uniform flow and giving one average flow
velocity within a profile. Numerical 2D models are more complex
and may be more accurate using different flow laws. The study
wants to bring the HMID closer to planning engineers who
often use the Manning-Strickler approach.

Index

The HMID uses flow depth h and velocity v from different points in the
river and is defined by Gostner et al. (2013) as :

, on 2 . 2
HMIDyg;,, =1_[ @aA+cevys =(1+—) -(1+—
i Hn My

CV = coefficient of variation [-]
4= mean value of flow depth [m] or velocity [m/s]
o= standard deviation of flow depth [m] or velocity [m/s]

Classifying in three different groups:

HMID < 3:
3 <HMID <5:

\\HM|D>5:

Channelized river with uniform cross-sections
Limited habitat variabilitly
Full range of hydraulic habitats
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