
(5) RESULTS !

(2) THE MATTMARKSEE HYDROPOWER 
SYSTEM!
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Figure 5.
CC impact assessment: 
Left panel: Shift from the black Pareto fronts (control 
period, 2001-2010) to the green fronts (future period, 
2041-2050) 

Loss of about 23% in terms of production and of 21% in 
terms of revenue
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price on productivity and profitability of Alpine hydropower!
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(3) METHODOLOGY !
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Mattmarksee: 100,101,000 m3

Zermeiggern power plant: 38.8 MW
Stalden power plant: 187 MW

Figure 7. 
Co-varying climate and price impact 
assessment: 
Left panel: 2045 inflow and price time series.
Higher future price à increase of profitability

Right panel: Adaptive capacity of the system: 
•  Increase of profitability (+2.5%) when considering 

profitability objective only.
•  Loss of profitability (-2%) when considering the 

productivity objective only.
Higher price variability à more important to allocate 
production when the price peaks.

Figure 6. 
Price change impact assessment:
Right panel: Normalized Pareto fronts. 

Similar PF shapes       Effect of the increasing price variability

Figure 2. 
Left panel: Historical inflow to Mattmarksee. The inflow shows the typical 
alpine regime, characterized by the peak during the melting season (spring-
summer) and low inflow during autumn-winter.
Right panel: Historical Mattmarksee level. The level of Mattmarksee is 
characterized by a draw-down period during the production season (in 
winter mainly) and a refill period during melting season (in spring and 
summer). The boxplots are computed on the period 1994-2014. 

Catchment area = 778 km2 

Figure 1. 
Map of the Mattmarksee HP system.
(1) Zermeiggern pumping station
(2) Zermeiggern HP plant
(3) Stalden HP plant

3
S T U D Y S I T E

3.1 geographical context

The case study we consider is the Mattmark hydropower system, lo-
cated in the alpine Vispa valley in Switzerland, in canton Valais (Fig-
ure 3.1). The Mattmark system belongs to the Rhone basin. The total
area drained by the gauging station near the village of Visp, just be-
fore the confluence into the Rhone, is of 778 km2.

two objectives:  
•  maximise production  
•  maximise revenue 
subject to physical constraints  
(mass balance, spillway capacity, …) 

one control variable:  
daily reservoir release 

two exogenous variables:  
inflow to Mattmark reservoir, energy 
price 
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Abstract 
 
Future Swiss hydropower (HP) production may be threatened by 
unprecedented challenges: a decreasing water availability, due to 
climate change, an increased energy demand, due to nuclear plant fade 
out, and uncertain operating conditions, due to highly fluctuating demand 
on the energy market.  
In this work, we analyse the tradeoff between adequate energy supply 
and profitable operation under current and future energy market 
conditions.  
We combine multi-objective optimization techniques and a Swiss 
electricity market model to design different reservoir operating policies. 
Results inform to which extent hydropower production can cope with 
both secure energy supply and profitable operation for the power 
companies.  
 

Design of hydropower systems operation under current 
and future energy market conditions 

1.  Objectives and relevance of the work 
 
•  Evaluate different hydropower operation policies under future climate, 

demand and market scenarios.  
•  Assess which reservoir operating policies lead to maximisation of 

production to support the 2050 energy strategy. 
•  Analyze the profitability of such policies  under different future market 

conditions. 
 
Results inform on the impacts of future climate and energy market 
conditions on hydropower generation and provide insights to future 
reservoir operating policies and energy market design. 
 
 

3.  Methods and contributions 
 
We develop a decision analytic framework composed of a coupled  
hydrological and hydropower operation model.  

We use multi-objective optimization techniques to design different 
hydropower reservoir operating alternatives and to explore different 
tradeoffs between profitability and secure supply.  

We investigate how these tradeoffs may evolve in time under different 
energy market scenarios, derived using the Swissmod1 model of the 
Swiss electricity market using the DC load flow approach. 
 

5. Future developments 
 
•  Analyse the evolution of tradeoff under different market scenarios 

and portfolios of power sources 
•  Evaluate the role of pumped storage (added value in current and 

future operation) 
•  Assess the joint effects of hydro-climatic and socio-economic 

drivers on hydropower system operation 
•  Upscale the analysis to regional/national scale 
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2.  Context within SCCER – SoE 
 
 

Methods: multi-objective optimization 
 
1.  Detailed modelling of the HP system 
2.  Definition of the control problem (multiple objectives, e.g., 

maximisation of revenue, production, reliability and flexibility of supply) 
3.  Analysis of the tradeoffs between objectives under different market 

scenarios 

[1] Schlecht and Weigt “Swissmod - A Model of the Swiss Electricity Market“ FoNEW Discussion 
Paper 2014/01 

4. Application to pilot study and preliminary results 
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The Pareto frontier is the solution 
of the control problem on the 
historical period 2009-2014 (top 
panel).  
It considers current market 
conditions (‘energy-only’ market)"
and shows a conflict between 
maximization of energy 
production and maximization of 
revenue, which produce totally 
different reservoir dynamics 
(bottom figure). 
The analysis informs on the 
maximum achievable production 
and the tradeoff in terms of 
power company income.
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Figure 3.1: Vispa valley including the watershed of Mattmarksee. The tri-
angle represents Mattmarksee. The continuous black line down-
stream from the reservoir is the penstock to the power plants.
The black arrows represent artificial diversions. The grey dot (1)
stands for Zermeiggern pumping plant, while the white dots (2
and 3) for the two hydropower plants, Zermeiggern upstream
and Stalden downstream. Natural rivers are represented in light
blue.

The hydrological regime is ice and snow-dominated with mini-
mum flows in winter and maximum flows in spring and summer.
The natural runoff in Vispa valley is exploited by two hydropower
companies, which divert parts of the runoff into two hydropower
reservoirs: Mattmarksee, operated by the Kraftwerke Mattmark (KWM),
and Lac de Dix, operated by Grande Dixence (GD), which is located
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ability registered in June in the level pattern and the high variability
of the inflow in the same month.

Figure 3.3: Boxplot of the natural inflow to Mattmarksee (left) and of the
Mattmarksee level (right) referred to the period 1994-2014. The
volume of summer inflow is stored in Mattmarksee and it is
shifted to the production season (winter).

Mattmarksee receives the natural inflow by five streams (Allain-
bach, Almagellerbach, Furggbach, Hohlhaubbach and Triftbach) and
from Vispa river. The inflow is collected by two diversions, one with
the capacity of 10 m3s-1 and the other of 6.5 m3s-1. The inflow is
higher during the melting season and very low in winter (Figure 3.3).
The variability of the summer inflow is very high because it depends
on the amount of water packed in glaciers, on the amount of snow
accumulated during winter, on the rainfall, and on the temperature,
which can be very variable from year to year.

3.2 description of the hp system

The Mattmark HP system is composed of three main elements: Mattmark-
see, the Zermeiggern power plant and pumping station, and the Stalden
power plant

3.2.1 Mattmarksee

Mattmarksee (Figure 3.4) is an artificial lake whose dam was built
between 1960 and 1965 and it’s operated by the KWM.

The range of oscillation of the Mattmarksee levels goes from 2,110
m a.s.l. to 2,197 m, and the resulting active storage is 100,132,000 m3.
Until 2001, the spillways were located at 2,199 m a.s.l., while later
they were moved at 2,197 m a.s.l. Figure 3.4).

The reservoir has a bottom outlet (capacity of 57 m3s-1) and a mid-
dle outlet (capacity of 50 m3s-1) that are used in case of extraordi-
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(1) MOTIVATION AND OBJECTIVES !
Alpine HP systems are experiencing a phase of transition due to:

•  climate change, which is affecting water availability,

•  energy market liberalization, increasing share of new renewable 
energy sources, phasing out of nuclear plants in many European 
countries.

In this work, we develop a simulation framework to:

•  assess the impacts of changes in water availability and energy 
price on Alpine hydropower systems,

•  evaluate the adaptive capacity or hydropower reservoir 
operation to water availability and price changes.

Figure 3. The simulation framework adopted in this study consists into four phases:
1.  Generating water availability and price scenarios,
2.  Modelling the hydropower system,
3.  Designing the Mattmarksee operating policy,
4.  Simulating and analysing the system performances 
The procedure is run under different combinations of water availability and price scenarios.
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Figure 4. 
Climate scenarios: Colored lines represent 
different realization of the stochastic downscaling 
procedure (Bordoy Molina, 2013). Black line 
represents the mean historical inflow. ���
Future inflow shows a shift of the peak inflow due 
to changed snow-melt dynamics and glaciers 
retreat.

34 methodology

ten and represent the mean of each different realization of the inflow
(ten year series) on an annual time period. The inflow in the control
scenario should be comparable to the historical one, but it is over-
estimated along the whole year. The overestimation depends on the
dataset generation procedure, from climatic models to the downscal-
ing process. The future inflow has the maximum peak shifted from
July to May-June respect to the historical inflow pattern. The mean
future patterns is consistent with the forecasts that we pointed out in
the literature review (see 2). The thinner layer of ice and snow that is
expected to be accumulated in the basin in the future is going to melt
earlier, anticipating the peak in the inflow.

Figure 4.2: Control and future inflow scenario. The colored lines are com-
puted as the mean inflow of each one of the ten realizations of
the control (left panel) and future inflow (right panel) on an an-
nual time period. The black line represents the mean observed
inflow, computed on the period 2001-2010 in both the panels.
The control projected scenarios are overestimated respect the
historical inflow, while the future projected inflow has the peak
shifted from July to May-June respect to the historical pattern.

Future price projections, instead, are generated by an electricity
market model for Switzerland called Swissmod, developed from the
Basel University [Schlecht et al., 2014a; Schlecht et al., 2014b]. Swiss-
mod captures the features and restrictions of run-of-river, yearly stor-
age and pumped-storage power plants and combines this with a net-
work model of the river and water stream system. In addiction, the
Swiss electricity network is represented. The model is developed as a
deterministic optimization problem whose goal is the cost minimiza-
tion. The inputs to the model are HP generation data, the represen-
tation of the Swiss transmission grid and the energy demand projec-
tions (current and future). HP generation data are provided by Swiss
Federal Office of Energy (SFOE) and are coupled with hydrological
information provided by Bundesamt für Umwelt (BAFU, Swiss Fed-
eral Environmental Agency). For modelling purposes, it is important
not only to capture the total extent of HP, but also the individual HP
plants with their geographic location and available technical charac-
teristics. The total Swiss energy demand is taken as input (European

(4) SCENARIOS !

Figure 5. 
Energy price scenarios: Historical and 
Future price scenarios in 2045 (Schlecht at al., 
2014a, Schlecht et al., 2014b). ���
Future prices show increasing mean and variance 
due to higher share of renewables.

(6) CONCLUSIONS!
•  CC impacts could cause a loss of about 21% of productivity and about 23% of profitability. 
•  The increasing mean of future price increases the future revenue and the future-price-adapted operating 

policy is expected to register more extreme releases, because of the higher variability of the future 
prices.

•  The adaptive capacity of the system is quite limited by system physical constrains.
•  Under future inflow and price scenarios the conflict between productivity and profitability is expected to 

increase because the efficient allocation of the water resource becomes more important.

•  Glaciers 29% of the basin.
•  2008: partial liberalization of the Swiss 

energy market.
•  2035: phase out of Swiss nuclear plants.

The case study  is 
suitable for the 
assessment of 

climate change and 
price variability 

impacts
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4.	  	  	  TRADEOFF	  ANALYSIS 
Impacts	  assessment 
Quan-fica-on	  of	  the	  
opera-onal	  adap-ve	  

capacity	   

	   
	   

	   
Hydropower	  
produc-on 

Revenue	  from	  
electricity	  sale 

	  

	  

The	  dynamic	  of	  Ma=marksee	  is	  
described	  by	  the	  mass	  balance	  
equa-ons	  of	  the	  water	  storage.	  

	  The	  energy	  produc-on	  is	  es-mated	  
by	  simula-ng	  the	  op-mal	  hourly	  
opera-on	  of	  the	  turbines	  in	  each	  

power	  plant. 

3.	  	  	  	  POLICY	  DESIGN	  	  

Mul--‐objec-ve	  op-miza-on	  of	  the	  
reservoir	  control	  policy	  via	  
Determinis-c	  and	  Stochas-c	  

Dynamic	  Programming	  Algorithm 

1.C	  	  	  MODEL	  OF	  THE	  CATCHMENT 
	   

TOPKAPI-‐ETH	  simulates	  the	  soil	  water	  balance	  and	  
subsequent	  rainfall-‐runoff	  processes	  to	  es-mate	  the	  

daily	  streamflow	  in	  the	  diversions 

(Bordoy	  Molina,	  2013) 

CLIMATE	  MODELS 
	   
ECHAM-‐r3	  (GCM) 
	   
RegCM3	  (RCM) 
	   
REMO	  (RCM) 

DOWNSCALING 
	  
-‐	  Precipita-on	  via	  Space-‐Time	  
Neyman	  Sco=	  Rectangular	  Pulses	  
Model	  (ST-‐NSRP) 
-‐Temperature	  via	  Mul-variate	  
AutoRegressive	  (MAR)	  Model 

1A.	  	  	  CLIMATE	  SCENARIOS 1B.	  	  	  PRICE	  SCENARIOS 

SWISSMOD	  MODEL 

(Schlecht	  et	  al.,	  2014a,	  Schlecht	  et	  al.,	  2014b) 

•  Run-‐of-‐river,	  storage	  and	  
pumped-‐storage	  power	  plants 

• Network	  of	  the	  river	  and	  water	  
system 

•  Swiss	  electricity	  network 

2B.	  	  	  SYSTEM	  
PERFORMANCE 

	  2A.	  	  	  	  MODEL	  OF	  MATTMARK	  
HYDROPOWER	  SYSTEM	  	  
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Right panel:
•  Reduced water availability (glacier retreat) à 

Limited adaptive capacity of the system
•  Exacerbated conflict between the objectives: 

Left panels:
Higher price variability à more extreme releases in the system operation

 History and 2020 price scenarios  VS  2030-2040-2050 price scenarios

+2% of productivity à -8% of profitability 


