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Abstract scientific literature has mostly focused on the analysis of climate change impacts on
hydropower operations, underrating the consequences of energy policies, for example, increase in Variable
Renewable Sources (VRSs) and CO, emission permit price, on hydropower productivity and profitability. We
contribute a modeling framework to assess the impacts of different climate change and energy policies on
the operations of hydropower reservoir systems in the Alps. Our approach is characterized by the following:
(i) the use of a physically explicit hydrological model to assess future water availability; (ii) the consideration
of electricity price scenarios obtained from an electricity market model accounting for the future projected
European energy strategies; and (iii) the use of optimization techniques to design hydropower system
operations in response to the projected changes. Through the application to the Mattmark system, a
snow- and ice-dominated hydropower system in Switzerland, we demonstrate how the framework is
effective in exploring the sensitivity of Alpine hydropower to changes in water availability and electricity
price, in quantifying the uncertainties associated to these projections and in identifying the value of
reoperation strategies. Results show that energy policies may have more significant impacts on hydropower
operations than climate change and, as such, are worth considering in impact assessments studies. The
reduction of water availability due to climate change is expected to induce a loss in electricity production
down to —27% by 2050. Changes in electricity price, instead, may have up to 6 times stronger impact than
climate change, leading to an increase in hydropower revenue up to about +181%.

1. Introduction

Hydropower is a major source for electricity production in the Alps. There are about 550 large hydropower
plants (i.e., larger than 10 MW) in the Alpine area comprising Switzerland, Italy, Austria, Slovenia, France, and
Germany, with an overall installed capacity of about 46,000 MW (Eurostat, 2016; Swiss Federal Office of Energy,
[SFOE], 2016). This electricity is mostly generated by storage systems, which have the possibility to accumu-
late water over long periods and release it when electricity demand or price is high. In most of these systems,
the hydrological conditions define the amount of water yearly available and, consequently, the yearly power
generation. In the large majority of cases, electricity prices drive the timing of this production. In the last
few decades, both these drivers have experienced substantial variations following hydroclimatic and socioe-
conomic changes. These are expected to persist in the future and to represent a major challenge to Alpine
hydropower system operations.

Climate change is likely the most relevant challenge when considering future water availability (Bates et al.,
2008). The main effects of climate change in the Alps are changes in seasonal snow cover duration and spa-
tial extent on the short term (e.g., Barnett et al., 2005; Magnusson et al., 2010; Steger et al., 2013) and glacier
retreat on the middle and long term (e.g., Huss, 2011; Huss et al., 2008; Zemp et al., 2006). These are expected
to modify the Alpine hydrological regime substantially, ultimately impacting hydropower productivity
(Beniston, 2003; Farinotti et al., 2012; Fatichi et al., 2015; Hanggi & Weingartner, 2012; Viviroli et al., 2011).
Moreover, the projected hydrological shift from low-frequency processes, that is, snow and ice melt, to
high-frequency rainfall-driven streamflow patterns, will accelerate the catchment response to precipitation
events, enhance the variability of reservoir inflows, thus calling for a modification of the current hydropower
system operations (e.g., Brekke et al., 2009; Gobiet et al., 2014; Haguma et al., 2014).
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The second important challenge is coming from the socioeconomic aspects of the energy system, that is, the
recent global process of renovation of the energy sector toward low-carbon generation targets, the effort to
improve energy efficiency, the nuclear phase-out, and the increasing share of e-mobility (da Graca Carvalho,
2012). European electricity markets have experienced dramatic changesin the last years following the massive
introduction of Variable Renewable Sources (VRSs), that is, solar and wind (Haas et al., 2011), and the share of
solar and wind energy sources will further increase in the future to meet the European Union (EU) renewable
energy target by 2020. VRSs are typically intermittent, that is, their electricity production is highly dependent
on the inherent stochastic variability of the sources and, therefore, only partially predictable, have negligible
variable cost of production, and have been largely subsidized (e.g., International Energy Agency [IEA], 2015a;
Ketterer, 2014). These factors have lowered electricity prices, causing smaller incomes to traditional electric-
ity sources and increased price volatility, thus inducing hydropower storage systems to flexible operations
and imposing higher maintenance cost (e.g., Gurung et al.,, 2016; IEA, 2015a). These effects will likely further
amplify in the future because of the expected increase in electricity demand due to the spread of electrical
vehicles (e.g., Shepherd et al., 2012), demographic trends (e.g., York, 2007), climate-induced change in the
electricity demand (e.g., Bartos et al., 2016; Christenson et al., 2006; Damm et al., 2017), and the reduction
of baseload electricity production in countries planning to phase-out nuclear power plants (among which
Germany, Belgium, and Switzerland in Europe) (Aune et al., 2015).

Electricity markets can be indirectly impacted by climate change in many ways. For example, climate change
might induce an increase in the electricity demand for cooling purposes (i.e., air conditioning), reduce the
water available for hydropower production, as already mentioned, and increase the temperature of rivers
which are used for cooling purposes of thermoelectric (nuclear and fossil-fueled) power (see, e.g., Mima &
Ciriqui, 2015; Van Vliet et al., 2013, and references therein). These effects would be mostly visible during
extreme meteorological events. There is also evidence that the last heat waves in Europe affected electricity
prices. For example, Pechan and Eisenack (2014) find an average price increase of 11% in the German spot mar-
ket during the heat wave of 2006. Estimating the uncertainty of climate change impact on electricity prices
is a topic of current research, and few studies are available so far. Among these, Van Vliet et al. (2013) predict
an increase in the electricity prices for most European countries for the period 2031-2060 with small price
variations of about 5% depending on the climate scenario considered (either SRES B1 or A2).

As a consequence of the combined effect of the above mentioned challenges, fast dynamical and uncertain
streamflow and price generation processes will characterize hydropower production in the future. In such an
overly variable and changing context, current traditional reservoir operating strategies may prove inadequate
(e.g., Mateus & Tullos, 2016; Palmer et al., 2008; Watts et al., 2011). This will likely force hydropower system
operators to change their current operating strategies in favor of higher flexibility and reliability in order to
cope with changed water availability and price structure.

Most of the literature on future impact assessment on hydropower systems has focused on the effect of cli-
mate change on water availability both at the local scale, that is, analyzing one or several catchments (e.g.,
Farinotti et al., 2012; Fatichi et al., 2015; Schaefli et al., 2007) and at the global scale, that is, focusing on con-
tinental scales or the entire globe, (e.g., Hamududu & Killingtveit, 2012; Lehner et al., 2005; Ng et al,, 2017;
Schaefli, 2015). Implications of changed water availability on hydropower systems are qualitatively discussed
in most publications, while only few studies perform a quantitative impact analysis (e.g., Anghileri et al., 2011;
Gaudard et al.,, 2014; Terrier et al., 2011). In most of these studies, the existing reservoir operating rules are
usually adopted to simulate the system operations with future hydrological inflows, thus neglecting the adap-
tation potential of reservoir systems. Seldom adaptation measures, including reoperation (e.g., Anghileri et al.,
2011) or structural (e.g., Farinotti et al., 2016) measures, are explored.

Much less attention has been devoted to assess the impact of energy and economic policies on future
hydropower, although electricity prices are arguably considered the largest source of uncertainty in
hydropower operations (Gaudard et al., 2016). Examples include the coupling of hydropower systems with
VRSs (e.g., Frangois et al.,, 2014) and changes in the electricity demand (e.g., Maran et al., 2014). Electric-
ity prices are usually modeled with deterministic empirical relations estimated from historical records (e.g.,
Gaudard etal., 2016). There are few studies focusing on how electricity price may change in the future and how
this will affect hydropower operations (e.g., Gaudard et al., 2014; Van Vliet et al., 2013). Acommon assumption
is to describe the evolution of electricity prices due to climate change by modeling the relation between elec-
tricity prices, demand, and temperature (e.g., Kern etal,, 2011, 2014). No study so far, according to the authors’
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Figure 1. Flowchart of the modeling framework adopted in this paper. Dashed boxes refer to analysis developed in
previous studies.

knowledge, addresses how hydropower operations might be affected by political and economic scenarios
such as different development paths for VRSs or CO, permit price.

In this context, the objective of this paper is to compare the effect of climate change and energy strategies on
Alpine hydropower operations. We develop a modeling framework that is capable of (i) simulating the effect
of different and uncertain water availability and electricity price projections on hydropower system opera-
tions and (ii) designing suitable adaptation strategies by reoptimizing reservoir operations under uncertain
changing conditions. Water availability projections are obtained using a physically explicit hydrological model
driven by stochastically downscaled climate change scenarios of precipitation and temperature. Electricity
price projections are obtained by simulations of an electricity market model that accounts for the genera-
tion mix, including VRSs, the electricity demand, the CO, emission permit price, and other elements that are
determinant in forming electricity price. We adopt a stochastic, multiobjective optimization technique to esti-
mate current hydropower system operations and their possible future evolution in response to the above
mentioned scenarios up to 2050. The multiobjective nature of the optimization algorithm allows to explore
alternative hydropower operating strategies, diversely balancing the different operating purposes, for exam-
ple, electricity supply and revenue. The stochastic nature of the optimization algorithm allows to cope with
the inherent uncertainty characterizing reservoir inflows and electricity price fluctuations, thus avoiding the
unrealistic assumption of perfect knowledge of the two.

Overall, our modeling framework allows understanding how much impact global changes in climate and
energy policies could have on hydropower operations at the local scale, disentangling which of the two drivers
could be the most impacting one. In summary, the paper contributes three novel aspects: (i) we analyze
the effects of changes in water availability and electricity price scenarios when considered alone and jointly,
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showing that their combined occurrence might drive nonlinear effects on the impact assessment; (ii) we
explicitly account for the uncertainty of (a) natural climate variability when producing climate scenarios
by adopting stochastic downscaling techniques and (b) both reservoir inflows and electricity price when
exploring the future reservoir operations, thus assessing more robust impacts; (iii) we explicitly account for dif-
ferent adaptation measures designed to account for multiple hydropower performance metrics, specifically
electricity production and revenue.

The modeling framework is applied on the real-world case study of the Mattmark reservoir, one of the largest
hydropower reservoirs in Switzerland. The system has a total installed capacity of 256 MW and almost 30%
of its catchment area is covered by glaciers. The Mattmark setup is representative of many storage systems
in Switzerland, one of the countries with the highest hydropower annual generation in Europe (International
Commission on Large Dams [ICLD], 2014; IEA, 2015b). Hydropower is currently contributing to about 60% of
the national production of electricity, while the remaining 40% is essentially covered by nuclear power pro-
duction (SFOE, 2016). Being one of the historical power sources in the country, Swiss hydropower systems are
well designed for what concerns both infrastructures (e.g., turbine efficiency) and operations, but they will be
substantially threatened by both climate change, for example, glacier retreat (e.g., Fatichi et al., 2015; Farinotti
et al., 2016), and socioeconomic changes, for example, the nuclear phase out, which is planned within the
next decades (SFOE, 2012). Although not part of the European Union, Switzerland is very much connected to
the other European countries because of its geographic and economic centrality. As such, the energy policies
established at the European level affect significantly the electricity price of the country. These characteristics
make the study site particularly interesting for comparing the absolute and relative impact of climate change
and socioeconomic policies on the hydropower potential and for exploring how adaptation strategies can
lessen such impact.

The paper is organized as follows. Section 2 presents the general modeling framework. In particular, it
describes the scenarios of water availability and electricity price considered in this study, the hydropower sys-
tem optimization model, and the experimental setup. Section 3 describes the Mattmark hydropower system.
Section 4 presents the results of the trade-off evolution driven by water availability and electricity price sce-
narios. Finally, section 5 concludes the paper summarizing the main results and discussing the limitations of
the analysis.

2. Material and Methods

The modeling framework developed in this paper is shown in Figure 1 and consists of four steps: (i) scenario
generation, (i) hydropower modeling, (iii) operation design, and (iv) simulation and scenario analysis.

2.1. Scenario Generation

We generate the water availability scenarios by simulating the basin response through the distributed, phys-
ically based hydrological model Topkapi-ETH fed with climate change scenarios developed in a previous
research project (see Bordoy Molina, 2013; Fatichi et al., 2015). Price scenarios are taken from Schlecht and
Weigt (2015) as detailed below.

2.1.1. Climate Change Scenarios and Hydrological Model

The climate change scenarios considered in this study comprise three different climate model realizations
stemming from three Regional Climate Models (RCMs), driven by one General Climate Model, and one emis-
sion scenario. We consider the middle emission scenario A1B (Nakicenovic et al., 2000), the General Climate
Model ECHAMS5 (Roeckner et al., 2003), the RCMs ECHAM5r3 (Roeckner et al., 2003), RegCM3 (Pal et al., 2007),
and REMO (Jacob, 2001). A stochastic downscaling procedure is used to spatially and temporally downscale
the time series of precipitation and temperature obtained by the climate models to the resolution required
by the hydrological model Topkapi-ETH. The procedure consists in calibrating two stochastic weather genera-
tors for simulating hourly, multisite precipitation and temperature and computing monthly factors of change
for both the mean and the variance for each decade from 2011 to 2050 with respect to the control scenario.
These are used to reparameterize the calibrated weather generators to simulate time series that account for
the climate change signal and the intrinsic stochastic variability of local climate. More details on the stochas-
tic downscaling procedure can be found in Bordoy Molina (2013) and Bordoy Molina and Burlando (2014).
In the following analysis, we consider 100 stochastic realizations of 10 years each generated in a previous
work (Fatichi et al., 2015). Each future decade as well as the control scenario are assumed to be stationary.
While we acknowledge that the A1B scenario has been superseded by the new RCPs (Van Vuuren et al,, 2011),
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we consider that its use is not problematic as the projected changes from the CMIP3 experiment simula-
tions (considering the A1B scenario) and those from the CMIP5 experiment (considering the RCP scenarios)
are remarkably similar (Knutti & Sedlacek, 2013). Similarly, we consider appropriate also the use of only three
model chains, as opposed to multimodel scenarios, as it has been demonstrated that, for scenario horizons
up to 2050, the dominant source of uncertainty is that of the (stochastic) natural variability of climate (Fatichi
etal., 2016), which is already taken into account by the scenarios we use (Bordoy Molina, 2013; Bordoy Molina
& Burlando, 2014).

The hydrological model Topkapi-ETH is an evolution of the original rainfall-runoff model Topkapi (Ciarapica
& Todini, 2002; Liu & Todini, 2002) and has been used in several previous works to represent catchments
with complex terrains (e.g., Ragettli & Pellicciotti, 2012), and catchments where water infrastructures affect
significantly the natural hydrological regime (e.g., Finger et al., 2012; Fatichi et al.,, 2015). Topkapi-ETH is a phys-
ically explicit model using a regular grid spatial representation of the catchment area. The model accounts
for the main hydrological processes that are relevant in Alpine catchments, that is, snow and ice melt and
accumulation processes, soil infiltration and excess, surface and subsurface flow, and evapotranspiration (see
Fatichi et al.,, 2015, for more details). In particular, ice melt and accumulation dynamics are modeled without
accounting for ice mass redistribution due to glacier movements. Topkapi-ETH is also capable of describing
the alteration of natural flow patterns due to anthropogenic structures through a spatially distributed network
of reservoirs and artificial diversion channels, which are modeled through mass balance equations. The reser-
voir operations is described using a closed-loop operating rule describing the reservoir release as a function
of reservoir storage and day of the year (see section 2.3).

2.1.2. Electricity Price Scenarios

The European market development and the resulting prices for Swiss hydropower are based on the scenario
assessment described in Schlecht and Weigt (2015) that provides publicly available hourly price curves every
5 years from 2015 to 2050. Future scenarios of electricity prices are based on the Swiss and European energy
road maps. They capture the transition from the former fossil-nuclear-dominated generation mix to a sys-
tem characterized by a high share of renewable generation, a projected increase in energy demand mostly
due to population growth, a planned increase in CO, emission permit price, and other elements which are
determinant in forming electricity price. More details are included in the supporting information. The price
scenarios are obtained through a model of the Swiss electricity market called Swissmod (Schlecht & Weigt,
2014). The model describes the Swiss electricity grid with nodes representing power sources and sinks, and
edges representing transmission lines. It describes also the interconnections of the Swiss transmission sys-
tem to the neighboring countries, thus being able to simulate electricity import and export with Austria,
Germany, France, and Italy. Swissmod accounts for diverse generation mix, comprising, among others, nuclear
power plants, other conventional thermal power plants, VRSs, and hydropower plants. The model designs
hourly power production and electricity price for each country over a period of 1 year by solving a linear
programming problem minimizing total generation cost under given electricity demands, which are taken
as exogenous inputs. A summary of the underling modeling approach and the resulting market and price
developments is provided in the supporting information.

Within the context of this study, the price scenarios by Schlecht and Weigt (2015) are used as one possible
price scenario for every decade we consider in the analysis, and they represent a probable future market devel-
opment that can be contrasted to the climate-induced hydrological changes to hydropower systems. Given
the high uncertainty of future fuel prices, energy and environmental policy developments, potential market
design changes, and uncertain technology developments, a single price scenario cannot capture all those
impacts. Ideally, a set of different price pathways or uncertainty estimates should be used. However, given
the limited availability of price simulations with sufficient temporal resolution for a hydropower operational
model, we consider the chosen price scenario sufficient for a first estimate and judgment of the relevance of
market drivers and socioeconomic impacts in the context of hydropower assessments.

2.2. Hydropower Modeling

We model the hydropower system with a daily mass balance equation representing the reservoir storage
dynamics, plug-flow models of the hydropower network artificial channels, and physically based models of
the power plants. The reservoir dynamics is described by the mass conservation equation as follows

Ser1 =S¢ T 0 — e m
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where s, (m3) is the reservoir storage at time t, a,,, (m3) is the reservoir inflow, and r,,; (m?) is the reservoir
release from time t to t + 1. In our mathematical notation, the time subscript of a variable indicates the time
instant when the variable value is deterministically known. Following Soncini-Sessa et al. (2007), the release is
expressed by means of a nonlinear function of storage, inflow, and release decision, which also accounts for
the spillway rating curve and other physical constraints (e.g., active storage), that is,

fepr = f(Sp, Uy, A q) (2)

where u, (m3) represents the water volume to be released between t and t + 1 according to the reservoir
operating rule (see section 2.3).

We consider two performance metrics to assess the current and future hydropower performance, namely, the
mean annual electricity production and revenue. The power generated in the ith plant is computed as follows

Gi+1 = n’gpqiﬁh’; ©)
where G;H (MWh) is the production, 7' (-) is the efficiency of the ith plant, g (m/s?) is the gravitational acceler-
ation, p (kg/m3) is the water density, and q’;H (m?3) is the turbined volume in the jth plant from time tto t + 1.
The latter cannot exceed the plant capacity Q] . (m?), thatis, g, , = min{r,,;, Q! }. The hydraulic head h;

max
(m) is computed from the storage through the storage-stage relationship.

i
max

The revenue is computed assuming that the production in each power plant s allocated in the most profitable
hours of the day, that is, _
Mt

R’t+1 = ZHHU' ;‘+1 (4)
j=0

where R§+1 (euro) is the daily revenue of the ith plant, 6, ; (euro/MWh) is the electricity price in the jth most
profitable hour from day t to t+1, and n{_, (-) is the daily number of hours in which the ith plant is operated at
full capacity, that s, n£+1 = Oq,:x - 24. Equation (4) incorporates hourly price variability into the objective func-
tion which is, however, modeled at the daily time step. In so doing, we can assess how different intraday price
patterns, which are projected to significantly change in the future (see section 4.2 and the supporting infor-
mation), might affect hydropower operations. With this proposed design, we aim for a compromise between
model complexity and model detail. The daily formulation allows a more compact model formulation suitable
for multiple scenario runs. However, a model setup with only average daily electricity prices would provide a
wrong incentive structure as storage hydropower systems aim for maximizing production during high price
hours. The accounting for a more detailed hourly profile of prices (in our case Ops1 withj=1,2,---,24) pre-
vents this bias. The revenue estimate represents, nevertheless, an upper bound of the actual revenue, because
the computation assumes the intradaily price to be perfectly known in advance. This assumption might rep-
resent a larger approximation in the future because prices volatility is expected to increase due to higher

production by VRSs.

2.3. Operation Design
We describe the operations of the hydropower system by means of closed-loop operating rules (Castelletti
et al,, 2008) describing the reservoir release decision as a function of the reservoir storage and the day of the
year, that is,

u, = n(d,,s,) 5)

where u, is the release decision (m?) at time t, x is the operating rule, d, is the day of the year (d, = 1 repre-
senting the first Monday in January), and s, is the reservoir storage (m3). The optimal reservoir operating rules
are defined as

7 = arg maxJ = [JPre, J&Y (6)

where JP™ and J* are the two objective functions we consider. They represent the expected value of elec-
tricity production (MWh) and revenue (euro) of the N, plants belonging to the hydropower system computed
with respect to the hydropower model exogenous variables, corresponding to the reservoir inflow and the
electricity price, over an infinite optimization horizon H, that is,

Fo= g |lim G 7)
a0, qu;; t
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Table 1
Summary of the Experimental Setting for the Scenario Analysis

Scenarios used in optimization Scenarios used in simulation Meaning of the experiment
Baseline control climate + historical price control climate + historical price Business-as-usual operations
CC-BAU control climate + historical price changed climate + historical price Business-as-usual operations under climate change
CC-ADA changed climate + historical price changed climate + historical price Operations adapted to climate change
EP-BAU control climate + historical price control climate + changed price Business-as-usual operations under price change
EP-ADA control climate + changed price control climate + changed price Operations adapted to price change
CC-EP-ADA changed climate + changed price changed climate + changed price Operations adapted to both climate and price change
H-1 N,
J¢ = | lim R @)
ap.0, | Hooo 4

t

l
o
T

We formulate the reservoir operation problem as a two objective stochastic optimization problem to account
for the hydropower company interests and the goals of the Swiss Energy Strategy 2050. On the one hand, the
main aim of a private company on a deregulated market is expected to be the maximization of the revenue
(equation (8)). On the other hand, the Swiss Confederation aims at increasing hydropower electricity produc-
tion (equation (7)) in the following decades to partially compensate for the planned Swiss nuclear phase out,
as outlined in the Swiss Energy Strategy 2050 scenarios (Prognos, 2012). A more extensive discussion about
the reservoir system operations driven by these two objective functions can be found in Anghileri et al. (2018).
The optimal operating rules are then obtained using Stochastic Dynamic Programming. The expected val-
ues in equations (7) and 8 are computed with respect to probability density functions describing reservoir
inflow and electricity price as two independent cyclostationary stochastic processes (see Anghileri et al., 2018,
for more details). The solution of the control problem is a set of Pareto optimal operating policies diversely
trading-off the two above mentioned objectives.

2.4. Simulation and Scenario Analysis

The above described modeling and optimization tools are used to analyze how the trade-off between the
two objective functions may evolve in time under different scenarios of water availability and electricity
prices, specifically 100 scenarios of water availability and a scenario of price for each decade. We consider
the optimal operating rules designed under the combination of water availability in the control period and
historical electricity prices as baseline. The investigated scenarios are used for two purposes: (i) to simulate
how the baseline operating rules perform under different and changing future scenarios (business-as-usual
analysis) and (i) to design new optimal operating rules according to future inflow and price probability
density functions (adaptation analysis). More specifically, we simulate the performance of the baseline oper-
ating rules when used under future scenarios of water availability or electricity price to estimate the impacts
of business-as-usual operating rules under climate change scenarios (CC-BAU) or electricity price scenarios
(EP-BAU). Then, we redesign the operating rules according to future scenarios, to estimate the adaptive capac-
ity of the hydropower system to the considered changes, that is, CC-ADA when considering climate change
scenarios only, EP-ADA when considering price scenarios only, and CC-EP-ADA when considering both sce-
narios. In this last case, we combine each climate change decade with the price scenario simulated for the
middle year of the same decade (e.g., the decade 2041-2050 is associated to the price in 2045). As we repeat
the analysis for every decade, results show the evolution of both impacts and adaptation potential up to 2050.
Using stochastic realizations of water availability, we are able to estimate the uncertainty of the impacts due
to natural climate variability and contrast this with climate change impacts. Table 1 summarizes the specifics
of the different experiments.

One limitation of the data set used for the scenario analysis is that the price scenarios are not based on the
same climate inputs used for the hydrological scenarios. While the price scenarios of Schlecht and Weigt (2015)
account for general changes on the supply side (i.e., increasing shares of renewables) and input costs (i.e.,
fuel and permit prices), changes on hydropower inflows, demand patterns, or fossil plant availabilities due to
climate change are not considered in Swissmod. Combining all these elements into one consistent framework
is still an ongoing research. Consequently, price simulations with sufficient resolution for our assessment are
not yet available. However, the proposed model structure as well as the general scenario outlet are designed
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Stalden in such a way that once such information is available the analysis can
plant be updated and extended. The obtained numerical results are therefore
meant to highlight the importance of a combined assessment.

Zermeiggern
plant 3. Case Study

The Mattmark hydropower system is located in the Visp Valley in Southern
Switzerland (Figure 2). Previous estimates indicate that about 41% of the
annual discharge in the entire Visp valley is used for hydropower pro-
duction by two hydropower systems (Finger et al., 2012). Part of water
resources of the catchment are transferred to the Grand Dixence dam,
which is located in a nearby valley. The remaining is instead exploited by
the Mattmark hydropower system. The Mattmark reservoir has a storage
of about 100 x 10° m? and it is capable of storing the entire median annual
inflow, that is, it has an inflow-to-storage ratio equal to 1 or, in other words,
a reservoir storing capacity of 12 months. It produces electricity via two
power plants downstream (Zermeiggern and Stalden) with a total installed
capacity of 256 MW. The reservoir is fed by a 162-km?-wide catchment
with anice and snow-dominated hydrological regime characterized by low
inflow in winter and autumn and high inflow in summer. Almost 30% of
the reservoir catchment area is covered by glaciers (Farinotti et al., 2012),
mostly contributing to the late summer inflow. The Mattmark hydropower

Mattmark
reservoir

e ) N system is operated since 1965 and follows the typical Alpine storage pat-

Switzerland | M"Y 1 1Kilometers ] - . rage
L usria | 0 25 5 10 tern, with a single drawdown and fill up cycle starting at the beginning of
France | » e the fall season. The flow used from the hydropower system is returned to
Italy the natural water body at the end of the valley. The Zermeiggern plant is
both a production and pumping plant. In this paper, we intentionally do
Figure 2. Visp valley including the Mattmark reservoir. The Mattmark not model its pumping activity, because we want to perform an analysis
hydropower facilities (diversion channels and power plants) are represented ~ which could be considered representative of most of the hydropower sys-
with solid red lines and dots. The glacier thickness map represents the ice tems in Switzerland and pumped storage plants covers only 4.4% of the

distribution in the catchment in the 2000s (Fischer et al., 2014; Huss &

Farinotti, 2012).

national production (SFOE, 2016).

The Mattmark system was already analyzed in previous studies. Finger et al.

(2012) investigate the impacts of climate change on the hydrology of the
system by using the same hydrological model used in the present work, that is, Topkapi-ETH, with consid-
eration of neither scenarios of electricity prices nor possible adaptation of hydropower operations. We build
upon this work by considering a model that describes glaciers dynamics (for the description of the model, see
Ragettli & Pellicciotti, 2012) and by representing the hydropower reservoir dynamics with optimized reservoir
operating rules, which are intended to describe how the hydropower company could operate the systems
under the different scenarios of water availability and electricity prices. Gaudard et al. (2014) analyze the
Mattmark system considering both climate change projections and electricity price projections obtained from
an empirical relation accounting for temperature and electricity consumption observed in the past. Yet they
do not account for the effects induced by different energy policies, which are representative of the electricity
market evolution or driven by the transition to low carbon energy society.

The hydrological model setup for the Mattmark case study consists of a 100-m-grid spatial resolution and
hourly time resolution. The topography is described according to a Digital Elevation Model available from
Swisstopo (https://www.swisstopo.admin.ch/). A proper representation of the current ice mass and the ice
melt dynamics is important for a reliable estimate of the future water availability and, thus, reservoir opera-
tions. In this paper, we adopt a glacier thickness map computed using the methodology described in Huss
and Farinotti (2012) starting from the glacier area estimates of the SGI2010 database (Fischer et al., 2014) to
represent the currentice distribution in the catchment (see Figure 2). The model is calibrated using time series
of precipitation, temperature, and cloud cover transmissivity recorded at the gauging stations of Zermatt,
Visp, and Gornergrat over the period 2009-2014 and validated over the period 1994-2008. The calibration
and validation are performed with respect to the daily reservoir net inflow computed via mass balance from
the available records of reservoir storage and release over the same periods. These two measurements are
not subject to significant measurements errors, especially in hydropower systems. The net inflow calculated
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Figure 3. (a) Daily time series of observed (black dashed line) and simulated (red solid line) flow (zoom over the period
2001-2003). (b) Scatter plot of observed and simulated flow (computed over the period 1995-2014). (c) Observed
(black dashed line) and simulated (red solid line) flow duration curves (computed over the period 1995-2014).

in this way comprises the surface and subsurface flow, the direct precipitation to and the evaporation from
the reservoir. The calibration of Topkapi-ETH is performed by comparing the net inflow with a flow variable
accounting for the same components except for evaporation. The evaporation from the reservoir computed
using the Priestley-Taylor equation equals 1.5% of the flow used for the calibration. The error in this specific
case could be considered negligible.

Figure 3 shows the observed and simulated daily inflow to the reservoir and the flow duration curve. The
Nash-Sutcliffe Efficiency (NSE) coefficient computed on daily time series considering a 1-year warm-up period,
that is, over the period 1995-2014, is equal to 0.78 and the Root Mean Square Error (RMSE) is equal to 2.36
m?3/s. The model is able to fairly represent the inflow timing, snow and ice melt processes, and low flow periods.
Flow peaks are instead underestimated likely because of an underestimation of rainfall, particularly at high
elevations. This problem is widely acknowledged in the literature. Isotta et al. (2014), for example, reports that
winter high-intensity precipitation is systematically underestimated in gauge measurements all over the Alps
by about 8 to 20%. This might result in less snow accumulation and consequently melt in our simulations.
Indeed, the seasonal daily RMSE ranges from 0.20 m3/s in winter to 3.73 m3/sin summer. The simulated annual
cumulative runoff is on average 4% less than the observed one, which confirms the possible underestimation
of precipitation as commented above.

4. Results and Discussion

4.1. Climate Change Impact and Adaptation of Hydropower Operations

Figure 4 shows the 10th, 50th, and 90th monthly percentiles computed from the time series of simulated
reservoir inflow according to downscaled REMO climate change scenario. The simulation results according
to the other two climate change scenarios, that is, downscaled ECHAM5r3 and RegCM3, are included in the
supporting information. Each simulated decade is represented with a different color to analyze the evolution
in time of water availability for hydropower up to 2050. The annual reservoir inflow volume is projected to
decrease in time due to the reduction in glacier extent (see Figure 5). The flow distribution along the year
moves from a unimodal function with a peak in June to a bimodal function with a second lower peak in
September-October. This is a consequence of the projected increase in temperature, which causes a higher
ice melt and an increase in rainfall in contrast to snowfall in late autumn. The snow melt peak happens
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Figure 4. Future reservoir inflow scenarios according to downscaled REMO climate scenario: monthly flow (left panels)
and cumulative monthly volume (right panels). Solid dotted lines represent the 50th percentiles computed at a monthly
resolution over 100 stochastic simulations; shaded areas represent the inflow between the 10th and 90th percentiles.
Different colors represent different decades.

earlier, as suggested by the increase in the percentile spread in April and March (visible in all the decades and
especially in the decade 2041-2050).

Glacier dynamic simulations are critical to estimate future water availability in high-elevation Alpine catch-
ments. They may be subject to significant uncertainty, descending mostly from the initial glacier thickness
distribution and ice melt and accumulation model. Huss et al. (2010), for example, comparatively analyzed
the behavior of different glacier models in simulating the evolution of the Rhonegletscher area up to 2100
differentiating between cold and warm scenarios, the latter being a more realistic assumption for the Alpine
climate in the medium term. The paper shows that adopting a dynamic glacier model, which redistributes
the glacier mass in space by accounting for glacier movements, or a static model can lead to up to 15%
differences in glacier area simulations with respect to a benchmark-detailed glacier model and that the uncer-
tainty increases in time with the length of the simulation horizon. Unfortunately, these figures can hardly
be exported to other glaciers (Huss et al., 2010), but they suggest that water availability projections in the
Mattmark system might be affected by some uncertainty, which is however difficult to precisely assess in
magnitude and timing. Our simulations show that the glacier runoff in the Mattmark catchment has already
reached its maximum (i.e., peak water) due to climate change warming and declining water availability. This
result is in agreement with many other studies conducted both at the local and the global scale. For example,
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Figure 5. Future evolution of ice distribution over the catchment according to downscaled REMO climate scenario at the beginning of each simulated decade
(average over 100 stochastic simulations).

Huss and Hock (2018) show that peak water has been reached in most of the glaciers in the Alps and in
the Rhone basin, in particular. Similar results are reported in local studies and specifically in the Mattmark
catchment (e.g., Farinotti et al., 2012, 2016; Finger et al., 2012; Schaefli, 2015).

The behavior of the system when baseline-operating rules are combined with future changing scenarios of
water availability (CC-BAU) is shown in Figure 6a. This displays the 10th, 50th, and 90th percentiles of the
hydropower operation performances measured as mean annual power production and revenue computed
over the 100 stochastic realizations for each simulated decade. The distance between each colored area and
the dark gray area, representing the performance of the baseline operations, quantifies the impacts due
to climate change only (electricity prices in this experiment are the same as in the baseline, see Table 1).
Hydropower production and revenue decrease in time as a direct consequence of the reduced annual water
availability shown in Figure 4. The production and revenue reductions in the four different decades decrease
of about —10% to —27% with respect to the baseline. These figures are similar to those computed by Gaudard
et al. (2014) although not directly comparable because of the different time windows adopted in the analysis.
Also, Lehner et al. (2005) project a —15% in hydropower potential for the entire Switzerland.

The shaded areas in Figure 6a represent the uncertainty in the estimation of hydropower performance due
to natural hydroclimatic variability, as each decade is considered to be stationary when stochastically down-
scaling the climate change scenarios (see section 2.1.1). We quantify the effect of the natural hydroclimatic
variability by computing the percentage variations of the 90th and 10th percentiles with respect to the
median. This variability ranges from about +6% to +10%. Although the simulations show a clear increase
of the adverse climate change impacts in time, the evolution is gradual and tends to stabilize in the period
between 2031 and 2050. Partitioning the impacts of climate change and natural hydroclimate variability is not
univocal in consecutive decades, as represented by the overlapping areas in Figure 6a. This suggests that con-
sidering the inherent stochasticity of future climate scenarios may help identifying more resilient adaptation
strategies than when considering a deterministic future climate forcing.
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Figure 6. (a) Business-as-usual analysis when considering downscaled REMO climate change scenario (CC-BAU).

(b) Business-as-usual analysis when considering electricity price scenario (EP-BAU). Solid dotted lines represent the 50th
percentiles of the hydropower operation performance measured as mean annual power production and revenue
computed over the 100 stochastic realizations for each simulated decade. Shaded areas represent the range between
10th and 90th percentiles. Different colors represent different decades. The baseline performance is represented in dark
gray and it is the same in both panels (a) and (b).

We use future water availability scenarios to estimate new probability functions of the reservoir inflow and
design new reservoir operating rules. The performance of these new rules (CC-ADA) are reported in the
supporting information. The CC-ADA performance is almost totally overlapping the CC-BAU performance,
meaning that there is almost no improvement when changing reservoir operations. In fact, according to the
new operating rules, the reservoir release timing changes to accommodate the early snow melt and the inflow
reduction in middle and late summer, but the reduction in the annual reservoir inflow volume cannot be com-
pensated by any change in the operations. The electricity production can indeed be increased by maximizing
the hydraulic head of the water stored in the reservoir, but this adaptation drives negligible performance
improvements (about 2%) if compared to the production loss due to the decrease of the inflow volume. The
reservoir inflow-to-storage ratios, computed on the median of the cumulative inflow (solid-dotted lines in
the right panels of Figure 4), is about 1 in the baseline, but decreases in the successive decades down to 0.72
(Table 2). This means that, on average, the annual available inflow volume can be easily stored in the reser-
voir and shifted seasonally to match the variability of electricity prices. The decrease in the inflow-to-storage
ratio may have relevant impacts on the interannual operations of the reservoir, which will be possible in the
future, while it is hardly the case in the baseline period. This may potentially drive the reservoir management
to consider multiple operating objectives, rather than just hydropower, as currently done. Interesting addi-
tional objectives could be related to, for example, water conservation and water supply, especially in cases of
consecutive dry years.

4.2. Price Change Impact and Adaptation of Hydropower Operations

The price scenarios used in this paper are based on Schlecht and Weigt (2015) and follow the Swiss
Energy Strategy 2050 scenarios (Prognos, 2012), the EU Energy Roadmap to 2050 (E3MLab-ICCS, 2013),
and the EU Commission’s report (European Commission, 2013). They show two main features (see also

Inflow-to-Storage Ratio and Reservoir Average Capacity of the Mattmark Reservoir in the Control Period and Future Decades

Decade 50th percentile annual inflow (m3) Inflow-to-storage ratio (-) Daily average inflow (m3/s) Reservoir average capacity (months)
2001-2010 101,400,000 1.01 3.22 12.00
2011-2020 88,230,000 0.88 2.80 13.79
2021-2030 81,030,000 0.81 257 15.02
2031-2040 73,700,000 0.74 234 16.51
2041-2050 72,200,000 0.72 2.29 16.85
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Figure 7. Adaptation analysis when considering electricity price scenario (EP-ADA). Solid dotted lines represent the 50th
percentiles of the hydropower operation performance measured as mean annual power production and revenue
computed over the 100 stochastic realizations for each simulated decade. Shaded areas represent the range between
10th and 90th percentiles. The dark gray areas represent the baseline performance, colored areas represent the EP-BAU
performance, and white areas with square pattern represent the EP-ADA performance. The vertical axis ranges are
differently scaled in each panel to highlight the differences between EP-BAU and EP-ADA in each decade.

the supporting information): a general increase in price levels due to increasing fuel and CO, emission permit
prices and a change in the daily price dynamics due to the increasing share of solar and wind genera-
tion. As future price projections strongly depend on the underlying assumptions on fuel and carbon prices,
investment costs developments, and demand dynamics, they have a high level of uncertainty. The price pro-
jections used within this study are therefore not to be seen as either price forecasts or the most likely price
development, but as representative scenarios for two main market trends: increase in the costs for emitting
technologies and increase in the share of VRSs.

Figure 6b shows the business-as-usual analysis when considering the price evolution in the next decades
(EP-BAU). The hydropower system performance is projected to be steady in terms of electricity production,
because the water availability is considered the same as in the baseline in this experiment. Instead, the rev-
enueisincreasing because the optimization is driven by the price projections. The average increase in revenue
with respect to the baseline is +77% in 2011-2020, +108% in 2021-2030, +155% in 2031-2040, and +187%
in 2041-2050. Albeit the revenue increases may seem large, historic market price variations have led to com-
parable changes in company revenue. For example, Schillinger et al. (2016) show a decrease of revenues for
Swiss hydropower plants by 30% to 40% between 2011 and 2014 and potential revenue increases by 20% to
90% for the next decade based on different market price scenarios.

Figure 7 shows the adaptation analysis when considering the price evolution in the next decades (EP-ADA).
The difference in overall performance of EP-ADA with respect to EP-BAU is more evident than when consider-
ing the adaptation to climate change scenarios (i.e., CC-ADA with respect to CC-BAU shown in the supporting
information), because the new operating rules vary the release timing to synchronize to the new price distri-
bution and, in particular, to the new peak prices (see supporting information). Of course, the adaptation of
reservoir operations does not affect all the Pareto trade-offs in the same way. The operating rules maximiz-
ing electricity production only are totally insensitive to the electricity price. As for the other trade-offs, the
higher the relative importance of the revenue maximization objective, the higher the increase in the revenue
performance that can be achieved with an adapted operating rule. The increase in revenue maximization of
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Figure 8. Adaptation analysis when considering both downscaled REMO price volatility is the highest.
climate change scenario and electricity price scenario (CC-EP-ADA). Solid

dotted lines represent the 50th percentiles of the hydropower operation

On the basis of the plot, we can summarize the impacts of the different

performances measured as mean annual power production and revenue drivers and components analyzed on the two objectives. Natural climate
computed over the 100 stochastic realizations for each simulated decade. variability, computed on a decade, affects both average production and
Shaded areas with square pattern represent the range between 10th and revenue by a percentage comprised between +6% and +9%. There is a

90th percentiles. The dark gray areas represent the baseline performance.

small difference of at most 2% between the electricity produced accord-
ing to different operating rules, that is, by varying the operating rule of
the reservoir by accounting for totally electricity-production-driven oper-
ations to totally revenue-driven operations. This difference is due to the maximization of the hydraulic head
of the water stored in the reservoir (for more details, see Anghileri et al., 2018). However, this difference is
negligible if compared with the impacts of both climate change and electricity price change scenarios. The
market impacts dominate the overall picture and overcompensate the reduction in average production due
to climate change (down to about —27% by 2050). This leads to a general increase of revenues (up to about
+181% by 2050). However, when comparing the pure price-driven effect (Figure 7) with the combined effect
(Figure 8), we observe a significant reduction in revenue imposed by the reduced production potential. For
example, the revenue in 2050 with historic production potential is in the range of 50 to 75 million euro
(Figure 7), but in a combined setting this revenue decreases to 36 to 58 million euro (Figure 8).

5. Concluding Remarks

In this paper, we comparatively analyzed how different climate change and energy policies scenarios affect
hydropower reservoir systems in the Alps. We assessed the room for adapting reservoir operations to the
projected conditions while still achieving the objectives of maximizing revenues and/or production. We
built a modeling framework which consists of generation of water availability and electricity price scenarios,
hydropower system model, reservoir operations design, and simulation of the effect on electricity production
and revenue. We applied the framework to the real-world case study of the Mattmark hydropower reservoir
system in Switzerland, which is representative of several other Alpine hydropower systems.

Results show that water availability will significantly reduce due to ice melt and that this will translate in a
loss in electricity production down to —27% by 2050. Though this trend is in agreement with other findings
of the relevant literature, our study shows, in addition, that the hydropower operations, even if designed
to account specifically for the reduced water availability, cannot compensate this loss because they can
only redistribute the electricity production within the different seasons, for example, to meet the higher
winter demand. This reflects a low adaptive capacity of Alpine hydropower systems to climate change, espe-
cially in ice melt-dominated catchments. Even bigger changes are projected for electricity prices, which are
likely to heavily impact hydropower operations by substantially increasing the revenue. If the operations
are designed specifically to account for the increase in price volatility in the future, more flexible operating
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rules can be identified, which allow matching the price peaks and might potentially allow for an overall
increase in the revenue of the hydropower companies. We did not account, though, for a possible increase
in ordinary maintenance costs due to higher flexible operations and for possible technical fitting that might
increase the success of adaptation strategies. When combining both impacts, electricity price impacts domi-
nate climate change impacts leading to an overall higher revenue compared with historic conditions of about
+181% by 2050.

Our results show that energy policies, for example, CO, emission permit price, which are usually not con-
sidered in future impact studies, considerably dominate the future price structure and may have signifi-
cant impact on hydropower operations. These quantitative results are also in line with the perception of
hydropower stakeholders. In a survey conducted in 2014, Barry et al. (2015) find that Swiss stakeholders per-
ceive regulatory- and market-related aspects as the most important drivers for hydropower both in the short
and long run, while climate-related aspects are more important in the long run. We acknowledge, however,
that price evolution on long lead times, for example, decades as in our analysis, is highly uncertain because
it strongly depends on political and economic decisions, which are intrinsically difficult to predict. Our anal-
ysis should, thus, be seen along this line of reasoning and as a proof-of-concept to explore the sensitivity of
Alpine hydropower systems to significant changes of the electricity price structure. Given that the current
analysis considered only one possible path for the evolution of energy policies, the results are not to be seen
as a reliable estimate of what the future would look like. Further work should be devoted to explore differ-
ent alternative scenarios for the energy policies in order to properly explore the uncertainty associated to the
projections, as much as it is nowadays the usual practice for climate change scenarios. For this reason, we sup-
port the idea of relying on energy market models when possible, such as that used in this study, because they
can simulate the proper market dynamics in response to scenarios of electricity demands, energy mix, etc.
instead of trusting empirical models of price evolution estimated from the historical records. It has to be noted
that the price evolution and the climate change projections in our investigations are not considered interde-
pendent. In this respect, while we observed that the available historical data did not exhibit any evidence of
dependence with meteorological data, such as temperature (not shown in the paper), we acknowledge that
additional effort should be devoted in further studies to interconnect the models used in the scenario gen-
eration. This could be achieved, for example, by limiting the water availability for hydropower production in
the energy market model or by accounting for climate change induced changes in the electricity demands.

Although based on one hydropower system only, the analysis can be considered representative of many other
Alpine systems. Most of these systems show the same setup as Mattmark, with a major reservoir in the upper
part of the catchment collecting water mostly from snow and glacier melt and a cascade of power plants
exploiting the high-elevation difference and steep slopes which characterize Alpine valleys. The modeling
framework can be applied to other large hydropower systems in the Alpine region to estimate the impacts of
climate and price change on a regional scale. Future price scenarios will be the same for the entire region as
price dynamics are mostly driven by European phenomena rather than regional or local processes: the entire
Swiss electricity production (comprising both hydropower and nuclear power) is estimated to be too small to
influence prices at the European level (e.g., Banfi & Filippini, 2010; Caro et al., 2011). However, the final impact
on hydropower revenue will reflect the combined interaction of changes in price and water availability both
in terms of absolute values and timing, as we demonstrated in this paper for the case study of Mattmark
reservoir. The water availability change is likely to be case specific as it may depend on the hydroclimatic fea-
tures of the considered hydropower system, such as the presence of ice-covered areas and the areas of the
glaciers, the catchment exposure and elevation (e.g., Huss, 2011; Schaefli, 2015). The extent and timing of
glacier retreat together with the variations of annual precipitation volume are particularly important for esti-
mating the impacts on electricity production and revenue. Large hydropower systems are mostly unaffected
by changes in the seasonal inflow pattern as the storage capacity can easily accommodate interseasonal water
transfers. Hydropower systems where ice melt contribution to total inflow is low (as it is the case for most the
hydropower systems located in the southern Alps) might be only relatively affected by climate change (e.g.,
Anghileri et al., 2011; Gaudard et al.,, 2014)

Finally, although many hydropower reservoirs in other regions of the world (e.g., Africa, South-East Asia,
United States) are operated for other purposes than electricity production, most of the hydropower reservoirs
in the Alps are operated as single-purpose reservoirs. Some of them should respect legal restrictions concern-
ing environmental flows to be guaranteed in downstream river reaches. This requirement does not apply to
the analyzed case study, the Mattmark hydropower system, but can be easily included in the control problem
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formulation as an additional constraint. The methodology we propose could be applied also to multipurpose
reservoir systems, by including more objectives (not strictly related to hydropower) in the control problem
formulation. As a consequence, the scenarios to be considered could include other aspects. For example, if
the reservoir were operated for irrigation purposes as well, it would be probably necessary to consider future
scenarios of irrigation demand.
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