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Résumé détaillé

L’hydroélectricité joue aujourd’hui un role clé dans le paysage énergétique frangais, cou-
vrant plus de 10% de la demande électrique nationale et contribuant significativement
aux besoins de flexibilité du systéme électrique, notamment infra-journaliers. Toutefois,
la production hydroélectrique francaise sera exposée a d’importants changements dans
les années a venir. D’une part le réchauffement climatique accentue les contrastes saison-
niers de précipitations et augmente la demande évaporative, modifiant ainsi les débits des
riviéres et donc la ressource disponible pour les centrales hydroélectriques. D’autre part,
I'intégration croissante d’énergies renouvelables variables prévue par les politiques d’at-
ténuation des émissions modifie les besoins de flexibilités du systéme électrique. Enfin,
la gestion des réservoirs hydroélectriques dépend également des autres usages de ’eau et
sera donc influencée par leur évolution.

Dans cette thése, nous proposons une approche intégrée de modélisation pour quan-
tifier et analyser ces différents effets et leur interaction. Notre méthodologie repose sur
le couplage d’un modeéle climatique de surface continentale (LSM) et d’un modeéle d’op-
timisation du systéme électrique (PSM).

1. Représenter I’hydroélectricité dans les modéles hydrolo-
giques par une approche basée sur la demande

La premiére partie du manuscrit décrit une méthode innovante pour représenter la ges-
tion de ’eau pour ’hydroélectricité dans un LSM. La spécificité de notre approche réside
dans l'utilisation d’une série temporelle de production cible, définie au niveau national,
qui sert de référence pour déterminer les lachers d’eau de chaque réservoir pour la produc-
tion d’électricité. Les autres usages des réservoirs sont également pris en compte. Nous
représentons notamment les lachers d’eau nécessaires pour satisfaire les besoins environ-
nementaux et d’irrigation, ainsi que le maintien d’un niveau d’eau minimal en été dans
les réservoirs dédiés au tourisme.

Nous implémentons cette méthode dans le modéle ORCHIDEE et considérons le
réseau hydroélectrique frangais comme cas d’étude. Aprés avoir caractérisé la performance
hydrologique du modéle sur les bassins versants francais, nous montrons que cette la
méthode implémentée simule de facon réaliste I’évolution annuelle du stock hydraulique
et la production hydroélectrique nationale. Par ailleurs, elle améliore la simulation des
débits des riviéres dans les petits bassins versants de montagne fortement impactés par
I’hydroélectricité.
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2. Représenter des contraintes hydroélectriques dynamiques
dans un modéle électrique

Les contraintes sur la flexibilité des centrales hydroélectriques sont représentées grossie-
rement dans la majorité des modéles électriques. En particulier, ces modéles reposent
souvent sur des contraintes statiques, alors que celles-ci évoluent en réalité avec la va-
riabilité météorologique, le climat et 'opération des réservoirs pour les autres usages de
I'eau.

La deuxiéme partie du manuscrit propose d’utiliser les simulations hydrologiques
issues du LSM pour définir des contraintes dynamiques & utiliser dans les modéles élec-
triques. Ces contraintes incluent notamment des limites de production horaire minimale
et maximale des centrales, qui tiennent compte des lachers d’eau minimums pour ’en-
vironnement et l'irrigation, des variations de hauteur d’eau dans les réservoirs et de
la contrainte touristique. En comparant les résultats des simulations aux observations
disponibles, nous montrons qu’une telle approche améliore sensiblement la production
simulée par le modéle par rapport a la version initiale. Elle permet notamment de tenir
compte des changements de production induits par des changements du climat, du mix
électrique ou des autres usages de 'eau.

3. Explorer le futur de la production hydroélectrique fran-
caise

La troisiéme partie du manuscrit utilise les méthodes développées précédemment pour ex-
plorer les scénarios futurs de la production hydroélectrique en France dans le contexte du
changement climatique et de I'intégration croissante d’énergies renouvelables variables.

Nous trouvons un effet limité du changement climatique sur la production hydroélec-
trique a I’échelle annuelle mais des contrastes saisonniers plus marqués, avec une aug-
mentation de la production en hiver et une diminution en été. Par ailleurs, I'intégration
d’énergies renouvelables variables modifie le profil de production des centrales réservoirs
et augmente la valeur de la flexibilité offerte par les réservoirs hydroélectriques.

Toutefois, notre étude met aussi en évidence une importante incertitude sur les ni-
veaux futurs de production hydroélectrique et les prix de I’électricité. La premiére in-
certitude est liée aux projections climatiques, et provient notamment des difficultés des
modéles a représenter la précipitation dans les régions montagneuses. La seconde est
due aux incertitudes des cotits de production des centrales thermiques décarbonées, qui
seront nécessaires pour couvrir les besoins de flexibilité d’un mix énergétique neutre en
carbone.
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CHAPTER 1

Introduction

Since 1850, human-induced greenhouse gas emissions have increased continuously, leading
to a significant rise in global temperature (IPCC, 2021b). By 2022, the global annual
mean temperature had risen by approximately 1.2 °C compared to 1850. To tackle global
warming and its negative impacts, 195 world leaders concluded the Paris Agreement in
2015, in which they committed "to substantially reduce global greenhouse gas emissions
to hold global temperature increase to well below 2°C". However, the measures taken thus
far are largely insufficient to achieve this objective.

Approximately 90% of global greenhouse gas emissions stem from the combustion of
fossil fuels, which account for 66% of final energy consumption. A major strategy for
reducing greenhouse gas emissions is therefore to decarbonize energy production, in par-
ticular through the electrification and the integration of renewable energy sources, which
represents one of the most cost-effective solutions. France, like other European coun-
tries, has set ambitious targets for the expansion of solar and wind power plants. As the
generation of electricity from these sources is subject to the vagaries of weather, flexible
solutions that can bridge the gap between consumption and generation are crucial for
the security of the electricity supply. In this context, existing hydropower infrastructure
is of particular value due to its low carbon emissions and generation costs.

Concurrently, global warming affects all climate variables such as precipitation, so-
lar radiation and wind, potentially impacting every component of the electricity system
— from power generation to electricity demand and the transmission grid. In particu-
lar, the observed and expected changes in the hydrological cycle may significantly alter
hydropower generation. In addition, human water management is also modifying the
availability of water for hydropower production, and climate change may increase com-
petition for water use.

This manuscript aims to investigate how these different effects interact with the pro-
duction of hydropower. Focusing on the French context, we have developed an interdisci-
plinary modeling framework to analyze the future role of hydropower. This first chapter
introduces the key concepts addressed in the manuscript and the research questions it
alms to answer.
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1.1 Hydropower in the French Energy system

1.1.1 Several types of hydropower plant

Hydropower harnesses the potential energy of water to generate electricity. This process
was developed in France at the end of the 19th century. The mechanism involves water
spinning and driving a turbine, which in turn is connected to the generator that produces
electricity. Power output P is a function of the efficiency of the plant 7, the head h
(difference in height between the water source and the plant) and the volumetric flow
rate @ (see Eq. 1.1, where p is the density of water and ¢ the gravity acceleration).

P = npghQ (1.1)

Hydroelectric plants are typically distinguished based on their discharge time, which
is defined as the theoretical time required to empty the upstream reservoir (if any) when
operating at maximum power. This classification delineates various services for the power
system. In France, the transmission system operator (T'SO) RTE classifies hydropower
plants into four types:

¢ Run-of-river plants are mainly situated in flatter areas, along large rivers. They
have no or negligible reservoirs (discharge time less than 2 hours) and use the in-
stantaneous flow of the river to provide power. This production is non-dispatchable
as the water cannot be stored for later use.

e Poundage plants have higher storage capacity and can adjust their production
throughout the day or even the week (discharge time up to 400h). This flexibil-
ity enables them to follow variations in consumption over these horizons, such as
morning and evening consumption peaks, as well as the difference between working
days and weekends.

e Reservoir plants have greater storage capacity, which allows for seasonal water
storage (with a discharge time greater than 400h).

e Pumped-hydro storage (PHS) plants are reversible. They can function in
pump mode to lift water from a downstream basin to an upstream basin, or in
turbine mode to generate electricity. They store thus gravitational energy when
electricity prices are low and make it available when they are high.
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Figure 1.1: Location of French hydropower plants (based on ODRE (2022))

Total | Run-of-river | Poundage | Reservoir | PHS

Installed capacities in GW | 25.39 7.79 3.73 8.79 5.06
(ODRE, 2022)

Table 1.1: Installed capacities by type of plants and annual productions

There are over 2500 hydroelectric power plants in mainland France, with a total
installed capacity of 25.7 GW (Fig. 1.1). The breakdown of this total capacity into the
different categories of plants is detailed in Table 3.1.

Figure 1.2 shows the annual production in recent years and highlights its significant
inter-annual variability. This variability is particularly high for reservoir plants, with a
-35.5% decline in annual production in 2022 compared to 2021. In comparison, total
hydropower production declined by 20% in 2022 compared to 2021.

1.1.2 French energy policies

France has set ambitious goals for mitigating climate change, aiming to reduce its green-
house gas emissions by 33% by 2030 relative to 2022 and achieve carbon neutrality by
2050. Currently, two-thirds of France’s emissions stem from the combustion of fossil
fuels, which still provide 60% of the final energy consumption. In contrast, electricity,
accounting for 25% of final energy consumed, boasts a significantly low carbon footprint
due to the substantial contribution of nuclear power plants (accounting for 69% of elec-
tricity production), hydroelectric facilities (12%), and other renewable sources (10%). To
honor its climate commitments, the French strategy, formalized in the SNBC (National
Low Carbon Strategy), relies on several drivers:

e Electrification of major fossil fuel-consuming sectors (road transportation, building
heating and industry), with a target of 55% of final energy consumption supplied
by electricity by 2050 (compared to only 25% in 2021);
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Figure 1.2: Annual production by hydropower plant type (RTE, 2023a).

e Transitioning to decarbonized fuels, including a portion of green hydrogen whose
production requires electricity;

e Reducing overall energy consumption through efficiency and sufficiency measures,
with a target of a decrease by 40% in final energy consumption between 2020 and
2050.

This results in a projected increase in overall electricity demand, estimated to rise from
500 TWh today to 645 TWh by 2050, according to RTE (2021), necessitating the integra-
tion of new electrical production capacities within the national territory. Additionally, a
considerable number of existing nuclear power plants are nearing the end of their opera-
tional lifespan, further accentuating the need for new capacities in the coming years.

To shed light on this critical issue, RTE (2021) documents the different options and
analyzes them along four dimensions: technical, economic, environmental and societal.
The study proposes six contrasting scenarios for the future of France’s power generation
fleet, all capable of managing the necessary energy transition. The scenarios differ in
terms of the construction of new nuclear plants. In 2023, the French government decided
to build six new reactors, putting France on one of the trajectories with new nuclear
defined in RTE (2021).

In all these scenarios, a significant integration of wind and photovoltaic (PV) power
plants is foreseen. However, the current rate of their deployment lags behind forecasts.
For instance, in December 2023, 1.4 GW of offshore wind power was installed, compared
with a target of 2.4 GW set in the law (such objectives are fixed in the Programmation
Pluriannuelle de I’Energie (PPE)). Concerning hydropower, no significant new instal-
lation is planned for run-of-river, poundage, and reservoir power plants. Nevertheless,
the modernization of existing facilities and the deployment of small-scale hydroelectricity
are expected to lead to a small increase in the installed capacity of these three types of
plants, with the PPE forecasting an increase of 0.9 to 1.2 GW by 2028. Conversely, the
PPE anticipates the installation of new PHS plants, with a potential of 1.5 GW that
should be commissioned between 2030 and 2035. In their scenarios, RTE (2021) project
an additional 3 GW in installed capacity of PHS plants.

1.1.3 Managing the variability of renewables

The production of solar PV and wind power plants varies with meteorological conditions
and cannot be perfectly forecasted. Thus, maintaining system adequacy — the ability of
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a power system to cope with load at all times — becomes a challenge when integrating
renewables in power systems (IEA, 2021).

The flexibility of a power system refers to its ability to modify or buffer electricity
production or consumption in response to variability, expected or not. Many balancing
options can provide flexibility, including dispatchable generators, transmission capaci-
ties, energy storage assets, demand-side management and sector coupling. Dispatchable
generation, particularly from thermal and hydropower plants, is currently the dominant
source of system flexibility for both short- and long-duration timescales.

IEA (2023) explores the relative contribution of the different flexibility options for
power mix with a very high share of wind and PV (over 70%) and shows that different
mixes of flexibility resources are required to manage variability across timescale (short
duration and seasonal) and climate zones. For example, if a high share of PV plants
is installed, batteries play a critical role in balancing the hourly and daily variation of
solar production. In temperate zones like France, where wind and solar PV have com-
plementary seasonal generation patterns, IEA (2023) finds that thermal and hydropower
plants remain the dominant sources of system flexibility for both short and long-duration
timescales.

However, even for plants equipped with reservoirs able to store water, hydropower
production remains dependent on the hydrological conditions. It is exposed to significant
interannual variations (as illustrated in Fig. 1.2) and to potential impacts of climate
change. Weather and climate aspects are therefore necessary to address as part of energy
infrastructure planning.

1.1.4 Modeling future power systems

To assess the feasibility of future energy systems, modeling tools are required. In partic-
ular, operation models have been developed to represent the hourly dispatch of a power
system (Emmanuel et al., 2020; Oikonomou et al., 2022). The objective of dispatching is
to ensure the security of supply while minimizing the overall system cost. In the context
of a developed and complex power system, the responsibility for dispatching usually re-
sides with the T'SO. In many countries, this phase takes place on the market. Owners of
generating units bid their production onto the market, whereby a merit order is estab-
lished according to the bid prices. The system operator then dispatches generating units
according to residual demand and based on the merit order.

Dispatching models represent the decision-making of TSOs when it comes to dispatch.
They have to take into account the generation constraints applying to the different power
plants such as starting and ramping constraints of thermal plants. Hydropower produc-
tion is also subject to some constraints, related to water availability and multi-objective
water management priorities such as flood control, water supply, environmental flows,
navigation and recreation (Oikonomou et al., 2022). These constraints are challenging
to integrate in power system models and various refinements are used depending on the
model (Oikonomou et al., 2022; Rheinheimer et al., 2023).

Many dispatching models exist, which have been used in an increasing number of
studies. Some examples are PyPSA (Brown et al., 2017; Horsch et al., 2018), DIETER
(Zerrahn et al., 2017), EOLES (Shirizadeh et al., 2021), and PLEXOS (Brinkerink et al.,
2021).
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1.2 The impact of climate change on the water-energy nexus

Hydropower is embedded in the water cycle (represented in Fig. 1.3), in particular
because its production depends on river discharges. Water evaporates from the land and
oceans and enters the atmosphere as water vapor. It then condenses into clouds and falls
as liquid or solid precipitation. This precipitation is intercepted by vegetation, soaks into
the ground, or runs off at the surface. As it flows into groundwater or rivers, water can
be abstracted by humans for a variety of uses, including energy production, agriculture,
and industry. It can then be returned to the river (non-consumptive use) or evaporated
to the atmosphere (consumptive use).

The water cycle, including direct human interventions
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Figure 1.3: The water cycle including direct human interventions (IPCC, 2022a).

Natural water fluxes are shown from IPCC (2021a), and human water withdrawals for various
sectors from Hanasaki et al. (2018). Green water use (Abbott et al., 2019) refers to the use of
soil moisture for agriculture and forestry. Irrigation water use is not included in green water use.

Human-induced climate change intensifies the water cycle (IPCC, 2021a), threaten-
ing water security in various regions. Continued greenhouse gas emissions will lead to
increasing global warming, with further impacts on the hydrological cycle.

1.2.1 Modeling climate change and its impacts on the hydrological
cycle

1.2.1.1 Modeling chain for impact studies

To enhance our understanding of climate change and its likely impacts on the climate
system, global climate models (GCMs) are used. They are complex numerical represen-
tations of the major climate system components (atmosphere, land surface, ocean and
sea ice), and their interactions. Driven by different scenarios of increased greenhouse gas
concentration - also called Representative concentration pathways (RCPs) -, they provide
projections of future climatic conditions. Such models are run at coarse resolution, typ-
ically 100km, which limits the fine representation of the many physical processes that
occur on smaller scales, such as cloud formation or land surface processes. To account
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for these subgrid-scale processes, GCMs use parametrization, which introduces inherent
uncertainty and biases into the model outputs. To deal with the significant uncertainty
of such climate projections, the outputs of the various GCMs are compared in collective
initiatives such as the Coupled Model Intercomparison Project (CMIP).

To produce climate projections at smaller scales, GCMs are "downscaled" using either
dynamical or statistical methods. Dynamical downscaling involves using the output of
the GCM as the input for a finer regional climate model (RCM) that recalculates climate
at a finer scale using local features.

Finally, to study specific climate components, in particular the continental water
cycle, an additional model should be used, driven by the climate projection simulated by
GCM-RCM couples. In order to be used as an input for process-based impact models,
output from climate models is usually post-processed to reduce its systematic biases (i.e.,
the errors compared to observations over a reference, present-day period) (Ehret et al.,
2012). Bias correction techniques are statistical methods that usually employ a transfer
function to match the cumulative distribution functions (CDFs) of modeled and observed
data.

Radiative concentration
o pathways Bias correction Hydrological
S methods model

800 =———RCP85
700

600

€O, concentration (ppm)

300
2000 2025 2050 2075 2100

Figure 1.4: Description of the modeling chain for climate impact studies. Source: Author.

Figure 1.4 illustrates the complete modeling chain which allows the simulation of
the evolution of river discharges in response to increased human gas emissions. It is
important to keep in mind that each step introduces some level of uncertainty and biases
to the final output. To better quantify this cascade of uncertainty, it is necessary to
multiply the possibilities retained at each step.

The Explore2 project is an application of this modeling chain. Funded by the French
Ministry of Ecological Transition and the French Biodiversity Agency, it aims to improve
the knowledge of the impacts of climate change on French rivers. This project builds on 9
hydrological models to generate river flow time series, based on 3 contrasting greenhouse
gas emission scenarios and a set of 17 climate models that have been corrected by 2 bias
correction methods (Sauquet et al., 2022).

1.2.2 Modeling the continental hydrological cycle

Modeling the continental part of the water cycle presented in Fig. 1.3 is key for the mon-
itoring of water resources and the prediction of their evolution under changing climate,
land use or water management practices. Different approaches have been developed to
build such models. Two categories are usually distinguished.

1.2.2.1 Calibrated parsimonious hydrological models

These models aim at reproducing well but as simply as possible the relationship between
discharge and climate variables. Most complexities are aggregated within parameters that
are adjusted over the area of study to best fit observed data. The calibrated model can
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then be used to extrapolate streamflow to unmonitored areas with similar characteristics
or to predict streamflow over the same area in future times.

One example of parsimonious models is the family of models GR (Perrin et al., 2003),
which was developed to reproduce streamflow at the catchment level for a daily time step.
The catchment is conceptualized as a series of interconnected reservoirs, connected by
transfer functions. The dimensions of the reservoirs and the transfer coefficients are
then calibrated. These models provide highly accurate catchment discharge models for
a variety of contrasting catchments in France and around the world (Oudin et al., 2008).

Parsimonious models are simple to use and accurate to represent streamflow over the
period and scale over which they were designed and adjusted. They are very useful to
predict streamflow in the short/medium term, or over unmonitored areas for water man-
agement purposes. However, they rely on the assumption that the adjusted parameters
are invariant and independent of trends in the forcing data. In other words, the system
considered is assumed to be stationary, which may be questionable in the face of climate
change (Coron et al., 2014; Duethmann et al., 2020).

1.2.2.2 Physical-based distributed hydrological models

These models represent the physical processes based on mathematical equations. They
are spatially distributed, decomposing the spatial area into fine grids in each of which
the water balance is calculated. Historically, two distinct communities have developed
physical-based models to represent water cycle processes (Telteu et al., 2021):

e The climate community has developed Land Surface models (LSMs), initially
designed to provide realistic land boundary conditions to GCMs. LSMs contain
interconnected computational modules that characterize physical processes related
to soil, vegetation, and water, and account for their influence on water, energy and
carbon exchanges (Nazemi et al., 2015a). A wide range of LSMs is currently avail-
able - some examples being the Community Land Model (CLM) (Oleson, 2010),
ISBA (Noilhan et al., 1996), MATSIRO (Takata et al., 2003), and ORCHIDEE
(Krinner et al., 2005). Progressive development has been done in representing
various components of the hydrological cycle, such as soil moisture, vegetation,
snowmelt and evaporation (Stephens et al., 2023).

e The hydrological community has developed Global Hydrological Models (GHMSs).
Similar to LSMs, they are gridded large-scale models but are typically simpler in
their structure, as they mainly focus on representing the water cycle. In particu-
lar, the energy budget is not computed within the model, so the potential evap-
otranspiration is computed based on the exogenous atmospheric variables. They
simulate the different water flows, water storage compartments, and human water
use sectors. The main focus is streamflow simulation and their ability to repro-
duce historical observations of these variables. Some examples of existing GHMs
are PCR-GLOBWB (Sutanudjaja et al., 2018), VIC (Newman et al., 2017), and
WaterGAP2 (Dol et al., 2012).

The offline use of LSMs as independent global hydrological models has emerged in
recent decades for the evaluation of water resources and the investigation of climate
change impacts at both regional and global scales (Huang et al., 2024). Major develop-
ments have been made to enhance their hydrological simulations, in particular through
the incorporation of more detailed catchment-scale processes and river routing (how rivers
flow through the landscape) (Shaad, 2018; Sheng et al., 2017). These improvements have
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notably been driven by the development of RCMs that required a finer representation
of hydrological processes (Polcher et al., 2023). LSMs and GHMs can therefore be used
similarly driven by climate projections to study the impact of climate change on the
water cycle, such as represented in Fig. 1.4. In the remaining part of the chapter, the
term "Hydrological models" will therefore englobe both GHMs and LSMs used in this
purpose.

Physical-based models represent a valuable tool for explicitly representing physical
processes that govern water flows and storage. In comparison to parsimonious models,
they are better able to account for spatial variability in basin properties and are more
robust for simulating outside the range of calibration conditions, such as long-term future
scenarios. However, they require extensive input data, including topography, soil prop-
erties, and vegetation, and are computationally demanding. Moreover, they necessitate
numerous parameters that are challenging to measure directly and must be calibrated.

1.2.2.3 Accounting for the anthropization of the water cycle

As represented in Fig. 1.3, human activities are embedded in the continental water cycle
and may exert a significant influence on the water flows (Nazemi et al., 2015a). For in-
stance, surface-water withdrawals for supplying human needs decrease downstream flows,
often substantially, and result in a seasonal decline in flows of major rivers (Haddeland
et al., 2014). All regions are not equally impacted, as depicted in Fig. 1.5 for Europe.
Moreover, dam operations may considerably change the timing and volume of natural
streamflow in some areas (Biemans et al., 2011). Representing the effect of human ac-
tivities on the water cycle within hydrological models is therefore necessary in order to
accurately simulate the water cycle.
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Figure 1.5: Left: Water stress in Europe. Right: Water depletion in Europe.

Water stress measures the ratio of total water demand to available renewable surface and ground-
water supplies. Higher values indicate more competition among users. Water depletion is similar
to water stress; however, instead of looking at total water demand (consumptive plus noncon-
sumptive), water depletion is calculated using consumptive withdrawal only. Source: Aqueduc,
World Resources Institute.

In the last decade, noteworthy progress has been made to incorporate water manage-
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ment in hydrological models (Pokhrel et al., 2016). This has been identified as one of the
great challenges in Earth-System modeling by the World Climate Research Programme
(WCRP). The challenges lie in modeling water demands and the corresponding water
supply and allocation (Nazemi et al., 2015a).

Irrigation is the first process to have been included in hydrological models, as it is
the most consumptive human water use. In the majority of cases, the irrigation demand
is computed by the model at the grid scale as the water requirement for optimal crop
growth assuming no water deficit. Different methods exist. Some models compute the
irrigation demand as the water required to bring the soil moisture at the root zone at
saturation. Others define the irrigation demand as the difference between the potential
and actual evapotranspiration.

Other water withdrawals have been less frequently represented. Water demands for
domestic, industrial and energy uses are estimated based on socio-economic factors, in
particular population and national GDP. For example, Hanasaki et al. (2008) built grid-
ded datasets of industrial and municipal water withdrawals and uses at the global scale.

Water allocation distributes the available water sources (groundwater, river, lake and
reservoir) among the different demands. The majority of allocation schemes assume
that grid-based demands can be supplied from the sources available within the local
grid. However, as the resolution of models increases, this assumption becomes restrictive
as it does not allow for any water transfer. Various modifications have been proposed
to overcome this limitation. For example, Hanasaki et al. (2006) assumed that large
reservoirs can potentially supply downstream demands that are located within a certain
distance range. Alternatively, river routing schemes can provide a more accurate basis
for representing the water delivery (Zhou et al., 2021). In order to decide in case of
water shortage, different priorities and rules between the competing demands have been
defined.

Finally, algorithms have been developed to represent reservoir operations. They are
usually classified into two categories (Nazemi et al., 2015a), based on either simulating
the reservoir release using a set of prescribed operational rules (Hanasaki et al., 20006)
or using search algorithms to find optimal reservoir release (Haddeland et al., 20006).
Prescribed operational rules used in the simulation algorithm are a function of reservoir
inflow and filling level. They generally do not consider the reservoir’s specific purpose,
except for irrigation-aimed reservoirs, for which the rules also depend on downstream
irrigation demands. On the contrary, in optimization algorithms (Haddeland et al.,
2006), the objective function to optimize varies depending on the reservoir’s primary
purpose.

1.2.3 The hydrological cycle under climate change

All components of the anthropized water cycle presented in Fig. 1.3 are affected by
climate change (IPCC, 2021a, 2022a). Analyzing the respective evolution of the different
water fluxes is key to understanding how river discharges are evolving and will evolve
with climate change.

1.2.3.1 Evapotranspiration

Evapotranspiration (ET) refers to the water transferred to the atmosphere in the form
of vapor. This is a complex process that depends on atmospheric conditions, soil type
and vegetation states. Three components are usually distinguished (Zhang et al., 2016):
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e Evaporation. Above open water bodies such as lakes or rivers, there is a dynamic
equilibrium between the vapor and liquid phases of water. If the partial pressure
of water vapor in the air is less than the saturation vapor pressure, some of the
molecules will transition from the liquid to the gaseous phase. The same phe-
nomenon occurs above ground. However, in this case, evaporation is constrained
by the upward diffusion of water through the soil layers.

e Water interception. Some precipitation is intercepted by plant leaves and di-
rectly evaporated.

e Plant transpiration. Water is evaporated through leaf stomata, which drives the
circulation of sap from roots to leaves and the assimilation of carbon through pho-
tosynthesis. It depends on weather conditions, plant cover, plant type, vegetative
stage and growth, and the water availability of the soil from which the roots draw.

The modeling of ET often relies on the concept of potential evapotranspiration (PET).
PET represents the maximal evapotranspiration under specific atmospheric conditions,
i.e. in a system not limited by water availability. It corresponds to the atmospheric
demand for water, determined by available energy and aerodynamic resistance (Barella-
Ortiz et al., 2013). PET is a conceptual flux that cannot be observed but can be estimated
through several methods, such as the Penman—Monteith equation, which is considered
the standard method. Four climatological parameters are involved in the computation
of PET. The first two are the available radiative energy and the air temperature, which
provide the needed energy. The third one is the air humidity, which is key in the vapor
pressure gradient between the surface and the atmosphere. The fourth one is the wind
speed, which is in charge of generating the turbulence needed to transfer the saturated
air to the atmosphere, replacing it with a drier one.

IPCC (2021a) concludes with high confidence that global terrestrial annual ET has
increased since the early 1980s, driven by both increasing atmospheric water demand and
vegetation greening (i.e. increase in photosynthetic activity driven by CO2 fertilization
and global warming). CMIP6 models project an increase in ET over most land areas,
except in regions that are projected to become moisture-limited (due to reduced precipita-
tion and increased evaporative demand), such as the Mediterranean region. Furthermore,
they project a strong seasonality in many regions, with a larger relative increase in the
winter season and a smaller relative change in the summer. However, substantial uncer-
tainties in projections of ET, especially at seasonal and regional scales, remain. In France,
there is uncertainty about the future evolution of ET, with some models predicting an
increase and others a decrease.

1.2.3.2 Precipitation

The change in global precipitation is driven by increasing moisture in the atmosphere
and the energy budget of the troposphere. IPCC (2021a) concludes that annual mean
precipitation is increasing in many regions worldwide and decreasing over a smaller area,
particularly in the tropics and the Mediterranean region. Furthermore, the contrasts in
precipitation amounts between wet and dry seasons are increasing. Finally, reanalysis
data indicate a significant reduction in snowfall, with the largest decline over the Alps,
where snow water equivalent reductions of about 20 mm per decade were found (Tamang
et al., 2020).

Christidis et al. (2022) analyzed the change in precipitation in Europe over the last
century and found a decrease in precipitation in the Mediterranean area and an increase
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over most other parts of the continent, except for summer, during which drying is more
widespread and rainfall increases are mainly concentrated in Scandinavia. In France,
Meteo-France finds an unchanged national mean pluviometry between 1981-2010 and
1991-2020 but with seasonal and regional disparities (Soubeyroux, 2023). Precipitations
have decreased in the South, while they have increased in the North. Same trends are
found by Vicente-Serrano et al. (2019).

CMIP6 models project these global and regional trends to continue in the future.
In Europe, a continuation of the drying over the Mediterranean area is projected while
an increase in precipitation is projected in the North (Christidis et al., 2022). Seasonal
contrasts are expected to increase with a higher increase in precipitation in winter. More
generally the variability of precipitation is expected to increase, thereby enhancing the
likelihood of extreme events.

In France, large uncertainties among models are found (see Fig. 1.6 for Explore2
projections), with the median projecting an increase in annual precipitation in the North
and a decrease in the South, particularly marked over the Pyrenees. Strong seasonal
contrasts are obtained with a general increase in winter (except in the Pyrenees) and a
decrease in summer in the whole country.
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Figure 1.6: Distribution of the changes in precipitation relative to the 1961-2012 reference period
projected by Explore2 climate models for the 2071-2100 period (RCP8.5). 17 climate models
have been used. Source: Explore2.

1.2.3.3 Glacier runoff

Higher temperatures increase the melting of glaciers, with significant impacts on the
runoff. Alpine glaciers have lost almost 50% of their area since the 1850s (Zemp et al.,
2006). As glaciers recede, water is released from long-term glacial storage. Thus, annual
glacier runoff volume typically increases until a maximum is reached, often referred to
as "peak water", beyond which runoff decreases because the reduced glacier area cannot
support rising meltwater volumes anymore (Huss et al., 2018). Regarding the Alps
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glaciers upstream of French rivers, most studies have found that peak water has already
been reached or passed (Laurent et al., 2020). The annual glacier runoff is therefore
decreasing with climate change, with its peak being shifted because of earlier glacier
melting in the year.

Two effects therefore combine to affect flow rates in the Alps (Laurent et al., 2020).
Firstly, there is an increase in rainfall and a decrease in snowfall in winter, which increases
river discharges in winter and decreases them in spring/summer. Secondly, there is an
increase in glacier melting in summer, which has led to a significant increase in past
summer runoff, but will lead to a decrease in future summer runoff due to glacier retreat.

1.2.3.4 River discharges

Observations of river discharges show contrasted changes in Europe, as a result of changes
in precipitation, ET, and glacier melting but also human activities. Focusing on near-
natural European catchments, Stahl et al. (2010) found negative trends in southern and
eastern regions and generally positive trends elsewhere. Regarding seasonality, they
found a general increase in winter flows and a decrease in summer. Using regression-
based techniques, Vicente-Serrano et al. (2019) showed that climate (precipitation and
ET) explains mainly the observed increase in annual streamflows in Northwest Europe,
while for Southwest Europe human disturbances better explain both temporal and spatial
trends. For the latter, large increases in irrigated areas, agricultural intensification, and
natural revegetation of marginal lands are inferred to be the dominant drivers of decreases
in streamflow. Collignan et al. (2024 (submitted)) found simular results. They show that
over Europe, especially in the South, the dominant explanations for discharge trends are
non-climatic factors while in some countries of Northern Europe, climate change seems
to be the dominating driver of change.

Fatichi et al. (2015) carried out a high-resolution distributed analysis of climate and
anthropogenic changes on the hydrology of the upper Rhone basin, a Swiss catchment
that contains reservoirs, river diversions and irrigated areas. They found that changes in
the natural hydrology regime imposed by the existing hydraulic infrastructure are likely
larger than climate change signals expected by the middle of the 21st century.

Regarding France, Boé et al. (2009) found that despite large uncertainties linked to
climate models, some robust signals would already appear in the middle of the 21st cen-
tury. In particular, a decrease in mean discharge in summer and fall is simulated. The
low flows become more frequent but generally weak, and uncertain changes in the inten-
sity of high flows are simulated. Available Explore2 outputs project a general increase in
annual discharges in the North and a decrease in the South. However, the hydrological
models used for such projections do not account for human action and glacier processes,
that modify the river discharges.

1.2.3.5 Water withdrawals in France

The volumes of water withdrawn in France in 2020 and their associated consumptions
are presented in Fig. 1.7. Water consumption refers to the part of these withdrawals
that is not locally returned to the natural habitat.

Irrigation is the main consumptive use as most of the water withdrawn is evaporated
into the atmosphere. In 2020, 58% of the water consumption came from agriculture.
However, the total volume of irrigation withdrawals (3.4 billion cubic meters) is low
compared to that of Mediterranean countries, with Spain and Greece accounting for 18.9
billion and 8.1 billion cubic meters, respectively. 6.8% of the French agricultural area is
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equipped for irrigation (see Fig. 1.8), primarily for corn crops (38%) and wheat (12%).
The surface equipped for irrigation has increased by 23% between 2010 and 2020, with
more farmers equipping themselves to adapt to climate change. Depending on the re-
gion, water is withdrawn from rivers and streams (in the southeast), groundwater (Centre
region, Beauce), and reservoirs (southwest). The particularity of irrigation, unlike indus-
trial and energy production activities, is that most water is withdrawn between June
and August, when groundwater and river levels are at their lowest. Without any change
in cultivation practices, water requirements for irrigated crops will increase with climate
change, due to increased atmospheric water demand.
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As indicated in Fig. 1.7, the majority of withdrawals are dedicated to the cooling of
thermal power plants, mainly nuclear, for the production of electricity. Even if most of
the withdrawn water is returned to the river, such use has a thermal effect as it warms
the water. Following the usual convention, the volume of water that is turbined in
order to produce hydroelectricity is not included in the calculation of water withdrawals
and therefore does not appear in Fig. 1.7. The use of reservoirs may however modify
river discharge patterns and increase the water evaporation. The French administration
estimates that the excess evaporation from storage in artificial water bodies (of all types)
in mainland France is 1 billion m?® per year in the current climate, mainly due to reservoirs
in lowland areas not dedicated to hydroelectricity (France Stratégie, 2024).

1.2.4 Climate change and the power sector

Many components of the energy system are affected by climate conditions (IPCC, 2022b).
This raises the question of whether the energy system transformation needed to limit
warming will be impacted by climate change.

1.2.4.1 Power demand

In France, electrical heating is particularly prevalent, with approximately one-third of
households equipped with such a system. Power demand is therefore correlated with
temperature. Below 15°C, the power demand decreases with temperature increase. Above
23°C, it increases with temperature due to increased air conditioning usage (Staffell et al.,
2023). Independently from any other change, increasing temperatures will then lead to
a decrease in power demand in winter and an increase in summer (Damm et al., 2017).
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1.2.4.2 Electricity production

Several production technologies depend on climate variables to supply electricity and may
therefore be affected by climate change. Cronin et al. (2018) and Yalew et al. (2020) built
extensive reviews of studies projecting climate impacts on energy systems.

Hydropower

As discussed previously, climate change affects the various processes of the hydrologi-
cal cycle, leading to changes in river discharges, which may impact hydropower produc-
tion. Furthermore, climate change may alter the demands for water use by other sectors
that often rely on the water stored in multipurpose reservoirs, potentially affecting the
availability of water for hydropower generation. Finally, changes in the timing of river
discharge peak may also modify the water availability for hydropower, requiring upgrad-
ing in storage capacity and adaptation of the hydropower plant management for fully
exploiting the increase in water availability (IPCC, 2022a). Previous studies show that
hydropower is particularly sensitive to climate change but projections are highly sensitive
to the modeling uncertainties Cronin et al. (2018).

In Europe, most studies predict an increase in production by hydropower in the North
and a decrease in the South (Gotske et al., 2021; Lehner et al., 2005; van Vliet et al.,
2016a). Reviewing 19 studies, Wasti et al. (2022) found the dominant effect of climate
change on hydropower in the Alps to be the increased glacier melt. In Switzerland, it
has increased hydropower generation by 3%-4% but a decrease by approximately 3% is
projected by the end of the century as glacier volumes shrink (Schaefli et al., 2019).

Regarding France, projections are uncertain. The studies we identified that focus
specifically on France have been carried out at the initiative of energy producers or by
the French TSO. In particular, two local studies were conducted in the Pyrenees (Ariege
and Aure basins), where the strongest decrease in precipitation is expected (Fig. 1.6)
and where significant hydropower capacities are installed (Fig. 1.1).

First, IMAGINE30 project was funded by EDF (Electricité de France) to analyze
the effect of climate change in the Ariege basin, (Hendrickx et al., 2013). Hydrological
simulations indicate a reduction in annual inflows to dams, an earlier onset of snowmelt,
and a greater frequency of low-water periods in response to climate change, resulting in a
reduction in electricity production. Additionally, the simulations suggest that reservoirs
should be filled earlier in the winter to anticipate a greater contribution from reservoirs to
summer low-water support downstream. Secondly, the SHEM (Société Hydro-Electrique
du Midi) has led a study focusing on the Aure Valley (Huang et al., 2022). The results
show that annual hydropower production is mostly vulnerable to future drier conditions
and that reservoir storage management is extremely sensitive to temperature increase
that induces earlier snowmelt.

Finally, in the framework of their prospective study, RTE (2021) explore the impact of
climate change on hydropower production based on the natural river discharges simulated
by the SIM2 hydrological model. They found limited changes at the annual level but
strongest changes in the seasonality of inflows which are projected to increase in Winter
and early Spring and decrease in Summer and Autumn.

Nevertheless, despite the existence of several studies that have identified the antici-
pated changes in the seasonality of inflows, none of these studies have assessed the impact
of these changes on the broader power system or considered them in relation to the an-
ticipated changes in flexibility requirements. Such assessment would require comparing
highlighted climate impacts at the catchment scale to power system needs at the scale
of the power grid.
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Thermal plants

Changes in ambient temperature have relatively small impacts on coal-fired and nuclear
power plants, however, gas-fired power plants may have their thermal efficiency and
power output significantly decreased. Furthermore, more frequent droughts decrease
potential cooling water for thermal power plants and increase the probability of water
outlet temperatures exceeding regulatory limits, leading to power production reduction
or shutdown. The usable capacity of thermoelectric power plants using river water for
cooling is expected to reduce in all European countries due to a combination of higher
water temperatures and reduced summer river flows (van Vliet et al., 2016b). Robust
and significant negative climate change effects are found, with a magnitude higher than
for other power-generating technologies in Europe (Tobin et al., 2018). In France where
69% of the electricity production is provided by nuclear plants, this is a major concern.

Solar PV

Studies typically report unremarkable or small positive effects of climate change on
regional solar power potentials as a net result of changes in irradiation driven by cloud,
aerosol and water vapor trends and increasing surface temperature (Yalew et al., 2020).

Wind

The findings of climate impacts on wind power potential are mixed, with diverging
results across regions as well as across studies. For Europe, for instance, both increases
and decreases are reported. More specifically, wind power decreases are reported partic-
ularly for southern Europe, while slight increases in wind power are projected for central
and northern Europe (Yalew et al., 2020).

1.3 Contributions and manuscript overview

1.3.1 Scientific questions

Two anticipated changes will impact French hydropower production. On the one hand,
integrating more variable renewables into the grid may modify the need for production
from dispatchable hydropower, which is required to mitigate the variability of renewable
production and the uncertainties in its forecast. On the other hand, changes in climate
and human water management are modifying river flows and reservoir operations, which
may therefore impact hydropower production. Climate models project a general increase
in river flows during winter and spring, and a decrease during summer and fall. Addition-
ally, hydroelectric reservoirs are expected to be utilized more extensively during summer
to supply irrigation and environmental requirements. The main question we address in
this manuscript is therefore: Q1 - How will hydropower production evolve in the
future French power system under climate change?

In order to estimate the impacts of climate change on hydroelectric production, the
modeling chain described in the section 1.2 is commonly used (Turner et al., 2022).
Hydropower production can be computed at various junctures of this modeling apparatus,
as illustrated in Fig. 1.9. Two methods can be used to compute the production as a
function of water: (i) using a statistical model if data on the generation from existing
plants under historical water conditions is available; (ii) in a physical-based approach,
using Eq. 1.1.
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Figure 1.9: Methods used to derive hydropower from climate simulations

The first climate-driven hydropower studies have computed hydropower production
based on simulated surface runoff (Hamududu et al., 2012; Lehner et al., 2005; Pokhrel
et al., 2008) or natural river discharges (Lehner et al., 2005; Tobin et al., 2018; van Vliet
et al., 2013). Consequently, they were unable to account for the capacity of reservoirs
to delay power production and were only able to estimate the production at the annual
timestep.

To estimate changes in hydropower production at smaller temporal scales, it is nec-
essary to include a reservoir model in the modeling chain, in order to represent regu-
lated river flows (Fig. 1.9). However, the reservoir models employed in previous studies
(Chowdhury et al., 2021; Dang et al., 2020; Siala et al., 2021; van Vliet et al., 2016a;
Voisin et al., 2020) are based on exogenous operating rules that do not account for power
system dispatching decisions (see section 1.1.4). These decisions are however crucial for
correctly determining the timing of the release from hydroelectric reservoirs. The exist-
ing reservoir models are therefore unable to: (i) accurately model the intra-annual flow
variations for rivers equipped with hydroelectricity, and (ii) compute the hydropower
production on a fine time resolution. The second research question addressed in the
manuscript is: Q2: How to represent hydropower operation in a climate model
taking into account power system balancing needs?

Power system balancing needs may be estimated through the use of power system
models. However, in order to provide an accurate estimation, it is important to accurately
represent all flexibility options within power system models. In particular, the flexibility
of hydropower plants is constrained by various factors, including the head-dependency
of the production (see Eq. 1.1), the operation of reservoirs for other purposes, or the
cascading effects if several reservoirs are located in the same river with upstream re-
leases influencing downstream inflows. Most power system models poorly integrate these
constraints and mainly rely on static operating guidelines for hydroelectric reservoirs.
This prevents them from adapting to changes in hydrological conditions or power system
needs by shifting their operations in the future. The third question addressed in the
manuscript is therefore: Q3: How to represent dynamic hydropower constraints
in power system models?

1.3.2 Manuscript overview

Three questions are thus addressed in the manuscript. Q2 and Q3 focus on methodolog-
ical contributions performed in order to answer the main question Q1.
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1.3.2.1 Part I: How to represent hydropower operation in a climate model
considering the needs for power system balancing?

The first part of the manuscript addresses the second question by proposing an innovative
framework for representing hydropower based on a demand-driven approach.

Chapter 2 introduces this novel approach, aiming to enhance the modeling of re-
lease decisions from hydropower reservoirs in hydrological models. First, hydropower
infrastructures are placed in coherence with the hydrological network and links are built
between hydropower plants and their supplying reservoirs to explicitly represent water
transfers built for hydropower generation. Then the multipurpose operation of these
reservoirs is determined by considering the requirements for ecological flow, irrigation,
tourism and power supply. For the latter, operations are driven by a target production
time series (see Fig. 1.10). At each time step, an exogenous target of national hydropower
production is used to determine the coordinated release of each hydroelectric reservoir.
The target production is to be obtained from observations or simulations of a dispatching
model, in order to reflect the power needs of the actual power system under study.

Hydrological model

Demand for hydroelectric generation
by reservoir power plants

Regulated streamflows /

Reservoir model Simulated production

Figure 1.10: Schematic summary of the method outlined in Chapter 2.

Chapter 3 describes the implementation of this novel method within the ORCHIDEE
land surface model. The method is assessed and validated through a case study of
the French electrical system. We drive the model with a high-resolution atmospheric
reanalysis and prescribe the observed national hydropower production as the total power
demand to be met by hydropower infrastructures. By comparing the simulated evolution
of the stock in reservoirs to the observations, we find that the model simulates realistic
operations of reservoirs and successfully satisfies hydropower production demands over
the entire period. We highlight the roles of uncertainties in estimated precipitation and
of the limited knowledge of hydropower infrastructure on the estimation of production.
Finally, we show that such an integration of hydropower operations in the model improves
the simulations of river discharges in mountainous catchments affected by hydropower.

Finally, Chapter 4 extends the analysis of the new method’s performance. First, it
discusses the rule that distributes the national production demand among the individual
plants. Comparing the model performance under three different rules, we find that the
simplest one yields the most conclusive results. Furthermore, we show that the demand-
based approach can also be employed to model the operation of PHS plants, which
involves water transfers from one upstream reservoir to a downstream one.

1.3.2.2 Part II: How to represent dynamic hydropower constraints in power
system models?

The second part of the manuscript addresses the third question. Chapter 5 demonstrates
the value of coupling a power system model with a hydrological model to inform about
time and climate-dependent hydropower constraints. The French power system is mod-
eled with the optimization model EOLES-Dispatch. We show that the coupling of this
model with the ORCHIDEE model allows to simulate a hydropower schedule closer to
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the observed production. Considering a prospective 2050 power mix, we also find that
the coupling leads to more frequent unsatisfied demand, which is underestimated by the
usual representation of hydropower.

1.3.2.3 Part III: How will evolve hydropower production in the future French
power system under climate change?

Finally, the last part of the manuscript provides some insights into the first question.
Parts I and II lead to the creation of an integrated modeling framework, which is illus-
trated in Fig. 1.11. This original framework represents an innovative tool that allows for
the joint consideration of scenarios of climate change and power mix. It ensures that the
simulated production is consistent with water resource availability, reservoir operation
rules, and the minimization of the total production cost of the power system. This allows
for finer resolution than previous studies and the simultaneous consideration of seasonal
changes in inflows, absolute changes in water resources, and changes in release decisions.

Constraints on
hydropower plant
operations

Generation
capacities

Demand and capacity

EOLES-Dispatch factors time series

Clirnate ORCHIDEE Reservoir
variables model

Technology
characteristics

Target production of
hydropower plants

U

| Simulated production |

Figure 1.11: Schematic representation of the integrated modeling framework developed across
Parts I and II.

Chapter 6 applies this novel modeling framework to the French study case, consider-
ing scenarios of future climate and power mix. Our findings indicate large uncertainties
across climate models in the evolution of annual production, due to uncertainties in future
precipitation, in particular over the Alps. However, consistent changes in the seasonality
of production are found. Production is higher during winter due to higher liquid precip-
itations, at the expense of spring production due to lower snowmelt. When combined
with changes in the power mix, we obtain an increase in the value of hydropower.

Chapter 7 analyzes in greater detail the sensitivity of our results to the uncertainties
in climate change. While Chapter 6 addresses the uncertainties associated with the
selection of climate models, Chapter 7 examines the uncertainties resulting from two
additional links in the modeling chain presented in Fig. 1.9: the choice of radiative
concentration pathway and the selection of bias correction methodology. We show that
these two factors also introduce a considerable degree of uncertainty into the final results,
which is of a similar magnitude to that of the inter-model uncertainty.

Finally, Chapter 8 examines the potential impact of anticipated changes in the power
system on the operation of PHS plants and their business model. PHS plants represent
the majority of storage options in France and are set for significant expansion in the
coming years. Nevertheless, the profitability of these plants has been called into question,
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prompting the French government to consider the creation of support mechanisms to
encourage the development of new plants. This chapter examines the current business
model of existing French PHS plants and explores how anticipated changes in the power
system are expected to modify their revenues. In the scenario under study, we identified
potential for increased revenues from PHS plants, driven by the increased variability
of electricity prices due to increased penetration of renewable energies. Nevertheless,
the uncertainty surrounding the evolution of thermal generation costs due to the use of
decarbonized fuels makes it unclear whether these revenues will be sufficient to cover the
investment costs of new projects.
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Representing hydropower operations
in hydrological models - A
demand-based approach
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CHAPTER 2

Presentation of the modeling framework

This chapter presents a novel demand-based approach for representing the complex
operations of hydropower reservoirs in hydrological models. We first introduce the moti-
vations for this new approach by outlining the limitations of existing methods. The new

modeling framework that we propose is then carefully described.

This chapter corresponds to the first two sections of an article currently being revised for
publication in the journal Hydrology and Earth System Sciences (Baratgin et al., 2024

(submitted)[b]).

Contents

2.1 Imtroduction . ... . ... ... ... 24
2.1.1 Background and motivation . . . . . .. ..o 24
2.1.2 Objectives . . . . . . . o 25
2.2 Presentation of the modeling approach . .. .......... 25

2.2.1 Definition of a routing network that includes hydropower con-
nections . . . . . ... Lo 26
2.2.2 Dams and reservoir parametrization . . . . .. ... ... ... 28
223 Waterdemands . . . . ... .. oL Lo 31
2.2.4  Validation diagnostics . . . . . ... ... oL 33
2.2.5 Calibration . . . ... ... 34
2.3 SUmMmAary . . . . v ottt e e e e e e e e e e e e e e e 35

23



Chapter 2. Presentation of the modeling framework

2.1 Introduction

2.1.1 Background and motivation

Hydroelectric power is set to play a pivotal role in numerous power grids in the coming
decades, offering low-carbon and dispatchable generation capacity. However, power grids
that rely on hydropower production are vulnerable to the unpredictability of weather
and climate. Consequently, assessing the potential impact of drought events or climate
change on hydropower production is a major concern for the development of resilient
energy systems.

Numerous studies (Lehner et al., 2005; Turner et al., 2017; van Vliet et al., 2016b;
Voisin et al., 2020; Zhou et al., 2018) have revealed significant impacts of climate change
on hydropower production in certain regions, including southwestern Europe and France.
These studies typically employ global hydrological models (GHMs) or land surface models
(LSMs) driven by atmospheric projections generated by global climate models (GCMs)
(Turner et al., 2022). These models simulate the regional-scale hydrological cycle, offering
gridded assessments of surface runoff and streamflow, which are then used to derive
hydropower production estimates.

However, the estimation process from streamflow to hydropower production is chal-
lenging for three reasons. Firstly, water can be stored in reservoirs for future use. The
timing of reservoir releases is then the result of the management of the power grid and
the coordinated operation of other plants across various water catchments. Secondly,
reservoirs that feed hydropower plants are often multipurpose and operated to satisfy
other water uses, namely irrigation or tourism. Thirdly, hydropower production can in-
volve inter-catchment water transfers, particularly in mountainous regions where water is
stored at higher elevations before being channeled to power plants located in the valleys.

Existing studies adopt diverse strategies to represent these complex operations of hy-
droelectric reservoirs, which are generally categorized into two main approaches (Nazemi
et al., 2015¢). On the one hand, simulation algorithms rely on predefined rules to com-
pute reservoir releases. These rules are often a function of reservoir inflow and filling
level, inspired by the pioneering work of Hanasaki et al. (2006) (e.g. in MOSART-WM
a reservoir scheme used by Ralston Fonseca et al. (2021), Voisin et al. (2020), and Zhou
et al. (2018)). They can also be defined based on target curves of water levels from which
the release is determined (e.g. in VIC-RES (Dang et al., 2020) used by Chowdhury et
al. (2021) and Siala et al. (2021)). Such methods account for the seasonal behavior of
hydroelectric reservoirs, but they miss the representation of short-term operations, as no
links with the power system needs are made. On the other hand, optimization algorithms
based on the pioneering work of Haddeland et al. (2006) determine the optimal release
for each dam. The objective function to optimize varies depending on the reservoir’s
primary purpose, aiming to maximize individual production for hydroelectric reservoirs.
However, this method considers each reservoir independently and often employs large
time steps (monthly) to reduce computational strain.

When the models differentiate the various uses of reservoirs, they categorize the
reservoirs based solely on their primary purpose (Abeshu et al., 2023). This approach
does not allow to capture the full range of constraints that apply to most hydroelectric
reservoirs, which are often multipurpose. Moreover, none of these studies operate the
dams as a network that takes advantage of the spatial complementarity of different
climatic regions or the cascading effects within river systems.

Finally, none of these large-scale studies explicitly model the water transfers from
reservoirs to power plants. In most cases, the flow rate within the grid cell where the
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power plant is located is used to estimate its production, without considering the actual
location of the reservoir (van Vliet et al., 2016b; Voisin et al., 2020; Zhou et al., 2018).
This approach may lead to an overestimation of production, as the flow rate at the plant
site is higher than at an upstream dam site, and inter-basin transfers may also occur.

2.1.2 Objectives

The objective of this study is to present the original methodology we developed to es-
timate hydropower production at the scale of a regional power grid. This approach is
based on the simulations of a GHM or LSM and addresses the three challenges previ-
ously identified: (i) considering the coordinated management of the entire power system
at the scale of the power grid; (ii) accounting for the multipurpose objectives of reservoirs
that store water for hydropower production; (iii) representing the inter-catchment water
transfers from reservoirs to power plants.

Our approach draws inspiration from the demand-based algorithms used for irriga-
tion reservoir management, pioneered by Hanasaki et al. (2006). In these algorithms,
a demand point (irrigated area) is connected to a supply point (river), with the water
demand of the downstream irrigated area driving upstream reservoir releases (Nazemi
et al., 2015¢; Zhou et al., 2021).

In our methodology, hydropower plants are linked to reservoirs whose releases depend
on the demand for hydropower production. At the geographical scale of the whole power
grid, the primary concern is balancing total electricity demand with generation, regard-
less of the specific locations of consumption and generation. Consequently, we assume
that all hydroelectric reservoirs within the power grid can contribute to satisfying the
demand for dispatchable hydropower production, determined by grid-level power system
dispatch decisions. Power dispatching involves deciding which types of power plants are
activated to satisfy the total power demand, based on the cost and availability of gen-
eration resources. Our model does not explicitly represent this side of the power system
decisions but uses the corresponding demand for dispatchable hydropower to drive the
operation of the hydroelectric reservoirs.

We implement the proposed methodology in the ORCHIDEE LSM (Krinner et al.,
2005), but it aims to be usable in any LSM or GHM. The first steps involve building
a river network that represents inter-catchment hydropower transfers and defining rules
for reservoir releases. These steps are generic and only require basic information on dam
and plant characteristics. To validate the effectiveness of the approach, we apply it to
the French power grid. A calibration step is added, which requires more information
on individual plants. Finally, the simulated operations of hydroelectric reservoirs are
compared with actual operations.

2.2 Presentation of the modeling approach

Our method relies on three main novelties: building a river network that includes
hydropower-related infrastructures and represents inter-basin hydropower transfers (Sect.
2.2.1), implementing a reservoir scheme that accounts for multipurpose reservoirs (Sect.
2.2.2), and using hydropower demand to infer hydroelectric reservoir operations (Sect.
2.2.3).
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2.2.1 Definition of a routing network that includes hydropower con-
nections

The spatial resolution of GHMs or LSMs is typically constrained by the atmospheric grid
of the forcing files, which is generally set at 0.5° (approximately 50 km) for large-scale
implementations and 0.1° (approximately 10 km) for regional implementations. How-
ever, human activities, such as irrigation or urban areas, operate at much finer spatial
resolutions, typically within a few kilometers. The concept of hydrological transfer units
(HTUs) has been introduced in routing modules to bridge this resolution gap (Nguyen-
Quang et al., 2018). HTUs correspond to sub-grid river basins, which allow runoff gener-
ated in one atmospheric grid cell to flow into multiple neighboring cells. The introduction
of these smaller units allows for a more accurate representation of the river system and
its interaction with human activities, including hydropower.

Three types of hydropower plants are distinguished, with different implications on
locations:

e Run-of-river plants do not have any storage capacity and generate electricity
according to the instantaneous river discharge at the plant location.

e Reservoir plants are fed by reservoirs that can store a specified water volume.
These reservoirs often serve multiple purposes, which may constrain the operations
of the plant. The electricity production does not necessarily take place at the
location of water storage, therefore the plant and the reservoir need to be located
separately on the model grid.

e Poundage plants are defined in some regions as a subcategory of reservoir plants
whose upstream reservoir is relatively small and only allows to store water for a
short period.

As an example of different locations of reservoir and power plant, the La Bathie
power plant, the largest reservoir power plant in France, draws water from the Roselend
reservoir, which is located about 20 km away (Fig. 2.1). At a kilometric resolution, this
implies horizontal water transfers between these two locations (water withdrawal and
restitution), which requires the reconstruction of the hydroelectric water supply network
within the routing network of ORCHIDEE.

We proceed in three steps, as illustrated in Fig. 2.2. First (Fig. 2.2-b), we place
dams and hydropower plants on a high-resolution river network (MERIT (Yamazaki et
al., 2019) is used in this study), based on geo-referenced data and upstream area pro-
vided in infrastructure databases. The location procedure is detailed in Appendix A.1
and the infrastructure datasets used for our study of France are presented in Section
3.1.2. Then, we build the adduction network by identifying supposed connections be-
tween power plants and dams that feed them (see Appendix A.1 for more details on
the procedure to build the adduction network). Finally (Fig. 2.2-c), we form HTUs by
aggregating MERIT pixels in an atmospheric grid cell with the same general flow direc-
tion following the procedures described in Nguyen-Quang et al. (2018) and Polcher et al.
(2023).

This procedure results in an HTU network representing natural and human-made
water flows. This network can be seen as a directional graph (Fig. 2.2-d) where ver-
tices correspond to HTUs and edges represent directional water flows, both natural and
human-made flows for hydropower purposes. In this graph, hydropower plants are placed
on the edges connecting the HTU of their withdrawal point and the HTU downstream
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Figure 2.1: Schematic representation of the complex water adduction network feeding La Bathie
power plant. Numerous water intakes can be identified. Among them, are the reservoirs of
Roselend, Saint Guérin, and La Gittaz as well as other intakes directly connected to rivers or
glaciers. Source:vpah-auvergne-rhone-alpes.fr

where they are located. Fig. 2.3 introduces the notation that will be used throughout the
article to index HTUs and edges in such graphs. It shows that the water used to produce
electricity can follow a different path from the natural flow out of the reservoir. This ap-
proach allows for the representation of this distinction independently of the atmospheric
resolution.

The attributes and variables describing the reservoir and hydropower characteristics
of each HT'U 7 and vertex (7, j) are presented in Table 2.1.

recreation, and irrigation) (m?)

Viot,i Total maximum storage capacity of the reservoir located in HTU 4 (m3)

Velee,is Vreeris Virrii | Maximum storage capacity dedicated to respective water uses (hydropower,

Hiom,i Height of the dam (m)
vertex Vi(t) Current total volume in the reservoir (m?)
Vinin,i(t) Minimum water volume in the reservoir, it evolves with time to account for
recreation uses (see Fig. 2.6) (m?)
hres.i(t) Water level in the reservoir (m)
Apesi(t) Surface of the reservoir (m?)
Pu.j Installed hydropower capacity of the plant located on the edge (7,7) (MW)
H 5 Nominal hydraulic head of the plant, obtained with a full reservoir (m)
edge Typ(.j) Hydropower plant type (run-of-river, poundage, or reservoir)
N6,5) Production efficiency of the plant (conversion of potential energy to power)
Eq j)(t) Production of the plant (MWh)

Table 2.1: Model attributes and variables describing reservoirs and hydropower. The prognostic
variable is distinguished in bold

During calibration (see Sect. 2.2.5), plants for which the identification of a single
reservoir conducts to a significant misrepresentation of the plant’s hydropower potential
are identified, and a correction is made by moving the withdrawal point so that it gathers
enough water to ensure the observed production is possible.
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Figure 2.2: Illustration of the procedure to build the ORCHIDEE routing network using the
Pouget hydropower plant in France as an example. (a) Geographic context of the Pouget power
plant (orange triangle) and its feeding reservoir (black square indicating the location of the
dam). The red grid indicates the atmospheric grid. (b) Flow directions and accumulation for
the MERIT pixels overlapping the atmospheric grid. The MERIT pixels in which we located
the power plant and the dam are respectively indicated in orange and black, while the red arrow
represents the identified adduction network link. (c) Resulting HTU decomposition. The location
of the infrastructures is reported in the corresponding HTUs. (d) Corresponding HTU graph.
The HTU containing the dam is indicated with a bold black outline while the power plant (orange
triangle) is placed on the edge between the reservoir HTU and the HTU downstream from the
one where it has been located.

2.2.2 Dams and reservoir parametrization

In the initial version of ORCHIDEE (Polcher et al., 2023), each HTU ¢ contains three
natural water stores, characterized by their time constants (slow aquifer, fast aquifer,
and stream storage). To represent water management we add a fourth store to the HTUs
in which dams have been located to represent water storage in the reservoir (Fig. 2.4).
This section presents the continuity equation for the water volume in this reservoir.

2.2.2.1 Prognostic equation for water in the reservoir

As represented in Fig. 2.4, the fast aquifer is filled by local runoff generated in the HT'U,
the slow aquifer by local drainage generated in the HTU, and the stream store by the
discharge from upstream HTUs. The equations of these natural water stores are detailed
in previous publications (Polcher et al., 2023; Zhou et al., 2021). They introduce the
respective time constants of the natural stores gsiream, Gfast and gsio (in unit h.m™h)
and the topographic index calculated for each HTU 7; (in unit m?).

The "natural discharge" Dis;(t) in the HTU i is generated by summing the outflows
of the three natural water stores (Eq. (2.1)). This natural discharge is stored in the
reservoir if there is one in the HTU, or routed towards the downstream HTU if there is
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Figure 2.3: Graph representation of the river routing network built. Each vertex represents an
HTU. HTUs containing a dam are represented by bold dark circles. Edges represent existing
water flow directions (blue edges for natural water flows and dashed red ones for hydroelectric
pipes). Power plants are placed on edges whose water flows they can use to produce power
((a): run-of-river plant, (b)-(c) reservoir or poundage plants)). The indexing convention is also
presented on the graph, with integers used for vertices and couples of integers for edges. i + 1
is the HTU directly downstream of ¢ (natural flow) while {i — 1} denotes the ensemble of HTU
flowing into HTU 4. Similarly (¢,% 4 1) is the natural outflow edge from HTU ¢ while {(i — 1,4)}
represent the ensemble of inflow edges into HT'U 4, including basin transfers.
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The prognostic equation on reservoir volume is then given by:

dvi
dt

() = Disi(t) + presi(t) — vresi(t) = Y _ Fii j(t) (2.2)
J

where pres.i(t) and evyes i(t) are respectively the direct precipitation and evaporation over
the reservoir, and F(; ;(t) is the water released from the HTU 4 to the HTU j, which
breakdowns as:
! LTl l ill
Fiig)(6) = ma (F(6), B (1), Fes(0)) + FE2 @) (2:3
Reservoir releases aim at satisfying the different water demands addressed to the reser-
voir, which are described in Sect. 2.2.3.

Ecological and irrigation releases are limited by the demands addressed to the reser-
voir and the water available in the reservoir:

FEeol(t) = min (Dg;gg (1), V) = Vm""”‘”) (2.4)

i
(4.4) Tres

Tres

irri . irri V;*(t) - Vmin,z’ t)
Fii5(t) = min <D(j,i) (t), ( ) (2.5)

where V*(t) is the theoretical volume to be obtained without any release (Eq. (2.6))
and T.es is the time constant of the reservoir, which we assume to be of the order of
magnitude of a few minutes.

vy
dt

(t) = Disz’(t) +pres,i(t) - eUres,i(t) (2.6)
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Figure 2.4: Schematic representation of water stores and flows in an HTU 4

The water released for electricity generation is determined by the production of the plant,
computed based on the distribution of the prescribed national demand (see Sect. 2.2.3).

Fqlqc(t) _ E(ivj)(t) (2.7)
GO pgnig k@)

where p is the water density, g is the gravitational constant, 7; ;) is the efficiency of the

plant (set at 0.9 by default), and h; j)(t) is the current hydraulic head, which varies with

the water level of the reservoir (Eq. (2.8)).

h(i,j)(t) = H(i,j) - (Hdam,i - Hres,i(t)) (2-8)

Finally, the spillage is defined as the water overflowing without being used for the
different uses.

ViF(t)—Viot,i eco irri elec Y .
spill gy — J X <% — 2 max <F(i,k§(t)7 Fs @, FsS (75)> » 0 ) dfj=i+1
(4,9) 0 ,else

(2.9)

Ecological and irrigation flows F(‘;C;.’)l(t) and F(’Z’"% (t) are computed before the other
flows, consistently with water management policy in most of the countries.

2.2.2.2 Diagnostic variables

As in previous studies (Fekete et al., 2010; Zhou et al., 2018), we represent each reservoir
i in the form of a tetrahedron of height H gy, ; and volume Viy; (Fig. 2.5).
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‘m/

H dam,i

Figure 2.5: Geometry of the reservoir

Hence, the relations between the volume V;(t), the water level H,¢s;(t) and the area
of the reservoir A,si(t) are given by:

1
Hres,i(t) = Hdam,z <112(tt)> ’ (2'10)
3 Vi(t)
Ares,l( ) = Hres,z’(t) (2'11)

Direct precipitation and evaporation (m?/s) over the reservoir are then given by
Dres,i(t) = Pi(t) % Apes,i(t) and evyesi(t) = Ev;i(t) * Apes,i(t) where P;(t) and Ev;(t) are
respectively the precipitation and evaporation over the HTU i (in m/s).

2.2.3 Water demands

Reservoirs are designed to store water for a variety of purposes, including energy pro-
duction, irrigation, tourism, and domestic and industrial uses. As this study focuses on
hydroelectric reservoirs, we adopt a simplistic representation of the other water uses and
only consider those that can constrain hydropower operations: ecological flows, irrigation,
and tourism.

2.2.3.1 Non-energy demands

In many countries, environmental laws require a minimum flow F;, ; ;1) in the water-
course downstream of a dam in 4, to guarantee the ecological quality of the river. These
minimum flow requirements vary by region, and specific details for the French study
case are presented in Sect. 3.1.3.1. Such an ecological demand D(ejfz’é(t) applies to all
reservoirs, regardless of their intended use, and is defined as follows:

Foi ingy, ifj=i+1
peeot (g — | Fmin i), 2.12
(],z)( ) {07 clse ( )

In addition to ecological requirements, some reservoirs are used for irrigation pur-
poses. Water withdrawals for irrigation can be made either directly from the reservoir or
from the downstream river. Withdrawals from the river require corresponding releases
from upstream reservoirs to maintain low flows. In this study, the water requirements for
irrigation are represented in a highly simplified manner by assuming a need proportional
t0 Frnin,(i,i+1) during the summer period. DZ;Z) (t) is then expressed as:

DZT) (1) = {Oéirm' * Frpin (ii+1),  if j =14+ 1 and Vipri; > 0 and t € Summer (2.13)

0, else

The proportional factor ay,.; and the delimitation of the summer period may vary across
regions. Details for the French case study are presented in Sect. 3.1.3.1.
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Chapter 2. Presentation of the modeling framework

Finally, during the summer months, some reservoirs also serve as tourist attractions,
requiring the reservoir to be maintained at a high level to accommodate recreational
activities. To ensure proper reservoir filling during the summer season, dam operators
follow a filling guide curve. We define corresponding constraints on V,in i(t) based on
previous research and available data for French reservoirs (e.g. Frangois (2013) on the
Serre Pongon reservoir), as illustrated in Fig. 2.6. By default, the minimum volume is
set at 10% of the total capacity of the reservoir and is increased to 90% during the tourist
season for the reservoirs concerned.

Vmin,i (t)

0.9 Vrecr, i

0.1 Vior, i

"Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec'

Figure 2.6: Minimum volume constraints throughout the year.

2.2.3.2 Hydroelectric demand

The production of hydropower plants is the result of the dispatch of the total power
demand among the different power plants within the power grid (Stoft, 2002; Wood
et al., 2013). To meet power demand at minimum cost, power generation units are
called upon from least to most expensive. Run-of-river power plants, whose production
is free and non-dispatchable, are called upon first, along with solar and wind power
plants, to produce to their maximum potential (as long as it does not exceed total
demand, otherwise there is a curtailment of their production). On the contrary, the call
upon reservoir power plants is the result of a much more complex trade-off, aiming to
minimize the total power system cost. From the perspective of a social planner, in charge
of dispatch decisions and aware of the potentials and costs of all the units available within
the power grid, as well as the electricity demand, a demand for dispatchable hydropower
generation D,..s(t) can be defined at each time step. This demand (or production target)
is defined for the whole grid and needs then to be allocated among the different plants to
determine the energy generated at each location E(i’j)(t), which will then drive reservoir
release decisions. Indeed, knowing FEj; ;)(t), the model deduces the additional water
release needed for the plant production (Eq. (2.7)) and can finally compute the reservoir
release based on Eq. (2.3).

To distribute national demand D;.s(t) into individual plant production E(; ;)(t), the
model proceeds in two steps.

1) Fatal production: The model starts by going through all the hydropower plants
and calculates the energy they can produce or store without additional release, thanks
to other releases (ecological or irrigation) or the water expected to overflow. Associated
production Eysar, i) (t) and Egyy ¢ 5)(t) are computed based on Eq. (2.14) and (2.15).

. i) (t)
FEatal(i,j)(t) = min <P(M) l(qj)

, Mmax (Fecol,(i,j) (t)’ Fz’rri,(i,j) (t)) X pgn(i,j)h(i,j) (t)>
(2.14)

(4,4)
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) hi g (t)
Epin,(i,j)(t) = min | P ;) Hy, — Etatal (i) (1), (2.15)

< V;*(t) - V;tot,i

Tres

—max (Feeop,(i,i+1) () 5+ Firri(i,i41)(t)) 70) X pgn(i,j)h(i,j)(t)>

The remaining production demand to dispatch is then
DT@S (t) - ZTyp(i,j)E{poundage,reservoir} (Efatal,(i,j) (t) + Espill,(i,j) (t))

2) Reservoirs withdrawals: If there is any national production demand left to dis-
patch (Dyes(t) > 0), it should be met by withdrawing water from the reservoirs. In this
study, we consider that the reservoirs are used in the decreasing order of their relative
filling levels to produce power while respecting production constraints (installed capacity
of the plant and the remaining volume of water in the reservoir). The remaining pro-
duction is dispatched following this rule, until either all remaining production demand
is fulfilled, or no more plants can produce. This rule leads to the equalization of relative
filling levels at the end of each time step. This is equivalent to implementing a uniform
rule curve for all reservoirs, as has been done in Dang et al. (2020). Another advan-
tage of this rule is that hydropower production is distributed across the entire territory.
All plants are required to produce a little power each day, close to the so-called stable
productions modeled in other studies (Sterl et al., 2020).

2.2.4 Validation diagnostics

The performance of our model to estimate hydropower production will be assessed based
on three main diagnostics: the annual hydropower potential (AHP) simulated at each
individual plant, the hydraulic stock simulated at the national level, and the time series
of simulated production by hydropower plant type.

We define AH P ;)(y) as the maximum energy that could be produced by the plant
(i,7) over the year y in our simulation. To compute it, we run a simulation in which the
demand for dispatchable hydropower D,..s(t) is fixed to infinite, leading all hydroelectric
reservoirs to release water within the limits of water availability and the installed capacity
of the plant. The simulated water flow F; ;(t) at the plant location is then used to compute
AHP; j (y) based on Eq. (2.16), considering the average head of each plant m, which
is determined based on Eq. (2.8), taking the average reservoir water level.

tiny

The hydraulic stock is the total energy that can be produced using energy stored in
all the reservoirs of reservoir plants belonging to the power grid, it is defined by:

Vi(t)
S(t) = 3 / pgaphay (V) AV (217)

(i,5)s.a.T'yp(;, jy=reservoir Vinin,i(t)

Finally, for a hydropower plant type k (run-of-river or reservoir), the simulated pro-
duction Ej(t) is given by:

Ei(t) = > B j)(t). (2.18)

(ivj)s'a'Typ(i,j) =k
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2.2.5 Calibration

A calibration step is performed based on the comparison of simulated AHP and observed
production at each individual plant, provided that such data are available. The objective
of this step is to identify and correct errors from different sources, which are discussed in
this section. The calibration procedure then varies according to the type of power plant.

2.2.5.1 Run-of-river plants

Discrepancies between the simulated AHP of a run-of-river plant AH P; j)(y) and its
historical production E; j)(y) can arise from five factors:

1. Hydro-meteorological biases of the model may result in discrepancies in river dis-
charges between the model and the actual river conditions;

2. An inexact location of the plant on the HTU graph may lead to inaccurate estimates
of the available discharge at the plant’s location;

3. The model assumes that the plant can harness the entire river volume. In reality,
the river may split into several branches, with only one channeling water through
the plant;

4. A uniform efficiency of 0.9 is assumed for all plants. However, actual efficiency
varies depending on the type of hydroelectric turbine used (the choice is made
based on the plant’s rated head and flow) and flow conditions;

5. We assume that the plant produces at its maximum potential. In practice, it may
be unavailable for maintenance and some of the plant’s potential can be reserved
for ancillary services to the grid or curtailed if non-dispatchable renewable genera-
tion potential exceeds the power demand. This can reduce the actual production
compared to the potential.

As in previous studies (Wagner et al., 2017; Zhou et al., 2018), the unknown efficiency
of the power plant 7 ;) is adjusted to calibrate the model against historical annual
generation data, based on the previously estimated bias (Eq. (2.19)). Such calibration
corrects the total error without differentiating its source.

1 Bap)
L Eyw 9.19
16D = 0.9 " AHP, ;) (y) o

2.2.5.2 Poundage and reservoir power plants

Over a year, the water entering the reservoir i of a plant (i,7) can either contribute to
the annual production of the plant E; j)(y), to the annual change in the hydraulic stock
in the reservoir AS;(y), or spill without generating power.

As for run-of-river plants, differences in simulated AHP and observed production can
have different sources. In addition to the five errors listed above, a sixth possible error,
related to the adduction network, should also be considered. Indeed, we assume in our
model that each plant is only fed by one reservoir, which can lead to an underestimation
of the plant production if some other water inputs are non-negligible. To account for
these different error sources, we calibrate the model in two successive steps:
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e Step 1: Dams with a large negative bias (inferior to -50 %) are shifted downstream
from their original location to take into account the computed deviation. This
adjustment can be seen as adding water intakes for the power plant based on the
topography, such that the power plant receives enough water. Most concerned areas
are located in mountains, where the water intakes are quite close geographically
(on the same atmospheric grid) and therefore subject to the same precipitation,
which allows us to assume that the water available per unit of area is similar.

e Step 2: For the other plants, the efficiencies are adjusted to match the observed
production, as with run-of-river (Eq. (2.19)).

2.3 Summary

This chapter described the conceptual framework of a demand-based approach to simulate
hydropower operations in land surface models. The method relies on three original
features: (i) the reconstruction of the human-made hydropower network on the model grid
to represent not only natural water flows but also those built for hydropower management;
(ii) the implementation of reservoir operation rules that account for their multipurpose
objectives; (iii) the prescription of an exogenous “hydropower demand” defined at the
power grid level to drive the release of hydroelectric reservoirs, allowing coordinated
management of all hydroelectric resources on the power grid and consistent with power
system needs.
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CHAPTER 3

Implementation in the ORCHIDEE model and val-
idation with the French study case

This chapter aims at validating the modeling approach that has been described in the
previous chapter. To this end, the framework is implemented in the ORCHIDEE LSM
and the French power system is used as a study case.

Sect. 3.1 introduces the data and methods used for the case study of the French power
grid. Sect 3.2 assesses the performance of ORCHIDEE in reproducing river discharges
over this area. Sect. 3.3 details the modeling results and assesses the performance of the
method to represent the historical operations of hydropower plants. Finally, Sect. 3.4
discusses these results and concludes by outlining future perspectives of research.

This chapter corresponds to the second part of the article submitted for publication in
the journal Hydrology and Earth System Sciences (Baratgin et al., 2024 (submitted)[b]).
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Chapter 3. Implementation in the ORCHIDEE model and validation with the French
study case

3.1 Data and methods for the study case over France

3.1.1 ORCHIDEE setup

In this study, ORCHIDEE is run in stand-alone mode, forced with the SAFRAN meteoro-
logical dataset (Quintana-Segui et al., 2008). SAFRAN (Systéme d’Analyse Fournissant
des Renseignements Atmosphériques a la Neige) is a surface reanalysis resulting from
the optimal interpolation between the vertical profiles of the atmosphere derived from
ERA-40 atmospheric reanalysis and surface observations. It provides the required atmo-
spheric variables - temperature, relative humidity at two meters, wind speed, downward
radiation (shortwaves and longwaves), and precipitation (solid and liquid) - at an hourly
time step over an 8 x 8 km grid that covers France and upstream part of its catchments
beyond its borders.

To estimate the sensitivity of ORCHIDEFE’s simulations to the uncertainties of pre-
cipitation, we built two alternative atmospheric forcings by replacing precipitation data
in SAFRAN with other precipitation datasets: COMEPHORE (Tabary et al., 2012) and
SPAZM (Gottardi et al., 2008). These datasets are presented in detail in Appendix A.2.1
and their relative differences with SAFRAN are displayed in Fig. 3.1.

COMEPHORE dataset provides observations of surface precipitation accumulation
over metropolitan France at an hourly and kilometric resolution based on a synthesis of
radar and rain gauge data. We build a meteorologic dataset SAF _COM by replacing pre-
cipitation data in SAFRAN with data from COMEPHORE. As COMEPHORE does not
distinguish solid and liquid precipitations, we keep SAFRAN’s hourly ratio of solid /liquid
precipitations when possible and discriminate based on the air temperature otherwise.
The differences in annual mean precipitation between SAFRAN and COMEPHORE are
generally small, with an average deviation inferior to 1.0% (Fig. 3.1). However, we find
a small seasonal bias as this average deviation ranges from -2.0% in winter to +1.9%
in summer. Moreover, discrepancies increase dramatically in mountainous regions, espe-
cially in the Alps and in the Pyrenees. For grid points with an average elevation above
1000m, the annual mean precipitation in COMEPHORE is, on average, 10.4% lower than
in SAFRAN.

SPAZM is a daily reanalysis of precipitation at the kilometer scale, developed by
EDF, France’s main electricity producer. We interpolate the daily precipitation data
from SPAZM to the hourly scale and merge it with SAFRAN data to create the alterna-
tive forcing dataset SAF SPAZM. As for SAF COM, we keep SAFRAN’s hourly ratio
of solid/liquid precipitations when possible. Compared to SAFRAN, SPAZM’s precipita-
tions are on average 2.7% higher, with a bias of +7.0% in summer and +2.1% in winter.
The bias is heterogeneously spread over France (Fig. 3.1) with larger differences on the
highest reliefs, without a clear sign. For grid points above 1000 meters, the average
deviation is +3.9%.

The vegetation distribution map used in ORCHIDEE is derived from the ESA-CCI
Land Cover dataset at 0.05° resolution for the year 2010. The soil background albedo
map is derived from the MODIS albedo dataset aggregated at 0.5° resolution. Soil texture
distribution maps are obtained from Reynolds map (Reynolds et al., 2000) at 5-arc-min
resolution with 12 USDA soil texture classes (at 30 cm depth). In this study, ORCHIDEE
performs the energy and water budgets at a 15-minute time step, and reservoir operations
are performed at the same time step. Given that the time step is greater than the time
constant of reservoirs, we consider that reservoir spillage always occurs within a single
time step.
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Average relative difference in total precipitation compared to SAFRAN (2010-2020)
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Figure 3.1: Relative differences in total precipitation across the datasets for the period 2010-2020.
Left column: annual average difference; middle: average difference in winter (December-January-
February); right: average difference in summer (June-July-August). Top: COMEPHORE
dataset compared to SAFRAN; Bottom: SPAZM compared to SAFRAN

3.1.2 Infrastructure datasets

3.1.2.1 Dams and reservoirs

We use reservoir data from GRanD (Global Reservoirs and Dams) dataset (Lehner et al.,
2011), which compiles data on large reservoirs and dams worldwide (volume > 0.1km3,
totaling 7320 dams). The database includes 137 dams in France, 63 of which are used
for hydroelectricity. However, some important dams for French hydroelectricity are not
documented in this database. Therefore, we completed the dataset with data from the
CFBR (Comité Francais des Barrages et des Réservoirs), responsible for the inventory
of French dams higher than 15m for the ICOLD (International Commission on Large
Dams). We extracted data from its website (CFBR, 2021) to complete the GRanD
database. Our final dataset comprises 492 French dams. Their location, original data
sources, and intended purposes are shown in Fig. 3.2.

3.1.2.2 Hydropower plants

The data used in this study are obtained from the European Commission et al. (2019)
database. This database includes geographical coordinates, installed power capacity,
plant type (run-of-river, reservoir, or pumped-hydro storage (PHS)), and hydraulic head
information for 4186 European plants, totaling an installed capacity of 161 GW. Of these,
153 plants are located in France, representing 20.6 GW of capacity.

Other available datasets of French hydropower plants are the national registers of
electricity generation and storage facilities published annually (ODRE, 2016, 2018). The
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Figure 3.2: The reservoirs in the final database. Left: Source database; Right: Main uses of the
reservoirs (Sec denotes secondary use.)

2016 register includes data on 414 hydropower plants, with a total installed capacity
of 23.4 GW. However, as these registers do not provide the geographical coordinates of
the plants, we chose to use the JRC database. Nevertheless, we use data from the 2016
national register to correct head information and categorize the plants according to the
4 categories used by the French operator: run-of-river, poundage, reservoir, and PHS.
Figure 3.3 shows the locations of the plants included in our final database, while Table
3.1 summarizes the discrepancies between the databases in terms of installed capacities.
Its last line details the main features of the final database we use for this study.

P Installed capacity (MW)
@ 200

PHS plant

e Reservoir plant
Pondage plant

® Run-of-river plant

Figure 3.3: Typology of the plants in the database

3.1.2.3 Performance of location algorithm

Following the procedure outlined in Fig. 2.2, we locate the infrastructures on the MERIT
river network and construct the HTU routing graph based on the simplification of this
MERIT network (resolution of 2km) on the SAFRAN atmospheric grid (resolution of 8
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Total | Run-of-river | Poundage | Reservoir

National Register 2016 (ODRE, 2016) 23.426 5.943 3.715 8.748
JRC (initial categories) 19.695 5.87 - 8.76
Final database (plants from JRC database, | 19.638 4.426 2.606 7.434

classified following RTE categories which have
been located on HTUs)

compared to ODRE (2016) 84.6% 74.2% 71.7% 86.0%

Table 3.1: Comparison of the different databases in terms of installed hydroelectric capacities
(GW) in metropolitan France (without Corse et DOM-TOM)

km). HTU areas can thus theoretically vary from 0 to 64 km? and the average area of
HTUs in our graph is 4.73 km?. The upstream area of an HTU is defined recursively
as the sum of the HTU area and the upstream area of all its tributaries. For each
hydroelectric infrastructure, we compare in Fig. 3.4 its reference upstream area (from
the database or MERIT network) to the upstream area of the HTU in which it is located.
For most of the structures, the positioning error is lower than 20%. Some dams with a
small upstream area are, however, located in HTUs with a higher upstream area, due to
resolution constraints.
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Figure 3.4: Comparison of the initial upstream area of the infrastructure (referenced in the
database or upstream area of the MERIT pixel on which it is placed) with its final upstream
area in the HTU graph. Blue dots represent hydroelectric reservoirs (reservoirs that have been
associated with power plants during the adduction network building step) and red signs represent
hydropower plants. Green and orange dashed lines delineate a respective error of +/- 20% and
+/- 50%, while grey and purple dotted lines respectively refer to the area of an atmospheric grid
point and the average area of an HTU.

3.1.3 Data for water demands and validation
3.1.3.1 Ecological and irrigation demands

In France, minimum flow requirements are defined relatively to the mean interannual flow
downstream of the dam Dis;. They are summarized in Table 3.2. We ran a twenty-year
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SAFRAN simulation without reservoir operations to calculate Dis; at dam locations.

Dis; > 80m3/s

Dis; < 80m3/s

Dam intended for hy-
dropower purpose

Frin,(i,i+1) = 0.05Dis; or flow
immediately upstream of the
dam if it is lower

Frin,(i,i+1) = 0.05Dis; or flow
immediately upstream of the
dam if it is lower

Dam intended for
other purpose

Frnin,(ii+1) = 0.05Dis; or flow
immediately upstream of the

Fin,(i,i+1) = 0.1Dis; or flow im-
mediately upstream of the dam if

dam if it is lower it is lower

Table 3.2: French legal requirements for ecological flow, Dis; is the mean interannual flow
downstream of the dam

To account for the irrigation purposes of some reservoirs, we increase the minimum
flow requirement downstream of reservoirs intended for irrigation during the summer
period (June 1st to September 30th) by setting ciy; = 8. This choice is based on
information available from French reservoir concession contracts, which sometimes specify
the volume of water reserved for irrigation. In the case of Serre-Pongon, for example,
the concession contract stipulates a reserve of 200 million m3, to be used for irrigation,
between July 1 and September 30. If we consider a constant withdrawal spanning three
months, this corresponds to a 25m3 /s flow, which is 45% of the 55m3 /s mean interannual
flow at this location, and thus 9 times larger than F,;,, which is set to 5%, as explained
above.

3.1.3.2 Hydropower production demand

As this study aims to validate our proposed reservoir operations model, we take the
historical time series of production as the hydropower demand prescribed to the model.
We can thus assess whether the model, when driven by the historical atmospheric dataset,
can meet the observed production levels. Data on observed production for hydropower
plants in the French power grid are available from 2015 onwards, published by RTE, the
French TSO, at a 30-minute time step for 2 categories of plants (RTE, 2023b):

e River production D, (t) that gathers the production of pure run-of-river power
plants and poundage power plants (reservoir plants with a storage below 400h)

e Reservoir production D,.s(t) that gathers the production of reservoir power
plants with a greater storage capacity

In our model, D, jyer(t) is then used to drive the production of run-of-river and
poundage power plants, while D,..s(t) is used for the reservoir power plants with greater
storage capacity, both using the method described in 2.2.3.2. We use the classification
established by RTE and illustrated in Fig. 3.3.

3.1.3.3 Validation data

In France, hydropower reservoirs are managed by companies that do not share detailed
data on their production or their filling level. Similarly, discharge data from gauging
stations near hydroelectric power plants are often not publicly accessible. This limits the
data available for validating our model.

However, as a delegate of public services, RTE provides some data, often aggregated
at the national level, which allows us to calibrate and validate our model as shown in the
following section. The available data are:
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e National time series of production by hydroelectric sector (river and reservoir) at
30-minute time step from 2015 (RTE, 2023b) - which are the time series used for
the hydropower production demand;

e Annual production of each hydroelectric power plant for the years 2015, 2016, and
2018 (ODRE, 2015, 2016, 2018);

e Weekly hydraulic stock (Eq. (2.17)) at national level from 2014 to 2020 (RTE,
2023d);

As mentioned in Section 3.1.2, our hydropower plant dataset does not cover all the
installed plants in France. However, by using annual production data of each plant pro-
vided by (ODRE, 2015, 2016, 2018), we can estimate the share of the national production
provided by the power plants in our database. This allows us to compute a factor for
converting the production from national time series (RTE, 2023b) into representative pro-
duction within our model, both for prescribing the production demand and comparing
the results. The calculation of such conversion factors is presented in Table A.1.

We also compute the maximum hydraulic stock of the reservoirs associated with the
power plants in our database using Eq. (2.17) and data from our plants and reservoirs
databases. We obtain S,,q, = 3.66 TWh, which is quite close to the 3.59 TWh value
reported by RTE (RTE, 2023d). Therefore, we can consider that our database covers
all the available storage and that missing hydropower capacity is linked to negligible
reservoirs.

3.2 Assessment of the performance of ORCHIDEE to sim-
ulate river discharges in France

To evaluate the performance of the ORCHIDEE model in simulating river discharges
in France, independent of reservoir operations, we compare the daily river discharges
simulated by the model with observations from Schapi (2022) database. It is important
to note that the observed discharge data represents actual discharge values, including
water withdrawals, while, at this stage, ORCHIDEE generates natural discharges without
accounting for such withdrawals and dam operations.

3.2.1 Bias in average discharge

Figure 3.5 displays the relative biases in the mean discharge simulated by ORCHIDEE
forced by SAFRAN over the 2010-2020 period for a selection of gauging stations located
on rivers with hydropower infrastructure (see Fig. 3.3 for the detailed locations of the
power plants). We chose the bias metric because the annual mean discharge is the most
relevant parameter for hydropower potential.

The overall performance of the model indicates a slight overestimation of flows, with
an average bias of +2.4%.

The discharge bias increases with the upstream area of stations. For small catchments
(less than 500 km?), the average bias is -1.6%. In medium-sized catchments (between
500 and 5000 km?), the bias is +1.1%. In large catchments (more than 5000 km?), the
bias becomes more pronounced, reaching +7.6%. It is, however, important to note that
the smaller the upstream area, the greater the uncertainty in the location of the station.
In Fig. 3.5, only the stations located with an error in the upstream area lower than 20%
are displayed.
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Figure 3.5: Relative bias in mean discharge for a selection of gauging stations located on French
rivers equipped for hydropower, for the period 2010-2020. Each colored point represents a gauging
station, with the shape indicating the size of its catchment, while the color indicates the discharge
bias at this location. Purple stars indicate the locations of the hydropower plants located on the
model grid.

On the largest rivers (Rhine and Rhone), where most run-of-river power plants are
located, the bias shows little spatial variability, remaining around +20% for the Rhone
and -10% for the Rhine. In contrast, in the Alps, where a significant share of dispatchable
hydroelectric capacity is installed, the bias is highly variable, even within the same river.
For instance, upstream of the Isere river, the bias varies from -19% to +26% between two
stations located about twenty kilometers apart. The upstream reaches of the Durance
also show negative biases. In the other massifs equipped for hydroelectricity, such as
the Pyrenees and Massif Central, there are negative biases at higher altitudes, which
gradually diminish downstream.

Assuming negligible observational errors, discharge bias can originate from several
erTor SOurces:

e Errors in the atmospheric forcing applied to ORCHIDEE;
e Modeling errors in the representation of energy, water, and carbon cycles;

e Missing processes in ORCHIDEE, such as glacier melting, interactions with ground-
water, and water withdrawals.

To explore the first hypothesis, Fig. 3.6 compares the discharges simulated by OR-
CHIDEE using the two alternative forcings (SAF _COM and SAF SPAZM) with those
from the reference SAFRAN simulation. The relative biases of these simulations com-
pared to observations are presented in Fig. 3.7.

Under the SAF COM forcing, simulated discharges show relatively small differences
from those obtained with SAFRAN on an annual average, except in mountainous wa-
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3.2. Assessment of the performance of ORCHIDEE to simulate river discharges in
France

Average relative difference in simulated river discharges compared to the reference SAFRAN simulation (2010-2020)

Average difference = -0.4 % Average difference = - 17.6 % Average difference = +23.8 %

Average difference = +6.2 % Average difference = +3.0 % Average difference = +10.9 %

Figure 3.6: Relative difference in discharge simulated by ORCHIDEE under the alternative
precipitation forcings. Results are expressed as average relative differences compared to the
reference SAFRAN simulation for the period 2010-2020. Left: annual average difference; middle:
average difference in winter (December-January-February); right: average difference in summer
(June-July-August). The discharges are shown for all grid points with an upstream area greater
than 1000 km?2.

tersheds (Alps and Pyrenees). In these regions, the lower precipitation in SAF  COM
results in streamflows that are 30% to 40% lower when compared to the SAFRAN simula-
tion. Besides, a pronounced seasonal pattern is observed. The simulated streamflows are
lower in winter under SAF COM across France (averaging -16% and up to -50% for the
Loire and Durance rivers), while they are higher in summer (averaging +25% and up to
+50% for the Loire River). Regarding the comparison with observed flows (Fig. 3.7), the
negative biases observed with SAFRAN in the Alps and Pyrenees are accentuated under
SAF COM, particularly along the Durance and Isere rivers, where many hydroelectric
power plants are located. However, for some Alpine stations and the Massif Central,
where the flow is overestimated with SAFRAN, the flow is more accurately simulated
under SAF_ COM.

Under the SAF SPAZM forcing, mean river discharges generally increase in most
watersheds compared to the SAFRAN simulation, consistent with the higher precipita-
tion in this dataset. However, the upper Rhone watershed stands out with a decrease in
simulated discharge, reaching up to -40% during the summer, allowing for a reduction in
the bias in simulated discharge in this area.

This analysis shows that variability in forcing data significantly influences simulated
discharges, even if we limit our analysis to the precipitation variable without considering
other forcing variables.

45

40

20

0

-20

-40

%



Chapter 3. Implementation in the ORCHIDEE model and validation with the French
study case

Relative bias of mean river discharge simulated by ORCHIDEE
forced by alternative forcings over 2010-2020 period
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Figure 3.7: Relative bias in mean discharge simulated by ORCHIDEE under the alternative
forcings for a selection of gauging stations located on French rivers equipped for hydropower, for
the period 2010-2020. The left coloring indicates the discharge bias under SAF _COM while the
right coloring indicates the discharge bias under SAF SPAZM.

3.2.2 Discharge seasonality

Beyond the bias in mean values, the performance of ORCHIDEE in reproducing the
seasonality of the discharge is key for the modeling of run-of-river production as well as
that of poundage power plants, which have very limited storage capacity. Observations
and simulations of daily discharges under the SAFRAN forcing are presented in Fig.
3.8 for selected gauging stations in catchments equipped with run-of-river or poundage
power plants.

As depicted in Fig. 3.3, run-of-river plants are mostly located along the Rhone and
Rhine rivers. In the upper Rhone (Surjoux station), there is a substantial overestima-
tion of high flows and an underestimation of low flows. The error reduces progressively
downstream: the Nash Sutcliffe efficiency (NSE) is better at the Valence station, despite
a higher overall annual bias (likely due to the non-representation of water withdrawals).
On the Rhine (Basel and Strasbourg stations), we see similar errors, with an underes-
timation of low flows during the Fall and an underestimation of the Spring maximum.
The discrepancy in the Rhone’s seasonality can be attributed to the non-representation
of Leman reservoir management in our model, which is known to play a crucial role in
shaping discharge seasonality in the upper Rhone (Habets et al., 1999).

Poundage plants are distributed across various catchments. Some of them are con-
centrated in the upper Dordogne river, notably the Chastang plant, the most powerful
poundage facility, which benefits from a gauging station at its location. We find a positive
NSE for this station, indicating that the seasonality is well captured by the model.

Finally, some run-of-river and poundage plants are also concentrated in the Alps,
where we focus on two gauging stations: Chamonix, situated in a small upper catchment,
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close to a run-of-river plant and Cheylas, positioned on a large river (I'Isére), downstream
from several power plants. At Chamonix, we find a seasonal bias as the model simulates
an earlier discharge peak compared to observations (around 2 months ahead). At Cheylas,
the model overestimates the seasonal variability of the discharge, with higher flows during
Spring and lower flows during Winter, which can be attributed - at least in part - to the
non-representation of reservoir management at this stage of our study (see Sect. 3.3.3).
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Figure 3.8: Comparison of simulated and observed river discharges for a selection of gauging
stations. Locations of selected stations are indicated in Figure 3.5. Fine lines and dots are daily

time series while ticker lines are 30-day sliding averages. NSE metrics are computed on a daily
time series.

3.3 Results

3.3.1 Calibration

We present here the application of the calibration process to the French study case. First,
we assess the discrepancies between the AHP simulated by the model (Eq. (2.16)) and
the observed annual production at each power plant for the years with available data.
We then discuss the likely origin of these discrepancies. Finally, the calibration process
is validated by comparing annual potentials simulated in ORCHIDEE to the observed
annual production at the national level for an extended period, using data from 2000 to
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2020. We choose to use SAFRAN forcing as a reference for the calibration step, as this
dataset is widely used in regional studies of France.

3.3.1.1 Discrepancies between AHP and the historical production

Figure 3.9 shows the average relative bias of simulated AHP compared to observed pro-
duction for the three years with available data for the run-of-river plants in our database.
For most plants, the bias in hydropower potential is comparable to the bias in river dis-
charge computed at nearby stations, which is displayed in Fig. 3.5. This indicates that
the bias mainly stems from hydro-meteorological errors (reason 1 of the list presented
in Sect. 2.2.5). At the Caderousse and Gambsheim power plants, located in Fig. 3.9, a
stronger positive bias is found. At these locations, only part of the river flows through
the plant, which explains the computed bias (reason 3). The calibration leads to obtained
efficiencies ranging from 0.43 to 1.31 with a median value of 0.88.

Mean relative bias of simulated AHP compared to observed annual production
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Figure 3.9: Average relative bias of simulated AHP compared to observed annual production for
run-of-river power plants with available data. The point size corresponds to the average annual
production.

Over a year, the water entering the reservoir of a reservoir or poundage power plant
can either contribute to the annual production of the plant E; (y), to the annual change
in the hydraulic stock within the reservoir AS;(y), or spill without generating power.
Observed production E(; j) (y) is available for the three years mentioned earlier. However,
observations of changes in the hydraulic stock are only available at the national level,
for the national stock ASups(y) = D, i1 yes ASi(y). To compare simulated AHPs with
observations of production and stored energy, we make the two following assumptions:
(i) spillages that do not produce power can be neglected, and (ii) the changes in the
hydraulic stock are homogeneous across all reservoirs: Vi, AS;(y) = ASgps(y) X ;L”i;
In Fig. 3.10, we plot the average bias of AH P(i,j)(y) relative to observed net produétion
Eq jy(y) + AS;(y) for the three years for which data are available. It enables us to
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distinguish two types of bias in the simulated AHP, suggesting that two main error
sources can be distinguished:

e Plants with an absolute bias inferior to 50% (represented by circles in Fig. 3.10).
Their biases are generally similar to those of discharge for nearby stations, displayed
in Fig. 3.5.

e Plants with a bias inferior to -50% (represented by pentagons in Fig. 3.10). These
plants are mainly located in mountainous areas and have a negative bias stronger
than that of the discharges in the area. Moreover, their biases have a small inter-
annual variance, indicating that the error is stable over time (not shown).
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Figure 3.10: Average relative bias of simulated AHP compared to observed net annual production
for reservoir and poundage power plants with available data. The point size corresponds to the
average annual production.

3.3.1.2 Validation of the calibration

The performance of the calibrated model is assessed by comparing the potentials simu-
lated by the calibrated model forced by SAFRAN with the historical annual production
(RTE, 2023b) at the national scale over the whole period 2000-2020. For each plant
category, the simulated annual potential is computed by summing the AHP of all plants
within this category. For poundage and reservoir plants, we directly compare this aggre-
gated potential to the historical production, as stock data (RTE, 2023d) are not available
for the whole period. This relies on the assumption that the national stock returns to its
initial value at the end of each year.

The calibration appears to be robust as very small biases (less than 3%) are obtained
when comparing the simulated potentials to the observed production (Fig. 3.11). The
relative differences in annual production are on average lower than 10%. This indicates
that the model is able to capture the overall pattern of interannual variability of the
observed production.
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Simulated annual hydropower potential compared to observed production
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Figure 3.11: Comparison of estimated annual hydropower potential with observed annual produc-
tion for the different categories of hydropower plants and for the different atmospheric forcings,
after calibration based on SAFRAN.

We also explore the sensitivity of the model and calibration procedure to the uncer-
tainties in precipitation forcings that are highlighted in Fig. 3.1 and 3.6. We compute
AHPs under the two alternative forcings (Fig. 3.11) and compare the obtained inter-
forcing variability with the inter-annual variability of observed production (Tab. 3.3).
Run-of-river annual potentials exhibit little variation across the different forcings, as the
simulated flows of major rivers hosting run-of-river power plants (primarily the Rhone
and the Rhine) demonstrate a low sensitivity to precipitation uncertainty (see Fig. 3.7).
Consequently, the inter-forcing variability of simulated potential is three times smaller
than the interannual variability of run-of-river power production (see Table 3.3). It is
also slightly smaller than the modeling error, indicating a low sensitivity of simulated
run-of-river production to the precipitation uncertainty. Conversely, reservoir plant pro-
duction shows a much higher sensitivity to precipitation disparities between forcings.
Lower COMEPHORE precipitations in mountainous regions lead to an average decrease
of 18.7% in the total simulated potential, compared to the SAFRAN simulation. As a
result, the variability among forcings is of the same order of magnitude as the interannual
variability of production and is higher than the modeling error. Finally, poundage power
plants fall in an intermediate category, displaying an inter-forcing variability that is 41%
lower than the interannual variability.

In conclusion, the uncertainties in precipitation forcing in mountainous regions prove
to be critical in the estimation of realistic hydropower potentials for reservoir plants. The
calibration carried out relative to SAFRAN is less effective for other forcings, SAF _ COM
for instance, as the differences in precipitation data appear as the main contributor to
the differences in hydropower potentials.

3.3.2 Hydropower operations

In this section, we assess the model’s ability to simulate reservoir management and hy-
dropower production. Observed time series of river production (gathering run-of-river
and poundage power plants) and reservoir production serve as demand inputs for the
reservoir operations in the model. At each time step, the model aims to meet this tar-
get by operating the reservoirs according to the rules described in Sect. 2.2.3 and the
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Run-of-river Poundage Reservoir
Calibration | Validation | Calibration | Validation | Calibration | Validation

Period Period Period Period Period Period

Mean relative error - + 2.8 % - -2.6 % - -1.4 %

Mean absolute relative error 3.5 % 6.9 % 3.7 % 5.4 % 2.5 % 75 %
Interannual variability (TWh)? 3.71 1.71 2.61
Inter-forcing variability (TWh)P 1.32 1.25 2.54
Modeling error (TWh)® 2.64 0.67 1.33

& We define the interannual variability daily as the standard deviation of observed annual productions.
b We define the inter-forcing variability as the mean standard deviation of annual potential across the forcings.
¢ We define the modeling error as the RMSE of SAFRAN simulated potentials compared to observations.

Table 3.3: Estimation of the errors in annual potentials prediction

simulated hydrological cycle. The objective is to verify if our model can simulate opera-
tions consistent with observed production. We present here the results obtained from a
simulation spanning the period from 2015 to 2020.

3.3.2.1 River production

At each time step, the model first computes the available potential from fatal production
(from run-of-river plants and spill or constrained releases from the reservoirs of poundage
plants). If this potential falls short of fulfilling the production target, the model then
operates the reservoirs connected with poundage plants to supplement the production.

Figure 3.12 details how the simulation compares to the prescribed production over
the period when the model is forced by SAFRAN. The model successfully reproduces
the overall seasonality of production, meeting the hourly production target 69.0% of
the time. The failures (in red in Fig. 3.12) account for 6.9% of the total prescribed
production across the six years. They mostly occur during summer and fall, indicating
that the simulated hydrology is unable to produce what was actually produced during
these periods. In winter and spring, on the contrary, there are instances when the
potential of fatal production exceeds the target production (January and February 2018
for instance). This means that the model could have generated more power during these
periods than was actually produced. These discrepancies are likely due to the seasonality
bias in discharge within the Rhone and Rhine catchments, as highlighted in Fig. 3.8.
Despite these discrepancies, the performance of the model remains satisfactory, as it
captures the gross seasonality and magnitude of run-of-river production, in addition to
the inter-annual variability (Fig. 3.11).

The run-of-river production simulated by the model when forced by the alterna-
tive forcings SAF SPAZM and SAF COM, are presented in Fig. A.1 and A.3. Using
SAF SPAZM, the failures in meeting the prescribed production are reduced (4.3% of
production not satisfied compared to 6.9%) due to slightly higher annual potentials of
run-of-river and poundage power plants (Fig. 3.11). On the other hand, higher failures
are obtained with SAF COM (15.4% of the total production), consistently with the
lower potentials obtained in Fig. 3.11. However, the seasonality remains very similar in
all three simulations, consistent with the similar seasonality of the simulated discharges
for the Rhine and Rhone rivers (Fig. 3.6).
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Figure 3.12: Daily production from run-of-river and poundage plants. The purple line indicates
the production prescribed to the model and the red coloring shows the failures of the model
to meet this target production, when the model is forced by SAFRAN. The other colors refer
to the nature of the flow that contributes to the simulated production. Light blue represents
the gross potential of run-of-river plants, dark blue represents the gross potential from spillage
from poundage reservoir (water overflowing from the reservoir), green represents the potential
from constrained releases from poundage reservoirs, and lastly orange represents the dispatchable
production, generated by the water specifically released from the poundage reservoirs for power
generation.

3.3.2.2 Reservoir production

Similarly, a 30-minute time series of observed production by reservoir power plants is
prescribed to the model. To fulfill this demand, the model first computes the non-
dispatchable production, available from reservoir spillage and constrained releases, by
operating reservoirs according to the rules defined in Sect. 2.2.3. Figure 3.13 details
how the simulation compares to the prescribed production throughout the period when
forced by SAFRAN. Simulated production under the other forcings is presented in Fig.
A.2 and A.4. Figure 3.14 displays the co-evolution of the observed national hydraulic
stock (RTE, 2023d) and the one simulated by the model (Eq. (2.17)) with the three
forcings under study.
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Figure 3.13: Daily production from reservoir plants. The purple line indicates the production
prescribed to the model. The other colors refer to the nature of the flow that contributes to
the simulated production. Blue represents the gross potential from reservoir spillage (water
overflowing from the reservoir), green represents the potential from constrained releases from
the reservoirs, and lastly orange represents the dispatchable production, generated by the water
specifically released for power generation.

Under SAFRAN, the model successfully meets the production target while simulating
hydraulic stock variations consistent with observations throughout the six-year period.
Reservoirs are filled during the spring due to snowmelt and depleted during the winter
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Figure 3.14: Comparison of simulated and observed national hydraulic stock evolution.

to meet the high electricity demand. Nevertheless, a slight temporal shift is observed,
as the simulated stock starts to fill some weeks earlier compared to the observations.
This temporal shift aligns with the seasonal biases in river discharges identified at the
Chamonix Station (Fig. 3.8), indicating a consistent pattern.

Under SAF _SPAZM, the stock remains significantly higher than the observations.
Indeed, the simulated annual potential of reservoir power plants exceeds their observed
production (Fig. 3.11), resulting in reduced releases from the reservoirs to meet the
prescribed demand. This leads to high levels of unused spillage, as shown in Fig. A.2.

Under SAF _COM, however, the stock is completely depleted after the two first years
of simulation, and a significant portion of the demand cannot be satisfied (Fig. A.4). This
is consistent with the huge difference in annual production estimates highlighted in Fig.
3.11. In addition to the substantial deficit in hydropower potential, a negative feedback
loop comes into play. As the reservoir storage diminishes, the head of the power plants
decreases, reducing the power generation for a given released volume. Consequently, more
water is drawn to generate the same amount of energy, further exacerbating the decline
in reservoir storage. The calibration carried out relative to SAFRAN is not effective in
avoiding this outcome.

Figure 3.13 allows for the distinction of the different drivers of French hydropower
production, depending on the season. In winter, hydropower production is substantial,
driven primarily by high electricity demand. Most of the production stems from inten-
tional reservoir operations, with a minimal portion attributed to fatal production. In
spring, fatal production becomes more prominent, particularly due to snowmelt-induced
spillage, resulting in a minimum hourly production, even during periods of low power
demand, such as at night (only visible at the hourly resolution not displayed here). Dur-
ing summer, a significant portion of the hydropower potential comes from constrained
ecological and agricultural water releases. When looking at the hourly production (not
displayed here), we find a good agreement between the simulated minimum production
and the observed troughs in RTE’s production.

3.3.3 Effects of hydropower operations on river discharges

We explore in this section the extent to which the representation of hydropower oper-
ations can reduce the hydro-meteorological errors of the model discussed in Sect. 3.2,
using the example of two gauging stations located in the Alps. Figure 3.15 details the
location of these stations comparatively to the hydropower network. The Aiguebelle sta-
tion is located on the Arc river, just upstream of its confluence with the Isére river, and
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downstream from a series of hydropower plants, including one that generates electricity
through the releases from a dam on the Isére river. The Cheylas station is located on
the Isére river, downstream of its confluence with the Arc.
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Figure 3.15: Location of Aiguebelle and Cheylas stations comparatively to hydropower infras-
tructures in Arc catchment (French Alps). PHS plants are pumped-hydro storage plants not
considered in this study.

Figure 3.16 compares the seasonality of the discharges simulated at these two loca-
tions by ORCHIDEE forced by SAFRAN with and without activating the hydropower
operations module.

At the Aigubelle station, implementing hydropower operations significantly reduces
the annual bias from -31% to -4% (Fig. 3.16). Indeed, when hydropower operations are
activated, a portion of the Isére’s water is diverted from its natural outlet to supply a
power plant on the Arc. At Cheylas, no change is observed in the bias of the simulated
river discharge. Furthermore, the seasonality of discharge is improved at both stations,
with higher flows in fall and winter due to releases for power generation. This results in
a significant improvement in the NSE metric.

We found a similar effect for other French watersheds where flow observations near
hydropower plants are available. However, as mentioned earlier, the confidentiality sur-
rounding French hydroelectric production complicates a systematic and precise evaluation
of this improvement in flow simulation.

3.4 Discussion and conclusion

3.4.1 Summary of the work

This study has assessed the performance of a demand-based approach to simulate hy-
dropower production in a land surface model. The approach has been implemented on the
ORCHIDEE model for the case study of the French power grid. The ORCHIDEE model
was run driven by an atmospheric reanalysis dataset and national historic hydropower
production time series were prescribed to the model as the hydropower demand to sat-
isfy. First, we found that despite significant bias in the river discharges simulated by the
model for the French rivers equipped with hydropower, the model is able to provide good
estimates of past production, thanks to the calibration step. Second, the results indicate
that, when the model is forced to reproduce the historic generation, the implemented
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Figure 3.16: Comparison of daily (fine line) simulated river discharge with hydropower operations
(red) and without (blue) and observed discharge (black) for two gauging stations in the French
Alps. The thicker line is the 10-day average while the dashed line is the annual mean.

method simulates hydroelectric reservoir operations in line with observations of reservoir
storage at the national level.

3.4.2 Limitations and opportunities for improvements

Beyond this satisfactory result, our method presents several limitations and opportunities
for improvement.

First, the time series used to drive the reservoir releases in this study is the actual
production of dispatchable hydropower plants, which may differ from the real demand
for dispatchable hydropower production. Indeed, the actual production is the result of
a trade-off between the demand and the prevailing hydrological conditions, particularly
the storage level in reservoirs. If this storage is low, the demand might not be fully
satisfied to preserve water for future needs. Besides, we consider an exogenous dispatch
of the hydropower production across the different types of hydropower plants (namely
run-of-river and reservoir) at each time step. This approach facilitates the identification
of model deficiencies for each type of power plant. For instance, we found a seasonal
bias in run-of-river hydropower production, that would have been overlooked if a single
production target had been used for all power plants. The reservoir plants would have
served as buffers, reducing their production during periods of excess run-of-river output
and increasing it during periods of deficits, thereby resulting in discrepancies in the stock
evolution. However, in reality, the dispatch of power demand across the different types
of hydropower plants is not exogenous but also depends on the hydrological conditions,
as the potential for run-of-river production is fully exploited before turning to dispatch-
able units. To capture these intricate interac