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A B S T R A C T   

Most mountain catchments worldwide are exploited for hydropower production causing significant alterations of 
their natural regime. Hydrological and water resources modelling in these catchments is challenging because the 
alterations of natural streamflow caused by hydropower production are often significant, while capturing their 
variability in space and time requires critical data concerning the hydraulic infrastructures and their operational 
schedules. These data are difficult to acquire, thereby hindering the possibility to correctly simulate the complex 
interaction between the natural hydrological cycle and water uses. To overcome these limitations we propose a 
framework that relies solely on publicly available data which provides accurate simulation of both streamflow 
and hydropower production. The proposed framework is illustrated by means of the HYPERstreamHS hydro-
logical model applied to the Adige catchment, a large watershed of the south-eastern Alpine region whose 
streamflow is strongly impacted by 39 large hydropower systems, 22 of which connected to storage reservoirs, 
with an overall mean annual production that accounts for about 14% of the total Italian hydropower production. 
We analyzed the impact on modelled hydropower production of commonly adopted simplifications in the pro-
duction schedule as well as of the hydropower systems, which are often characterized by a complex infra-
structure with several interlinked derivations and conveyance intakes. Our simulations highlight how an 
accurate topological representation of hydraulic infrastructures is crucial to correctly represent water transfers, 
more important than capturing the operational schedules when reservoir oscillations are a small fraction of the 
total head. On the contrary, scheduling is important for systems in which reservoir oscillations account for a 
significant portion of the total head. Furthermore, we show that simplifications motivated by difficulties in data 
collection combine in a non-linear manner with an overall impact difficult to assess. We propose this framework 
for accurate modelling of hydropower production at regional and national scales, particularly in studies dealing 
with the projection of climate change and competing uses on water resources and renewable energy.   

1. Introduction 

Electricity demand has more than doubled since 1990, and it is ex-
pected to increase further in the near future due to population growth 
(UN, 2019) and to the progressive decarbonization of transportation, 
housing and energy-intensive industrial sectors (IEA, 2018). Hydro-
power is an important energy source satisfying more than 19% of elec-
tricity demand worldwide (IEA, 2018; Akpinar, 2013), with storage 
reservoir hydropower being the only Renewable Energy Source (RES) 
that ensures reliable long-term storage capacity (Barton et al., 2004). 
For these characteristics, hydropower is expected to play an important 
role in the future evolution of the electricity market, helping to ensure a 
smooth transition to a green energy economy. The main adverse effect of 
hydropower is the loss of freshwater ecosystem services, whose 

evaluation catalyzed a wealth of attention (see e.g., Simonov et al., 
2019; Yu, 2017; Wang et al., 2010). Measures are today available to 
attenuate these losses (see e.g., Malm Renöfält et al., 2010; Gabbud and 
Lane, 2016), though scenarios with progressive decommissioning of 
reservoirs in favor of a more diffuse use of solar and wind energy have 
been recently envisioned (Waldman et al., 2019). Although less than 
other RES, hydropower production is uncertain because of the inherent 
variability of streamflow at multiple temporal and spatial scales. 
Moreover, climate change is expected to increase this variability and 
may act in combination with competing uses to modify timing and 
amount of water volumes available for electricity production (Smajgl 
et al., 2016; Anghileri et al., 2018; Zhang et al., 2018). These two 
external effects may be in synergy, in some regions, and in opposition, in 
others, depending on the local effect of climate change and evolution of 
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water demand for other uses, or changes of water use policies. In this 
context, hydrological modelling is a viable tool to project the impact of 
these foreseen changes on future hydropower production and evaluate 
the effects of modifications in the management strategies aimed at 
mitigating the above adverse effects. Indeed, in the last decades hy-
drological modelling has been applied at regional and larger scales, 
often involving complex parameterizations, with the objective of rep-
resenting at high spatio-temporal resolution the interplay between bi-
otic and abiotic processes controlling the dynamics of the Earth’s critical 
zone (see e.g., Sharif et al., 2007; Wada et al., 2016; Zierl and Bugmann, 
2005). 

However, climate change is not the only driver of change for water 
resources, as the projected increase of water use for agriculture, energy 
and other sectors is creating concerns as well (Bieber et al., 2018; Des-
touni et al., 2013). Indeed, the effects on water resources of climate 
change and water uses are difficult to disentangle, given that their 
interaction may give rise to nonlinear effects which analysis requires 
information on water uses at a level of detail difficult to achieve (Bellin 
et al., 2016; Mallucci et al., 2019). Hydropower is the dominant water 
use in mountain regions and its inclusion into hydrological models re-
quires an adequate description of the hydraulic systems and of their 
interaction with the natural components of the hydrological cycle 
(Nazemi and Wheater, 2015; Nazemi and Wheater, 2015). Operations of 
run-of-the-river systems are strictly dependent on streamflow timing, 
while storage hydropower can modulate its activity to minimize the 
adverse impacts of climate change and maximize revenue. Moreover, 
modelling climate change impacts and the effects of changes in water 
demand on storage hydropower systems requires the introduction of 
operational constraints as well as suitable production schedules for each 
hydropower system. Unfortunately these data are difficult to acquire 
because they are often kept confidential by the hydropower companies; 
in this situation management strategies should be inferred from other 
sources. In principle, expert knowledge may suggest a suitable func-
tional form of the water used for hydropower production with the pa-
rameters calibrated according to a given objective function. However, 
this approach adds parameters to models that often are already over-
parameterized, thereby increasing the computational cost and uncer-
tainty due to equifinality (Beven and Binley, 1992). As a consequence, 
when a large number of hydropower systems should be modeled, 
management rules are assumed a priori according to available con-
straints (i.e. the hydraulic capacity of the hydropower system), and the 
topology of the hydropower system is often simplified depending on the 
available information. 

Several deterministic approaches have been adopted in the literature 
to model reservoir operations, such as e.g. hedging curve rules and 
target volume approach. The first approach provides partitioning factors 
for satisfying the downstream demand (from agricultural, hydropower 
and water supply uses) according to prioritization rules set by the water 
manager (see e.g. Shrestha et al., 2014; Guo et al., 2013; Tu et al., 2003). 
This approach considers the seasonality of water inflows and might 
provide good results but a limitation emerges in the definition of the 
downstream demand, which has to be known for all hydropower sys-
tems being modelled, as well as the hedging thresholds and coefficients. 
The target volume approach is often preferred for its simplicity (see e.g. 
Fatichi et al., 2015; Finger et al., 2012). In this case, 365 (daily) target 
volumes are assigned, and turbined flows are determined as a function of 
the difference between current and target volumes. The computation of 
target volumes can either be based on averaged observations if avail-
able, otherwise it is based on reservoir dimension and on normalized 
target volume time series. While the target volume approach represents 
a valid option where detailed time series are available, the adoption of 
normalized target volume curves obtained averaging time series of other 
reservoirs is unable to capture differences in the management of the 
reservoirs and this inevitably introduces further uncertainty into the 
modelled hydropower production. Furthermore, a common assumption 
of several existing contributions is that the hydropower systems operate 

always at their maximum capacity when available water volumes 
exceed those needed for respecting the imposed Minimum Environ-
mental Flows (MEFs), otherwise it is reduced to the quantity needed to 
guarantee this priority service (Turner et al., 2017; Wagner et al., 2016; 
Zhao et al., 2016). This relatively parsimonious approach has been 
shown to perform well at the global scale and suits well large scale 
impact assessments (see e.g. Turner et al., 2017; Turner et al., 2017), 
though it provides unrealistic estimation of water releases from the 
reservoirs, thus affecting environmental health impact assessments 
related to hydropower activities (Petruzziello et al., 2021; Zhao et al., 
2019). 

In this context, reliable modelling of hydropower production at the 
mesoscale requires a description of hydropower systems accurate 
enough to fully grasp the complex interactions between the hydrological 
cycle and the other water uses, particularly when the objective is to 
assess the impact of climate change or to test policies for mitigating 
conflicts for water uses. Since technical information on such hydraulic 
infrastructures is often incomplete and difficult to obtain, we developed 
and tested a modelling approach that relies on publicly available in-
formation for identifying reservoir-specific daily operation schemes. The 
resulting modelling framework was then validated against historical 
time series of streamflows and hydropower production. Furthermore, 
we analyzed the impact on modelled hydropower production of sim-
plifications typically adopted in large scale modelling efforts, both 
concerning the structure of the hydropower system and its management 
schedule. In particular we considered: i) a simplification in the 
geometrical configuration of the hydropower systems by assuming the 
reservoir as the only water source for the connected generation units, 
thereby neglecting conveyance intakes whether present; and ii) a 
simplification of the reservoir operation schedules in which the power 
plants are always operated at their maximum hydraulic capacity, when 
the required volume is available, and using all the incoming volume 
larger than the MEF volume, otherwise. 

To this end, we applied the HYPERstreamHS hydrological model 
(Avesani et al., 2021) to the Adige catchment, a large watershed located 
in the south-eastern portion of the Alps: the catchment offers a complex 
scenario, though rather common in Alpine regions, in which a detailed 
model implementation is expected to improve the model’s predictive 
capabilities. Conversely, given the high level of detail available, the 
effects of simplifications introduced into the model can be tracked down 
thus allowing the identification of the systems that are prone to be 
negatively impacted by such simplifications, for example under-
estimating hydropower production. In this respect, our results provide 
guidance for applications in situations in which data are available with 
fewer details. 

The work is organized as follows: Section 2 presents an overview of 
the model components, with particular emphasis on modelling the hy-
dropower systems, followed by the presentation of the data that are 
necessary to run the model and of the procedure to approximate hy-
dropower production schemes. Section 3 presents an application of the 
proposed modelling framework to the Adige watershed and Section 4 
presents and discusses model performance in reproducing streamflow 
and hydropower production of the catchment, and then provides a 
quantitative assessment of the bias introduced under different simplified 
configurations. Finally, Section 5 presents the main conclusions. 

2. Methods 

2.1. Modelling framework 

In the present work modelling was performed by using HYPER-
streamHS, a distributed hydrological model combining hydrological 
flows with explicit modelling of hydropower-related water uses and 
transfers (Avesani et al., 2021). In this framework, vertical hydrological 
fluxes are computed at each macrocell of the computational grid (grid 
size is set at 5 km in the present work) and the resulting runoff is routed 

A. Galletti et al.                                                                                                                                                                                                                                 



Journal of Hydrology 603 (2021) 127125

3

to the corresponding downstream node by means of the Width Function 
Instantaneous Unit Hydrograph (WFIUH) method with the assumption 
of constant stream velocity (see Natural Hydrological Module in Fig. 1). 
The nodes are selected locations along the river network where the 
natural streamflow is computed as the sum of streamflow from the up-
stream nodes and the runoff produced by the interbasin (i.e., the 
contributing area of intermediate hillslopes, Fig. 1, left panel). In the 
presence of human infrastructures additional nodes are included and 
water mass balances are applied with specific constraints depending on 
node type (see Human Systems Module in Fig. 1, right panel). 
Communication between the Natural Hydrological and Human Systems 
modules takes place at the infrastructures nodes. This is exemplified in 
the central panel of Fig. 1 where the fluxes entering the mass balance 
equation at a generic node (in this specific case a reservoir) are high-
lighted. The total incoming streamflow to the reservoir (node 3) is 
computed as the sum of the streamflow generated by the interbasin 
between the two upstream nodes (1 and 2) and the reservoir (Qs,3(t)) 
plus the streamflow transferred from the upstream nodes 1 and 2, 
Qs,1(t − τ1,3) and Qs,2(t − τ2,3), respectively, with τ1,3 and τ2,3 being the 
transfer times between two upstream nodes and the downstream 
reservoir node 3. Water mass balance is then computed at the reservoir 
(see Section 2.1.2 for the details on the mass balances applied to the 
different node types) and the outflows QDER,3(t) and QNAT,3(t) are 
computed see (Fig. 1 central panel). 

2.1.1. Natural Hydrological module 
The hydrological component of the model is based on the HYPER-

stream routing scheme presented in Piccolroaz et al. (2016), which re-
ceives the total runoff generated at the level of the macrocells. The 
precipitation is first spatially aggregated at the macrocell scale (see left 
panel in Fig. 1), and then used as input in a degree day module for snow- 
melting and accumulation. The resulting vertical flow is the input of a 
continuous SCS-CN module, which separates surface runoff from infil-
tration (Michel et al., 2005). Then, infiltration feeds a non-linear bucket 
model for soil moisture dynamics (Majone et al., 2010) with the rapid 
component of return flow and deep infiltration as output. Evapotrans-
piration, evaluated with the Hargreaves and Samani (1982) model, is 
added to the water budget equation at this level of the modelling chain. 
Finally, deep infiltration enters a second linear bucket representing 

groundwater and the associated slow component of the return flow. The 
total resulting runoff is routed to the nearest downstream node by means 
of a WFIUH method (Rodríguez-Iturbe and Rinaldo, 1997) applied to the 
network extracted from the DEM of the area (left panel in Fig. 1). 

The model requires a total of 12 parameters, which can be calibrated 
against streamflow observations by either using the Particle Swarm 
Optimization (PSO) algorithm (Kennedy and Eberhart, 1995), or 
exploring the hyperparameters space by means of the Latin Hypercube 
Sampling (LHS) scheme (McKay et al., 1979), which are both embedded 
in the model. Two objective functions are included: Nash–Sutcliffe 
(NSE) index, proposed by Nash and Sutcliffe (1970) and the Kling-Gupta 
Efficiency index (KGE), proposed by Gupta et al. (2009). In a multi-site 
calibration framework, the global efficiency index is defined as the 
average of the efficiencies attained at each adopted gauging station. A 
detailed description of the hydrological kernel can be found in Avesani 
et al. (2021). Notice that the surface and subsurface flow generation 
module was already successfully applied in previous studies conducted 
in Alpine catchments (Piccolroaz et al., 2015; Bellin et al., 2016; Laiti 
et al., 2018). In addition to its previous features, HYPERstreamHS was 
coded for parallel computing through the MPI paradigm to take 
advantage of the almost perfect scalability of the natural hydrological 
kernel (Avesani et al., 2021). 

2.1.2. Human systems module 
In HYPERstreamHS hydraulic infrastructures such as reservoirs, 

water diversions and tailraces, are modelled by adding nodes at the 
locations where the natural stream network and the engineered systems 
are connected. At these nodes local water budgets are applied in the 
respect of the constraints due to the type of use, as for example the 
hydraulic capacity of the diversion channel. 

After water budget is applied, the resulting partitioned flows (see 
Fig. 1) are routed downstream from the Human Systems module 
assuming two different celerity values, the first equal to 2m/s for fluxes 
travelling along transport hydraulic infrastructures, whereas flows along 
the natural stream network travel with the same celerity adopted for 
macrocell-node routing, which is one of the 12 model parameters. 

Three types of nodes are considered: 1) reservoir, 2) intake and 3) 
power plant. Connections between these nodes are also taken into ac-
count by including elements such as tunnels, diversion channels and 

Fig. 1. Schematic representation of HYPERstreamHS hydrological model including its main components and their interaction. The Natural Hydrological module 
computes vertical fluxes at each cell of the computational grid (macrocell), resulting in total runoff contributions that are then routed to the corresponding 
downstream node (Qs,i in the left panel). Streamflow contribution from individual interbasins (the different colors identify interbasin areas contributing to each node) 
and from upstream nodes are then aggregated, in order to provide the input to the water mass balance (central panel) that is applied at each Human Systems node 
(see Section 2.1.2 for details on the constraints and mass balance applied in each node type). Finally, the outcoming flows from a node are routed along the natural 
and artificial networks. 
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penstocks. This allows to fully describe the exchange fluxes between the 
engineered systems and the river network. These modules are detailed in 
Avesani et al. (2021). 

The water budget (Eq. (1)) at reservoir nodes is performed consid-
ering all the inflows (ΣQIN) and the following outflows: derivation to all 
the uses according to the given schedules (ΣQDER), release of Minimum 
Ecological Flow (MEF) (QMEF) and spilling (Qspill) when the maximum 
regulation level is exceeded: 

dV
dt

= ΣQIN(t) − ΣQDER(t) − QMEF(t) − Qspill(t) (1)  

where V is the volume of water stored in the reservoir, and ΣQDER is the 
sum of the flows diverted for multiple water uses, i.e. inflows to the 
penstocks connected to downstream power houses, although similar 
considerations can be done for uses other than hydropower, with the 
possibility that a portion of ΣQDER is added to precipitation in irrigation 
areas, in case of an agricultural or multi-uses reservoir. In the present 
work we do not consider this case, which however can be easily included 
if needed. 

Intake nodes are locations where water is withdrawn from the natural 
stream network by means of intake structures connected to diversion 
channels or other conduits. They do not have storage capacity and must 
obey a MEF constraint, similarly to reservoirs, as sketched in the inset (a) 
of Fig. 2. Mass conservation applied to this type of nodes leads to: 
⎧
⎨

⎩

QIN,nat(t) = QOUT,nat(t) + QDIV,art(t)
QOUT,art(t) = QDIV,art(t) + QIN,art(t) (2)  

where the terms of the water budget are distinguished between natural 
(nat) and artificial (art) fluxes occurring in the river network and in the 
engineered components of the system, respectively. In Eq. (2) QDIV,art 

varies between zero and the maximum water discharge that the intake 
can accept. The second Eq. (2) is applied to internal nodes of the engi-
neered system, as for example the nodes along the derivation tunnel 
represented in the inset (a) of Fig. 2. Intake nodes are also used to model 
restitution fluxes to the river through a tail race channel (as shown in the 
inset (b) of Fig. 2). In this case, incoming contributions, natural and from 
the engineered system, are merged (i.e., summed, according to Eq. (3)) 
and routed downstream along the stream network. 

QOUT,nat(t) = ΣQIN,art(t) +ΣQIN,nat(t) (3) 

A type-intake node can also be used to model the confluence between 
conduits, in situations like the one depicted in the inset (c) of Fig. 2. In 
this case the following continuity equation (Eq. (4)) is applied at the 
node: 

QOUT,art(t) = ΣQIN,art(t) (4)  

where QOUT,art and ΣQIN,art are the outflow and sum of the inflow fluxes 
at the node, respectively. 

Finally, hydropower plant nodes behave similarly to restitution nodes, 
routing all incoming flows to the downstream stream network. The 
HydroPower Production (HPP) at each hydropower system is computed 
as follows: 

HPP(t) = η
∑N

i=1
ρg QTURB,i(t)ΔHi(t) (5)  

In Eq. (5) η is the plant’s efficiency, which for simplicity is assumed to be 
the same for all the hydropower plants; QTURB,i and ΔHi are the turbined 
water discharge and the hydraulic head of the i-th power unit, respec-
tively (often for efficiency reasons, and also in case the power house 
receives water from more than one source, two or more generation units 
are installed in the same power house). For a storage reservoir 

Fig. 2. Sketch of the infrastructures simulated in the Human System module of HYPERstreamHS. Insets to the right detail particular structures modelled by type- 
intake objects: diversion (a), restitution point (b) and confluence between tunnels (c). 
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hydropower plant, the head ΔHi is given by the difference between the 
reservoir water stage and the level of the nozzle or the water level in the 
afterbay, depending of the type of turbine. On the other hand, for run-of- 
the-river power plants, ΔHi is assumed equal to the gross head of the 
power plant. 

2.2. Data requirements for Natural Hydrological and Human Systems 
modules 

HYPERstreamHS requires gridded input of precipitation, tempera-
ture and evapotranspiration at the same time step of the simulation. 
These inputs can be obtained either by global meteorological datasets or 
reconstructed by performing interpolation of ground observations with 
geostatistical tools embedded in the model. Digital Elevation Model 
(DEM), land-use and land cover maps are also needed to identify the 
river network and to initialize the spatially varying parameters con-
trolling evapotranspiration and infiltration processes. Daily observed 
streamflow time series at relevant gauging stations are also needed for 
calibration and validation of the hydrological model. The data re-
quirements for characterizing the Natural Hydrological module are 
summarized in Table 1. 

Modelling the interactions between the river network and the 
intertwined hydropower systems requires specific topological and 
operational data in order to adequately describe the hydraulic in-
frastructures and reproduce the associated water transfers. Availability 
of these data is system specific, depending also on the level of industrial 
secrecy of the producers. In order to make our approach general, we 
decided to use only data that are publicly available. Unfortunately, very 
few data are available in the most widely used global datasets, such as 
Global Reservoir and Dam (GRanD, Lehner et al. (2011)), GlObal 
geOreferenced Database of Dams (GOODD, Mulligan et al. (2020)), 
Future Hydropower Reservoirs and Dams Database (FHReD, Zarfl et al. 
(2015)), and therefore a specific search in public archives of state 
agencies or from informative leaflets is unavoidable for a proper model 
set-up. The full list of topology and operational data needed for an 
optimal characterization of the systems (by using only public data) is 
summarized in Table 2. 

Furthermore, hydropower production historical data are needed for 
the validation of the Human System module and for approximating the 
hydropower production scheme of the individual power plant as 
described in Section 2.3. Hydropower production time series are pub-
licly available upon request from National Managers of electricity grid, 
and they are typically provided aggregated in space and time to comply 
with confidentiality agreements between the public authorities and 
producers. 

We remark that all data used in the present work are publicly 
available, and this is because our main objective is to develop a meth-
odology that can be used in other contexts, without relying on data 
collected by the producers, which are often kept confidential. Details 
about the data used for the case study application are presented in 
Section 3. 

2.3. Hydropower production scheme 

In addition to meteorological, geomorphologic and topology data the 

modelling framework requires the schedule of all the water uses as 
input. To allow flexibility a schedule is associated to each water use and 
is provided externally. In particular, hydropower scheduling was infer-
red from monthly energy production at the province level, which is 
publicly available, assuming that all the hydropower systems were 
operated similarly (at this temporal scale). Water use schedules at finer 
temporal scales could be envisioned in case the information is available. 
Firstly, the average water discharge taken from the reservoir of a hy-
dropower system is estimated as follows: 

QAVG,i =
HPPEXP,i

γ⋅η⋅ΔHi⋅24⋅365
(6)  

where HPPEXP,i is the expected annual production for the i − th power 
plant, as declared by the company operating the plant and usually 
computed as long term average, ΔHi is the gross average head, and ηis 
the total efficiency of the plant. The derived water discharge time series 
for the single reservoir are then obtained by modulating the average 
value provided by Eq. (6) according to the following expression: 

QDER,i(t) = QAVG,i km(t)δw(t)ϕe(t) (7)  

where km = HPPaggr,m/HPPaggr,ann is the ratio between the mean pro-
duction of the m-th month, HPPaggr,m, and the long term annual mean, 
HPPaggr,ann, of the available aggregated data of hydropower production, 
δw is a dummy variable introduced to simulate the reduction of pro-
duction during the weekends and ϕe is a function reflecting short-to- 
medium term variations due to management strategies. Here we used 
ϕe = Pavg,3/Pavg,month, where Pavg,3 is the three-day centered moving 
average of electricity price and Pavg,month is the average price of the 
month. Moving average is used here to smooth the volatility charac-
terizing the time series of daily electricity prices (see e.g., Demir et al., 
2020). The resulting utilization scheme mimics the interplay between 
variations in hydrology and water uses, the latter influenced by the 

Table 1 
Data requirements for Natural Hydrological module characterization.  

Domain characterization DEM  
Hydrologic soil group map  
Land cover map  

Meteorological forcing Precipitation Dataset (daily)  
Temperature Dataset (daily)  
PET Dataset (Hargreaves-Samani)  

Hydrological calibration Streamflow time series at gauging stations  

Table 2 
Data requirements to fully characterize HS nodes in HYPERstreamHS.  

Characteristic Description Data type [units] 

Reservoir   
xres,yres  Location CRS: WGS 84-UTM 32N [m] 
Qspill,MAX  Spillway capacity [m3 s− 1] 
V(H) Stage-Storage curve array [m a.s.l. vs. Mm3] 
hmin,reg  Minimum regulation stage [m a.s.l.] 
hmax,reg  Maximum regulation stage [m a.s.l.] 
hmax,inv  Spillway crest elevation [m a.s.l.] 
QSYS  Hydraulic capacity [m3 s− 1] 
QMEF(t) Minimum Ecological Flow [m3 s− 1]  

Intake   
xitk,yitk  Location CRS: WGS 84-UTM 32N [m] 
Qmax,chan  Intake capacity [m3s− 1] 
QMEF(t) Minimum Ecological Flow [m3s− 1]  

Hydropower Plant   
xplt ,yplt  Location CRS: WGS 84-UTM 32N [m] 
Hplant  Elevation [m a.s.l.] 
ΔHplant  Gross average head [m] 
Pann  Mean annual production [MWh/y] 
Winst  Installed power [MW] 
η  Plant efficiency –  

Channel   
idUP  Upstream node ID Node attribute 
idDOWN  Downstream node ID Node attribute 
typenUP  Upstream node type Node attribute 
typenDOWN  Downstream node type Node attribute 
l  Length [m]  
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electricity market. A similar approach has been adopted by Schaefli et al. 
(2007) with a stochastic component that was added to a historical time 
series with the intent of mimicking the intrinsic variability of the elec-
tricity market. 

According to Eq. (7) the turbined water flow is controlled by the 
parameters km,ϕe and δw, each one addressing a different scale of time 
variability, with the former varying also in space at the level of the 
provinces. An example of the resulting utilization scheme is shown in 
Fig. 3. We observe variations at multiple scales from the monthly scale, 
chiefly due to seasonal variations of streamflow, to the smaller weekly 
and daily scales due to fluctuations of the electricity price. Notice the 
shutoff of production during the weekends when the price of electricity 
reduces, simulated by setting δw = 1 during weekdays, and to 0 in the 
weekends. 

3. Case study and model set-up 

3.1. Study area 

The Adige river is the second longest Italian river with a contributing 
area of 10,500km2 at the gauging station of Vó Destro (Fig. 4). The 
watershed occupies a large portion of the southeastern Alps in a 
mountain area with elevation ranging from 200 to 3900 ma.s.l.. The 
annual average precipitation ranges from 500 mm in the North-West to 
1600 mm in the South (Lutz et al., 2016; Diamantini et al., 2018) with 
streamflow showing a typical alpine regime with two seasonal maxima, 
one occurring in spring-summer due to snow and glacier melt, and the 
other in autumn triggered by cyclonic storms (Chiogna et al., 2016; Lutz 
et al., 2016; Mallucci et al., 2019). 

Fig. 4 shows the natural river network, the superimposed hydro-
power network, the hydropower plants and the storage reservoirs. 
Though fragmented, the hydropower network is distributed over the 
entire river system and exerts a significant impact on streamflow 
(Majone et al., 2016; Pérez Ciria et al., 2019; Zolezzi et al., 2009). 

3.2. Climatic forcing, land cover and geomorphology data 

The ADIGE dataset (Mallucci et al., 2019) was used to provide daily 
air temperature and precipitation forcing to our simulations. The dataset 
consists of daily readings taken at 244 and 350 gauging stations for 
precipitation and air temperature respectively, that have been distrib-
uted on a 5 × 5km grid by Ordinary Kriging with External Drift (OKED), 
adopting terrain elevation as secondary variable (Goovaerts, 1997). Grid 
resolution was set on the basis of previously published studies conducted 
in the study region with the same hydrological kernel (Laiti et al., 2018; 

Avesani et al., 2021). Moreover, potential evapotranspiration (PET) was 
computed, according to the Hargreaves-Samani approach (Hargreaves 
and Samani, 1982) and provided as a gridded input to the model. 

Soil elevation and land use information were extracted from the 30m 
EUDEM Digital Elevation Model (DEM) and the Corine 2006 dataset 
(https://www.eea.europa.eu/publications/COR0-landcover), respec-
tively. The DEM has been corrected in order to comply with the portions 
of stream network altered by human intervention, in accordance with 
the official stream network provided by the Superior Institute for 
Environmental Protection and Research (ISPRA, available at http:// 
www.sinanet.isprambiente.it/it/sia-ispra/download-mais/reticolo- 
idrografico/view). 

3.3. Human Systems in the Adige watershed 

Within the catchment operate 39 large hydropower systems with 
installed power ranging from 5.2 to 230 MW, 22 of which with reservoir 
(see numbering from 1 to 22 in Fig. 4) with operational volumes ranging 
from 0.32 to 172 Mm3 (see also Table 3). A rather extensive network of 
diversion channels with capacity ranging from 0.3 to 203 m3/s is feeding 
the whole system. The total long term average production of these hy-
dropower systems is of 6609 GWh/y, according to data available from 
the hydropower companies operating in the river basin, thereby 
contributing to more than 14% of the annual Italian hydropower pro-
duction (https://www.terna.it/it-it/sistemaelettrico/statisticheeprevi-
sioni/bilancienergiaelettrica/bilancinazionali.aspx). 

Information concerning topology and operational data of the hy-
dropower systems located in the Adige catchment was collected and 
structured in a GIS database during the EoCoE-II project (https://www. 
eocoe.eu/water-for-energy/). The main characteristics of both run-of 
the-river and storage systems are summarized in Table 3 while the to-
pology of the hydropower network is shown in Fig. 4. Detailed pre-
scriptions for MEF at each water diversion were retrieved from the 
Public Water Usage Plans of the Trento and Bolzano provinces (available 
at http://www.pguap.provincia.tn.it and https://ambiente.provincia. 
bz.it/acqua/piano-generale-utilizzazione-acque-pubbliche.asp, respec-
tively). The data used to fully characterize HS module in the Adige case 
study are stored in a public GitHub repository available at https:// 
github.com/majoneb/HYPERstreamHS 

In the present work plant efficiency η was set constant and equal to 
0.8, which is the average of the efficiencies of the hydropower systems 
for which this information was available (i.e. 12 out of 22 reservoir 
hydropower systems of the Adige river). This is justified by the similarity 
in the hydraulic characteristics of the power plants. 

3.4. Streamflow and hydropower production time series 

Daily streamflow time series at all the relevant gauging stations in 
the Adige (see Fig. 4) were provided by the Hydrological Offices of 
Trento (http://www.floods.it/public/) and Bolzano (http://www.pro-
vincia.bz.it/hydro/). These time series are official measurements and 
are available at a daily or finer time scale, in the 1923–2013 time 
window, with very few gaps. 

Hydropower production data were provided by the Manager of the 
Italian electricity grid, TERNA (http://www.terna.it/). Hydropower 
production time series are publicly available upon request at a monthly 
time scale and aggregated by-province; they have been acquired for the 
2000–2015 time window with no gaps. Moreover, data are subdivided 
between small and large hydropower systems (3 MW installed power 
threshold), in line with the classification commonly adopted in Italy and 
inherited in the present work, in which only large hydropower plants are 
taken into account as they contribute for roughly 90% of the total hy-
dropower production. Production data of the Bolzano province can be 
used directly for model validation since all the hydropower systems of 
the province are within the upper Adige catchment. This is not the case 

Fig. 3. Example of a water utilization scheme provided by Eq. (7). Turbined 
water discharge varies at both monthly and daily scales, the former reflecting 
streamflow seasonality and the latter influenced by the reduction of the elec-
tricity price during the weekends. 
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for the Trento province because only a portion of the hydropower sys-
tems is in the (lower) Adige catchment. Consequently, the (observed) 
production of the lower Adige catchment is estimated by multiplying the 
production of the Trento province by a factor equal to the fraction of the 
installed capacity in the Adige catchment with respect to that of the 
entire province, under the hypothesis that all power plants are operated 
similarly. 

3.5. Hydrological model calibration and validation 

HYPERstreamHS was calibrated using the Nash–Sutcliffe (NSE) 
index (Nash and Sutcliffe, 1970) as objective function and searching the 
parameters space with the Particle Swarming genetic algorithm (PSO, 
Kennedy and Eberhart, 1995). As already observed in other works (see, 
e.g., Bombelli et al., 2019) the common approach of calibrating the 
model at the catchment outlet does not guarantee good accuracy in the 
sub-catchments, which are crucial in our simulations because feeding 
the hydropower systems. To overcome this drawback we adopted a 
multi-site calibration strategy following the suggestion by Zhang et al. 
(2008). The model was calibrated by maximizing the global NSE index 
at the following three gauging stations: Cadipietra (148.8km2), Gadera 

(289.9km2) and Vermiglio (79.0km2), all located in undisturbed 
sub-catchments (see Fig. 4). The calibration was performed in the time 
window 1989–2013 by using the first two years as spin-off (i.e., they do 
not contribute to the objective function). 

Validation was performed by computing the NSE index at four 
gauging stations not used in calibration and by comparing the simulated 
annual energy production provided by Eq. (5) with the measured one. 
The four gauging stations are: Vandoies (1917km2), Mezzolombardo 
(1356km2), Bronzolo (7400km2) and Trento (9000km2), as depicted in 
Fig. 4. 

3.6. Simulation Setup 

Simulations were performed by using a time step Δt = 1h to ensure 
adequate accuracy in routing. Consequently, meteorological data 
available at a daily time step were scaled accordingly, by assuming a 
uniform distribution of precipitation and evapotraspiration at the sub- 
daily scale and a constant temperature equal to the daily mean. The 
resulting streamflows were then aggregated at the daily scale before 
computing the NSE index. To emphasize the benefits of including a 

Fig. 4. Location within the Adige watershed of calibration and validation nodes, as well as of the hydropower systems with more than 3MW installed power. 
Numbering refers to the IDs of the hydropower plants as presented in Table 3. Notice how hydropower systems 2 and 35 have their respective water intakes within 
the Adige watershed while their tailraces are outside of it. 
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suitable representation of hydropower systems’ topology and operating 
rules, four configurations were considered, each one with the hydro-
power systems represented by using a different level of detail. The 
adopted simplifications are described here with reference to the sketch 
shown in Fig. 5:  

• FULL: this configuration simulates the interaction between natural 
stream network and hydropower systems with fully detailed topol-
ogy and reservoir operating rules (see Fig. 5a); 

• NAT: this is the fully natural condition with all hydraulic in-
frastructures removed. Therefore, only natural streamflows are 
computed in this case, with no flow being diverted for hydropower 
uses (see Fig. 5b). Of course in this case no energy is produced; 

• QMAX: this configuration includes all the elements of the hydro-
power system such as the diversion channels, conveyance intakes, 
tunnels and penstocks. However, reservoir operation rules were 
simplified, assuming that hydropower plants are always operated at 
their maximum hydraulic capacity, only obeying mandatory con-
straints, i.e., minimum and maximum storage capacity, with priority 
given to the release of MEF. Under these conditions Eq. (7) reduces to 

QDER,i(t) = QSYS,i, where QSYS,i is the hydraulic capacity of the tur-
bines of the i − th power plant (as shown in Fig. 5c); 

• RES: in this case, storage reservoir operating schemes were imple-
mented with the maximum possible detail (as explained in Section 
2.3), but conveyance intakes were neglected, thereby assuming the 
reservoir as the only water source for the connected generation units. 
In case of run-of-the-river systems only the main intake was 
considered. In the Adige watershed only 5 systems were affected by 
this simplification, whose impact on hydropower production is 
however worth analysing, given their large capacity. The impact of 
this modification is exemplified in Fig. 5d, where the contribution of 
the conveyance intakes is removed from the water discharge deliv-
ered to the hydropower plant. 

4. Results and Discussion 

4.1. Relevance of Human Systems towards streamflow representation 

The multi-site calibration of HYPERstreamHS, performed as detailed 
in Section 3.5 by using the gauging stations of Cadipietra, Gadera and 
Vermiglio as reference, produced an overall NSE of 0.63, which can be 
considered as satisfactory. The model was then validated by comparing 
the simulated with the measured streamflows at four gauging stations 
downstream the previous ones and not used for calibration. The 
streamflow at these stations is altered to a various degree by hydropower 
and therefore the performance varies according to the adopted config-
uration as shown in Table 4. Considering the three gauging stations of 
Vandoies, Bronzolo and Trento, which are mildly impacted by hydro-
power, the NSE coefficients are larger than the global NSE obtained in 
calibration. This is an encouraging result and shows that HYPER-
streamHS provides a good representation of the hydrological system. 
The Mezzolombardo gauging station is highly impacted by hydropower 
(see the discussion later) and although the NSE increases progressively 
as the hydraulic infrastructures are better detailed its maximum value is 
below 0.5, which is the lower limit for considering the simulations as 
satisfactorily (see e.g., Moriasi et al., 2007). In all cases an improvement 
in the representation of the hydraulic system leads to an increase, 
though in some cases marginal, of NSE in validation. This shows that 
including into the modelling effort the hydraulic infrastructures is 
informative. Similar conclusions were drawn by Dang et al. (2020). 

NAT and QMAX configurations produce similar results, since in the 
latter hydropower systems are always operated at their maximum ca-
pacity with reservoirs dramatically reducing their storage. Indeed, in 
this situation, water is stored only when inflow exceeds the hydraulic 
capacity (i.e, the maximum water discharge that the power plant can 
convey to the turbines). On the other hand, also RES and FULL config-
urations exhibit a similar behavior and this can be attributed to the fact 
that RES configuration differs from FULL only in 5 systems out of 22 (IDs 
1, 4, 9, 13, 26 in Table 3), thereby the impact of a different water use 
schedule in these systems is hardly noticeable at the validation sites. 
Consequently, for the sake of clarity, Fig. 6 depicts observed and 
simulated streamflows for the NAT and FULL configurations, which 
represent the two extreme cases of ignoring the presence of the hy-
draulic infrastructures and representing them to the maximum possible 
level of detail allowed by publicly available data, as discussed in Sec-
tions 2.2 and 3.3. 

As expected the proper representation of the hydraulic in-
frastructures is important during low flow periods (from November to 
March), when hydropower releases affect significantly streamflow 
timing and magnitude, as confirmed by visual inspection of the flow 
duration curves depicted in right panel of Fig. 6. On the other hand, no 
appreciable differences are observed between NAT and FULL configu-
rations during high flow periods (from May to October), because of the 
cutoff introduced by hydraulic capacity of the hydropower system. 
Furthermore, the difference between NAT and FULL configurations at-
tenuates as the distance between the gauging station and the intake or 

Table 3 
List of the large hydropower systems operating in the Adige catchment. Systems 
are distinguished between storage reservoirs (R) and run-of-the-river hydro-
power systems (RoR).  

ID Plant Name Type Installed 
Power [MW]

Connected 
Reservoir 

Active 
Storage 
[Mm3]

1 Santa 
Valpurga 

R 47.20 Fontana Bianca 1.27 

2 Avio R 5.20 Pra da Stua 1.43 
3 Predazzo R 15.00 Pezze di Moena 0.36 
4 Naturno R 230.00 Vernago 43.00 
5 San Floriano R 195.00 Stramentizzo 10.01 
6 Sant’Antonio R 90.00 Val d’Auna 0.36 
7 Lasa R 63.00 Gioveretto 19.01 
8 Bressanone R 124.00 Rio Pusteria 1.61 
9 Glorenza R 107.00 San Valentino 116.11 
10 Lana R 120.00 Alborelo 3.04 
11 Mezzocorona R 62.96 Mollaro 0.69 
12 Fontana 

Bianca 
R 10.50 Lago Verde 6.71 

13 Cogolo R 58.00 Pian Palu 12.55 
14 Malga Mare R 12.00 Careser 15.02 
15 Maso Corona R 40.00 Speccheri 2.24 
16 Lappago R 29.84 Neves 14.37 
17 Brunico R 42.00 Monguelfo 6.07 
18 Pracomune R 42.00 Quaira d. 

Miniera 
12.26 

19 San Pancrazio R 34.85 Zoccolo 33.34 
20 San 

Colombano 
R 26.00 San Colombano 7.95 

21 Taio R 105.00 Santa Giustina 172.00 
22 Kniepass R 8.25 Kniepass 0.32 
23 Molini RoR 16.52 – – 
24 Rio Pusteria RoR 15.00 – – 
25 Val di Vizze RoR 24.90 – – 
26 Sarentino RoR 24.41 – – 
27 Premesa RoR 8.20 – – 
28 Ponte 

Gardena 
RoR 14.48 – – 

29 Cardano RoR 165.00 – – 
30 Curon 

Venosta 
RoR 12.50 – – 

31 Castelbello RoR 87.00 – – 
32 Tel RoR 32.00 – – 
33 Marlengo RoR 43.60 – – 
34 Ala RoR 38.00 – – 
35 Bussolengo RoR 48.00 – – 
36 Senales RoR 6.40 – – 
37 Moso RoR 13.00 – – 
38 San Leonardo RoR 26.00 – – 
39 Campo Tures RoR 18.00 – –  
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restitution points of a hydropower system increases. This is the conse-
quence of the reduction of the ratio between the turbined water 
discharge and streamflow along the river network and away from the 
hydropower plant. For example, Vandoies, Bronzolo, and Trento 
gauging stations are located sufficiently far from the closest upstream 
hydropower system and exhibit the typical seasonal streamflow vari-
ability, with small variations and attenuated oscillations during the low 
flow periods (subplots a), c) and d) in Fig. 6). Conversely, the Mezzo-
lombardo gauging station (see Fig. 4) is located immediately down-
stream (2km) of the large Mezzocorona hydropower plant (ID 11 in 
Fig. 4 with a hydraulic capacity of 66 m3s− 1), which dramatically affects 
the otherwise lower natural streamflows (mean annual value of ∼
20m3s− 1 upstream of the system): despite some inaccuracies due to the 
limited knowledge of reservoir operating rules, the FULL configuration 
clearly provides the more realistic representation of streamflow, as 
opposed to the NAT configuration (subplot b) in Fig. 6). From the above 
considerations it can be concluded that, especially during seasons in 
which hydropower releases constitute a large share of streamflows (i.e., 
low flow periods) the benefit of including a detailed modelling of hy-
dropower systems is significant for a proper representation of stream-
flow alterations. 

The impact on streamflow alterations of the three configurations 
described above was investigated by analyzing the time series of the 
normalized difference between the streamflow in the presence and in the 
absence of the hydraulic infrastructures: 

Rconf
Q,i (t) = (Qconf

i (t) − QNAT
i (t))

/
QNAT

i (t) (8)  

where Qconf
i (t) is the daily streamflow computed at node i under the 

given configuration of the hydraulic infrastructures (with conf being 

either FULL, RES or QMAX), and QNAT
i (t) is the daily streamflow 

computed at the same node under the natural (NAT) configuration. 
Mean (μconf

R,i = 1
n
∑n

t=1Rconf
Q,i (t)), where n is the number of time steps, and 

standard deviation (σconf
R,i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
n
∑n

t=1

[
Rconf

Q,i (t) − μconf
R,i

]2
√

) of the normal-

ized residual time series (Eq. (8)) are shown in Fig. 7 left and right 
columns, respectively. This Figure visualizes in an intuitive manner the 
most relevant alterations and their spatial pattern. 

In the FULL configuration the larger alterations with respect to 
natural conditions are at reservoir nodes (see full rombi in Fig. 7a) since 
only MEF and overtop water discharge during flooding feed the channel 
immediately downstream the impoundment (as detailed in Section 
2.1.2). Positive alterations (i.e. streamflow higher than in natural con-
ditions) are observed downstream the restitution of the power plants 
(blue triangles in Fig. 7a) receiving contribution from outside the 
catchment, i.e. from catchments not belonging to their contributing 
area. QMAX and FULL show similar streamflow alterations (Figs. 7c and 
7a), given that both elaborate the same annual water volume, though 
with a different timing. This latter consideration is valid also for the RES 
configuration, with the exception of the nodes belonging to the five 
systems (identified by black rectangles in Fig. 7e) that were topologi-
cally simplified in the RES configuration. In this case no alterations (i.e. 
μRES

R,i = 0) are observed at the nodes where conveyance intakes are 
deactivated (white dots in Fig. 7e within the black rectangles). However, 
significant alterations, slightly smaller than in the FULL configuration, 
are observed at the corresponding nodes of the power plants. 

An indicator of alterations in streamflow timing occurring at the 
daily time scale is the standard deviation of the normalized residual time 
series (Eq. (8)) shown in the right column of Fig. 7. In the FULL 
configuration (Fig. 7b) the largest deviations from the natural regime 
are observed at the hydropower plants connected to large storage res-
ervoirs (see red triangles In Fig. 7b), as a consequence of a changing (in 
time) hydropower production. The reason of the reduced (with respect 
to the FULL configuration) standard deviation, σQMAX

R,i , observed in 
Fig. 7d for the QMAX configuration can be identified in the simplifica-
tion introduced in the reservoir management rules (see Section 3.6), 
which indeed cause reservoir hydropower systems to be managed 
similarly to run-of-the-river systems. The effects of an unrealistic hy-
dropower schedule such as that introduced by the QMAX configuration 
will be further discussed in Section 4.3. Alteration of streamflow timing 
under RES configuration exhibits a similar pattern as in the FULL 
configuration with the exception of the nodes belonging to the five 

Fig. 5. Schematic representation of the four configurations in terms of hydropower systems’ topology and reservoir operating rules.  

Table 4 
NSE values at validation sites. The introduction of HS module in the simulation 
improved the NSE at downstream nodes, demonstrating that reproducing the 
hydraulic systems and their functioning into the hydrological model is 
informative.  

STATION NSENAT  NSEQMAX  NSERES  NSEFULL  

Vandoies 0.68 0.66 0.68 0.70 
Mezzolombardo 0.14 0.09 0.29 0.34 
Bronzolo 0.77 0.77 0.77 0.79 
Trento 0.73 0.73 0.77 0.77  

AVERAGE 0.58 0.56 0.63 0.65  
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systems highlighted in Fig. 7f, where the introduced topological 
simplification leads to small to negligible variations (i.e. σRES

R,i = 0) with 
respect to the reference NAT configuration. 

4.2. Impact of customary approximations on hydropower production 

The simulated energy production of the Adige catchment in the time 
window 2000–2013 was compared with the observed one, computed as 
the sum of the entire production of the province of Bolzano and the 

portion of the Trento province pertaining to the Adige watershed, as 
described in Section 3.4. In particular, Fig. 8 shows the comparison 
between modelled and observed hydropower production for the con-
figurations described in Section 3.6 at a monthly time scale, with the 
exception of NAT where by definition modelling of human systems is not 
performed. The observed and simulated mean annual productions are 
also summarized in Table 5 where the hydropower systems are grouped 
into reservoir and run-of-the-river systems. 

The FULL configuration provided the better reproduction of average 

Fig. 6. Comparison between observed and simulated streamflow time series (left column) and flow duration curves (right column) at the validation sites: a) 
Vandoies, b) Mezzolombardo, c) Bronzolo and d) Trento stream gauging stations. To better showcase the effect of hydropower activities, which introduce periodic 
oscillations, streamflow is shown only for one hydrological year starting from October 1995, while the FDCs represent the entire simulation period 1991–2013. 
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Fig. 7. Analysis of the time series of normalized streamflow differences with respect to the natural streamflow obtained by applying HYPERstreamHS after removing 
the hydraulic infrastructures. Three utilization scenarios are considered: FULL, QMAX and RES. The left column shows the mean of the normalized streamflow 
differences at each node, while the right column shows their standard deviation. The hydropower systems highlighted in the rectangular frames of the two bottom 
panels represent those affected by the simplification introduced in the RES configuration: their numbering refers to the ID presented in Table 3. 
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annual hydropower production, with a small difference of 4% due to the 
imperfect reconstruction of the unknown operational schedule and, to a 
minor extent, to errors in simulating streamflow entering the reservoirs 
and at the withdrawal points. On the other hand, QMAX and RES con-
figurations introduce a bias in the representation of hydropower sys-
tems, leading to larger errors in the modelled hydropower production. 
Generally, the errors are smaller for run-of-the-river systems, with a 
minimum of 2% in the FULL configuration. 

Larger deviations in the hydropower production at run-of-the-river 
systems are indeed observed for QMAX and RES configurations, high-
lighting that imperfect reconstruction of the operational schedule in 
storage reservoirs also significantly affects streamflow timing at down-
stream locations where run-of-the-river plants are located. We consider 
the high accuracy of the FULL configuration in reproducing historical 
hydropower production data a significant achievement of the present 
work. Indeed, existing studies compare different scenarios, either in 
terms of water usage policies or climate change impacts (see e.g., Meng 
et al., 2020; Bejarano et al., 2019; Gaudard et al., 2013), but they do not 
validate the hydropower modelling framework under historical condi-
tions. In our opinion, model validation is a necessary step to avoid 
possibly biased interpretation of scenario runs. In the ensuing section we 
provide additional evidence on how the simplified configurations RES 
and QMAX introduce bias in hydropower production modelling. 

4.3. Effects of simplified reservoir operation modelling 

We start by evaluating more in detail the effects of the QMAX 
configuration, which assumes that the storage hydropower systems of 
the catchment operate at their maximum capacity when the amount of 
water in their reservoirs is enough to sustain at least one day of pro-
duction and shut off when it becomes smaller. This simplification is 
commonly adopted in large scale impact assessment studies (see e.g., 
Turner et al., 2017; Wagner et al., 2016), as detailed information on 

reservoir operation is often hard to obtain. As shown in Table 5, the 
simulation performed with the QMAX configuration underestimates the 
total hydropower production more than the other two configurations 
(RES and FULL). The impact of this assumption is exemplified in Fig. 9, 
which compares the evolution in time of the water stage in the Gio-
veretto reservoir under both the QMAX and FULL configurations. 

Under the QMAX configuration the reservoir is most of the time at its 
minimum level (zero utilizable water volume) and therefore the hy-
dropower plant operates most of the time as a run-of-the-river system at 
the minimum head. This occurs because in the QMAX configuration the 
water flow withdrawn from the reservoir QDER is larger than the mean 
annual water inflow QIN,AVG and therefore the reservoir is predominantly 
in low storage conditions. As a consequence, the production reduces 
because of the lower head, despite the turbined water volume is roughly 
the same. 

The simulated reservoir water stage in the QMAX configuration is, 
nevertheless, unrealistic. Large reservoirs usually perform seasonal 
regulation of the water storage, as is the case in the simulation per-
formed under the FULL configuration (see Fig. 9). It should be noticed 
that a correct timing of hydropower production is important for a proper 
evaluation of the ecological impact of hydropower systems. In fact, 
hydropower production may adversely affect reservoir aquatic ecosys-
tems due to internal oscillation of the water stage which, if of large 

Fig. 8. Simulated and observed monthly hydropower production of the Adige catchment in the timeframe 2000–2013.  

Table 5 
Comparison of observed and simulated mean annual hydropower production 
(expressed in GWh/y) over the 2000–2013 time window for each configuration.   

OBS  QMAX  RES  FULL   
HPP HPP % HPP % HPP % 

Total 6717 6043 − 10.0 6061 − 9.8 6449 − 4.0 
Storage reservoir 3510 3031 − 13.7 3024 − 13.9 3306 − 5.8 
Run-of-the-river 3207 3012 − 6.1 3037 − 5.3 3143 − 2.0  

Fig. 9. Water stage time series of the Gioveretto reservoir in the 2000–2006 
time window. The QMAX configuration causes a reduction in the average 
reservoir water level, as opposed to the FULL configuration, obtained from the 
elaboration of the data provided by TERNA, which respects seasonality. 
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amplitude, may impair the riparian buffer (see e.g., Yang et al., 2018; 
Renofalt et al., 2010; Jager and Smith, 2008). Similarly, hydropeaking 
may significantly affect freshwater ecosystems downstream the restitu-
tion (see e.g., Larsen et al., 2021; Finch et al., 2015; Hall et al., 2015; 
Bruno et al., 2013). Under this perspective, a realistic and accurate 
modelling of timing and magnitude of streamflow alterations due to 
hydropower operation is of deemed importance. From the economical 
point of view, the cost of these alterations, due to the loss of ecosystem 
services, should be compared with the increased revenue due to a larger 
production or a larger share of production in periods with high elec-
tricity prices and the reduction of CO2 emissions. On the other hand, 
simplifications in the hydropower schedule may lead to inaccuracies in 
the evaluation of the impacts on the ecosystems (see e.g., Vigiak et al., 
2018). Similar conditions to those observed at Gioveretto are observed 
in the other simulated reservoirs (result not shown here), though the 
modelled production decreases more in systems in which the head 
created by the impoundment is a larger fraction of the total head. 

4.3.1. Impacts of uncertainty in the hydraulic capacity 
Operational rules for reservoirs are often not disclosed by the hy-

dropower companies for not providing advantages to competitors in the 
same electricity market. Therefore, with the hydraulic capacity as the 
only information available, large scale studies are conducted by 
assuming that reservoir hydropower systems are always operated at 
their hydraulic capacity QSYS,i, with i indicating the hydropower system 
(i = 1,…,22, in our work consistently with Fig. 4 and Table 3). However, 
this information may be known with uncertainty as well, particularly 
when the study refers to a large number of hydropower plants. To 
evaluate the effect of knowing QSYS with uncertainty we considered two 
additional configurations with QDER constant in time (as in the QMAX 
configuration) and equal to QDER,i = kQSYS,i, with i = 1,…,22 and k =

0.8 and 1.2, respectively. Hereafter, the former configuration is called 
QMAX0.8 and the latter QMAX1.2. Given the relatively small deviation 
from system capacity QSYS, the efficiency η is maintained constant and 
equal to 0.8. 

For the purposes of this analysis, three indicators were computed for 
each hydropower system. The first indicator is the ratio IH(i) = ΔH(i)/
Hsys(i) between the maximum oscillation, ΔH(i) of the reservoir level 

and the mean total head Hsys(i), given by the difference between the 
elevation of the reservoir center of mass (at the maximum operational 
level) and the nozzle, or the tailrace, depending on the type of installed 
turbine. The second indicator, RC(i) = VOP(i)/QIN,AVG(i) is the ratio be-
tween the operational volume VOP(i) (see Table 3) and and the mean 
annual inflow QIN,AVG(i). This indicator is equal to the number of days 
needed to fill the reservoir with a constant inflow QIN,AVG(i) in the 
absence of utilization and starting from the minimum level, and it rep-
resents the regulation capacity (RC) of the reservoir. In addition, the 
variation of the modelled hydropower production with respect to the 
FULL configuration is computed as follows: ΔPROD(i) =

(HPPconf (i) − HPPFULL(i))/HPPFULL(i), where HPPconf (i) is the hydropower 
production in the selected configuration (i.e., QMAX0.8, QMAX and 
QMAX1.2) and HPPFULL(i) that of the reference (FULL) configuration. 

Results of this analysis are summarised in Fig. 10 in which each 
column represents one of the 22 storage hydropower systems of the 
Adige catchment. Systems with IH < 7 (from 1 to 12) do not show sig-
nificant reductions of the production with respect to the FULL configu-
ration, irrespective to the configuration considered (either QMAX and its 
two variations described above). This result was expected given the 
predominance of the geodetic head over the head created by the 
impoundment, as reflected in the relatively small IH of these systems. On 
the other hand, the losses of hydropower production increase with IH, 
due to the fact that reservoir oscillations, ΔH, are a significant fraction of 
the total head. Similarly to QMAX, both QMAX0.8 and QMAX1.2 con-
figurations reduce the annual production with respect to the FULL 
configuration (i.e. ΔPROD < 0). The lowest reduction is obtained with the 
configuration QMAX0.8 for most of the systems (i.e., 
1,2,4,7,9,10,11,12,13,14,15,16,17,18,19,20,21), however for the sys-
tems number 3, 5,6, 8 and 22 the smallest loss of production is obtained 
with the configuration QMAX1.2. While the reduction of the loss when 
the configuration QMAX0.8 is used was expected because of the higher 
simulated average reservoir level with respect to the configuration 
QMAX, the lowest reduction obtained with the configuration QMAX1.2 
is counter-intuitive. The explanation is in the low regulation capacity of 
these reservoirs, all having RC < 1, with the exception of hydropower 
system number 5. When RC < 1 the reservoir is rapidly filled and the 
loss of production is proportional to the spilled water volume, which is 

Fig. 10. Effects of incorrect estimation of hydraulic capacity in simplified approaches. Colored bar charts depict the variation in hydropower production ΔPROD for 
the QMAX0.8 (blue), QMAX (green) and QMAX1.2 (orange) configurations. Regulation capacity RC is shown with a grey bar for each system, while the IH indicator is 
reported below the horizontal axis. 
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smaller when QDER is larger, thereby with the configuration QMAX1.2. In 
the case of system number 5, despite the regulation capacity not usually 
being a constraint, spilling occurred during some of the extreme high- 
flow seasons and thus configuration QMAX1.2 converted most of the 
excess flows in hydropower production. 

This analysis shows that even when operational schedule is unknown 
performing the simulation with the QMAX configuration, or a similar 
one, produces good estimates of the annual energy production. How-
ever, simulations lose accuracy for specific hydropower systems with a 
reservoir whose maximum oscillation is a significant portion of the head. 
Notably, the system presenting the second largest IH (i.e., the S. Giustina 
reservoir connected to the Taio plant, see also Table 3) exhibits a loss of 
30% in the annual production. 

4.4. Effects of simplified network topology 

In the RES configuration only primary water sources, such as the 
reservoir or the main intake in the run-of-the-river hydropower systems, 
were included (see Fig. 5d), thereby neglecting the contribution of the 
conveyance intakes. As a result, natural streamflow was not affected by 
conveyance intakes (QDIV,art(t) = 0 in Eq. (2)), and turbined volumes 
were underestimated. This approximation is common in studies at 
regional, or larger, scales because the technical information needed to 
simulate conveyance intakes is rarely included into large scale datasets 
accessible online. In addition to the analysis of the difference between 
the RES and FULL configurations, we considered a modified configura-
tion, named RES + QMAX, which adds the simplifications in reservoir 
management (QMAX configuration) to those related to system topology 
(RES), with the aim to verify if and how these two assumptions interact 
and influence the accuracy of the modelled hydropower production. 
Only 5 out of 39 large hydropower systems in the Adige watershed 
include conveyance intakes and were therefore relevant to this analysis. 
The percentage contributing area associated to the conveyance intake 
and IH indicator of these hydropower systems are shown in Table 6, 
together with their simulated mean annual production under the 
different aforementioned configurations. 

As expected in all hydropower systems the RES configuration leads to 
a smaller production than the reference FULL configuration, because of 
the water volume lost by neglecting the conveyance intakes, which is not 
compensated by a larger use of the water stored in the reservoir. The 
production loss is proportional to the drainage area of the conveyance 
intakes and increases further under the RES + QMAX configuration, 
except for Sarentino, which is a run-of-the-river power plant operating 
in conditions similar to QMAX fed by a small impoundment with 
negligible oscillations (IH ≃ 0). The further loss observed in the com-
bined configuration RES + QMAX is roughly proportional to the struc-
tural parameter IH: this is expected because in systems with high IH 
hydropower production is sensitive to changes in the impoundment 
elevation. 

This analysis highlights that despite performing well at the aggregate 
scale, the RES configuration introduced significant biases in the simu-
lated hydropower production of the systems with conveyance intakes 

(see Table 6). Similarly, streamflow is strongly affected by the simpli-
fications introduced in the RES configuration. Both aspects indeed 
represent a fundamental piece of information for local and regional 
studies that attempt to analyze competing water uses (La Jeunesse et al., 
2016; Majone et al., 2012; Rasanen et al., 2017; Zeng et al., 2017) or to 
develop sustainable water use policies under a changing climate (see e. 
g., Grizzetti et al., 2017; Winemiller et al., 2016). Although open source 
reservoir datasets, such as GRanD (Lehner et al., 2011), GOODD (Mul-
ligan et al., 2020), FHReD (Zarfl et al., 2015), represent a valuable 
source of information for large scale assessments of reservoir func-
tioning and impacts, those datasets do not include data concerning 
conveyance intakes nor they provide information about the connected 
hydropower plants and their operational schedules. Our simulations 
showed that more comprehensive datasets providing detailed informa-
tion about hydropower systems and their network topology are a valu-
able piece of information that should not be disregarded, though 
difficult to achieve. 

5. Conclusions 

We analyzed the effects on modelled streamflow and hydropower 
production of different levels of approximation used to represent the 
hydropower systems in a hydrological model. A distributed hydrological 
model (HYPERstreamHS) was first calibrated by using the data of three 
gauging stations in headwater catchments not influenced by hydro-
power and other significant water uses. The validation of the modelling 
framework was then performed by comparing simulations extended to 
the entire Adige watershed, conducted with the most detailed repre-
sentation of hydraulic infrastructures that publicly available data allow 
to achieve (FULL configuration), with historical time series of measured 
streamflow and hydropower production data. 

The FULL configuration was then assumed as reference and 
compared with three additional simplified configurations typically 
adopted in large-scale hydrological modelling to make data collection 
more affordable, RES, QMAX and NAT (assuming the latter as reference 
for the natural conditions of the watershed). The reference configuration 
(FULL) provided a very good representation of total hydropower pro-
duction of the Adige river: at the annual scale the difference with the 
measured production was only of − 4%. Differences of the order of 
− 10% where observed with the other configurations. All configurations 
including the hydropower systems improved the streamflow represen-
tation (i.e., produced higher NSE indexes at the selected stream gauges) 
in validation with respect to the NAT configuration, thereby confirming 
the advantage to include, though in an approximate manner, hydraulic 
infrastructures into hydrological modelling. 

Streamflow alterations at the modelling nodes were analyzed by 
comparing the three hydropower configurations (i.e., FULL, RES and 
QMAX) with the natural configuration (NAT). Spatial patterns of 
streamflow alteration magnitude are similar in the three hydropower 
configurations (Fig. 7a, c, e). The largest increase in streamflow vari-
ability, epitomized by the standard deviation of the normalized re-
siduals, is observed for the FULL configuration at the hydropower plants 

Table 6 
Mean annual simulated HPP for the simplified RES and RES + QMAX configurations in the five hydropower systems characterized by the presence of conveyance water 
intakes. The Table also presents the percentage contributing area draining at the conveyance water intakes (CI Area), IH indicator, along with the percentage variations 
in hydropower production (Δ%) with respect to the FULL configuration.   

Characteristics FULL RES RES  + QMAX 
Power Plant CI Area IH  HPP HPP Δ%  HPP Δ%   

[%] / [GWh/y] [GWh/y] [%] [GWh/y] [%]

Cogolo 22 7.27 95.43 77.35 − 18.95 69.35 − 27.33 
Glorenza 34 5.77 202.98 162.11 − 20.13 156.71 − 22.80 
Naturno 40 4.19 214.24 136.87 − 36.11 130.33 − 39.17 
Sarentino 46 ≃ 0  63.79 31.66 − 50.37 31.66 − 50.37 
S. Valpurga 35 1.23 41.57 19.41 − 53.31 19.17 − 53.89  
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connected with large reservoirs, due the relevant hydraulic capacity of 
the power plant which is typically higher than the mean natural 
streamflow. Compared to FULL, QMAX configuration shows a lower 
increase of streamflow variability due to the simplifications introduced 
in reservoir management. RES configuration shows results similar to 
FULL with the exception of nodes in which topological simplifications 
were introduced. Performance analysis of the QMAX configuration at 
the reservoir scale showed that this approach is acceptable in terms of 
average annual production, although its performances deteriorate 
significantly for reservoirs whose oscillations are a relevant portion of 
the total head of the system, resulting in differences up to 30% in annual 
production: in these cases, making realistic assumptions of the produc-
tion schedule substantially improved the reliability of the predictions. In 
all cases, despite good estimates of the annual production, modelled 
reservoir levels do not exhibit seasonal patterns, as it would otherwise 
be expected. The five systems simplified by the RES configuration 
showed a remarkable reduction of modelled hydropower production, as 
the main water sources (reservoirs or main intakes) were not able to 
compensate for the missing flux provided by the conveyance intakes, 
thereby causing an underestimation up to 53% of hydropower produc-
tion. This latter result highlights how a detailed conceptual model and 
an accurate representation of hydraulic infrastructures is a crucial part 
of the modelling endeavour, often more important than capturing the 
operational schedule, which is rarely available. Finally, results show 
that biases in the RES and QMAX configurations do not compensate, 
rather they accumulate in a non-linear manner (see Table 6). 

In the present work we showed that hydrological modelling in 
catchments with streamflow altered by hydropower, or other water uses, 
can benefit from including explicitly the functioning (in terms of water 
transfers) of hydraulic infrastructures into the hydrological model. 
Given that technical information concerning these hydraulic in-
frastructures is often lacking or incomplete and difficult to obtain, we 
developed and tested a modelling approach that relies solely on publicly 
available information. The comparison with commonly adopted sim-
plifications showed that an accurate search for publicly available data, 
more than commonly done, is worth the investment of the financial 
resources and time required to perform it; the reward being chiefly in a 
more accurate modelling of streamflow and hydropower production for 
the hydropower systems of the catchment. The proposed framework is 
also useful to guide modelling of hydropower production at the regional 
and national scales. 
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Endejan, M., Frenken, K., Magome, J., Nilsson, C., Robertson, J.C., Rödel, R., 
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