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• The green and the digital transitions are
interconnected issues.

• Digitalization (DICC) is a key strategy to
fulfil the targets of this transition.

• DICC in the hydropower sector can pro-
vide environmental and energy benefits.

• In Europe, DICC mainly to mitigate
hydropeaking, improve water manage-
ment and fish migration.
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Hydropower globally represents the main source of renewable energy, and provides several benefits, e.g., water stor-
age and flexibility; on the other hand, it may cause significant impacts on the environment. Hence sustainable hydro-
power needs to achieve a balance between electricity generation, impacts on ecosystems and benefits on society,
supporting the achievement of the Green Deal targets. The implementation of digital, information, communication
and control (DICC) technologies is emerging as an effective strategy to support such a trade-off, especially in the
European Union (EU), fostering both the green and the digital transitions. In this study, we show how DICC can foster
the environmental integration of hydropower into the Earth spheres, with focus on the hydrosphere (e.g., on water
n, Information, Communication and (real-time) Control; EU, European Union EU27; HPP, hydropower plant; O&M, Operation and
lved gas; TRL, Technology Readiness Level; WFD, Water Framework Directive.
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Sensors
WEFE
quality and quantity, hydropeaking mitigation, environmental flow control), biosphere (e.g., improvement of riparian
vegetation, fish habitat and migration), atmosphere (reduction of methane emissions and evaporation from
reservoirs), lithosphere (better sediment management, reduction of seepages), and on the anthroposphere
(e.g., reduction of pollution associated to combined sewer overflows, chemicals, plastics and microplastics). With
reference to the abovementioned Earth spheres, the main DICC applications, case studies, challenges, Technology
Readiness Level (TRL), benefits and limitations, and transversal benefits for energy generation and predictive Opera-
tion and Maintenance (O&M), are discussed. The priorities for the European Union are highlighted. Although the
paper focuses primarly on hydropower, analogous considerations are valid for any artificial barrier, water reservoir
and civil structure which interferes with freshwater systems.
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1. Introduction

Hydropower, accounting for 1360 GW of global installed power capac-
ity, and with an electrical generation of 4252 TWh/year in 2021
(International Hydropower Association IHA, 2022), is a multi-benefit re-
newable energy source. Its flexible operation allows to better integrate
the energy output from volatile energy sources (mainly from wind and
solar power plants) in the electric grid and provides ancillary services
2

(Bauhofer and Zoglauer, 2021). Hydropower and water reservoirs can pro-
vide multiple services, e.g. water storage and flood control, as well as nav-
igation, fisheries, ecosystem services and recreational activities (Branche,
2017). On the other hand, the alteration of fluvial ecosystems and the inter-
ruption of the longitudinal connectivity of rivers are relevant impacts
caused by artificial barriers (e.g., but not limited to, hydropower ones),
with risks imposed on freshwater systems and ecosystems (Nguyen et al.,
2018; Geist, 2021; Nielsen and Szabo-Meszaros, 2022). Therefore,



1 https://ec.europa.eu/info/funding-tenders/opportunities/portal/screen/opportunities/
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sustainable hydropower needs to achieve a good balance between electric-
ity generation, social benefits and impacts on the ecosystem and biodiver-
sity (Rutschmann et al., 2022). This is especially true in the European
Union (EU) (Quaranta et al., 2022b).

Hydropower is highly interconnected with all the Earth spheres (hydro-
sphere, biosphere, lithosphere, atmosphere and anthroposphere) and these
are interconnected each other in the so called Water-Energy-Food-Ecosys-
tem (WEFE) nexus, where hydropower systems represent critical nexus
points (Dombrowsky and Hensengerth, 2018; Adamovic et al., 2019;
Kuriqi et al., 2020; Liu et al., 2022). The hydrosphere and the biosphere
are highly interrelated, as any form of life in aquatic ecosystems is affected
by the hydrological, chemical and hydraulic characteristics of water bodies,
where hydropower plants operate. Hydropower interacts with the litho-
sphere, trapping sediments and affecting river morphology, that may
have considerable and far-reaching ecological consequences on the bio-
sphere. Water reservoirs, including the hydropower ones, interact with
the atmosphere, along with local climate behaviour (generating evapora-
tion and, in certain contexts, carbon and methane emissions). Hydropower
strongly interacts with the anthroposphere, providing energy and services,
but also affecting water quality and quantity. On the other hand, human ac-
tivities generate pollution (e.g., combined sewer overflows, plastic,
chemicals) which affects water quality in reservoirs.

Information and communication technologies (ICT) aimed at real-time
control have emerged as a recent and effective strategy to improve the over-
all performance of hydropower plants. DICC (Digitalization, Information,
Communication and Control) can improve operation, efficiency and the en-
vironmental performance, thus contributing to the sustainability of hydro-
power (Cordova et al., 2014; Kougias et al., 2019; Quaranta et al., 2021).
DICC can be applied for predictive maintenance purposes, e.g., for extend-
ing the equipment lifetime, reducing outages, and assessing cyber-security
risks (e.g., Betti et al., 2021). DICC can also improve the overall hydro-
power plant efficiency, with little or no additional impacts on ecosystems
(Kougias et al., 2019; Majumder et al., 2019; Quaranta et al., 2021a). More-
over, DICC can be implemented to increase dam safety (Aswathi et al.,
2022) and for landslide prevention (Fellin, 2011; Praveen et al., 2022). Ge-
netic algorithm for real-time regulation can be used for energy and flow
forecast (Wardlaw et al., 2005) and in multi-purpose reservoirs to improve
water allocation and the economy of the reservoir (Olofintoye et al., 2016).
DICC has been extensively explored in the energy context (e.g., efficiency
and predictive maintenance improvement), and a brief list of quantitative
case studies is reported in Appendix 1.

In the environmental context, DICC allows for the monitoring of bio-
physical parameters directly related to hydropower operation, including
for example water quality and water levels (water level control is the
most widely studied DICC application, see Appendix 2), combined with
the regulation of power plant components (e.g., turbines, weirs). Further-
more, by monitoring hydropower operation in real-time, changes in these
parameters can be directly observed, and their adjustment can contribute
to the achievement of the environmental objectives, especially the good
ecological potential of rivers (Smith et al., 2007; Jager and Smith, 2008;
Moreira et al., 2020). However, a major gap remains in the systematic eval-
uation of how and to what extent it can improve the environmental perfor-
mance of hydropower operations. The existing body of literature remains
limited and fragmented, despite its rapidly growing relevance. To-date,
most of the scientific literature within this context deals with long-term
monitoring campaigns to assess the efficacy of implemented measures,
with little or no reference to their real-time adjustment and control
(Nielsen and Szabo-Meszaros, 2022).

In this review, we discuss the benefits that DICC can entail on the envi-
ronment. Research gaps for future researches are also outlined, as well as
how DICC might balance the trade-off between the competing goals of en-
ergy generation and mitigation of environmental impacts. The maturity of
the technologies (TRL, Appendix 3) were analyzed togetherwith their tech-
nical challenges and knowledge gaps relevant to their further development.
Since this study was coordinated by the Joint Research Centre of the
European Commission in the context of the Green Deal, Sustainable
3

Taxonomy and the EU Horizon call on hydropower digital solutions,1

final remarks were provided with direct applicability to the European con-
text, although references from all over the world were considered. The fol-
lowing main areas have been identified for DICC implementation and are
described in the following sections:

❖ Hydrosphere and biosphere
• Water quality: oxygen, pollutants from the anthroposphere, temperature,
oil spills

• Water quantity: control of ecological and environmental flow, with-
drawals and releases

• Water temporal distribution: hydropeaking
• River continuity: upstream and downstream fish passage facilities
❖ Lithosphere
• Sediment management
• Seepage and leakages
❖ Atmosphere
• Methane and Carbon emissions
• Evaporation from reservoirs

2. Hydrosphere and biosphere

2.1. Water quality

Water quality is essential to support aquatic life, biodiversity and to
provide resources to the human activities. Human activities, including hy-
dropower, may impact the water quality (Peters et al., 2006). In the follow-
ing sections, the DICC aimed at improving water quality is discussed in
relation to dissolved oxygen, water temperature and ice, chemical and bio-
logical pollutants, and oil spills (Fig. 1).

2.1.1. Dissolved oxygen
Depending on the location and characteristics of dams and reservoirs

(e.g. alpine reservoir vs. run-of-the river), the decomposition of inundated
vegetation and organic matter may induce periods of low dissolved oxygen
(DO) levels or anoxia. This situation may continue until a stable state is
reached, which may take decades. There is a risk when water is taken
from deeper zones of hydropower reservoirs, and discharged downstream,
as it may have a low concentration of DO (Pleizier et al., 2020) as a result of
either aforementioned decomposition process, or seasonal eutrophication
processes due to thermal stratification. The oxygen level can drop under
theminimum limit of 5–6mg/L, needed for aquatic life, e.g. 3mg/L for sur-
vival of trout and 4 mg/L for sensitive cold-water invertebrates (Bunea
et al., 2010). Low DO concentration can affect both aquatic life in the reser-
voir and migratory fish in the river reach downstream the dam. On the
other hand, super-saturation can also be risky. DO concentration can be
used as a proxy for determining Total dissolved gas (TDG) (Nielsen and
Szabo-Meszaros, 2022) and when the water becomes supersaturated
(Weitkamp and Katz, 1980; Pulg et al., 2020). Water is commonly consid-
ered supersaturated when TDG level exceeds 110 % (for shallow water)
or a higher value, i.e. 110 % plus 10 percentage points for any meter of
water depth (for example, 120 % at 1 m depth, 130 % at 2 m depth in the
receiving water body) (Pleizier et al., 2020). Supersaturation may happen
under episodic conditions related to hydropower production (e.g., air ad-
mission to turbines, or air entrainments from secondary intakes at high-
head hydropower systems). When supersaturated water is released and
transported downstream, it can be harmful to aquatic life. Fish are barely
exposed to supersaturated water in nature, therefore their resistance level
to high TDG levels is low. The effect of supersaturation is gas bubble dis-
eases in fish when gas bubbles develop and accumulate in their tissues
(Weitkamp and Katz, 1980). The disease may lead to increased mortality,
and extreme high TDG levels can wipe out fish completely over kilometers
downstream of the hydropower plant.

https://ec.europa.eu/info/funding-tenders/opportunities/portal/screen/opportunities/topic-details/horizon-cl5-2022-d3-03-08
https://ec.europa.eu/info/funding-tenders/opportunities/portal/screen/opportunities/topic-details/horizon-cl5-2022-d3-03-08


Fig. 1. Visualization of a real-time and autonomous water quality monitoring
system (ROV) in operation (Source: Nielsen and Szabo-Meszaros, 2022).
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At hydropower plants where supersaturation or DO deficit happen,
rapid detection via loggers downstream is essential to mitigate the effect
on the environment, where their prevention is not possible, e.g., by a tail-
race channel or a retention basin below the turbines. DO levels can bemon-
itored (e.g., by the remotely operated vehicle described in Salalila et al.,
2020), and the power plant operation can be adjusted accordingly to
mitigate impacts. Oxygen concentration in the water released downstream
can be adjusted by implementing operational techniques, e.g. using multi-
ple level intakes for hydropower production, spilling or sluicing water
from the near-surface zones, fluctuating the timing and duration of flow re-
leases, increasing residual flows, and flow mixing. Operational measures
are also effective tomitigate or prevent release of flowwith high TDG levels
(Nielsen and Szabo-Meszaros, 2022). An additional measure is to release
oxygenated surface water during low DO periods or during critical life his-
tory stages of aquatic species (e.g., fish spawning or recruitment). In some
cases, small adjustments in reservoir storage rates or water release sched-
ules can have significant ecological benefits (Peterson et al., 2003). Auto-
venting turbines and self-aerated draft tubes can be used to mitigate low
DO. In auto-venting turbines the air is usually drawn through the turbine
runner, whereas in self-aerated draft tubes the air is injected through a ded-
icated section of the draft tube. Self-aerated draft tubes use a real-time con-
trol system that controls the amount of air injected in the water column as a
function of real-time measurements of the oxygen concentration and the
pressure in the draft tube. The aerated draft tube has been tested on a
small Francis turbine of 318 kW (Bucur et al., 2019; Bunea et al., 2021).
The TRL can be considered 8–9, but this technology has not been exten-
sively used yet. Self-aerated draft tubes needs to be tested on turbines of
larger sizes (in the range of those installed in deep hydropower reservoirs).

2.1.2. Water temperature and ice
River temperature noticeably affects ecosystems, e.g. biochemical me-

tabolism, reproductive success and mortality (Feng et al., 2018; Bui et al.,
2018). Hydropower operation may affect water temperature, especially
with the thermopeaking effects in reservoir power plants.

In order to meet peak demands for electricity, storage hydropower
plants produce flexible electricity, which results in an intermittent release
of flow that takes place mostly at daily and sub-daily frequencies
(Moreira et al., 2019). This process is called “hydropeaking” (see
Section 3). Hydropeaking may also significantly affect the thermal regime
of rivers. Indeed, especially in mountain areas, releases from high-
elevation reservoirs are often characterized by a different temperature
from that of the receiving body, thus causing sharp water temperature var-
iations named ‘thermopeaking’ (e.g., Dickson et al., 2012). Reservoir oper-
ation with hypolimnetic release may result in the release of colder water in
summer and hotter water in winter from deeper zones of a reservoir, which
may therefore paradoxically contribute to the survival of cold water steno-
therm fish species, such as salmon during their summer migration period
(Feng et al., 2018). Zolezzi et al. (2011) calculated that a hydropower
4

plant (HPP) in Noce river (Northern Italy) generated warm thermopeaking
from September to January and resulted in additional (up to 4 °C) heating
with respect to that associated with the natural daily fluctuations. On the
contrary, cold thermopeaking occurred from March to July and cooled
down the temperature (up to 6 °C), in contrast with the natural trend that
would result in heating during the day. Carolli et al. (2008) calculated
that temperature increased up to 4.5 °C during autumn andwinter, whereas
decreased up to 5.9 °C during spring and summer, in Noce river, Italy.

Recent technological DICC advances have enabled higher resolution
GSM/satellite and cellular-based options for monitoring water tempera-
ture, light and chemical data in rivers and reservoirs (Heggenes et al.,
2021; Vyshnevskyi, 2020; Pacheco et al., 2015). For example, in Pacheco
et al. (2015), the SIMA system (a set of hardware and software developed
for data acquisition and real-time monitoring of hydrological systems)
was implemented to acquire surface data of temperature, conductivity,
pH and oxygen.

By monitoring in real-time the water temperature of a reservoir, it is
possible to activate mixing or selective withdrawal mechanisms to reduce
impacts downstream. Water may be mixed in reservoirs (destratification)
to minimize thermal stratification in deeper/large dam reservoirs with
only bottom intakes, especially in tropical and lowland reservoirs. Bubble
plumes create artificial circulation within the reservoir, and pumps can
pump water from the surface to the bottom intake. Submerged curtains
can guide surface water to the intake, or prevent cold deep water from en-
tering the hydropower intakes. Flexible or multiple water release from res-
ervoirs (selective withdrawal, with withdrawal structures at different
vertical locations, Saadatpour et al., 2021) is themost effective way for con-
trolling thewater temperature of reservoir releases. In the hydropower dam
on the Alta River, Norway, a secondary upper intake was intended for both
summer and winter temperature control releases. This measure theoreti-
cally lowered temperatures near pre-regulation conditions, but also re-
duced annual discharge and hydropower production (Heggenes et al.,
2021). Saadatpour et al. (2021) reviewed the most representative scientific
studies on this topic and should be referred for more details.

Also ice may be a problem, especially at high altitudes and latitudes.
Yapa and Shen (1984) showed that the average power loss per winter at
Moses-Sounders Power Dam was 49,180 MWh, which is equivalent to
82,131 barrels of oil or 2.46 million US dollars. A study in Swedish hydro-
power intakes in the early 1990s estimated annual income losses of $1 mil-
lion to $2 million due to frazil clogging of intakes. Annual operations and
maintenance costs at the U.S. Corps of Engineers projects due to ice prob-
lemswere estimated as $33million in 1992. Furthermore, thermal ice pres-
sure on the dam can reach 250 kN/m, while the ratio of the volume of
immobilized water to that of the active storage can reach 20%. Such reduc-
tions in active storage due to ice may result in loss of peak power value for
power companies during winter. Extra head losses caused by clogging of
trash racks due to frazil ice can reach 10 % of the gross head (Gebre
et al., 2013). Operational tools for ice mitigation require both the testing
and development of modelling tools, but also an increased effort in acquir-
ing real-time data for verifying the models and for operational use. Histor-
ical and real-time data on ice conditions are essential for the calibration of
the models to be implemented in mitigation measures, e.g.: selecting with-
drawals, heating of gates and trash racks, timely removal of frazil ice and
ice floes fromwater conduits, and drainage of emptied tunnels and conduits
(Gebre et al., 2013).

2.1.3. Chemical and biological pollutants
Thousands of chemicals encompassing different classes of substances

such as pesticides, pharmaceuticals, personal care and industrial products
are discharged into the water environment from agricultural areas, urban
settlements and industrial sites. These chemicals may harm aquatic ecosys-
tems and human health evenwhen single substances occur at very low con-
centrations (ng and pg/L range) (Gómez et al., 2021). This represents a
clear interaction between the anthroposphere, the hydrosphere and bio-
sphere. Pollutants can also include plastic (both macro, e.g. bottles, and
microplastic), wastewater substances reversed in rivers during combined
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sewer overflows, and other chemical substances and nutrients, like Nitro-
gen (e.g., from agricultural runoff) and Phosphorous (e.g. from detergents).
Also hydrophobic substances may be present in reservoirs: Lindim et al.
(2016) indicate that the top ten emitted pharmaceuticals in their
study set of 54 substances are all emitted in amounts above 0.5 ton/y to
both surface waters and soils. Perfluorinated compounds (PFAS) can also
be found in sediments (Schaanning et al., 2020). In the following para-
graphs, three pollutants are discussed: plastic, wastewater and chemicals/
nutrients.

Most of the plastic discharged into the oceans comes from rivers. How-
ever, rivers have been found to behave like a plastic reservoir (van Emmerik
et al., 2022), and this behaviour may be also due to the large presence of
barriers, especially in the EU. Trash racks of hydropower dams can help
in trapping, and removing from water, macroplastics and microplastics
trapped in sediments (e.g., at HPP Kirchbichl annually 2455 m3 debris
(mean value 2003–2015) is removed at the trash rack) (Watkins et al.,
2019; Liedermann et al., 2018). In the Austrian stretch of the Danube
River (349 km), there are 11 hydropower plants in which litter is retained.
At all sites, waste is separated at the intake structure to prevent the turbine
from damage. The total amount of waste which is removed from the intake
structures of all hydropower plants along the Austrian stretch of the Danube
River amounts to an annual average of 7500 t (tons) per year. Considering
that 2% are estimated to bemade of plastic, approximately 150 t of plastics
are removed from the river annually as a rough guess (González et al.,
2016). Every year, around 290 t of macroplastics are disposed of by
operators of hydroelectric power plants from running waters in the Danube
basin.Most of this is packagingwaste such as plastic bottles.Waste from the
agricultural sector, such as foil and plant pots, as well as construction waste
such as polystyrene, is also removed from the river network.2 DICC, by
means of camera systems, could be implemented to detect such plastic
and avoid mixing with natural sediments, that may also trap microplastic
(Watkins et al., 2019).

Rivers often receive effluents from wastewater treatment plants, e.g. in
urban areas (Hülsmann et al., 2021), or from combined sewer overflows
(CSOs). The total amount of CSOs in the European Union was estimated
to be as equal as 5782millionm3 per year (Quaranta et al., 2022a). Increas-
ing discharges downstream of reservoirs is a widespread management
practice in central Europe where reservoirs are used to keep the discharge
in downstream rivers above a critical level in order to provide the
river ecosystems with a certain dilution potential. The flow increase is
done by operating on upstream hydropower intakes in real-time. In moun-
tainous regions, 10 % to 20 % of sewer system installations are located at
sites having the potential for implementation of this measure (Achleitner
and Rauch, 2007). Shin et al. (2022) emphasized that the real-time
monitoring of treated wastewater and hydropower effluent should be
implemented to avoid water quality incidents related to the transport
and dispersion of harmful cyanobacterial blooms and geosmin in the
environment.

The implementation of multi-objective models for optimal operation of
the reservoir can also help in mitigating the adverse impacts of chemicals,
for example by proper water releases andwithdrawals to dilute and prevent
polluting events, respectively, supported by DICC. In Ferreira and
Teegavarapu (2012), Nitrogen and Phosphorous were adopted as objec-
tives and constraints for a reservoir in Brazil (other water quality parame-
ters could be introduced to address case-specific problems where other
pollutants are of concern). The temporal scale for optimization was limited
to 1 day. Shorter time intervals for optimal operation can be considered for
real-time unit scheduling, especially for run-of-the-river systems under var-
iable inflows.

2.1.4. Oil spills
Hydraulic turbines generally use pressurized oil to lubricate the turbine

bearings and the sliding components of the hub. However, incidental oil
2 https://www.cleanenergywire.org/news/hydropower-plants-help-remove-plastic-waste-
water-bodies-study.
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leakage from hydraulic turbines can generate negative impacts on the envi-
ronment, as well as may cause operational and maintenance problems
(St. Germain, 2018). According to estimates reported in Quaranta (2023),
the lubricant oil consumption in the whole European hydropower fleet
was estimated to be 22 × 103 t/year. The share of losses due to cleaning,
evaporation, foam formation, leakage through the oil system and through
the seals, when sampling for analysis, may be approximately 59 %
(although not all of this may be lost into the environment).

In most hydropower plants oil leakages are not monitored, but rather
they are detected by periodic visual inspections. In the future, with the
rapid development of cloud computing, big data, Internet of Things, and ar-
tificial intelligence technologies, the operation and management of hydro-
power stations will develop in the direction of interconnection, data
mining, and intelligent decision-making. Therefore, in addition to the vi-
sual inspection, future measures to deal with oil mist will be closely com-
bined with the control and governance of bearing oil mist leakage based
on a smart power station, diagnosis and prediction of bearing oil mist leak-
age built on artificial intelligence (AI), and guidance and solutions of bear-
ing oil mist leakage acquired from cloud services (Sun et al., 2022). The
real-time monitoring of oil pressure could reveal anomalous leakages and
thus asking for emergency maintenance and checkup (Betti et al., 2021;
Wang et al., 2021; Bently Nevada, 2022).
2.2. Control of ecological and environmental flow, withdrawals and releases

Flow monitoring at hydropower dams and weirs (e.g., river flow up-
stream of the dam, withdrawn discharges, release from spillways) can pro-
vide adequate knowledge and control on the entity of water withdrawals/
releases in relation to the effective incoming river flow, and, therefore, on
the compliance to key water licence terms (e.g. maximum discharge with-
drawn, mandatory downstream releases, environmental and ecological
flows). Monitoring incoming and released discharges can also be used as
a tool to safeguard downstream river ecosystems, since it allows to quantify
the effective impact upon the aquatic ecosystems in terms of reduced habi-
tat availability in the different periods of the life-cycle of the interested spe-
cies and, when needed, to activate adequate specific mitigation measures
by regulating the flow to be released by appropriate manoeuvring systems
of intake gates (Vezza et al., 2014; Parasiewicz, 2007; Parasiewicz, 2008;
Water Framework Directive, 2014). Government agencies within the EU
already collect and share open government data (OGD) for national
and regional monitoring, but the main tasks for real-time technologies are
to aggregate this data, and post-process into the corresponding recommen-
dations. There are many countries that have real-time information online
(e.g. Austria - Tyrol,3 France,4 Germany - Bavaria,5 Slovenia6), and that
could be used by hydropower operators.

The ecologicalflow is defined by theWater Framework Directive (WFD)
as an hydrological regime consistent with the achievement of the environ-
mental objectives of the WFD in natural surface water bodies as mentioned
in Article 4(1) (Directive, 2014, CIS 31). Ecological flow takes into account
preferences of and for aquatic species, while the environmental flow
(Eflow) aims to mimic abiotic natural processes in addition to fish prefer-
ences, i.e., sedimentation, continuity. Proper definition, modelling and effi-
cient implementation of Eflow require a significant amount of hydrological
data derived from the monitoring of the hydrological regime, often inte-
grated by hydrological models where the time series of measured data is
of limited duration (Water Framework Directive, 2014). The available
methodologies for estimating Eflows are: (1) Hydrological, (2) Hydraulic-
Habitat (e.g., MesoHabsim, CASiMiR, better detailed in Appendix 4), and
(3) Holistic methodologies. After EFlow modeling, it is required to monitor
and control it to comply with specific prescribed release modulation
https://wiski.tirol.gv.at/hydro/.
4 https://www.vigicrues.gouv.fr/.
5 https://www.hnd.bayern.de/pegel/meldestufen.
6 https://www.arso.gov.si/en/water/data/stanje_voda.html.

https://www.cleanenergywire.org/news/hydropower-plants-help-remove-plastic-waste-water-bodies-study
https://www.cleanenergywire.org/news/hydropower-plants-help-remove-plastic-waste-water-bodies-study
https://wiski.tirol.gv.at/hydro/
https://www.vigicrues.gouv.fr/
https://www.hnd.bayern.de/pegel/meldestufen
https://www.arso.gov.si/en/water/data/stanje_voda.html
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scenarios (e.g. downstream release defined as a real-time % of the river
discharge7).

For instance, in Aosta Valley Region (NW Italy), renewal and release of
water licenses are analyzed by the competent authorities and stakeholders
within a decision-making process based on a multi-criteria analysis (MCA)
procedure to identify the most sustainable downstream release scenario.
The scenario includes real-time release alternatives, that foresee, for each
month, a basic flow value to be left in the river downstream of the dam,
incremented by an additional release quantified in real-time, varying on
hourly basis, calculated as a percentage of the flow ratemeasured upstream
of the dam (Vassoney et al., 2019, 2020, 2021).

At the Graines HP plant a continuous monitoring system installed at
the dam measures the incoming river flow every 5 min and, through a
programmable logic controller (PLC), the opening or closing of the
gates is regulated to adjust the downstream release to the prescribed
scenario (baseline discharge and additional flow ranging from 12.5 to
30 % of the incoming flow). Such real-time management of the down-
stream releases can be more easily implemented by new or recently
built plants, where gates and electromechanical components can be
regulated by PLC.

Tallinn University of Technology has built and deployed a web applica-
tion demonstration of an automated environmental flows system, based on
open river monitoring data, typically collected by national authorities.

The modelling process has 4 steps:
1. Hydrological open data collection and pre-processing (imputation,

correction of faulty data).
2. Configuration of sub-models for dynamic discharges (e.g. hydro-

power plant operations, irrigation abstraction, drainage re-routing or indus-
trial water discharges).

3. Using previous time series, and knowledge of plant operations
(e.g. water abstraction for hydropower); machine learning models are
trained to forecast future flow rates at user-defined locations.

4. Eflow prediction, including uncertainty bounds. Themethods used to
assess environmental flows can range from a fixed percentage of the mean
annual flow, to highly complex evaluations including fish habitat suitabil-
ity, its availability and physiochemical water quality.

The proposed system adds value to existing environmental monitoring
data, reduces development and operational costs, facilitates streamlining
of environmental compliance and allows for any authority with similar
data to reuse or scale it with new data and methods. The TRL of this tech-
nology is between 5 and 6, as it has been created, tested and validated at
an Estonian Eflow web application. It is fully automated and makes use of
the available 54 river monitoring stations in the Estonian national hydro-
logical monitoring system (Miasayedava et al., 2022). Costs to setup this
software system for other monitoring sites range from 150,000 to
500,000 EUR per installation. The cost depends on the number of sub-
models needed to be developed, trained, tested and validated for individual
hydropower plants and other sites which drive dynamic changes in the dis-
charge and/or temperature regime of a river. Annual operating costs are es-
timated to be 50,000–100,000 EUR, depending on the level of integration
required with the OGD data provider and the means in which the Eflow
data are exported (e.g. text file, interactive map, real-time predictive
model results with estimated Eflow uncertainty bounds). In the current im-
plementation, the Eflow model requires previous datasets of a time dura-
tion of a minimum 20-year time frame for statistical / machine learning
estimation of low-flow scenarios. Sites for which short-term datasets are
available (e.g. 5 years or less) would need to be coupled with a long-term
hydrological model. Code for running the Eflow web application is
openly available and includes documentation on setup, installation and
7 In some cases, for new licenses of significant water withdrawals, a real-timemodulation of
releases could be prescribed by the competent Authorities: e.g. Regione Piemonte (DPGR 8/R/
2007 Annex C) for sites with Qwithdrawn > Q120 requested that Qreleased = MVF+ x(Qupstream -
MVF), with x to be defined during the water licence issue as a value between 0.1 and 0.2,
MVF = base minimum vital flow; Qupstream = incoming river discharge. Compliance to the
above potential prescription obviously requires a real-timemonitoring of the incoming and re-
leased discharges.
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augmentation.8 Additional online IoT (Internet of Things) sensors in rivers,
upstream and downstream of hydropower sites, can be integrated to de-
velop data-driven models with higher temporal resolution.

A demonstration web application was created for real-time Eflow esti-
mation based on Estonian hydrological OGD. This data is publicly available
from the Estonian national hydrological sensing network.9 The cost of
developing the system was EUR 50,000, as it included only sub-models
for individual gauging station sites with time-series longer than 20 years.

2.3. Hydropeaking

Hydropeaking is the discontinuous release of water to accommodate
peaks of energy demand. Hydropeaking causes artificial flow and water
level fluctuations downstream of the dam, that can cause damages to the
aquatic life, riparian vegetation and river morphology (Greimel et al.,
2018; Moreira et al., 2019). In critical periods (e.g. for larvae and juvenile
grayling) down-ramping rates higher than 12 cm/h (Auer et al., 2017), as
well as up-ramping rates higher than 15 cm/h, are typically deemed critical
(Schmutz et al., 2015). Salmaso et al. (2021) selected 26 papers regarding
the monitoring of the effects of hydropeaking on benthic macroinverte-
brates (among which 16 were conducted in European watercourses), and
showed that biomass reduction can reach 95 %. Hydropeaking mitigation
measures can be ranked as follows: (1) hydropeaking diversion hydro-
power plants, (2) retention/compensation basins and (3) operative mea-
sures (Greimel et al., 2017). In this section we discuss how these
measures can be implemented to control and mitigate hydropeaking
impacts in real-time.

2.3.1. Diversion systems
Hydropeaking diversion HPPs divert water to a larger catchment down-

stream (Reindl et al., 2022). The largest plant of this type is the HPP GKI
(Herdina, 2018; Moreira et al., 2020; Kopecki et al., 2022), which started
operation in November 2022 in the alpine region of Tyrol, in Austria.
Moreira et al. (2020) simulated the operation of the proposed compensa-
tion basin as well as the associated diversion waterways and hydropower
plant with a 15-min resolution, showing the possibility of combining
different mitigation measures in integrative hydropeaking mitigation ap-
proaches. Kopecki et al. (2022) showed that the number of events in
which the down-ramping rate or the base to peak flow ratio exceed critical
thresholds can be reduced by 2 orders of magnitude (on an annual basis) or
even eliminated with an adequate plant operation.

2.3.2. Compensation basins
Compensation basins are a promising hydropeaking mitigation mea-

sure, as they can have a no, or even positive, impact on the hydropower
plant revenues (the discharged flow rate can be scheduled with higher flex-
ibility), differently from operative measures (i.e. the implementation of
ramp rate constraints in the hydropower generation schedule), that instead
may have a relevant impact on hydropower plant production. Compensa-
tion basins can also entail ecological improvements (Tonolla et al., 2017).
Quaranta et al. (2020) described the case study St. Anton in the Province
of Bolzano (Italy), at river Talfer, where a compensation basin was built
as a cavern with a volume of approximately 95,000 m3. It both mitigated
hydropeaking and increased the available habitat area by 67 %. Further-
more, the maximum flow rate was increased from 15 to 18 m3/s and the
maximum power generation from 72 MW to 90 MW. The older retention
basins were not built for hydropeaking mitigation, but in order to smooth
down the flow conditions for other hydropower plants in the tailwater
(Reindl et al., 2022). To the best of the authors' knowledge, the first com-
pensation basin built in Europe for hydropeaking mitigation is located at
the Innertkirchen hydropower plant (Switzerland), with a volume of
80,000 m3 (basin + tunnel). Currently, in Austria, the retention basin
8 https://github.com/effie-ms/eeflows.
9 https://www.ilmateenistus.ee/siseveed/ajaloolised-vaatlusandmed/.

https://github.com/effie-ms/eeflows
https://www.ilmateenistus.ee/siseveed/ajaloolised-vaatlusandmed/
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Silz with a volume of 300,000 m3 is under construction and will start oper-
ation in 2024 (Reindl et al., 2022).

In order to be effective and to optimize their size (and cost), a suitable real-
time control system is necessary to operate the regulation devices (gates,
valves, etc.) of the water outlet (and in some cases inlet). Some case studies
have been analyzed in Pérez-Díaz et al. (2012) , Bieri et al. (2016),
Premstaller et al. (2017), Pisaturo (2017), Popa et al. (2019) and Dorfmann
and Seidl (2021). The compensation basin at the Innertkirchen hydropower
plant was tested between autumn 2015 and spring 2016. The steps taken for
the design of the compensation basin are summarized in several articles
(Bieri et al., 2014; Person et al., 2014; Tonolla et al., 2017). Müller et al.
(2016) provided a brief description of how various gates located both at the
inlet and outlet of the compensation basin are operated so as to control the
basin outflow to the river. The implemented control system uses as input
the forecast discharge release in the compensation basin along with real-
timemeasurements collected by severalwater level sensors. In theAustrian re-
gion of Tyrol, a hydropeaking mitigation measure along the upper Inn river is
foreseen, which combines buffer reservoirs, diversion hydropower plants and
retention basins (Reindl et al., 2022), and increased hydropower production.

2.3.3. Models to forecast scenarios and operative measures
Operative measures implement ramp rate constraints in the hydropower

generation schedule, in order to limit hydropeaking impacts on riparian veg-
etation and aquatic organisms, such as macroinvertebrates (Leitner et al.,
2017; Farhadi et al., 2022) and fish (Almeida et al., 2017; Capra et al.,
2017; Kopecki et al., 2022). Salmaso et al. (2021) showed that biomass
recovery can range from 15 % to 60 % after implementing such mitigation
measures (e.g., increased base flows and reduced peak flows).

In order to implement well these measures, models have been devel-
oped to quantitatively link key hydrological parameters, altered by
hydropeaking (such as duration, frequency, rate of change, magnitude of
the inundation), to key biological parameters of certain riparian plant spe-
cies, and to forecast scenarios. These models show the response of vegeta-
tion and the thresholds from which the impact of hydropeaking on
vegetation is irreversible. Although the models need to be developed in ad-
vance, once they are available, operators can rely on them for optimizing
flow releases to enhance riparian areas, also in real-time. Such a modelling
approach has been tested on the operation of several hydropower plants
along the Ume River in Northern Sweden to enhance its riverine zones.
The model and the associated quantitative data can be consulted in
Bejarano et al. (2020). Key results indicate that deeper and more frequent
inundations hampered plant growth, decreased survival and germination
rates and increased drag rates of transplants, especially for small seedlings.
The mean rise rate of the water-level fluctuations was only relevant for the
germination, which was disfavoured by rapid changes in water levels. The
germination, survival, and drag rates of transplants were the variablesmost
responsive to hydropeaking.

CASiMiR, already discussed in Appendix 4, includes a Hydropeaking-
section, which is a model able to process unsteady flow data for habitat
risk assessment. Dynamic parameters as ramping rates (water level changes
over time) are used to assess the stranding risk or drift risk for young fish
during rapidly changing flows that occur in rivers under hydropeaking im-
pact. Additionally, the habitat persistence, an indicator for the sustainability
of habitats for organisms with restricted mobility (larvae, macroinverte-
brates), can be quantified and assessed for different scenarios of turbine op-
eration and morphological mitigation.

The main challenges are difficulties in model development (which is
complex and time-consuming) and the limitations in the extrapolation to
other rivers beyond those in which models were developed. These models
are a reliable solution for an effective operation, to be implemented in
real time, of power plants causing hydropeaking.

2.4. River continuity: upstream and downstream fish passage facilities

Fish passes, or fishways, are hydraulic structures designed to allow fish
migration through an obstacle, such as a dam or a barrier (Schletterer et al.,
7

2016). Fishways are very sensitive structures due to the needed equilibrium
between biological and hydraulic aspects inside and around themand, thus,
their efficiency is often far from acceptable (Bunt et al., 2012). In this sense,
the variability of flows at hydropower-regulated sites modifies the hydrau-
lic conditions within thefishway, affecting biological response ofmigratory
fish and, in the worst case, deviating from their principal objective, i.e., to
allow the free movement of fish across and obstacle (Fuentes-Pérez et al.,
2018). Despite the possible consequences of hydrological variability within
a fish pass (DWA, 2016), the effects are sometimes not considered during
their design and assessment phase (Fuentes-Pérez et al., 2016; Fuentes-
Pérez et al., 2017). Moreover, the effect of hydraulic alterations on the effi-
ciency of a fish pass has to be taken into account for management purposes
(i.e. hydraulic conditions control, attraction flows, clogging detection, etc.)
(ÖWAV, 2020).

DICC has been recently introduced to improve the efficiency of fish
passes, combining several strategies: water level sensors can be used to con-
tinuously verify the hydrodynamic condition within the fish pass and to ac-
tivate gates and other hydraulic structures to adjust them tomore adequate
levels when needed (e.g., see the section Bypasses with variable flowrates).
Camera/video-based monitoring of passages of migrating fish may help in
understanding the efficacy of the control system implemented at the fish
pass, and allows the timely activation of particular measures (e.g., gates,
turbine shutdown, increase of the attraction flow at the fish pass entrance,
etc.) depending on the presence and distribution of fish approaching/
accessing the fish pass. Statistical models could be used when video
monitoring is not possible, although governmental monitoring requests
often require of abiotic and biotic measurements. Telemetric biosensors
can also be used to monitor fish movements. Based on the above-
mentioned innovative sensor systems, increased attraction flow at fish
passes for upstream migration or downstream bypasses with variable
flowrates and/or turbine shutdown can be activated and operated in real-
time for facilitating upstream or downstream fish migration, when the ini-
tial stages of the migratory event are detected. In this section, three main
applications are discussed: the tool Smart Fishways as hydraulic sensor
system to improve the hydrodynamic characteristics inside fish passes,
bypasses with variable flowrates and turbines shutdown. Video/camera
monitoring, telemetric biosensors and statistical models to support the
operation of these applications are also described.

2.4.1. Smart Fishways
Smart Fishways is an interdisciplinary framework and toolbox that com-

bines fish biology, fishway hydraulics and networks of sensors. The aims of
this tool are: to monitor fishway performance in real-time considering mul-
tiple environmental conditions, to identify key components affecting fish
passage and the optimal layouts to facilitate the passage, to set adaptive
management rules, and considering these management rules to adapt fish-
ways to hydrological and climatic uncertainty. The sensor networks (water
level nodes, environmental variable node, and fish counter node) serve as a
non-invasive linkage between biology and hydraulics. Sensors provide real-
time information to optimize the performance of fishways (that is assessed
autonomously by knowledge and statistical models). The general technol-
ogy readiness levels (TRL) of Smart Fishways is 7, and some of the techno-
logical components of the framework (e.g. water level and environmental
variable nodes) are at TRL 9. Part of the individual sensors of the system
are already market ready and commercialized. Potential applications of
Smart Fishways include fish passage solutions and river remote monitoring,
fishway performance assessment (hydraulic and biotic) or their remote
adaptive management. Likewise, developed sensor networks can be easily
adapted to other fields of river engineering and environmental monitoring
(Fig. 2). Appendix 5 describes two case studies with related equipment.

The Smart Fishway framework is developed under open hardware and
software technology with a modular design principle to be easily adaptable
to different scenarios; therefore, the cost is being optimized to make its
usage affordable in any region. The preliminary market price estimation
of a full working system installed on a fishway installed at obstacles of
2–4 m height is around 15,000 € (including on-side calibration and data



Fig. 2. Smart Fishways sensors implemented in a fish pass.
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management strategy). It is expected that future optimizations will reduce
the cost. The main challenge of Smart Fishways is to develop consistent
models able to optimize fishway performance for multiple target fish spe-
cies. The system is currently installed in three fully operational study
cases in the Spanish Duero River basin, and in two sensor networks in
Portugal (for the project EcoPeak4Fish). By now, data are being used to as-
sess the hydraulic performance of the fishway, using trained neural-
networks that compare the measured water-level variables with expected
hydraulic performances, to detect anomalies and trigger management
alarms (Fuentes-Pérez et al., 2021). The next step is to detect hydraulic sce-
narios that maximize the fish passage and to trigger operational alarms in
the associated hydropower plants. This can be achieved by modelling fish
movement with variables measured by the sensor network (environmental
variables and hydraulic variables) and afterwards using real-time variables
as model inputs (see García-Vega et al. 2018 and 2022).

Quantitative data will be available from the end of 2023. However, a
previous study, that included an analysis of 64 steppedfishways of different
types (50 % of whole existing stepped fishways in Duero basin), concluded
that the 32.8 % of studied fishways presented problems due to a lack of
maintenance (Valbuena-Castro et al., 2020). In this context, the Smart Fish-
ways system potentially has a direct and positive impact in several fish-
ways, without considering the adaptive management possibilities or the
economic benefits of scheduling in real-time fishway maintenance. In the
sameway, the transmitted real-time information avoids or reduces the con-
trol visits by river authorities and operators to check Eflows, and related
costs, providing an additional economic benefit. With regards to adaptive
management, previsions are case and year-dependent. For instance, models
in a study case (Tormes River, Duero River basin) suggest that establishing
adaptive management, with the collected environmental variables and
using random forest modelling, could provide an increase of the passage ef-
ficiency in the range of 10 % to 720 %, depending on the weather condi-
tions of a specific year (García-Vega et al., 2022).

2.4.2. Bypasses with variable flowrates
Bypasses are hydraulic structures to allow the downstream fish migra-

tion. Bypasses for facilitating downstream migration of fish operating
with variable flowrates depending on tailwater conditions are also under
development. Among these, there are partially-filled pipes discharging
into the downstream or upstream receiving water and that change configu-
ration as a function of the tailwater conditions. This technology can benefit
fromDICC in order tominimize the risk of injury andmortality. The system
is easy to implement, as the upstream and downstream water levels deter-
mine the DICC control law. Two case studies were analyzed in Austria,
one for upstream (fish lift Runserau, see Thonhauser et al., 2017) and one
for downstream (at the HPP Kirchbichl) migration. Live fish and passive
sensors have been tested in partly filled bypass pipes, which revealed that
both bypasses have no reasonable risk of fish injury or mortality at the
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test sites (Tuhtan et al., 2018; Wagner et al., 2022). However, planning
for a site-specific adjustment of flows based on head and tailwater condi-
tions requires considerably more engineering effort, as multiple hydrologi-
cal conditions must be modelled and accounted for. Once operational,
bypasses with variable flowrates require additional electromechanical
equipment for the monitoring of flows or water levels. Due to sparse litera-
ture on the risk of injury and mortality to multiple freshwater fish species
and life stages at bypasses, the designs should be highly conservative
(e.g. minimum water depth in the partly filled pipe should be 0.23 m
(WDFW, 2000) in the receiving pool, and thewater depth should be deeper
than ¼ of the fall height (DWA, 2005)). Depending on the site-specific
physical conditions, carrying out tests of the physical conditions during by-
pass passage may be highly challenging using passive sensors or live fish.
Consideration of how such tests and monitoring campaigns could be per-
formed should be discussed with experienced biologists and engineers as
part of the design process, as adding simple mounting points for a net
cage, or access ladders can substantially reduce the cost of field work
after construction has been completed.

2.4.3. Turbine shutdown
Turbine shutdown is generally operated based on a fixed schedule for

downstream migration of diadromous fish, and the decision criteria that
are implemented in turbine management strategies are rather simple. For
example, the turbine shutdown schedules are commonly based on calendar
dates and river flow conditions, which are assumed the primary triggers of
eel movements, instead of on the effective migration stages and current mi-
gration conditions. Turbine shutdown is generally put in place from night-
fall to dawn during the migration period when river discharge or variation
in river discharge exceeds given threshold values. Adam and Schwevers
(2006) proposed the Migromat ®, where the activity of eels in a tank
close to the river is analyzed to predict migration events of free-living
eels, as an early-warning system for the detection of the downstreammigra-
tion. Several case studies across Europe analyse the downstream migration
of diadromous fish (e.g. Økland et al. 2017). Analytical tools are still lack-
ing to define robust and optimal threshold values for the decision criteria
based on the monitoring data collected at hydropower plants (Teichert
et al., 2020). In Tétard et al. (2021), at the Poutès dam (Allier River,
France), turbine modulation and/or shutdown during the night, and reser-
voir level lowering, were implemented. Level lowering significantly
reduced the median passage time of fish over the regulated site from
3.4 days to 4.4 h. However, evenwith high spill during turbinemodulation,
the risk of smolt being drawn towards the turbineswas increased at low res-
ervoir level due to the site configuration, greater proximity to the surface
and weak repulsive effect of the rack. Several smolts could migrate during
daytime and twilight during floods, even at the beginning of the migration
period.

Targeted turbine shutdown has potential to protect smolts, but imple-
mentation requires studies taking into account of the specific characteristics
of the site and aflexible approach. Furthermore, shutdowns of turbinesmay
cause the accumulation of fish inside the draft tube, mainly in rivers with a
high amount offish (Schilt, 2007). Hydro-acoustic systems operated in real-
time may help the monitoring of ichthyofauna confined in draft tubes and
to operate real-time maneuvers (da Silva et al., 2021).

In any case, combining the turbines shutdown with real-time video
monitoring systems (see Video monitoring section) aimed at detecting the
initial stages of the migratory event or to statistical models aimed at
predicting the fish migration timing based on monitored environmental
variables (see Statistical models and telemetric biosensors section) has the po-
tential to increase the effectiveness of this mitigationmeasure and to signif-
icantly reduce the costs (production losses) related to a fixed shutdown
schedule.

On the other hand, accidental turbine shutdown, with abrupt stop in
flow, may result in stranding of riverine biota. Bypasses valves, controlled
on real-time, may be a solution to mitigate the impacts on biota.
Halleraker et al. (2023) estimated that more than 650 Norwegian hydro-
power plants may need well-operated bypasses valves.



10 These are 2 organisations using the Riverwatcher for long termmonitoring: Bundesanstalt
für Gewässerkunde, Germany + TIWAG -Tiroler Wasserkraft AG, Austria.
11 https://iamhydro.com/en/equipment/hydrocam-system.php.
12 https://fishheart.com/products#fish-passage-solution.
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2.4.4. Video monitoring
Real-time monitoring through video recording systems installed at fish

passage facilities (up and/or downstream migration routes) are remotely
accessible and constitute a relevant source of ecological information, as
this date can be integratedwith institutionalfishmonitoring networks (usu-
ally based on electrofishing surveys). Video monitoring can allow identify-
ing the starting time of migration periods of the different species (that can
vary over years, also due to climate change induced alterations in flow and
water temperatures) and, consequently, to operate theHPP in order to facil-
itate migration. Operative measures include frequent maintenance during
spawning periods, activating/increasing attraction flow at fishways en-
trance, increasing flow releases to maximize available habitat and in-
stream connectivity in the downstream reach, spillways opening or shut-
down of the turbines to allow safe downstream passage of target species
(e.g., silver eels).

Artificial Intelligence and Deep Learning systems can be used in real-
time on the video frames for direct identification of the species. Sonar cam-
era systems to identify fishmigration are under investigation by some com-
panies (e.g., EDF (pers. comm. of Claus Till Schneider), TIWAG (Schmidt
et al., 2018)). Recent research conducted by a teamat the Pacific Northwest
National Laboratory, U.S., developed deep learning models to identify mi-
grating eels from imaging sonar data (Zang et al., 2021; Yin et al., 2020).
The models employed convolutional neural networks (CNN) to distinguish
between images of eels and non-eel objects. The CNN model was first
trained and tested on data obtained from a laboratory experiment, which
yielded overall accuracies of >98 % for image-based classification. Then,
the model was trained and tested on field data that were obtained near
the Iroquois Dam located on the St. Lawrence River, U.S.; the accuracy
achieved was commensurate with that of human experts. Monitoring the
performance of fishways by cameras, and any functional control associated
with them, are important operations for several reasons (Soom et al., 2022):

• to verify the efficiency of fishways after they have been commissioned
and to adjust their operation if necessary;

• to gather technical and biological information which will be indispens-
able for the design and development of future fishways (operational feed-
back);

• to quantify migratory fish populations and describe the pattern of their
migration, which is necessary both for the design of any fishway to be
constructed upstream on the same watercourse and for rational stock
management.

However, the acquisition of suitable underwater cameras is associated
with a relatively high initial investment for equipment purchase and instal-
lation. The camera system has to be selected based on river type and mon-
itoring purpose. Continuous monitoring encompasses seasonal,
environmental and population variation, and trends or responses by fish
populations to such variation can be used to identify parameters that influ-
ence migration behaviour (Peterson et al., 2017). Formation of algae, and
the consequent lowering/zeroing of visibility, is a relevant issue in many
rivers for all the video monitoring systems, that may require adequate
and intensive maintenance interventions.

Four established technologies for camera-based fish migrationmonitor-
ing are described in further detail:

The automatic fish counter RIVERWATCHER, from the Icelandic manu-
facturer VAKI, is a passive, contactless (non-invasive) counting device,
which enables fish to pass the counter without delay or being trapped.
Migrating fish are guided through a passage chute where infrared scanners
detect, measure, determine direction and record passing objects. The func-
tionality of the RIVERWATCHER for long-term monitoring has been estab-
lished in several central European rivers and the United States, including
rivers with high species diversity (Schletterer et al., 2015; Haas et al.,
2018). Costs for a scanner amount to 36,000 EUR, and to 57,000 EUR per
installation for a combined system (scanner + camera); additionally site
specific fykes (special nets to trap/guide fish) need to be constructed. In
Europe, well documented installations are located at the Mosel River
(Groß, 2014), the Lachsbach (Haas et al., 2018), as well as along the Inn
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River (Schletterer et al., 2015; Haas et al., 2018). Camera systems can be
limited by turbidity (e.g. due to glacier melt in summer), thus the
RIVERWATCHER System (combining infrared scanner + camera) is
the most suitable in such systems. These systems are often used for
“standard monitoring campaigns”, e.g., in autumn or spring. In some cases
(e.g. BfG + TIWAG10) the RIVERWATCHER systems are operated over a
longer time period, which can be an important tool to analyse seasonal fish
migration patterns, but also to evaluate potential relationships between abi-
otic factors and fish migration, as every passage record is associated with
the direction, date, time and water temperature (Haas et al., 2018).

The FISHCAM hardware records automatically high-resolution video
clips ofmigratingfish and drifts particleswithout hydraulic influence,with-
out trapping, contact or stress for fish, in a detection tunnel, using a LAN
camera (Mader et al., 2017a, 2017b). The robust image classification algo-
rithm, used in the FishNet software, is able to detect and track moving ob-
jects from the recorded videos and separate Fish from NoFish moving
objects using the Deep Convolutional Neural Networks technology with
an accuracy rate of >97 % (Mader and Käfer, 2020). Costs for a FISHCAM
amount to 25,000 EUR per installation. The applications along the Drava
river are well documented (e.g. Mader et al., 2020; Brandl et al., 2022).

The HYDROCAM was specifically developed by Tallinn University of
Technology for I AMHYDROGmbH tomonitorfish and is designed for con-
tinuous long-term or temporary use in water at depths up to 30 m (I AM
HYDRO, 2022). The system includes a stereo infrared and RGB color cam-
era system with a wiper as well as infrared, white and ultraviolet, lighting.
It allows for cellular or satellite communications, and can be powered using
a standard power plug, power over ethernet or solar battery for remote lo-
cations. TheHYDROCAMusesMobotix terrestrial surveillance cameras and
offers the user a wide range of possibilities without having to resort to ad-
ditional software. The systems are flexible and versatile due to their robust-
ness and compact design.11 Costs for a HYDROCAM amount to approx.
11,000 EUR per installation. Several applications were made so far, the
application for migration analyses of brown trout in the Hasliaare river in
Switzerland is well documented (see Reuther, 2022).

The Finnish based FISHHEART12 has also developed a unique system to
facilitate fish passage over large dams and this system also includes a mon-
itoring unit. Themodular systemhas a floating entrancewhich is a complex
unit to attract, sort and transfer fish over dams at any given sites. The en-
trance unit is equipped with monitoring modules where fish are observed
in a tube and their characteristics are registered. While being filmed,
deep-learning techniques recognize the fish species in order to allow or
halt their migration over the dam. Invasive species are detected and can
be sorted out in given sites. The system is robust, but costly to run depend-
ing on site-specific characteristics. The company Fortum implemented a
Fishheart fishway at Leppikoski hydropower plant in Paltamo in August
2021 and in the first year of operation >12,500 fish safely passed
(Fortum, 2022).

2.4.5. Statistical models and telemetric biosensors
Environmental variables can be monitored to detect the general pattern

of seasonal migration of fish species. When the real-time monitoring by
camera is not possible, migratory models can be developed by simple re-
gression between the timing and the monitored environmental variables.
When such models are available, they can be used to predict the timing of
migration near hydropower installations (Fjeldstad et al., 2012), by moni-
toring the indicative environmental variables (e.g. discharge, water
temperature). Meanwhile, hydropower operators control their hydropower
system in real-time by DICC in favour of migratory fish, e.g., diadromous
fish (e.g. European Eel). Measures that can be combined are short-term
reduction of hydropower production, increase diversion flows towards
safe alternatives during downstream migration of fish, or to increase

https://iamhydro.com/en/equipment/hydrocam-system.php
https://fishheart.com/products#fish-passage-solution
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attraction flows towards fishways during upstream migration. In
Fjeldstad et al. (2012) it was shown that the implemented measures
contributed to increase the annual percentage of bypass migration from
11 % to 64 %.

The technique has been demonstrated for downstreammigratory Atlan-
tic salmon (Salmo salar) smolts in River Mandal in Southern Norway at the
Laudal hydropower plant with the involvement of both researchers and the
hydropower operators. They combined inexpensive telemetry technique
(PIT) to monitor the route choice and timing of fish during migration sea-
son, and used existing loggers formonitoring the environment.With the ac-
quired data, a simple regression model has been developed and used to
predict smolt migration. A measure to prevent smolt migration into the in-
take was to increase flow through already existing bypass section, located
next to the intake entrance. By using the model with DICC, flow diversion
through the bypass section was adjusted dynamically during the migration
season, which resulted in significant increase of successful smolt passages at
the site. The concept proved its relevance and even presented a cost-
effective alternative for downstream migration of fish where screening
systems would introduce high loss of power production.

Stage of development is TRL 7. It requires less expensive data collection
on fish for each site where it will be used, and it needs to be validated with
follow up fish monitoring (e.g. by using RFId-tag monitoring techniques).
On the other hand, it gives opportunity to improve environmental perfor-
mance of hydropower plants without significant investment to retrofit
existing structures.

Yang et al. (2021) developed a telemetric biosensor that could allow for
wirelessly monitoring the physiology, behaviour, and ambient conditions
of tagged fish in real-time as they travel through fishways. Yang et al.
(2022b) demonstrated a real-time underwater autonomous acoustic telem-
etry system to efficiently monitor the behaviour of migratory fish and envi-
ronmental parameters. The system utilized edge computing to filter and
compress raw detection data by over 2000 times so that it could be trans-
mitted acoustically to a shore-based system up to 3.5 km away, where it
could be uploaded to a cloud and accessed in real-time with a web-based
program.

3. Lithosphere

3.1. Sediment management

Sediment management is a key issue in river management and hydro-
power operation (Ausili et al., 2022). From the dam managers perspective,
accumulation of sediments in the reservoir generates several adverse conse-
quences, such as loss of storage capacity, dam vulnerability in case of earth-
quake hazard, bottom outlet obstruction, abrasion risk on intakes and
hydraulic turbines. The interruption of the sediment flux continuity is
highly relevant, with consequent alteration of the geomorphological fea-
tures of the downstream river reach. River sediment accumulation poses a
challenge towards increased flood risks (reduced channel discharge capac-
ity), instream biological impacts (e.g. degradation of fish spawning areas/
rearing habitats and biodiversity) and robustness of various implemented
river restoration means (e.g. spawning gravel, etc.). Furthermore, accumu-
lation of sediments upstream of dams reduces downstream fertilization
(e.g. aquatic organisms and irrigation) due to lack of sediments and nutri-
ents, and poses a downstream pollution risk or even release of anoxic
water (blackwater) if flushed (Hauer et al., 2018). Reservoir sedimentation
can also affect the river ecosystem, e.g., extra flooding due to channel ag-
gradation upstream of the reservoir, incision of river channels, reduction
of nutrient supply and alteration of rivermorphology and bottom substrates
downstream of the dam (Doretto et al., 2019). Sediment removal by me-
chanical dredging or controlled sediment flushing can be necessary for en-
suring the technical functionality of the hydropower plant, but can have
considerable and far-reaching ecological consequences if not adequately
managed (e.g. Espa et al., 2016; Crosa et al., 2010). However, it is impor-
tant to distinguish between reservoir flushing (high concentrations, short
time period, e.g., during a flood event, with the aim to remove sediments
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from the reservoir) and a controlled drawdown (low concentrations, longer
time period, with the aim to empty the reservoir) (Hauer et al., 2018). The
high sediment load released downstream during these interventions can be
extremely harmful for the aquatic ecosystems, e.g. leading to direct fish
mortality and significant habitat alterations. Direct and acute hypoxia
after a flushing would become a critical factor if the suspended sediments
exceed 30gl−1 leading to a DO of <2mgl−1 (Hauer et al., 2018).

Therefore, the importance of properly managing sediments has been
now well recognized in the Water Framework Directive (WFD) (Ausili
et al., 2022). The understanding of all the process, from continuous moni-
toring of suspended sediments (Hauer et al., 2018; Hauer et al., 2020)
and bed-load transportwith direct (basket sampler or bed-load trap) and in-
direct methods (geophone system) (e.g. Liedermann et al., 2019; Bock
et al., 2019), is thus essential, and appropriate sediment management strat-
egies (Palmieri et al., 2001) have to be implemented in order to minimize
the adverse impacts. In the recent years, novel technologies are under de-
velopment for real-time control (Felix et al., 2016; Bishwakarma and
Støle, 2008; Peteuil et al., 2014; Hauer et al., 2018; Habersack et al.,
2019), with several benefits, discussed in the paragraph below.

During controlled sediment flushing, sediment concentration measure-
ments at subsequent river sections downstream the reservoir can be used
to regulate in real-time the release of additional discharge from the dam,
to dilute the sediment load below the threshold values deemed to be critical
for the aquatic ecosystems. However, the definition of appropriate thresh-
olds for sediment concentration (e.g. turbidity, suspended solids, dissolved
oxygen, etc.) and operational difficulties in controlling them during the
flushing activities constitute a critical issue for an efficient implementation
of this approach (Crosa et al., 2010). Sediment monitoring allows to verify
that the magnitude of the effective impact is conformed to expectations, to
identify and understand as soon as possible non-expected evolutions, and to
definemitigationmeasures to improve environmental sustainability and re-
duce impacts. One short-term strategy is the temporary shutdown of tur-
bines and gates maneuvers (Peteuil et al., 2014), that can help in
reducing turbine erosion.

Current sensors are able to measure at high frequencies, and, therefore,
detect the temporal variability of sediment properties. However, the major
limitation of sensors is their need for calibration, which is mostly site-
specific and complicated by the control of sediment parameters. For in-
stance, turbidity does not only depend on the suspended sediment concen-
tration, but is modified by grain size and color, introducing a variable
amount of uncertainty to the calibration of the sensor data (Hoffmann
et al., 2017). Existing sediment concentration instruments, like acoustic
backscattering and optical turbidity probes, require regular calibration by
taking water samples, limiting the real-time capability. One novel technol-
ogy to overcome these challenges is SediScat, a multi-frequency acoustic in-
strument tested successfully in the laboratory, to measure sediment
concentration and the mean grain size continuously at a hydropower
plant (Rai et al., 2016).

The HYPOS project,13 supported by the European Commission, focuses
on highly spatial-temporal resolved data through multi-satellite sensor ser-
vices, focusing on turbidity and suspended sediment loads. The project aims
to provide an easy access to satellite-based measurements for hydropower
application. Monitoring systems are under implementation in 4 pilot
cases: Enguri and Vardnili hydropower plants (Georgia), Gebidem hydro-
power plant (Switzerland), Verbois and Chancy Pougny hydropower plant
(France&Switzerland) and Banja hydropower plant (Albania).
3.2. Seepages and leakages

Hydropower plants, especially the larger ones, use civil and conveyance
structures to store and transport water (reservoirs, tunnels, canals, pen-
stocks, pressure shafts). One of the problems that may arise in these struc-
tures are leakages and seepages, where the former term generally

https://hypos-project.eu/use-cases/
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indicates the escape of water through fittings, creeping joints or small
cracks, while the latter the slow escape of a liquid or gas through porous
material. Such water losses, which are not generally associated to polluted
water, undermine hydropower production, aswell asmay generate stability
problems of slopes and accelerate dam deterioration (Basnet and Panthi,
2018; Zhang et al., 2021; Huang and Chen, 2012).

Real-time inspection, monitoring andmodelling can be implemented to
detect water losses. Sensors can be used especially for penstocks (Walsh and
Prien, 1995), while Remote Controlled Vehicles and underwater drones
have been introduced for monitoring if there have been a slide or severe
rock fall in headrace tunnels, and can also be used to monitor the status
of pipes and tunnels (e.g., https://www.ntias.no/, http://oehagen.no). As
of today, there are many limitations in the use of such equipment. Cable
connection to the equipment while performing such “remote inspections”
of water filled tunnels is one big challenge as of today and set clear limita-
tions. Assigning geographical positions to the collected data is challenging,
since GPS-system does not work in tunnels.

4. Atmosphere

4.1. Methane and carbon emissions from reservoirs

Methane (CH4) and carbon dioxide (CO2) are mainly generated as a
consequence of the decomposition of organicmatter in a hydropower reser-
voir, depending on the geographic context, climate and reservoir type.
From Alpine hydropower reservoirs, only minor methane emissions are
known (Sollberger et al., 2017; Pighini et al., 2018), while the situation
may be relevant in the lowlands (Kemenes et al., 2007) and in tropical res-
ervoirs. Methane can be transferred from a reservoir to the environment
through different processes: (1) direct flux across the air-water interface
at the surface of the reservoir, (2) turbulent exchange with the atmosphere
immediately downstream of the hydroelectric turbines (degassing), and
(3) flux across the air-water interface in the river downstream. Further-
more,methane can be transported by either diffusion or ebullition to the at-
mosphere; methane can also be oxidized in the water column and be
emitted as CO2 (Barros et al., 2011).

Real-time monitoring of CH4 emission (e.g., Xiao et al., 2015) could
help in understanding the amount of organic sediments trapped in a reser-
voir under decomposition. Estimates of reservoir CH4 emissions could also
be improved through remote sensing data from satellites (Delwiche et al.,
2022), or be estimated by the G-RES tool (Prairie et al., 2021). The
real-time monitoring could be used to activate mitigation measures,
e.g., methane capture systems (Kikuchi and do Amaral, 2008) or the selec-
tion of the optimal inflow gate (in case of multiple inflow gates) to the tur-
bine, in order to control (in real-time) methane and carbon released
downstream. Novel technologies are under study to capture the degassing
methane, for example the system described in Kikuchi and do Amaral
(2008), or the technology under investigation by the company
Bluemethane. The amount of degassing methane that could be captured
was quantified in 5950 t/year in Europe (Quaranta and Muntean, 2023).
However, the TRL is still low, and these technologies are mostly at the lab
testing phase.

4.2. Evaporation from reservoirs

The change in land surface and alteration of water cycle caused by res-
ervoirs can lead to change in radiation and storage of various greenhouse
gases, and eventually disturb the interaction between water and atmo-
sphere, along with local climate behaviors (Zhao et al., 2021). Evaporation
reduces water availability and, therefore, hydropower generation, while in-
creasing humidity of the surrounding environment. The aggregated blue
water footprint (i.e., evaporation) of the hydropower plants analyzed by
Mekonnen and Hoekstra (2012), representing 8 % of the global installed
hydroelectric capacity, was 90 Gm3 yr−1, which is equivalent to 10 % of
the blue water footprint of global crop production in the year 2000.
Vanham et al. (2019) calculated that evaporation from hydropower
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reservoirs is 9114 m3 TJ−1 in the European Union. Therefore, evaporation
estimation, especially in large reservoirs, is important for an accurate pre-
diction of water availability within the reservoir. As the interest on floating
photovoltaic technology is growing (Cazzaniga and Rosa-Clot, 2021), the
real-time monitoring of photovoltaic (PV) energy output could be used to
estimate the solar radiation and, as a consequence, the evaporation from
the reservoir. Although no measure, operated in real-time, exists to reduce
evaporation, it is estimated that by covering 10 % of the hydropower reser-
voirs surface in the EU with floating PV, 0.05 % of water flow could be
saved from evaporation (Quaranta et al., 2021).

5. Discussion

The achievement of a trade-off between the need for renewable energy
and hydropower and the conservation of ecosystems poses a challenge for
resource managers and policy makers (Carolli et al., 2023). This of high rel-
evance especially in the European Union, where issues surrounding dams
are at the heart of the green energy transition, the new biodiversity strategy
and the Water Framework Directive (Appendix 6). In Europe, the WFD de-
fined targets for EFlows and the approaches were recently summarized in
CIS guidance document n°31. In this context, DICC is an effective strategy
to support the integration of hydropower into the Earth spheres, based on
reliable information. DICC entails improvements in the environmental sta-
tus of ecosystems and positive imprints on hydropower operation, mainte-
nance and energy generation.

In the next sections, results are discussed focusing on the transversal
benefits of DICC and the several interconnections among the Earth spheres
(Fig. 3), with special emphasis on the European context.

5.1. Water quality

The water quality indicators that are discussed in this study are oxygen
concentration, pollutants, water temperature and oil spills.

Low oxygen concentrations, but also supersaturation, can impose prob-
lems on biota, and may be a meaningful indicator to reveal anomalous be-
haviour in the aeration systems (e.g., the casing of Pelton turbines
(Quaranta and Trivedi, 2021)). Aerated draft tubes can help mitigating ox-
ygen anomalies, and can also improve the operation of Francis turbines at
part load (Kougias et al., 2019). However, there is much room for technical
enhancements through changes in the design or the logic of the real-time
control system. Self-aerated draft tubes needs to be tested on turbines of
larger sizes (in the range of those installed in deep hydropower reservoirs).

Recent studies have shown that rising air temperatures and extreme
heatwaves have generated a significant increase of riverwater temperature.
The temperature raise entails several impacts, such as accelerated biochem-
ical metabolism, inability to reproduce successfully and mortality for some
aquatic species (Feng et al., 2018; Bui et al., 2018). This is important in the
European context, especially in the light of climate changes and heat waves
in summer. Empirical studies on mitigation measures of water temperature
fluctuation are a few, and the effects of good practice of environmental de-
sign and targeted mitigation measures are, unfortunately, not well docu-
mented. Thermopeaking alterations in downstream river sections may
paradoxically be a potential mitigation strategy in certain cases, as it re-
duces water temperature oscillations. Saadatpour et al. (2021) suggested
that future studies should examine techniques which are capable of finding
multiple efficient infilling points (through which water is withdrawn from
the reservoir and discharged) with less computational efforts. Also ice for-
mationmay pose special problems for hydropower systems (head losses, in-
complete turbine shutdown, flooding, gate blockage, flow reduction)
(Gebre et al., 2014). Web cameras can be used to monitor real-time ice
conditions at hydropower plants (Vuyovich et al., 2009). However, as expe-
rienced at many sites in Norway, the available data on ice are sparse, which
makes analysis and operational strategies difficult (Gebre et al., 2013).
Thus, there is a crucial need for more empirical data, especially from
long-term studies.

https://www.ntias.no/
http://oehagen.no
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Nitrogen and Phosphorous can be retained in reservoirs, thus an opti-
mal control of reservoirs could help in minimizing downstream pollution
during extreme polluting events. It is estimated that 17 % of global river
phosphorous load will be retained in reservoirs by 2030 (Maavara et al.,
2015). Reduction of Nitrogen and Phosphorous in EU rivers is an important
issue to be considered. In an analogous way, combined sewer overflows can
be mitigated by a proper reservoir management and adequate releases op-
erated in real-time. However, since they are chronic problems not associ-
ated to hydropower operation, they should be addressed at the source
(i.e. intensive agricultural activities, inefficient wastewater treatment)
(Blaas and Kroeze, 2016; Grizzetti et al., 2012) and not by hydropower
and reservoir operators.

Detection of anomalous oil concentrations close to HPPs may reveal
damages of the lubricating system of the turbines. To date, several
Kaplan-Bulb and Francis turbines have been upgraded so as to make them
work free from oil (Värlind, 2002; Falkenhem et al., 2011; Auger and
Ren, 2017), and new materials and lubricants are being developed
(Quaranta and Davies, 2021). Oil-free hubs are already present in Europe,
particularly in the Scandinavian countries, and oil spills do not seem a
chronic problem in Europe.

Hence reservoir operation may be a key action for improving sustain-
ability and environmental quality, especially the multi-purpose reservoirs.
The multi-objective demands, along with limited water resources, have
brought water quality aspects to forefront in reservoir management prob-
lems. While the techniques to improve water quality in water resources sys-
tems are often very expensive, artificial intelligence and stochastic
techniques are emerging as suitable tools to optimize multi-purpose reser-
voirs and different objectives, including the chemical quality and reservoir
storage (Sorkhabi et al., 2022). Optimization methods can be applied to de-
termine long-range operational policies (weekly, monthly, and seasonal),
and real-time optimization can be utilized to evaluate and update such
long-term guidelines over shorter time horizons (hourly or daily time incre-
ments), in conjunctionwith real-time forecasting of inflows andmonitoring
of the actual conditions (Teegavarapu et al., 2013; Hülsmann et al., 2021).

5.2. Water quantity

A better modulation of the Eflow, based on DICC, may allow to reduce
its release in certain cases, and hence to increase hydropower generation.
Appropriate manoeuver systems of intake gates should be developed in
order to release the correct amount of water to secure satisfactory living
conditions for fish throughout a year. Most of the intake gates installed in
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the hydropower industry are neither designed to release a small amount
of water nor being operative for frequent regulating a flow as needed. Im-
plementing real-time monitoring systems of incoming and released dis-
charges at dams and weirs can even constitute an additional node of the
institutional hydrological monitoring networks. Real-time flow monitoring
devices are already available on the market and can be linked to automatic
devices that operate gates or turbines to regulate the flow released down-
stream of the dam. Real-time control can help to better schedule the
power plant operation and turbine shutdown. Periods of turbine shutdown
could be exploited to perform maintenance works, while improving fish
passage.

5.3. Hydropeaking

Hydropeaking is highly multidisciplinary and requires a proper under-
standing of the riverine biota, the geomorphological dynamics of the
river, as well as sound knowledge of civil, hydraulic, electrical and control
engineering (Batalla et al., 2021). A European survey asked 30 European
countries if mitigation of rapidly changing flows (incl. effects of
hydropeaking) was included in the national list of mitigation measures.
Twelve countries answered “yes”, nine of them said the topic is not rele-
vant, seven did not give a statement and two identified the impact, but
did not present any measure (Moreira et al., 2019).

Compensation basins are an important strategy for hydropower opera-
tors for hydropeaking mitigation, but there is limited experience on its
real-time control. Due to its apparently strong case-dependency, future pro-
jects will have to face several different technical challenges. The logic of the
real-time control system aimed to control the water output from (and, in
some cases, input to) the compensation basin depends on each project con-
figuration and features, such as the dynamics of the waterways conveying
the water to the compensation basin, the installed water regulation devices
(valves, gates, etc.) and the installation of additional turbine (and in some
cases pump) units. Having in mind the more and more demanding energy
regulation need, it is reasonable to assume that further compensation basins
for hydropeaking mitigation will be commissioned in the next future. Also
hydropeaking diversion HPPs comprise a promising solution, depending on
site specific criteria. In Norway a couple of HPPs discharge peak flows di-
rectly to the sea. The most important challenge of bio-hydrological and
etho-hydraulic modelling is that models have to be previously developed
under controlled conditions, and have to focus on different components
on the river ecosystems and on different species or functional groups to
be widely applied. Once developed, models are reliable and could underlie
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any management decision in a power plant, as they provide objective and
quantitative information about environmental scenarios related to hydro-
power operation.

5.4. River continuity: upstream and downstream fish passage facilities

At least 1.2million instream barriers (of any type) in 36 European coun-
tries (with a mean density of 0.74 barriers per kilometre) exist (Belletti
et al., 2020), which poses the light on the high importance of river connec-
tivity restoration measures. Hydropower barriers represent a percentage of
this, below 10 %.

Relating fish movement and behaviour to environmental variables dur-
ing their migration can increase notably the number of fish that move
through fishways by managing/controlling hydraulic conditions inside
and around the devices (Fuentes-Pérez et al., 2021). Moreover, detecting
the hours/time of the day and season when fish are migrating can optimize
the fishway operation, even limiting losses in hydropower energy produc-
tion. Passage over dams can be improved by using DICC techniques for
fish species which migrate in correlation of known environmental condi-
tions. Even though such indicative conditions have only been studied to a
few species, the presented concept of combining statistical models with
conveyance measures is a potential tool to improve safe passage for fish
over hydropower installations. Moreover, data collection for every field ap-
plication contributes to the general knowledge of fish species and their mi-
gration patterns in different systems.

5.5. Sediment management

A proper sediment management in real time can generate multiple ben-
efits for hydropower operation and on the environment. By a proper sedi-
ment management it is possible to reduce turbine erosion (and increase
efficiency, e.g., up to 8 % in Felix et al., 2016a) and the wear of the
electro-mechanical equipment (e.g., up to 10.50 μm/month in (Guangjie
et al., 2013)), and to facilitate intervention. In Europe, 0.73 % of reservoir
volume is annually lost due to sedimentation, while it is 0.22% inUS, 1.2%
in Turkey, 2.3% in China (Schleiss et al., 2016). Trash racks can trapwastes
that reach thewater bodies, especially after intense storm events, helping in
removing wastes in freshwater.

The use of real-time modelling, supported by real-time data combined
with machine-learning models (Schleiss et al., 2016), can also eliminate
the need to spend several million EURO in dredging to guarantee the navi-
gation depths desired on rivers which combine hydropower and navigation
(Ackermann et al., 2000).

5.6. Final remarks and implications for the EU

Table 1 summarizes the main findings of this review and highlights the
advancement status of the analyzed technologies, with their limitations,
relevance and challenges, with focus on the EU context. In the EU, the
three most relevant and urgent topics seem to be Eflow modulation and
hydropeakingmitigation to avoid deterioration of downstream ecosystems,
and the improvement of fish passage efficiency. It must be noted, in the EU,
less than 10% of barriers are for hydropower purposes. In other countries,
priorities may be different, whereas in some emerging countries the main
current priority is to increase renewable energy generation rather than to
mitigate the impacts on the environment. For example, in tropical reser-
voirs (e.g., in Brazil) carbon and methane emissions, and evaporation, are
relevant and strategies to mitigate them are evenly relevant. If methane
emissions from the 187 world largest reservoirs would be captured with
the assumed efficiency of 60 %, 19 % of total methane emissions could be
saved, which would reduce the overall carbon footprint of global hydro-
power by 8% (Scherer and Pfister, 2016). The identified strategies, summa-
rized in Table 1, can be used by scientists and policymakers all over the
world to assign the right priorities to strategies and research programs, de-
pending on the urgency and relevance of the identified problems.
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DICC is an emerging strategy not only in the hydropower sector, but in
any water-energy related sector (Garrido-Baserba et al., 2020; Negm et al.,
2023; Voutchkov, 2019; Wang et al., 2022). In water distribution networks
DICC allows to reduce leakages and to control the pressure at the hydraulic
nodes (Creaco et al., 2019; Fontana et al., 2019), and in combined sewer
networks DICC allows to reduce combined sewer overflows (Quaranta
et al., 2022a). In agriculture, DICC improves the irrigation schedule
(Beeri and Peled, 2009; Kitchen, 2008).

DICC can also be used to monitor, in general, water quality and quan-
tity, and to prevent, or mitigate, impacts on/from the Earth spheres,
which are not necessarily caused by barriers and reservoirs. For example,
an EU report published mid-February 2023 (Free et al., 2023) analyses
the massive fish kill (360 tonnes) in the Oder River in July and August
2022, one of the largest ecological disasters in Europe in recent memory.
A key factor enabling the proliferation of this species was the high salinity
of the river during this time, probably in part resulting from discharges of
saline industrial wastewater, e.g., from mining. Other contributing factors
were the drought, low water levels (reducing dilution and flow) and
hydromorphological modifications to the river. High nutrient concentra-
tions, especially phosphorus and nitrogen, are also key in promoting such
blooms. To prevent such events occurring in future, the report recommends
to improve online monitoring and the mandatory communication of pollu-
tion events across international river basin districts, review and implement
dynamic control of licenced discharges and review the role of hydro-
morphological modifications in slowing the flow (which, in turn, allows
time for blooms to develop).

6. Conclusions

Digitalization, information, communication and real-time control
(DICC) in the hydropower sector is an emerging strategy, that until now
has been mainly implemented and researched with regards to the improve-
ment of the efficiency and for the evident benefits in the Operation and
Maintenance sector. In this contribution, we presented innovative ap-
proaches and discussed the benefits of DICC on the environmental perfor-
mance of hydropower plants and barriers, with case studies, opportunities
and challenges. Data can be utilized by researchers, regulatory and indus-
trial communities to determine the technological priorities and relevance
in their geographic contexts. Although frequently considered as conflicting,
we provide new opportunities to link environmental and energy goals to-
gether, primarily through the coordination and large-scale implementation
of digital monitoring technologies. Multiple benefits include increased gen-
eration, improved environmental sustainability, increased operational reli-
ability and reduced maintenance expenditure, and a more comprehensive
knowledge base for complexmanagement decisions and strategic planning.
Although the focus was the hydropower sector, the discussed strategies are
of relevance and applicability in any artificial barrier and water reservoir
that interferes with the hydrosphere.

The main discussed topics were water quality (oxygen concentration,
oil spillages, temperature, ice), hydropeaking, fish passage facilities
and bypasses, control of the environmental flow (Eflow), withdrawals and
releases, sediment management, leakages and methane and carbon emis-
sions from reservoirs.

DICC is of high relevance worldwide, and should be considered both in
greenfield projects and in modernization (e.g., refurbishment, retrofitting)
projects. In the EU, DICC can contribute to reachingWFD objectives, in line
with the renewable energy targets set by the European Commission
(e.g., REPowerEU). DICC fosters the EU digital transition, along-side with
the green and renewable energy transition promoted in the Green Deal.
The three most relevant topics for the EU are Eflow modulation,
hydropeaking mitigation and the improvement of fish passage efficiency,
where the implementation of DICC could give a significant contribution.

Digital technologies have the advantage that are less invasive and in
most cases can be quickly implemented and updated. However, digital
technologies are subject to security attacks (physical attacks on sensors,
cloning, data theft, high dependence to centralized servers) and cyber



Table 1
List of the discussed topics. The adjusting technique is any process supported by DICC to improve the environmental parameter listed in the column “Monitored parameter”, when low quality values are detected by the DICC.

Monitored parameter by DICC Adjusting technique supported by DICC TRL Implementation difficulties Future challenges Comment and relevance in the European Union

Water level Gate opening, discharged flow. 9 Control of more output simultaneously. This technology is already implemented and affirmed globally.

Water quality: dissolved
oxygen and TDG

Flow and water release modulation
and regulation, water mixing in the
reservoir, self-aerated draft tubes
controlled in real-time.

8 Additional engineering works. Need to test more full scale
self-aerated draft tubes.

In European rivers, oxygen consuming substances (BOD) decreased over
the period 1992 to 2019, largely thanks to the introduction of the Urban
Waste Water Treatment Directive (Vigiak et al., 2019).

Water quality: temperature Water mixing, forced circulation,
submerged curtains, flow regulation.

8 Optimization of selective withdrawal systems. Need for more empirical data. Forecasts predict more frequent and extreme heatwave events in Europe.
In the Alps, hydropower flow and water temperature are modified
through the intermittent release of flow that takes place mostly at daily
and sub-daily frequencies (Feng et al., 2018).

Water quality: biological
and chemical pollutants

Multi-objective optimization of
reservoirs and turbine inflow
regulation.

8 The water quality model needs to be calibrated for any
process-specific parameters using available observed data.

Chronic problem, should be managed at the source point and not by operators. For example, 1656–4997 t/year
of macroplastic are estimated reaching the ocean in Europe (González-Fernández et al., 2021).

Water quality: oil spills Emergency maintenance. 9 Oil is delicate to handle. Implement a DICC system rather
than occasional inspection.

The European use of lubricant oil for hydropower is 0.0022 % of the
consumed oil as primary energy (Quaranta, 2023). Not very relevant.
Several HPPs in Northern Europe use oil-free turbines.

Hydropeaking Compensation basins operated in
real-time.

9 Site specific, complex logics and models (bio-hydrological models,
etho-hydraulic models, with TRL = 4).
Models have to be previously developed under controlled
conditions.

Previous development of
generalizable models under
controlled conditions.

Depending on local conditions and country conditions (Moreira et al.,
2019). Only few European countries (Switzerland and Austria) have
legal regulations regarding hydropeaking flow thresholds. However, the
WFD does not specify methods, targets or thresholds for hydropeaking
mitigation, but only refers to the achievement of the good ecological
status or good ecological potential in all water bodies by 2027.

Hydropeaking diversion power plants. 9
Operative measures (ramping rate
thresholds)

9

River continuity: upstream
and downstream fish
passage facilities

Smart Fishways. 7 Determining the minimum number of sensors, developing a
methodological framework adaptable to all possible study cases
with few tuning parameters, detecting best fishway configurations
for fish, leaving aside other environmental cofactors.

Lack of EU standards addressing the
data collected.

High relevant problem in Europe due to the very high river fragmentation.
At least 1.2 million instream barriers in 36 European countries (with a mean
density of 0.74 barriers per kilometre), 68 % of which are structures<2 m in
height that are often overlooked (Belletti et al., 2020). 630,000 barriers
counted in the AMBER EU Atlas, and hydropower barriers are below 10 %.
Strategies can be supported by statistical models (TRL = 7) and video
monitoring (TRL = 9). However, the former are limited to fish species
which migrate seasonally, are site-specific, need of validation in each
site, and several years of data are required. Video monitoring is a
strategy that can support all the techniques, but it is expensive, and
turbidity influences the operation.

Bypasses with variable flowrates. 8 Additional electromechanical equipment, engineering and design
efforts.

Commercialization, site-specific
applications.

Turbine shutdown. 9 Energy generation reduction. Difficult to predict: video
monitoring and statistical models can help to better implement
turbine shutdown in real-time and with a better schedule,
respectively.

Site-specific, need of a more flexible
approach.

Eflow, withdrawals and
releases

Modelling 5–6 Need of long term hydrological models or 20 years of flow time
series.

Short-term models can be produced
with machine learning, but they have
lower generalizability and may be
difficult to use at different sites.

Very relevant as the main target of the Water Framework Directive. The
proportion of the EU surface where rivers meet the water policy target, with
a probability of at least 70 %, is 32 % (Grizzetti et al., 2017).
There is sometimes poor transparency of the turbine regime of hydropower
companies. The competition of water uses is also an issue in multiple use
reservoirs. National regulations of water management are generally different,
and therefore affect each country individually. The relationship with energy
policies in the area is also a relevant issue.
It is estimated that 90 % of the small HPP in the EU cannot be passed in
upstream direction, and that for most of the plants no regulation exists
concerning minimum flow. Taking into account minimum flow of Q95, this
would lead to a reduction in HP electricity generation of 10 to 32 %. For
large hydropower, a reduction of 5 to 20 % in generation was calculated for
run river stations and 3 to 10 % for storage plants while a variation of 0.3 to
45 % for individual facilities was found (Arcadis, 2010).

Habitat modelling (e.g. MesoHABSIM,
CASiMiR)

8 Site-specific. Lack of background data for many fish
species, intensive field work needed for
validation.

Monitoring 9 Discharge/water level measurement devices are to be selected
site-specific.

Sediment management Gate maneuvers and opening, turbine
shutdown, sediment management
techniques (Hauer et al., 2018).

8 Continuous high costs for sediment dredging, treatment and
deposition of the (fine) material out of the reservoirs.

Lack of process understanding, lack
of knowledge about the quantitative
consequences of sediment deficits.

In Europe, 0.73 % of the HPP reservoir volume is annually lost due to
sedimentation.

CH4 and CO2 emissions
from reservoirs

Carbon/methane capture processes. 4 Complex technological implementation of the capture technology. Low TRL, need of big structures and
power input, currently expensive.

Not as relevant in European reservoirs as in tropical reservoirs
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security must not be overlooked. In some cases their programming and cal-
ibration may require years of data collection and evaluation.

Systematic quantitative data on the benefits of DICC on the environ-
ment are still missing. More case studies and quantitative data should be
published to exemplify the benefits of DICC on the environment to better
support its implementation. The risks and the challenges brought by DICC
should represent an additionalmotivation for further research. DICC should
be implemented in conjunction with adaptive management strategies,
aiming to reduce uncertainty by increasing knowledge and understanding,
thus enabling improved management decisions over time and mitigating
impacts on/from all the Earth spheres.
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Appendix 1

Table A1 lists the benefits achieved in the energy sector by the digitalization, which typically correspond to an increased efficiency (e.g., due to a better
load distribution among different turbine units), less shutdown periods and less water spills thanks to a better inflow forecast. For more details see Quaranta
and Hunt (2022). A state of the art SCADA (Supervisory Control and Data Acquisition) system for hydropower is 250 SCALA,14 which facilitates real-time
control of turbine governing, control of auxiliary functions, start/stop sequences, monitoring and control of external services (including environmental
parameters) as well as communication to remote stations and control centers (e.g., that developed by Andritz Hydro).

Table A1
Benefits of digitalization in the energy context. From Quaranta and Hunt (2022).
Benefit type
 Benefit value
fficiency
 +0.5 % +0.8 % (better loading of turbine units)

fficiency, water availability
 + 1 % of efficiency and − 11 % spill reduction

fficiency
 +2 %, Kaplan-Bulb, by machine learning
ost reduction

cost savings over 8 months due to the prevention of unplanned shutdowns were estimated
in the range of 25 k€ to 100 k€ for a 1000 MW plant (Francis turbine)
nergy, cost saving
 Globally, +42 TWh (+1 %) + annual operational savings of 5 $ billion

fficiency, water availability, revenue
 +1 % efficiency, −11 % spills, +10 % revenue
E
Appendix 2

DICC for water level control is the most implemented digital strategy. Water level sensors can be used to verify that the expected hydrodynamic
conditions are present, or otherwise to activate gates and other hydraulic structures. The water level control can be implemented to guarantee the release
of the environmental flow. DICC associated to water levels has been studied from a theoretical perspective for stability purposes of control systems in a wide
number of case studies, such as those reported in Jiménez and Chaudhry (1992), Sarasúa et al. (2007) and Sarasúa et al. (2014). The control system uses the
water level as an input variable and acts on the opening of thewicket gates or nozzles of the turbine, and in some cases on the opening of the intake gates. The
current Technology Readiness Level (TRL) of this technology is the maximum (TRL = 9), meaning it is proven in operational environment. At present,
the intensity of research on this control system is low, and is mostly focused on its adaptation to variable-speed hydro units. As a matter of fact, commercial
turbine governors already incorporate the water level control function, and the logic of the control system are summarized in the international standard IEC
61362:2012.

Appendix 3

TRL 1 – basic principles observed.
TRL 2 – technology concept formulated.
TRL 3 – experimental proof of concept.
TRL 4 – technology validated in lab.
TRL 5 – technology validated in relevant environment (industrially relevant environment in the case of key enabling technologies).

https://de.scribd.com/document/390646988/SCALA-250-System-Description
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TRL 6 – technology demonstrated in relevant environment (industrially relevant environment in the case of key enabling technologies).
TRL 7 – system prototype demonstration in operational environment.
TRL 8 – system complete and qualified.
TRL 9 – actual system proven in operational environment (competitive manufacturing in the case of key enabling technologies).
Appendix 4

Habitatmodelling allows to compare differentflow scenarios and their ecological effect (habitat suitability and availability) (Hubmann and Schletterer, 2016),
which has become an important tool to develop an EFlow for a specific site. Here we describe two commonly applied models, i.e. MesoHabsim and CASiMiR.

MesoHabsim is a hydraulic-habitat model for estimating the Eflow. By applying this approach in a representative river reach downstream of the dam
(habitat mapping at different river discharges, coupled with local fish fauna habitat suitability models), the flow released downstream the dam-weir mea-
sured in real-time can be directly assessed against the flow reference conditions. This allows to outline the changes in physical habitat conditions in the
downstream reach and to identify possible stress conditions created by persistent limitations in habitat availability. In particular, the number of consecutive
days that a habitat condition is allowed to continue under a specified threshold, before becoming catastrophic for the aquatic species, can be initially defined
through the analysis of reference habitat time series and the UCUT (uniform continuous under-threshold) curve (Vezza et al., 2015). Therefore, the real-time
monitoring of the released discharges can avoid exceeding that limit of consecutive days, implementing (even automatically) habitat augmentation strate-
gies through short-term flow increases, aimed at interrupting the continuous duration of habitat under threshold.

CASiMiR-Fish is a habitat suitability model that imports results of 2D hydrodynamic modelling and relates them to the requirements of aquatic species,
such as different life stages of fish species, macroinvertebrates or macrophytes. Themodel estimates quantitative information on the quality and availability
of hydro-morphological habitats and their changes, caused by changes in hydrology (water depth), hydraulics (flow velocity) andmorphology (substrate). In
contrast to other habitat suitability models, it is based on a multivariate approach that is able to integrate rules for the description of habitat requirements.
These rules are generated based on data evaluation and/or ecological expertise (e.g. Hubmann and Schletterer, 2016). CASiMiR-Migration is an agent-based
model, which enables to analyse the effectiveness of the attraction flow downstream of fish passes (Kopecki et al., 2016). It is based on the evaluation of
hydraulic features, such as flow velocity (magnitude, direction and gradient), as well as morphological features such as river bottom gradients, vicinity
of flow obstacles to predict favourable and unfavourable swimming paths formigratory fish. This tool allows to couple the ecological condition of an aquatic
ecosystem is directly coupled with the living conditions of the typical resident species.
Appendix 5

First Study Case: submerged notch and orifice fishway in Guma, Duero River.
It is a fishway located in the Duero River, near Guma village in the northwest part of Spain (41°38′13.9″N, 3°32′36.9″W) (Fig. A1). The fishway is com-

posed by 36 cross-walls with submerged notches and bottom orifices (notch width (bn)= 0.3 m; sill height (p) = 0.8 m; orifice size= 0.175m (width-bo) x
0.175 m (height-ao) and 35 pools (length= 2.6 m; width= 1.6 m; slope= 8.6 %), with mean water drops (ΔH) of 0.25 m, mean water depth in the pools
(h0) of 1.2 m and volumetric power dissipation of 121 ± 10 W/m3.
Fig. A1. Installation of the sensor network at Guma.
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Total cost estimated for Smart Fishways implementation: 12,500 EUR (the cost include the PIT-tag - Passive Integrated Transponders- system, but
excludes the fish counter).

The sensor network consists of 15 sensors (Fig. A1):

- 12 nodes with ultrasound water level sensors.
- 1 node with ultrasound water level sensors, water temperature, barometric pressure, air temperature, humidity, and luminosity sensors.
- 2 nodes with ultrasound water level sensors and water temperature sensor.

In addition, together with the sensors to collect biological information a PIT-Tag systemwith 4 antennas has been installed, which would be substituted
by a custom-developed fish counter in the next monitoring campaign (2023).

All the data is collected, processed, and transmitted (Lora radio + mobile connectivity) by a single Gateway that consists of a Raspberry Pi computer.
Second Study Case: vertical Slot fishway in Vadocondes, Duero River.
It is a fishway located in the mainstem of the Duero River, in Vadocondes village (Burgos) in the northwest part of Spain (41°38′16 ″ N, 3°34′17″

W) (Fig. A2a and b). It is a vertical slot fishway composed of 26 cross-walls (slot width (bs) = 0.2 m) and 25 pools (length= 2.1m; width= 1.6m; slope=
6.5 %) with mean water drops (ΔH) of 0.15 m, mean water depth in the pools (h0) of 0.92 m, and mean volumetric power dissipation of 122 ± 7 W/m3.

Total cost estimated: 11,500 EUR (the cost include the PIT-tag system but excludes the fish counter).Fig. A2Installation of the sensor network at
Vadocondes.

The sensor network consists of 10 sensors (Fig. A2c):

- 12 nodes with ultrasound water level sensors.
- 1 node with ultrasound water level sensor, water temperature, barometric pressure, air temperature, humidity, and luminosity sensors.
- 2 nodes with ultrasound water level sensor and water temperature sensor.

In addition, together with the sensors to collect biological information a PIT-Tag systemwith 2 antennas has been installed, which would be substituted
by a custom-developed fish counter in the next monitoring campaign (2023).

All the data is collected, processed, and transmitted (Lora radio + mobile connectivity) by a single Gateway that consists of a Raspberry Pi computer.
Data management and operational decisions in Smart Fishways
Concerning operational decisions in the hydropower facility, the processing of the data includes an autonomous algorithm to detect hydraulic anomalies

on the fishways. This algorithm consists of a pre-trained classification neural network that compares the current performance of the fishway with the ex-
pected performance, detecting obstructions or other possible alterations (e.g. clogging of the fishway) (Fuentes-Pérez et al., 2021). Once an anomaly regard-
ing water levels, in comparison with expected hydraulic performance, is detected, this triggers an alarm for inspection to operators.

Additionally, fish passage data from PIT-Tag system15 is automatically processed and filtered through a custom logical algorithm, which allows the real-
time counting of downstream/upstream passages, as well as counting the number of tagged fish inside the fishway. This information is available for the op-
erators or researchers to plan any possible operation/action in the fishway or hydropower strategy (e.g. increase attraction discharge).

The next and last step consists of training a Random Forest model considering past passage events and all environmental variables collected to identify
those situations that trigger the maximum number of fishmovements (see García-Vega et al. 2018 and 2022) (Fig. A3). After, considering factors that can be
altered (such as boundary conditions in the rivers by operating the power plant or optimizing discharge and water drops inside the fishway by upstream and
downstream control gates), together with the model and no alterable variables, an optimal hydropower management strategy can be defined and transmit-
ted. Likewise, this model will be periodically trained automatically considering past information together with the outcomes of proposedmanagement strat-
egies, thus learning every interaction. The final operational decision, for security reasons, will be of the hydropower manager or operator.
15 Around 1360 tagged fish between Guma and Vadocondes study sites. Pit-Tag technology is just for research interest as after will be replaced with a non-invasive fish counter.
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Appendix 6. Focus on the European Union

In the European Union, hydropower plants have to comply with the requirements of several Directives: the Environmental Impact Assessment (EIA) Di-
rective, the Habitats and Birds Directives (HD/BD) and the Water Framework Directive (WFD).16 These Directives require the developers to identify and
assess the significant environmental impacts and risks from such projects and propose relevant measures aiming to prevent and mitigate such impacts
and risks. The competent authorities issue permits containing the necessary preventive and mitigation measures. If projects are likely to adversely affect
Natura 2000 sites or water bodies, the competent authorities may still authorise such projects, provided that compensatory measures are implemented to
address significant deterioration or damage and that the projects serve an overriding public interest. On the other hand, the recent measures proposed by
the Commission (i.e. the RepowerEU proposal and the recently adopted Council Regulation laying down a framework to accelerate the deployment of re-
newable energy) presume that renewable energy projects are of overriding public interest. However, the competent authorities still have to properly identify
and assess the impacts from hydropower projects and take the necessary measures to prevent, mitigate or compensate significant negative impacts. In ad-
dition to the above, when Member States seek EU co-financing under the Recovery and Resilience Facility (RRF), they have to comply with the Do No
Significant Harm (DNSH) criteria to projects. The Regulation establishing the Recovery and Resilience Facility (RRF) provides that no measure included
in a Recovery and Resilience Plan (RRP) should lead to significant harm to environmental objectives within the meaning of Article 17 (related to the
DNSH principle) of the Taxonomy Regulation.

Environmental regulations aimed at mitigating the impacts of hydropower plants on the environment are currently unevenly enforced (Keith-Roach
et al., 2016). The EUWater Framework Directive (WFD) objectives, and its two “daughter” directives, the Groundwater Directive (GWD) and Environmental
Quality Standards Directive (EQSD) objectives, of achieving good chemical and ecological status of all surface and groundwater bodies, remain largely un-
achieved and related deadlines have been routinely extended (Kristensen et al., 2018). The main reasons for non-compliance could be due to the uncer-
tainties with the definition of monitoring and assessment procedures and the lack of climate change adaptation strategies (European Commission, 2017a;
Voulvoulis et al., 2017), thus should not be solely attributed to hydropower. The WFD is aimed at maintaining and improving the quality of aquatic
ecosystems in the EU.

In the United States, the Clean Water Act from 1972 (EPA, 2002) similarly establishes the basic structure for regulating discharges of pollutants into
the waters of the United States and regulating quality standards for surface waters. International standards have also been developed for those regions
(in developing countries mostly) where such policies are not introduced strongly/yet, by the World Bank (2022) and the IHA (2022b).
Fig. A3. Optimization of boundary conditions.
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