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Abstract

About 50% of all hydropower plants (HPPs) worldwide were originally commissioned more than
40 years ago, so that the advanced age of the fleet is a major concern across all continents, and
especially in Europe. The retrofitting of HPPs can generate several benefits for production,
flexibility, safety, management and environment. In this work, the benefits related to energy and

flexibility were considered and quantified by conducting a large-scale assessment for the
1
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European Union and Europe, taking into account several retrofitting strategies: dam heightening,
head loss reduction in waterways, increase of installed power in run-of-the-river and storage
power plants, increase of annual inflow, increase of maximum efficiency and weighted efficiency
of electro-mechanical equipment, start and stop improvement, digitalization and inflow forecast,
floating photovoltaic and reservoir interconnection. For most of these strategies, an indicator of
the additional capacity and/or annual production that could be obtained compared to the current
conditions was calculated. Excluding site-specific strategies (e.g. installation of new parallel
waterways, increase of withdrawals from existing intakes) the resulting compound value of the
indicator is 10.2% for European Union and 12.2% for the whole Europe, plus 4-28.6 TWh
achievable by interconnecting reservoirs. This suggests that the retrofitting of HPPs can generate
significant benefits in terms of energy and flexibility, minimizing environmental impacts, and
should be considered as an important element of both energy transition and water management

policies.

Keywords

dam; digitalization; flexibility; refurbishment; turbine; upgrade; water-energy nexus.

CF = capacity factor

d = dam height (m)

E = energy (TWhly)

H = head (m)

h, = number of hours at part load

h, = part load hours

h, = operating hours calculated from CF
NC = nominal capacity (MW)

P = installed power (MW)

O = volumetric flow rate or discharge (m?3/s)
V' = reservoir volume (m?)

AEiq = indicator value (%)

n = efficiency (-)

nw = weighted efficiency (-)

Acronyms

BEP = best efficiency point

BHA = British Hydropower Association
CFD = Computational Fluid Dynamics
EU = European Union
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ESHA = European Small Hydropower Association
EPRI = Electric Power Research Institute
FPV = floating photovoltaic

HP = hydropower

HPP = hydropower plant

IEA = International Energy Agency

IHA = International HydropowerAssociation
JRC = Joint Research Center

PAT = Pump as Turbine

PHS = pumped hydropower storage

PV = photovoltaic

ROR = run of river power plant

SFOE = Swiss Federal Office of Energy

SPP = storage/reservoir power plant

VLH = very low head

WFD = Water Framework Directive

1 Introduction

In 2019, the global installed power of grid-connected hydropower (HP) reached 1308
GW, including 158 GW of pumped hydropower storage (PHS), with an annual generation of 4306
TWh (IHA, 2020). Hydropower also provides 509 MW off-grid hydro electrification services,
representing 7.75% of the currently installed distributed electrification capacity, mainly in Africa
(31.8%), South America (30.3%) and Asia (25.0%) (Kougias, 2019). Figure la depicts the
hydropower share, with installed power and annual generation, for each continent, including
Europe and the European Union (EU)!, that are the geographic focus of the present study. East
Asia is the continent with the highest hydropower capacity, while the global leader is China with
an installed power of 356 GW, 30.3 GW of which are provided by Pumped Hydropower Storage
plants (PHS), and an annual generation of 1302 TWh/y.

In 2019, 15.6 GW (1.19% of the global hydropower capacity) of large hydropower (>10
MW) were added (IHA, 2020) and 3.6 GW were under construction in Europe, excluding Turkey
(Fig.1b). Although hydropower development in Europe has been relatively slow since 2000,
especially in the EU due to the introduction of the Water Framework Directive 2000/60/EC

1 Austria, Belgium, Bulgaria, Croatia, Cyprus, Czechia, Denmark, Estonia, Finland, France, Germany, Greece,
Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Poland, Portugal, Romania, Slovakia,
Slovenia, Spain, Sweden. Europe also included (from IHA, 2020): Albania, Andorra, Belarus, Bosnia and Herzegovina,
Faroe Islands, Gibraltar, Greenland, Iceland, Kosovo, Liechtenstein, Macedonia, Moldova, Monaco, Montenegro,
Norway, San Marino, Serbia, Switzerland, Turkey, Ukraine, United Kingdom.
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(WFD) and more restrictive national legislation to preserve the ecological status of European
surface waters, hydropower development has not stopped (Kougias, 2019), with a peak in 2011
of almost 10 GW of developed capacity (Figure 1b). The continuous development is due to the
benefits of hydropower schemes, especially in terms of ancillary services and water control. In
fact, hydropower storage capacity and hydropower flexibility enable electricity to be supplied on
demand and to adapt the operation to the grid requirements. In addition, storage capacity allows
to better face the modifications of the hydrological regimes and the floods exacerbated by climate
change. Therefore, the role of hydropower in the future will be crucial, not least in the context of
energy transition and phasing out of combustion-based technologies, which will mainly be
replaced by volatile renewables like wind and solar. It is estimated that the HP installed capacity
should grow by around 60% by 2050, generating 600,000 skilled jobs over the coming decade for
an estimated investment of US$ 1.7 trillion (IHA, 2020).
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Figure 1. (a) Installed hydropower capacity (GW, right vertical axis) and annual hydroelectric
production (TWh, left vertical axis), in 2019, IHA (2020); (b) Installed power in MW under construction
since 2005 in Europe (according to World Atlas & Industry Guide 2020, Hydropower & Dams).

However, although a typical hydropower plant (HPP) has an operating life of more than
a hundred years if maintained regularly, Fig.2a shows that almost 50% of all hydropower plants
worldwide were originally commissioned more than 40 years ago. Hence it is clear that the
advanced age of the hydropower fleet is a major concern worldwide (Andritz, 2019) and that the
hydropower modernization has a strategic importance at the global scale, especially when
considering the above-discussed hydropower benefits. Some examples of the strategic importance
of the hydropower modernization can be found in Goldberg and Espeseth Lier (2011) and Van
Vuuren (2017) for the African context, in Cohen et al. (2002) for the Ukrainian context, in Lia et
al. (2017) for Norway, and in de Podesta Gomes and Bajay (2014) for the Brazilian context.

Uria Martinez et al. (2021) discussed unit expenditures on hydropower and Pumped
Hydropower Storage (PHS) power plants modernization and fleet age, showing that Europe has
spent more than Africa and some areas of Asia, but less than the other countries, so that it is

expected to see an increasing need for the future. Uria Martinez et al. (2021) also showed that

4
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only 20% of the European hydropower fleet has been modernized in the last forty years, at an
average cost of 50 $/kW (PHS) and 125 $/kW (HPPs without pumping). The European Union
(EU) fleet presents a similar situation, as shown in Fig.2b, where the number of hydropower
stations commissioned and retrofitted over a 120-year period is presented at a 10-year time-step.
The commissioning of the most EU hydro fleet occurred in 1970-1980, with a current HPP
average age of 46 years. This estimation does not take into consideration the 18% of the stations
that have been modernized, in agreement with the 20% estimated in Uria Martinez et al. (2021)
for all of Europe. Assuming that the modernization comes close to a complete overhaul of the
HPP, making the year of retrofit a new commissioning date, the average age of the fleet has then
decreased by 4 years, to 42 years. This small reduction is due to the fact that approximately half
of the interventions took place before 1990. Therefore, under the current market conditions and
legislation constraints, modernizing the existing hydropower fleet is of particular interest in the
European context, especially when compared with the environmental impacts and conflicts

related to the construction of new HPPs on pristine and unregulated rivers.
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Figure 2. (a) Commissioning year of hydropower stations, cumulative curve (Andritz Hydro,

2019); (b) Hydropower development and retrofitting in the EU, Kougias (2019).

In the context of hydropower modernization, different strategies can be distinguished,
depending on their invasive level: retrofitting, upgrading and refurbishing. Retrofitting consists
of using recent technologies to improve plant performance, such as control scheme, fault
protection, digitalization and monitoring, automation of some auxiliary equipment, and even
changing some parts of important equipment, thus improving insulation, which increases the
efficiency, while maintaining its capacity. On the other hand, upgrading implies not only changing
the side equipment, but also amending the main equipment. This can include the turbine or the
generator, or the extension, like increasing inflow from tributaries and the height of the dam, as
well as other actions aiming at improving the overall power plant capacity (Bortoni et al., 2019).
Refurbishing also requires significant civil works for increasing, for instance, safety. In this work
different practices aimed at retrofitting, upgrading and refurbishing are discussed, but retrofitting
will be used as a general terminology.

Modernizing the existing HPPs would consolidate and further improve current energy
production and grid flexibility (Adams, 2018), while extending the HP lifespan, addressing

5
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ownership and operational issues, and increasing the level of safety. Such interventions mainly
need to focus on dams and dam safety, the electro-mechanical equipment (i.e. turbine, generator
and other auxiliary equipment of the HPP/PHS as valves and gates, transformers, spill ways, trash-
racks) and the associated control systems (Kougias et al., 2019). Also related civil infrastructures
often need modernization in order to ensure the required plant operational safety especially in
view of more severe natural hazards due to climate change. Permits for retrofitting interventions,
especially if a concession renewal is involved, can often require the concurrent implementation
of mitigation measures to improve the ecological footprint of the HPPs, e.g. improving fish and
sediment passage and ecological flow release, as stipulated in the requirements for hydropower
in relation to the EU Nature legislation (EU Directorate-General for Environment, 2018) and in
the WFD. The modernization can also allow to adapt the HPP operation to the new conditions
imposed by climate changes (e.g. the reduction of water availability in some countries, or to be
able to use the increased inflow due to climate changes).

Among the different benefits that hydropower modernization can bring, in this study we
focused on the energy-related ones, i.e. annual generation and flexibility. The other benefits, e.g.
impact mitigation and security, were discussed but not quantitatively addressed. The objective is
a screening level quantification of the energy benefits potentially brought by developing
hydropower retrofitting as a mainstream solution and a comprehensive strategy at the large scale.
This study aimed at posing the basis for future studies and to identify the relevance of the problem
in the energy context. The performance improvement by cascade operation and interconnected
operation, a strategy for a flexibility improvement within an interconnected market (partially
discussed in Gimeno-Gutiérrez and Lacal-Arantegui, 2015), was not here assessed?. Different
retrofitting practices were investigated (see Method section) and applied at the European and EU
scale, considering the hydropower fleet characteristics. For each action an indicator was
quantified to show its weight/relevance and its potential contribution at the European and EU
scale. The novel technologies that can be implemented for each retrofitting practice, with some
case studies, are discussed in the Supplementary Material, that was not conceived to discuss the
technical details of these technologies and methodologies, but to derive reasonable and
engineering robust assumptions for a bulk assessment of their related energy benefits. In the
Method section the main actions that can be implemented to improve the HPP operation within
the energy context are reviewed and discussed, and the characteristics of the European

hydropower fleet are presented.

2This is not really an issue since there are very few cascade hydropower schemes in Europe which do not belong to
the same operator. A cascade hydropower owned by the same operator is today exploited systematically in a
coordinated way in order to maximize generation and benefits in view of market demand.



206
207
208
209
210

211

212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242

2 Method

Identification of retrofitting actions
Different retrofitting practices can be identified, and classified depending on which terms

in Eq.1, expressing the annual production of a hydropower plant, they influence:

E = ——— [ pgQHn dt (1)
where E (kWh) is the annual production, p=1000 kg/m? is the water density, g =9.81 m/s? is the
acceleration due to gravity, Q is the usable discharge (m?/s), H is the net head (m), # is the
efficiency of power plant equipment and dt is the time step (s). Equation 1 is only a means used
to classify the considered retrofitting actions (Q-strategy, H-strategy, n-strategy, ¢-strategy), since
each retrofitting action does not affect the annual production alone. Another relevant metric used
in this study is the capacity factor CF, defined as the ratio of annual energy production to the
energy that would be generated if the plant would always operate at its nominal capacity. For
example, the average (CF) in Europe is 0.35 (excluding pumped hydro) with significant variations
among countries (Kougias, 2019), e.g. in Norway it is 0.5.

Based on the terms in Eq.1, the selected retrofitting actions that can be applied to a certain
stand-alone HPP are listed in Tab.1. Table 1 also specifies whether each action involves an
increase of nominal capacity (NC+), i.e. an increase in water inflow or geodetic head difference.
The identification of these actions was carried out by the authors through a consultation organized
by the European Commission Joint Research Centre, focused on discussing hydropower
retrofitting procedures, their maturity, challenges, innovative tools and knowledge gaps relevant
to their further development. Table 1 also lists some potential impacts upon the aquatic
ecosystems related to some typologies of retrofitting interventions. It has to be noticed that for
interventions on the dam structures (e.g. dam heightening) or variations in the inflow rate,
environmental impact assessment procedures and/or a revision of the current water licenses might
be applicable, requiring the implementation of a set of mitigation measures in line with the
provisions of the Water Framework Directive — WFD- (such as fish passage solutions, ecological
flows, environmentally enhance turbines, e.g. Hogan et al., 2014 and St. Germain, 2018,
hydropeaking mitigation measures, e.g. Pérez-Diaz et al., 2012) that could affect the potential
increase in energy production and storage capacity. However, a quantification of the energy
production losses due to the implementation of these ecological measures is site-specific and
cannot be generalized, and therefore, this element was excluded from the assessment.

In order to obtain a quantitative estimation of the energy benefit for each action, the
indicator AE;q was calculated as the ideal increase in the annual production (expressed in % on
the present energy production) that could be technically delivered, independently from the market
demand and considering all the other conditions to be constant, or analogously, as an increase of
the available power that can be used to satisfy the peak demand periods. The value of AEjq must

7
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not be strictly seen as the secure production that will be certainly generated after the action

implementation, since the production strictly depends on the available inflow and partly on the

market, whose variability will increase in the future. Nevertheless, AEiq is a robust and physically

justified indicator to quantify the potential energy benefits. The higher AEiq is, the higher the

flexibility improvement can be, hence the capacity of producing on demand in high peak periods

and for few hours. The current energy production was selected as 360 TWh/y when examining

the EU context, and 620 TWh/y for Europe (Kougias, 2019 and IHA, 2020, average of the last

five years).

Table 1. Retrofitting actions considered in this work. NC=nominal capacity, u/s=upstream,

d/s=downstream. Different HPP types: storage- SPP-, run of river -RoR-, pumped storage —PHS.

Retrofitting
action

Notes

Applicable to/
effective at

Main note on
production benefit

Additional
benefits

Main environmental
impacts on the aquatic
ecosystem

Dam
heightening

Supplementar
y Material 1

NC+
H-strategy

Increase of

Concrete and
embankment dams in
mountain regions with
hydraulic head of the
connected HPPs > 300
m, and open loop PHS

Head increase of 2%
for a mean dam
heightening of 10%.
For PHS, only the
flow related to the
natural runoff should

Increase of
storage volume by
20-30%, allowing

to shift more
water from one to
another season

Construction phase:
reduced reservoir level
for (parts of) the duration
of the works
U/s: submergence of
riparian areas (impacting
related vegetation and
habitats) due to the
increased water levels;
slight reduction of the
available lotic habitats
along the river reach u/s
of the dam
D/s: flow regime
alterations (timing) in
the river reaches d/s of

nominal capacity plants be considered. the powerhouse
Reduction of Damage reduction | Flow regime alterations
head losses in in the side tributaries due
waterways to the increased water
and penstocks Power increase up to withdrawals
11.6% has been and in the river reach d/s
Supplementar H-Q-strategy achieved. of the powerhouse
y Material 2 A value of 5% was (entity and timing)
SPP plants assumed.
Flexibility. n.a.
RoR: increase Increase of generation | Increase of power
of installed due to reduction of during about 1
power (new spilling over weir hour per day if
and/or For RoR plants during wet season. RoR are installed
additional without water Gain depending on the | in series on large
machines) at diversion depending shift of the installed streams
turbines QO-strategy on the number of days turbine discharge
for which inflow capacity in the inflow
Supplementar NC+ exceeds nominal i.e. duration curve. 5% to
y Material 3 installed discharge 20% for RoR built
capacity before 1960.
Typically, the installed | Some minor gain n.a
power at high-head (<2%) due to
SPP: Increase SPP can be more than lower friction
of installed doubled by strongly losses in new
power by reducing operation waterway
adding a new hours per year systems.
parallel (typically reduced in
waterway O-strategy projects from 2000
system with a hours below 1000
new NC+ hours per year)
powerhouse
PHS and SPP




255
256
257
258

Supplementar
y Material 2

NC+

Very site specific,

Variations in the inflow
rate.

needing concession Increase
Increase of renewal, and, due to generation during
equipment size climate changes Generation increase the peak periods
Increase of and hydraulic (global reduction of but water withdrawal (flexibility)
annual inflow structure water availability) and from the river
conveyance environmental
Supplementar constraints, it was not
y Material 3 QO-strategy considered feasible at
a large scale and not
here quantified.
More available n.a. (no variations in the
New electro- power for peak inflow rate)
mechanical demand periods
equipment for
improved
efficiency at 4-6% maximum ideal
BEP gain at Best Efficiency
RoR, PHS and Point (BEP) replacing
Supplementar Reservoir plants that the old deteriorated
y Material 4 n-strategy operate at BEP or full turbine, depending on
load most of the time turbine type
Temporary restoration of
RoR, PHS and the “natural” flow
More flexible Reservoir plants that regime in the
electro- often work at off- Damage reduction watercourse during the
mechanical n-strategy design conditions due to better flow works. Afterwards: n.a.
equipment behaviour, and (no variations in the
flexible inflow rate)
The goal is to flat the production
Supplementar efficiency curve,
y Material 5 Francis turbines:
weighted efficiency
gain of 4-5%.
Increasing n.a. (no variations in the
Start and stop operating hours. Flexibility and inflow rate)
improvement Flexibility less damages
increase
Supplementar
y Material 6 t-strategy RoR, PHS and 1 start and stop=15h
Reservoir plants of reduced life
Flexibility, better n.a. (no variations in the
R control, inflow inflow rate)
Digitalization forecast and
and inflow Increasing damage
forecast operating hours. prevention
Better control 1% efficiency
increase, and increase
Supplem;ntar QO-t-strategy RoR, PHS and of generation by a
y Material 7 Reservoir plants better inflow forecast
% of ; Increase of Alteration of thermal and
10% of water surface capacity factor photosynthetic processes
incfvere?hwiulgr related to solar radiation
Floating C riiisfcti(fn l}; ° (reductlfm of the
Photovoltaic P v euphotic zone)
reducing evaporation
(FPV) Evaporation of 70% on the covered
reduction area + additional
production from the
Supplementar O-strategy Reservoir and PHS FPV (the latter was not
y Material 8 plants here considered)

Among the O- strategies, two situations must be distinguished. The first is the increase of

the annual inflow, the second is the increase in the maximum flow that can be discharged during

9
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the peak hours, but concentrating it during a few hours and letting unchanged the average annual
inflow. In both cases, the inflow increase would require an increase of runner size, conveyance
capacity of waterways and new hydraulic structures to prevent eventual damages (Vereide et al.,
2015; Nogueira et al., 2016). In the first case, the annual inflow extension from side tributaries,
neighbor catchments, pumping and transfers among reservoirs will not be addressed here
(although some case studies and benefits are provided in the discussion section for completeness),
for the following reasons:

1) the annual inflow extension is strictly site-specific and depends on local legislations;

2) a global increase of inflow at the annual scale is only feasible where there are not

flow limitations coming from the WFD or environmental legislations, and in
countries where water availability will increase in the future (e.g., in Norway, by Lia
et al., 2017), while at the global European scale the water availability (and related
hydropower potential) is expected to decrease especially after glacier retreat (Terrier
et al, 2011; Haeberli et al. 2016; Schaefli et al., 2019).

Instead, the second case would allow to make hydropower plants more flexible, in order
to satisfy peak energy demands, to reduce or stop production when there is a surplus of variable
renewable energy (VRE) and to reduce spilling during wet periods. This strategy is very site-
specific, but an order of magnitude of benefits was proposed based on the author’s expertise and
literature.

With regards to the y-strategy, i.e. increasing the efficiency of the electro-mechanical
equipment, it must be noted that hydropower industry faces an increasing demand of turbine
designs that allow a wider range of operations (from deep part-load to full load). Therefore,
current research trends aim at improving the overall efficiency on the wide operation range, rather
than at the efficiency at Best Efficiency Point (BEP) or at a specific part load value. This overall
efficiency is defined as weighted efficiency (Muntean et al., 2016). Supplementary Material 4 and
5 provide detailed information and literature results both for efficiency improvement at BEP and
at off-design conditions, temporarily neglecting the weighted efficiency concept, while, in a
second step, the results were discussed to derive a reasonable value of the weighted efficiency
improvement to be considered as global #-strategy for the electromechanical equipment, rather
than considering each operating range (BEP, part load and full load) separately.

As described in Tab.1, each action can be applied in certain contexts, i.e. in a certain HPP
type and if equipped with a certain turbine type. Therefore, the following characteristics of the
hydropower fleet were estimated in our study:

1) HPP type prevalence (RoR, PHS and SPP) and energy generation from each type.

The size of the plant, i.e. small (< 10 MW) or large (>10 MW) is only a matter of

scale rather than a conceptual issue.

10
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2) Turbine type prevalence (Pelton, Francis, Kaplan-Bulb) and energy generation from

each type.

3) Operating hours.

4) Discharged flow rate, head.

5) Basin surface area.

Once the above mentioned five main characteristics are estimated, it is possible to
calculate AEiq for each action described in Tab.1, considering the technical details of each action
and the improved performance of modern technology.

In order to determine the above mentioned characteristics of the European Union (EU)
and European HP fleet, the main source of information consulted in this study was an open source
database (hydropower database) of 4030 European hydropower plants, 2429 of which are located
in the European Union (JRC, 2020), with power generally above 1 MW and from now onward
called hydropower database. The hydropower database specifies, for each HPP, the country, the
type (RoR, SPP, PHS), the installed power (and pumped power for PHS?), the head (in most cases,
but not for all), the annual energy generation and, for some of them, the reservoir volume. In this
database, most of the EU HPPs are included, since the 2429 HPPs represent 130 GW out of the
EU total of 155 GW, a statistically representative sample of the whole EU hydropower fleet (the
missing 25 GW are related to small hydropower plants and to some countries where data are not
available). Therefore, the results related to the above points, presented in relative terms (i.e.
expressed in % on the total) and calculated considering the sample of 130 GW are expected to be
valid for the whole EU fleet of 155 GW (e.g., the prevalence of RoR plants with respect to the
total number of plants, see the Discussion section). The same analysis and calculation was then
extended to the whole Europe, of which 194 GW are included in the database with respect to the
currently installed 251 GW. The basin surface was instead taken from Hogeboom et al., 2018).

Since the EU hydropower fleet included in the database is almost completely known, the

methodology in the following sections was described step by step only referring to the EU.

HPP type prevalence

In the last decade, the annual energy from hydropower in EU has oscillated between 335
and 400 TWh/year depending on the hydrological conditions with the average value being 360
TWh/year. 31.6 TWh come from PHSs (328.4 TWh/y are hence from pure hydropower) that,
simultaneously, also consume 36.4 TWh for pumping (averaging the values of 2017, 2018 and

2019 from Eurostat statistics). When considering the 2019 data, 40 TWh are generated by PHS,

3 Within the PHS, it is possible to distinguish between closed loop PHS and open loop PHS. The former are made by two reservoirs
without natural inflows, where always the same water volume is discharged or pumped. The latter are reservoir plants with an
additional lower reservoir, from which (a part of) the discharged water is pumped back to the upper reservoir; the upper and/or lower
reservoir either have a natural catchment and/or receive water from neighbouring catchments via intakes and water transfer systems.
Since this is not specified in the hydropower database, the authors considered a PHS to be a closed loop one when the turbine and
pumping installed power are substantially the same (the authors assumed a reasonable difference of 20% between the turbine and
pumping power, to consider the lower pumping efficiency due to head losses).
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out of which 56% (22.8 TWh) are mixed PHS (of which 43%, 9.7 TWh, are used for pumping)
and 44% are from closed loop PHS.

By analyzing the hydropower database, the EU installed power of RoR, SPP and PHS is
estimated in 21.5%, 43.7% and 34.9%, corresponding to 27.9 GW, 57 GW and 45.4 GW,
respectively, for a total of 130.4 GW. Considering the size of the plants, 129 GW (99%) are
associated to large ones (> 10 MW), 1.14 GW (0.85%) to plants between 1 and 10 MW, and 0.22
GW (0.15%) below 1 MW. For the remaining 25 GW not included in the database, it has been
considered that for the whole EU hydropower fleet, 91.8 GW (59.2%) is hosted at large
hydropower plants (HPPs) with a nominal power capacity exceeding 10 MW, while a total 10.7
GW (6.9%) is small hydropower (1-10 MW) and the remaining 3.6 GW (2.3%) refers to mini-
scale projects (<1 MW), Kougias (2019). Autonomous producers operate 1.9 GW (1.2%), and the
remaining of about 47 GW (30.3%) is pumped hydro (Kougias, 2019). In this way, Table 2 is
obtained. When instead the focus is on Europe, the installed power is 251 GW (including 55 GW
of pumped hydro), with an annual generation in 2019 of 653 TWh (IHA, 2020), and the power
gap in the database (57 GW) was filled considering that small hydro below 10 MW is 19.7 GW
of installed power (Liu et al., 2019).

Table 2. Generated power (GW) at the EU level related to hydropower plant type (RoR, SPP,
PHS) and installed power P (MW).

P (MW) RoR SPP PHS Total (GW)
P>10 | 2966 62.14 46.97 138.8
I<P<10 | 678 392 0.03 10.7
P<1 550 0.00 0.00 5.5
Total | 4194 66.06 47.00 155.0

Within the large scale context of this study, the share of generated energy among the
different plant types can be estimated in first approximation by considering that the whole amount
of 360 TWh/y proportionally spreads based on a weighted proportion with P-4, where P is the
installed power of each plant type (Tab.2) and % is 2880 operating hours and 4300 hours for SPP
and RoR, respectively (see section Capacity factor and operating hours), and considering that
PHS contribute 31.6 TWh/y on average terms. The results obtained are in line with De Felice
(2020), where the EU RoR average annual production (considering data from 2010) is 164 TWh,
while the estimated value in Tab.3 is approximately 160 TWh. For Europe, data from de Felice
(2020) show that 190 TWh/y are generated from RoR, and 184 TWh7y in our case. The 32 TWh/y
generated from PHS in EU corresponds to 37 TWh/y in Europe, proportionally to the installed
power (47 GW in EU and 55 GW in Europe of PHS). Further details in Fig.3.
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Table 3. Generated energy (TWh) at the EU level, related to hydropower plant type (RoR, SPP,
PHS) and installed power (P in MW).

P(MMW) RoR SPP PHS Total (TWh)
p>10 11298 15855 31.00  302.52

l<p<io 25.82  10.00 0.70 36.53
p<i 2095  0.00 0.0 20.95
Total 15975 16855 3170  360.0
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Figure 3. (a) Annual energy generation (a) and installed power (b) in EU and Europe.

Turbine type prevalence

Since the retrofitting challenges and benefits depend on the turbine type, it is necessary
to estimate how the total installed power is subdivided among the different turbine types. In the
scope of this work, the main turbine types that were considered included Pelton, Francis, Kaplan-
Bulb and Pumps. The other turbine types (e.g., Cross Flow and Deriaz) can be considered
operating in the same range of Francis ones, and are not so much diffused and representative.

The methodology extrapolated from Quaranta (2019) can be implemented, where a
normalized flow rate defined as Q*= Q-(2gH’)"? can be used to distinguish between Pelton
(0*<0.00001), Francis (0*<0.001) and Kaplan-Bulb (9*>0.001), with Q expressed in m*/s and
H in m, and assuming two units for each plant (for safety reasons, the number of units of a large
hydropower project is usually greater or equal to two; this enables the maintenance and the greater
flexibility in the production program). The calculation of turbine type diffusion, based on the
installed power, allowed to estimate the amount of annual production generated by each turbine
type, spreading the global hydropower generation of 360 TWh proportionally to the turbine
diffusion (Tab. 4). See the discussion section for the validation of this methodology.

In PHS it was assumed that Pumps are the installed turbine type, also used in reverse
mode (PAT — Pump As Turbine), although separate units may be used, one for pumping and the
other for turbine mode. These details, not taken into account in this study, would not substantially
change the results of the large scale assessment. Indeed, since the pump diffusion is 18.8%, while

the annual production from PHS is 31.6/360=9%, to assume that all the PHS are equipped with
13
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pumps does not appreciably change the value of the benefit indicator. Furthermore, in the context
of this study, PHS were excluded from the calculations, except for the benefits related to the dam
heightening and the floating PV (that are independent of the turbine type), so that the obtained

results will not include any inconsistency in this sense.

Table 4. Turbine type diffusion based on the installed power in EU (PAT = Pump as Turbine).

. SPP ROR Total
Turbine SPP RoR TWhiy TWhiy TWhiy
Francis 53% 28.9% 109 46 156
Kaplan- N o

Bulb 13% 68.9% 27 110 137

Pelton 16% 2.3% 33 4 36

PAT 19% 0.0% 32 0 32
Europe SPP Europe ROR

2.3% 0.0%

22%

30%
EU SPP . EU ROR B Francis
m Francis 2.3% 0.0%
' m Kaplan
m Kaplan
Pelton Pelton
Pump Pump

Figure 4. Estimated turbine prevalence in EU and Europe.

Average operational characteristics: operating hours.

Considering an installed power of 108 GW and 328.4 TWh (excluding PHS), it is possible
to calculate ¢ = 328.4-1000/108 = 3040 hours, which is the number of hours that, on average
across EU, a HPP should operate at its full installed power to generate the same annual amount

of energy generated in real conditions. The capacity factor is 0.30, in line with the European
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average capacity factor of 0.35 (Kougias, 2019). This is higher than values estimated in Lehner
et al. (2001), where the average value in 2001 was 1670 h considering Austria, France, Germany,
Greece, Italy, Portugal, Spain and Switzerland. The current value is higher due to the performance
improvements of HPPs, the increased flexibility and to the higher number of countries considered
in this study.

Since a HPP does not always work at its full capacity, the real number of operating hours
is higher. In the European Union the average CF is low when compared to the almost double CF
in South America where very large reservoirs (also in Norway) have enough inertia to guarantee
a more regular water supply. Nevertheless, a low CF in a hydropower fleet with a high share of
SPP and PHS, as it is the case in Europe, also means that the fleet has a high flexibility to generate
during peak hours of high electricity demand and thus ensuring grid safety.

If data from the hydropower database are used, obtaining 4#,=4300 h for RoR and /,=2880
for SPPs are estimated from the annual generation and installed power. This is in agreement with
ESHA (2012) where the estimated number of operating hours, upon which the plant load factor
is calculated, ranged from 3000 to 4900 h in operating small hydropower plants across the EU
(that typically are RoR), in rough agreement with 4300 h. If a weighted average is calculated
using these numbers of hours, averaged with the energy generated from RoR and SPP (Tab.3),
the weighted average number of hours would be 3500 h, in line with 3040 h. Although this value
may not be sufficiently accurate when considering a single HPP, it is adequately representative at
a global European scale.

The above estimated hours assumed the HPP operation at nominal conditions, while the
real operation includes also part load working conditions. Therefore, when referring to the
hydraulic turbine unit, it is expected that the effective number of hours is higher than 3040. Since
turbines rarely work below 30% of the BEP (Landry et al., 2018; Bejarano et al., 2019), it was
assumed that an average part load condition is at 60% (average between 90% and 30%) of the
BEP, where the efficiency of the Francis turbine is around 10% lower (Muntean, 2016), while
that of Kaplan-Bulb and Pelton turbine is practically constant. This is also in line with Russian
data (collected by Evgeniia Georgievskaia), that in general, at 60-70% of the nominal power, the
efficiency is 10% lower than at BEP, while reduces by more than 20% below 35% of the nominal
power.

Therefore a global average part load condition of 60% of the BEP and 10% less efficient
was assumed to estimate the real operating hours (Eq.2)

P (60% - (1 —10%) - hy + hfypep) = hy P )
where P is the power at best efficiency point, Azzzp the BEP and full load hours. The additional
equation to solve Eq.2 considers that 4, = 20 (hppep + hp) for SPP and A, = 55% (hppey + hyp) for
ROR (from Spanish data). Considering that 4, is 2880 h for SPP and 4300 h for RoR, respectively.
hythrse, = 5570 h for RoR and 3140 h for SPP, and reasonable changes in the values used in the
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equation (60% and 10%) do not substantially alter the result for a large-scale context. 3140 and
5570 hours are é and %of the year, respectively, that could be attributed to the start and stop

cycles and inactivity related problems. For large HPPs in Russia, the estimated operating time (in
terms of full installed power) is from 1070 to 7185 h (average ~ 4000 h) (Pers. Comm. of Evgeniia

Georgievskaia).

Discharge, head and reservoir area

From the hydropower database, the average discharged flow rate for each HPP, Q..,, can
be estimated by knowing the annual energy generation, the assumed efficiency of 0.7, the head
and the previously estimated number of operating hours (assuming a lower efficiency for the
overall operation and a constant head). The global value of Qay (i.€., > QOuvg) of EU SPPs is 53,263
m3/s (1,679,620 Mm?/y), and 96,495 m3/s (3,043,068 Mm?/y) for the whole Europe. The average
value of Qug of SPPs is 221 m?/s and 75 m?/s for EU and Europe, respectively, while the weighted
average value of Q. is 148 m?/s for the EU and 116 m?/s for the Europe, using the SPP power as
weight. The average nominal head difference used in SPPs in the EU is 111 m (and 160 m for the
European context).

From Lee et al. (2020), with the PV power density of 100 W/m? (this value already
includes the PV efficiency) installed on 14% of hydropower reservoir surface, floating PV (FPV)
potential capacity in Europe was estimated as 729 GW, would correspond to 52,071 km? of hydro
reservoir®. Considering the 198 GW of installed hydro capacity of reservoir and pumped hydro

(i.e. plants that have a reservoir), the global average EU value of power density of HPPs is Wens

_ 198GW
52,071 km?2

= 3.80 W/m?, in line with Table 8.1 in Supplementary Material 8 (this is a very low
value, but it varies greatly from one HPP to another while in the Alps it reaches a much higher
value). The value of 52,071 km?is in line with the value obtained from Hogeboom et al. (2018),
where the surface of the considered 516 European hydropower reservoirs is 13,566 km?.
Considering the hydropower database with 1840 European hydropower reservoirs (SPPs and
PHSs), this would linearly correspond to 48,377 km?, reasonably in line with 52,071 km?. The
results obtained by using this methodology obviously reflect the assumptions made in Lee et al.
(2020) to estimate the FPV potential. The analysis of Lee et al. (2020) strictly focused on the FPV

potential on hydropower reservoir and consisted in a geospatial analysis, that hence was

considered accurate enough to be used to estimate the usable reservoir surfaces.

Calculation of energy benefits of each action

A729GW 1
1002 14%
m

= 52,071 km?
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Table 1 shows the main retrofitting actions, the plant type where they can be applied and
the type of turbine concerned to this action. The EU distribution of hydropower plants and turbine
types is described in the above sections. From the literature review in the Supplementary Material,
it was possible to estimate the benefits that can be obtained from each action. These values are

described in the Results section for each retrofitting action.

3 Results

In this section, the main findings better detailed in the Supplementary Material are
discussed and summarized, with the aim of supporting the assumptions and performing the

calculations of the bulk assessment.

H-strategy = Head increase (dam heightening and head losses reduction in waterways)

The heightening of a dam generates two main and evident benefits: increases in both
storage capacity and head. Some dams also need repair, revision and improvements of dam safety
issues. It is a good strategy to consider dam heightening at the same time. Obviously, impacts on
the upstream environment are generated, such as the submergence of riparian areas due to the
increased water level and the transformation into a lentic system of a certain portion of the river
reach upstream of the dam, so that this is not always a feasible option, besides involving high
investments, which require sufficient high prices at the electricity market during peak hours of
demand in the critical season (normally winter half year) to become economically advantageous.
Therefore, neglecting for the moment the implicated costs (that may be anyway acceptable if
additional storage capacity is also required), it is supposed that the dam heightening could be
implemented only in mountainous and non-or sparsely populated environments, where the
increase in the upstream water level is not a problem for settlements, environment and
infrastructures. These contexts can be easily found in diversion power plants in mountainous
environments, where the dam height d is much smaller than the head of the plant H °.

Based on the work for Swiss dams (Allet and Schleiss, 1990, Felix et al., 2020), well
supported by the literature review discussed in Supplementary Material 1, the dam heightening
was applied to the SPPs and PHS (only considering the energy produced from the natural runoff)
with head H > 300 m, and considering that a dam heightening of 10% would correspond to a head
increase of 2% in first approximation. From a mathematical point of view, being the dam height

d a portion of the hydraulic head H, the head would increase of 2% in correspondence of a dam

> In the Alpine environment, most hydropower plants are diversion plants, where the powerhouse is far
below the dam toe, and thus the head H is well above the dam height d. Instead, in the so-called dam
powerhouses, where the turbines are located right at the dam toe, the dam height is the main factor that
defines the head (this also holds for the typical RoR power plants which typically feature a weir or barrage
instead of a large dam), and the effective head increases roughly by the relative dam height increase.
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heightening of 10% when d=20%H, that obviously leads to an estimation which should be
regarded as a maximum threshold, rather than to a feasible value. It was assumed that the 2% of
head increase reflects into an analogous increase of energy generation for the considered plants.
This is obviously an idealistic assumption, because actually the head increase would not occur
during wet periods when the water level is already at its maximum. Therefore, this is only a way
to attribute a reasonable value to AEiq, indicator that hence should be interpreted as a maximum
threshold. Since the head must be known in this calculation, it was applied to the hydropower
database, obtaining AEiq =0.19% for EU and 0.43% for Europe, which is coherent because the
share of SPPs in the non-EU countries Norway and Switzerland is particularly high.

The benefit of dam heightening, rather than a significant increase of annual production
(maintaining the inflow constant), would determine a pronounced increase in energy storage
capacity, which allows to temporally shift water to the season of highest demand (which is winter
in the Alpine context and in the Nordics, see Figure Al in Supplementary Material 1). Assuming
typical stage (d) - volume (V) characteristics of Alpine valleys of a power function type V' = ad®,
with exponent b = 2 to 3, a relative increase in dam height thus results in an over-proportional
relative increase in volume, with an increase in the reservoir surface, but higher modification of
the orography. For a 10% increase in dam height, for instance, the reservoir volume typically
increases by between 21 and 33%. Practical case studies, with some limitations and related costs
are discussed in Supplementary Material 1. It has to be outlined that, for such interventions on the
dam structures, environmental impact assessment procedures may be applicable and a revision of
the current downstream flow release regime could be requested by the competent authorities, thus
affecting to a certain level the potential increase in energy production and storage capacity.

The retrofitting of waterways and penstock can also lead to an increase of power. Indeed,
penstocks and waterways reduce their performance over the years, and head losses may increase
(e.g. increased friction), with a reduction of the exploited head and maximum flow capacity. Also,
the methods used for tunneling has improved over the years, being able to make smoother tunnels.
Therefore, their retrofitting can restore the original flow capacity and head. Following the data of
Nogueira et al. (2016) (Supplementary Material 2), it can be seen that head losses can be reduced
by 25 to 40%, with a power increase between 5% to 11.6%, for a constant geodetic head, that
would reflect in an analogous increase of production. By assuming a precautionary power increase
by 5% after the retrofitting of waterways and penstocks, AEiq =2.34% for EU and 3.15% for
Europe. Of course the real challenge is to generate a sufficiently greater revenue from this
increased technical capability which pays for the revenue lost at outage and the capital cost of the
work. The upgrading in itself does not increase annual production, but merely shifts it into a
smaller window to trade. Indeed, some efficiency may be lost in the waterways at the greater

flows, that however may only be available for short seasonal periods.
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O-strategy: increase of inflow

The Q-strategy can consist in either the increase of the annual inflow, or in the increase
in the maximum flow that can be discharged during the peak hours, but concentrating it during
few hours and leaving unchanged the average annual inflow. Both cases require a larger runner
and larger embedded parts, or the installation of additional waterways and powerhouse. In this
study, this strategy was not considered, as discussed in the Method section, although the
Supplementary Material discusses some literature results and case studies.

As described in the Method section, the former case was not considered, but it may be of
high interest in specific countries, e.g. Norway, where water availability has already increased
since the majority of the hydropower fleet was constructed, and will increase in the future. An
extensive and detailed survey conducted in Norway showed that the average increase in the
installed power could be 18% for Francis turbines, 21% for Pelton turbines, and 21% for Kaplan-
Bulb turbines (Brunes, 2009).

For RoR on large streams, the increase of installed turbine discharge capacity allows to
generate additional energy since spilling over the weir during wet season can be reduced. The
gain in generation is achievable mainly for RoR built before 1960, which have a turbine discharge
capacity exceeded by the inflow typically over 150 days. Upgrading such old HPP tends today to
reduce this value to 60 to 75 days, which results in a gain of generation from 5% to 20% depending
on the flow duration curve. For SPP the production can be concentrated during peak hours (Allet
and Schleiss, 1990). For a slight increase of the nominal power (<15%) of SPP, also the existing
waterways (and surge tank) have to be adapted (Adam et al. 2016, 2018).

n-strategy: new electro-mechanical equipment: improvement of the BEP and weighted efficiency

The mechanical components of hydraulic turbines are prone to ageing after years of
operation one (mainly as a consequence of abrasion, erosion, cavitation). As a result, worn
mechanical components increase the risk of outage and operation of the hydraulic turbines at a
reduced capacity. Replacement and refurbishment of old and aged components can either restore
the initial capacity or increase the capacity (upgrading), improving efficiency over wide range
domain.

The efficiency improvement can be ensured by the replacement with a modern equipment
that is not deteriorated as the old one, and due to the fact that modern equipment is more
technologically advanced and exhibit a more optimized design.

When the increase of the BEP efficiency is the aim, for example in HPPs that rarely work
at part load, the maximum electromechanical efficiency increase can be 4% for Pelton, Kaplan-
Bulb and Francis turbine HPPs (runner, generator, valves, trash racks and bifurcations), plus an

increase of 2% (gates and draft tube) for Francis and Kaplan (see Supplementary Material 4).
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These values might be realistic for units built more than 60 years ago and never refurbished, while
for units built in the last 40 years 1-2% is a reasonable assumption without abrasion.

Nowadays, HPPs frequently work at off-design conditions. Therefore, to estimate the
indicator AE;q for this strategy, the improvement of the weighted efficiency #,, was considered, as
discussed in Supplementary Material 5. The increase of the weighted efficiency considers the
improvement over the entire range of operation (part load, BEP and full load). Based on data
reported in Supplementary Material 5, taken from IEA (2000), the efficiency upgrading after
retrofitting the turbine runner, together with runner seal components and the water passage
components, is outlined in Table 5. The weighted efficiency improvements of Francis turbines
are the following: runner (up to 2.5%), spiral case (up to 0.3%), stay ring (up to 2%), guide vanes
(up to 0.5%), draft tube (up to 1%). An overall efficiency contribution of 6.3% is estimated if all
components of the hydraulic passage are retrofitted (and all contributions are effective in the same
time). However, not all contributions are fully effective in the same time even if all components
of the hydraulic passage are refurbished. As a result, a more realistic improvement of the overall
weighted efficiency of Francis turbines of 5.5% can be considered for aged hydropower units
(>40-50 years, since a lot of hydropower units in Europe are over 40-50 years old). The efficiency
curves for Kaplan (on cam operation) and Pelton turbines are flatter than the Francis
turbines over a wider operation range, because an efficient flow rate regulation system keeps their
efficiency almost constant at off-design conditions. As a result, the weighted runner efficiency of
the Kaplan (on-cam operation) and Pelton turbines could be assumed to be smaller up to 1% than
the Francis turbines, hence the efficiency of the Francis turbines can be improved more.

With these assumptions, the indicator value is 4.97% for EU and 4.85% for the whole

Europe.

Table 5. Weighted efficiency (#.,) improvement and indicator value, considering the sum of the

improvements of each equipment. Pump behavior was assumed similar to the Francis one.

AE;q value for #,, AEiqvalue for
Turbine type 7w Increase improvement EU  improvement Europe
Francis 5.5% 2.4% 4.0%
Kaplan 4.5% 1.7% 2.1%
Pelton 4.0% 0.4% 1.8%
Pump 5.5% 0.5% 0.57%

t- strategy: start and stop improvement
Based on literature data described in Supplementary Material 6, 100 start—stop cycles per

year can be considered a reasonable current value. One start—stop cycle shortens the refurbishment
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time period by 15 h. Therefore, assuming a life (before the first important refurbishment) of 30
years, a reservoir HPP will lose 900 h, and a run-of-river plant 45000 hours, or 30 hours per year
and 1500 hours per year, respectively. It is expected that start and stop will increase in the future,
due to the electricity market, although it is possible to improve unit management and operation in
hydraulic short circuit. This action will not be quantified, being very site specific, but hydropower
operators should aim at reducing start and stop related problems and transient times, thus

increasing the operating hours.

t- strategy and Q-strategy: digitalization and inflow forecast

The digitalization of HPPs, apart from the improvement of predictive maintenance
allowing for the prolongation of the lifetime, reduction of the outage time, and addressing cyber-
security risks, involves increasing the overall efficiency and, thus, the produced energy, with no
additional impacts on the river ecosystems. By analyzing the case studies reported in
Supplementary Material 7, it is reasonable to assume that the digitalization can improve the
efficiency of existing HPP by 1% (AEiq =1.0%). By the high quality short and mid-term inflow
forecast, spills are reduced and the hours per week to manage manually the operation are reduced,
thus the annual generation can improve by 11%, although this is very site-specific (Supplementary

Material 7).

O-strategy: floating PV

The installation of floating PV on the reservoir of HPPs leads to several benefits
(Cazzaniga et al., 2019). In this work, the focus was on the energy gain as a consequence of the
reduced evaporation, assuming to cover a certain percentage of the basin surface of SPP reservoirs
with FPV. As specified in the Supplementary Material 8, it is generally convenient to install a
FPV power of the same order of magnitude of the HPP. In Alpine environment, where HPPs are
characterized by high heads and low flows (i.e. high power density per unit of reservoir surface),
this would require a FPV surface much larger than the HPP reservoir surface. In HPPs
characterized by large flows and small heads a small percentage is instead enough to obtain the
same power (see Table 8.1 in Appendix 8). The optimal percentage is hence site specific. In this
study we assumed 10% of FPV surface in order to reduce the impact on the reservoir and to reduce
investment costs, in agreement with Lee et al. (2020). Finally, it must be noted that FPV
production dominates the increase of the hydropower generation due to the reduction of
evaporation.

From data of Hogeboom et al. (2019) it was estimated that the annual evaporative volume
from the examined hydropower reservoirs is 8.1 -10° Mm? and 9.3 -10° Mm? for EU and Europe,
respectively. The total reservoir surface was 10,586 km? and 13,567 km?, respectively. The

weighted average evaporative volume (using the reservoir surface as weight) is V=764 Mm?® and
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V=688 Mm® for EU and Europe, respectively. Multiplying these values by 70% (evaporation
reduction below the FPV, Zahedi et al., 2020, Scavo et al., 2021; Abdelal, 2021) and by the FPV
surface (10%), and considering 3140 h of annual operation, it is possible to obtain
7-0.7-0.1/(3,140-3,600) = 4.7 m?/s and 4.3 m%/s of additional flow that could be discharged over
the 3140 h, on average, for EU and Europe, respectively. This is 3.6% and 4.2% of the weighted
average value of Q.. for EU and Europe, respectively, to which it would correspond an equivalent
increase in energy generation from SPP, thus to AEis=1.7% and 2.7% for EU and Europe. Results
are also in line with Sanchez et al. (2021) for the African context, where a 14% coverage would

correspond to an increase hydro generation of 2.3%.

Summary

Table 6 summarizes the AEjq value for each retrofitting action, that can be reasonably
interpreted as the additional annual production or peak installed power, depending on the
retrofitting action considered, with respect to the current values, independently from the market
demand and with constant external conditions. The ideal values of additional capacity can be
calculated by multiplying the indicator value by the current installed power (or annual production)
in Europe or in the European Union. The global value is AEi«= 10.2% for EU and 12.2% for
Europe (excluding three site-specific strategies, see Table 6), without considering the installed
GW recently refurbished. In Table 6, data from Gimeno-Gutiérrez and Lacal-Arantegui (2015)
show that the additional storage capacity across Europe can be estimated in 28.6 TWh (and 4.0
TWh in EU) interconnecting existing reservoirs within 20 km distance of one another; the
European potential reduced to 198 GWh when considering 5 km. However, this result may be
underestimated, since Harby et al. (2013) showed that the hydropower potential could be
increased by 20 GW (60 % increase in capacity) in Norway by interconnecting existing reservoirs.

Therefore, results of Table 6 should be interpreted as an indication of which practices
lead to higher benefits (in terms of energy). In this analysis we did neither consider the increase
of inflow nor the potential generation increase of 5% to 20% for old RoR (built before 1960) by
increasing turbine discharge capacity. By assuming an increase of 10% for all the RoR plants
(unrealistic aim, but useful to estimate a maximum value), the value of the related AE:q would be
10%-44% = 4.4%, where 44% is the energy generated from RoR plants in EU, while 3.0% for the
Europe. The benefits related to the increase of the annual inflow were not discussed being too site
specific. The increase of installed peak power/flow due to new waterways in SPP could not be
estimated, being too site specific, but from Supplementary Material it can be seen that it can

double.
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689 Table 6. Value of AEjq for each retrofitting action. The ideal increase of installed power and

690 annual production can be estimated by multiplying the indicator value by the current production in EU

691

and European Union, respectively.

Retrofitting action AEiq EU AEiq Europe Interpretation Comment
High investments, not always
Dam heightening — 016% 037% Increase of peak power of feasible; main benefit in
H- strategy ’ ’ 0.25 GW and 0.95 GW increasing off-season production
by larger storage capacity.
Increase of peak power of
Waterways and o o 3.6 GW and 8.2 GW, and
penstock, H-Q 2.3% 3.2% annual production of 8.4 )
strategy TWh and 20 TWh
Fish friendly turbines may result
in a lower efficiency (2% less)
New equipment: Increase of peak power of with respect to new standard
weighted efficiency 5.0% 49% 7.7 GW and 12 GW, and turbines, thus halving the benefit

increase over wide
range, - strategy

annual production of 17.9

in the worst case, but they are
TWh and 30 TWh.

limited to low heads (< 40 m)
and their costs is lower (Dixon
and Hogan, 2015).

. 0 .
Digitalization 1.0%/11% 1.0%/11% Incr.ease of efﬁcwncy. of 1%, Reduced costs fmd outage time
O-1- strate while annual generation can not estimated.
8y increase by 11%
Stability of the floating structure,
reservoirs covered by snow and
Floating PV Increase of annual ice and difficult for PV. PV on
O-s tra%e 1.7% 2.7% production of 0.36 TWh and dam surface is a modern
ey 1.2 TWh. practice. The PV production
dominates additional hydro
output due to evaporation
reduction.
) Increase of annual Connecting reservoirs within 20
) Reservqn 4 TWh 28.6 TWh production and more km, from Gimeno-Gutiérrez and
interconnection, Q- flexibility. Lacal-Arantegui (2015).
strategy
Increase of peak Increase of annual .
discharge RoR, Q- 4.0% 4.0% production of 14.4 TWh and Not quantlfleq, but reasonably
estimated
strategy 24 TWh.
Increase of peak
discharge SPP by 0-100% 0-100% Increase of peak power Not quantified, site-specific
new waterways, Q-
strategy
Increase of annual Increase of annual Not quan.tlfle:.d, 51te-spec.1ﬁc, may
inflow, O- strategy - - production be negative in some regions due
’ to climate change
(excluding the last three
Overall indicator 10.2% 12.2% strategies and reservoir
interconnection)
692
693 4. Discussion
694
695  Increase of hydropower potential and transversal benefits
696 The retrofitting process of a HPP is a complex procedure and it is unique for each site.

697  Nevertheless, when reasoning at a large-scale (regional, national, continental), it is possible to
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obtain a representative estimate on the overall energy benefits that could be achieved by
retrofitting the existing hydropower fleet, that are flexibility and annual generation. The flexibility
increase can be provided in different ways, for example by increasing the installed power (to
better satisfy peak electricity demands and to reduce spilling during wet season for RoR power
plants), by improving the electro-mechanical performance at off-design conditions, by increasing
storage capacity (to deliver balancing power and energy storage at time frames from seconds to
days, weeks and months, when needed and during peak demands) and interconnecting more HPPs
with one another (Harby et al., 2013; Gimeno-Gutiérrez and Lacal-Arantegui, 2015) or with other
energy sources like wind and solar. Hence it is clear that the actions aimed at increasing HPPs
flexibility also contribute to ideally increase the capability of the HPP to deliver annual
production, and vice-versa.

Table 1 summarizes the practices investigated in this study. For a comparison, the most
common actions in the set of 339 upgrading projects developed in the USA in the last decade are
replacement or refurbishment of turbine runners (104 projects), generator rewinds (91 projects),
installation of digital governors (34 projects), replacement or refurbishment of floodgates (28
projects), and replacement or upgrade of the transformer (16 projects). Many projects combined
several of these actions within their scope. Therefore, new equipment, digitalization and
waterways resulted the most implemented practices, and these were coherently considered in this
study (Uria Martinez et al., 2021).

Table 6 shows the importance of each retrofitting action in terms of energy, but it must
be noted that the benefits of retrofitting should not simply be seen within the energy context. Most
practices can be implemented on both SPP and ROR, while dam heightening, floating PV and
reservoir interconnection are of interest only for SPP.

The dam heightening would only be possible when the increase in the upstream water
level is not a matter, and typically refers to concrete dams — but is not limited to these - in
mountainous environment. Its AE;; indicator value resulted very low. The dam heightening should
also be considered as a high investment practice, although its benefits are more than additional
energy generation. The main benefit lies in shifting water from the peak runoff season (typically
spring and summer in European mountainous conditions) to the off-peak season (i.e. winter),
enabling seasonal production increases. The bigger storage capacity is one of the main strategies
to compensate the hydrological changes induced by climate changes and alteration of water
availability, especially in Europe. For a 10% increase in dam height, for instance, the reservoir
volume typically increases by between 21 and 33%.

The retrofitting of existing waterways can also lead to a head increase due to the reduction
of head losses, mainly in the case of high-head SPP. When seeking for a significant increase of
the installed power at existing SPP, a proven option is to build a new waterway (tunnels and

shafts) together with a new underground powerhouse which is parallel to the initial scheme and
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using the same reservoir (see Supplementary Material 3). This allows to ensure high power during
very few daily hours of peak demand in the grid, but also during longer stability problems of the
grid. The new waterways will have a better efficiency due to the lower friction losses and the
generation may also slightly increase as experienced in some projects (see Supplementary
Material 3). The refurbishment of the waterways can thus re-establish the original flow rate and
head, and thus increase the available power and energy capacity by 5% as maximum
improvement, with estimated costs between 400 and 650 $/m? (Nogueira et al., 2016). The
increase of the inflow would require updating the water licence, and improved environmental
mitigation measures (e-flow, fishway construction, etc.) could be prescribed (Massarutto and
Pontoni, 2015; Tonka, 2015).

The replacement of deteriorated equipment by new one reflects in an increased installed
power and in a better efficiency at off-design conditions. However, as a mature technology, only
the old HPPs exhibit strong design efficiency handicaps (perhaps 5-15%) compared to the modern
ones with higher efficiency (Mikhailov et al., 2021). Most of the efficiency reduction undergone
by the equipment over the years is mainly due to abrasive water. Ecologically improved turbines
can also reduce impacts on fish and ensure better downstream aeration, but their efficiency is
generally 2 percentage points lower than standard turbines. Self-aerated and self-lubricated
turbines also reduce environmental impacts, minimizing oxygen deficit downstream and oil
leakages, respectively (March, 2011; St. Germain, 2018). Another option related to the new
equipment is the installation of turbine(s) making use of environmental flow restitution to residual
flow stretches of the river, thereby exploiting the head at the water intake, e.g. at weirs of diversion
HPPs. This option is strictly site-specific and was not considered, having a negligible effect (few
hundred kW per plant, IEA, 2016; Quaranta et al., 2020). In this study, the weighted efficiency
concept was used to estimate the energy benefit. However, the efficiency quantity is just a side of
the refurbished solution. This quantity is linked with the energy production. The cavitation
performance is another side of the refurbished solution, that is linked with both maintenance and
repair costs. The improvement of weighted efficiency has to be checked to be in tolerance with
cavitation conditions, otherwise, the maintenance and repair costs will be larger than the energy
production costs. It must be noted that for retrofitting interventions based on turbines replacement,
the use of ecological improved turbines, e.g. the Alden and Minimum Gap Runner turbines, might
be considered for providing a reduced impact on downstream migration of fish, especially at low
head sites. However, these turbines present a slightly lower efficiency than modern not-ecological
ones, therefore limiting the expected increase in energy production, despite their lower cost
(Dixon and Hogan, 2015; Hogan, 2014). Recent research showing very promising results in new
design of trash racks and guidance structures, to provide fish from being estranged into turbines

(Tomanova et al 2021, Fjeldstad et al 2018).

25



771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807

Digitalization is another important practice for the improvement of part load and full load
conditions, improvement of turbine response during start and stop cycles, extension of
electromechanical equipment life, prevention of failures, ancillary services and reduced
maintenance. Not all of these practices necessarily reflect into an increase of power and
production. Instead, the short- and mid-term forecast of inflow to hydropower plants allows to
avoid spilling of water that cannot be handled by the plant capacity, and also increases the chances
at the spot market due to higher generation predictability. Digitalization solutions correlating the
operations of a RoR hydropower plant to a real-time monitoring of the available river discharges
can allow a more sustainable HPP management, continuously adapted to the water resource
availability, particularly relevant when considering climate change scenarios, and to the market
demand. Digitalization would also allow to better coordinate multi-reservoir HPP, cascade HPPs
and the coordinated operation of more HPPs, maximizing energy generation (Afzali et al., 2008)
and optimizing water management (Yalcin and Tigrek, 2019).

The integration of floating PV (FPV) can increase the hydropower fleet generation by
2.7% when 10% of the basin surface is covered with FPV, that linearly varies with the percentage
of FPV coverage. The advantages of this hybrid system is in part due to a reduction of the
evaporation rate, but mainly to the possibility of using the same infrastructures (in particular the
grid connection) and to increase the capacity factor from 3000 to 4000 hours (for comparison, it
was estimated from 4000 to 5300 hours in South America). The large increase in energy
production of the hybrid system (PV+HPP) allows a better management of HPP plants thanks to
the fact the energy production of FPV is in part anti-correlated with that of HPP plant.
Furthermore the use of the same grid and infrastructures strongly reduces the costs of the FPV
which can be installed in a short time and without any modification of the reservoir conditions.
For the future, a power density of Wens = 180 W/m? can be reached (higher than that used by Lee
et al. (2020), in order to consider future developments and advancements). This value is due to
the fact that the raft systems are becoming compact and robust with 400-450 W PV modules (of
2x1 m size). This value should be probably increased in the next future with the increase of PV
module efficiency, but a value Waens = 180 W/m? was assumed as the most probable, already
including PV efficiency. For seasonal deep storage reservoirs which will be full and empty each
year, FPV is a challenge considering also the ice cover in high altitude. Thus, FPV application
may be limited to reservoirs below 1500 m asl in Alpine environment. As a new trend, PV can
also be installed on dam surfaces (gravity and arch dams) resulting in high efficiency due to
excellent sun exposition in snow-covered mountains all over the year, since there is no fog in
winter most of the time (Kahl et al., 2019). This practice would not only add energy related to the
solar panels, but also increase hydro efficiency when being in a hybrid operation with a storage
power plant (SPP or PHS). Further details can be found in Kougias et al. (2016). The extension

of the coverage area shall be taken into account when assessing the potential impacts on the
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reservoir ecosystem, since the reduction of the euphotic zone may lead to alterations of thermal
and photosynthetic processes related to solar radiation, even though a FPV coverage up to 60%
of the lake surface is still deemed acceptable (Haas et al. 2020).

The retrofitting should also aim at reducing the impact of climate changes on the HPP
operation. Climate change may reduce water availability and hydropower generation. Patro et al.
(2018) in the Alpine-wide study of RoR future perspectives of viability and profitability in Italy,
showed that across all basins and all future scenarios, the median decrease in RoR hydropower is
—3% (through 2065). Therefore, the retrofitting of the hydropower fleet can help to minimize the
reduced potential induced by climate changes that will occur in the long term for some of the
regions in Europe (see Supplementary Material 9 for more details). A detailed analysis of eleven
representative ROR plants across Switzerland (SCCER SoE, 2019) using the most recent Swiss
climate change scenarios CH2018 suggests no change (RCP 2.6 scenario) or only a slight decrease
of up to 3% (RCP 8.5 scenario) in the total annual production by mid-century with the present-
day installed machinery and residual water flow requirements. More important is the seasonal
shift due to the modified water regimes leading to a 5% increased winter production. More winter
precipitation will have a positive impact on Swiss HPPs, as less water needs to be spilled
(Savelsberg et al., 2018). Also environmental measures to mitigate impacts on aquatic ecosystems
may limit hydropower potential, and require hydropower companies to face non negligible
construction costs (e.g. retrofitting a dam with fish passage solutions). Innovative materials will
also play a central role in the refurbishment projects, although their higher costs with respect to
traditional materials may currently limit their economic convenience (Quaranta and Davies,
2021). Additional considerations on time-frame and environmental challenges are discussed

in Supplementary Material 10.

Sensitivity analysis

In their exploratory intent, the calculations made in this study are referred to hypothetical
situations, and as such they cannot be validated. However, the underlying assumptions derive
from several case studies and scientific studies. Moreover, the results were benchmarked against
the available literature.

The global value of AEiq is about 10% (excluding reservoir interconnection), which can
be reasonably interpreted as the available surplus of energy with respect to the non-retrofitted
one. This value is in line with the definition of light rehabilitation discussed in de Podesta Gomes
and Vajayfor (2014) the Brazilian context, where, analyzing the literature, it was suggested to
classify the modernization into: 1) minimum, when the turbine and generator are repaired to
similar conditions as new ones and the performance is back to original values. The average
capacity gain in this case is 2.5%. 2) Light, when there is a wider checkup of the main components,

with repairs and changes of some of them, in order to improve the power plant performance above
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the original values. The capacity gain with light rehab can reach 10%. 3) Strong, when the latest
hydrological studies provide a new physical condition to the generation unit, and so its energy
production is substantially increased (in this case the turbine runner and other components, as
well as the main generator parts, are changed and the capacity gain can be about 20%). In our
study, the practices related to the light rehabilitation classification were estimated, while the
strong ones were discussed and an indicator value roughly estimated.

The EU fleet composition in term of power plant type was also checked versus the data
of Kougias (2019), as well as the energy generation estimated from RoR plants versus real data
of de Felice (2020). The average number of operating hours was calculated in different ways, as
explained in the previous sections, and checked against literature data. All these estimations
resulted in line with the aforementioned studies.

The composition of the European and EU and European fleet, in terms of turbine type,
was determined based on Quaranta (2019) results, and always assuming two units. Practical
considerations are discussed in Supplementary Material 10. These assumptions can be checked
with the results of Brunes (2009): 44% of HPPs > 50 MW have been estimated to be equipped
with Francis turbines, 14% Kaplan, 31% Pelton, 11% Pump (Brunes, 2009), while from our
calculations, 41% of HPPs > 50 MW are equipped with Francis turbines, 15% Kaplan, 25%
Pelton, 19% Pumps. Furthermore, based on the installed power, in EU 48.4% were estimated to
be Francis, 19.2% Kaplan, 13.6% Pelton, and 18.8% Pumps; this sharing can be compared with
the internal database of Voith Hydro for Europe, which estimates that 37.8% are Francis, 24.8%
are Kaplan, 15.8% are Pelton, and 18.8% are Pumps, based on the installed power (the remaining
percentage is with less traditional turbines).

Although the Francis diffusion is overestimated, in general terms results are in line,
considering the simplified approach adopted here, thus this can be considered a satisfactory result.
Other examples of turbine share that were found in literature are referred to Saxony (Germany),
where the most widely used turbine technology is the Francis turbine contributing to 47% of all
hydropower plants. The second turbine technology in Saxony is the Kaplan-Bulb turbine (29%)
followed by water wheels (16.5%). The Cross-flow (Ossberger) turbines are more seldom used
(6%), whereas only two Pelton turbines are actually in operation (Spéanhoff, 2014). In Russia,
37% of HPPs > 50 MW are equipped with Francis turbines, 60% Kaplan, ~3% pump, only one
HPP — Pelton (Dvoretskaya et al., 2018). From most Spanish HPPs with an installed power > 50
MW, 68% (Francis), 14% (Pelton), 18% (Kaplan), excluding PHS, while for most Spanish small
HPPs, 46% (Francis), 17% (Pelton), 37% (Kaplan+Bulb+Fixed blade propeller); it is not possible
to know if these small HPPs are RoR or reservoirs, but it is reasonable to think that most of these
small HPPs are ROR. In Switzerland, the turbine share of the high head SPP hydraulic machinery
is some 68% and 32% for Pelton and Francis turbines, respectively (Kalberer, 1988). The total
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Swiss SPP production share amounts to 56% on a 10-year average (2010-2019), while RoR plants
contribute 44%.

Francis, Kaplan-Bulb and Pelton turbines were supposed to also operate in micro plants
(nominal capacity below 100 kW) and in very low head sites (< 5 m), that generally are equipped
with other turbine types (water wheels, Archimedes screws, Cross flow, Very Low Head- VLH-
Turbine), generally installed in existing infrastructures (Bozhinova et al., 2013). In these sites the
choice is strictly related to the on-site detailed characteristics. Nevertheless, micro hydro plants
play a minor role on the total EU generated electricity.

A sensitivity analysis was carried out in order to estimate the consequences of an error on
the estimation of the turbine type prevalence. The diffusion of Francis turbines in RoR plants was
changed, by maintaining fixed that of Pelton turbines, and the prevalence of Kaplan-Bulb turbines
was adapted correspondingly (the sensitivity analysis of turbine share in SPPs was not performed
because it was already proven to be well in agreement with literature data). Table 7 summarizes
the results with different combinations of Francis turbine share in RoR plants (as % on the total).
It can be seen that a different Francis turbine prevalence does not affect appreciably the results.

We also assumed that the part load operation of SPP is 20% of the total annual operating
time. For example, in Switzerland, Austria, Germany, UK, due to volatile markets, even reservoir
units operate predominantly on part load due to energy market conditions. If we would have
considered 50% instead of 20% (thus, a significant different value), the total number of hours
would have been 3630 instead of 3140 h, but this would only affect the FPV benefit.

The values obtained in this study are referred to the European context, but they can be

easily calculated for any geographical context, once the characteristics of the HPP fleet is known.

Table 7. AE;q value of the weighted efficiency improvement strategy by improving the
performance of the turbines of all the RoR plants under different scenarios. The current estimated Francis

prevalence in EU RoR is 29% and 28% for Europe.

Benefit Francis RoR Francis RoR Francis RoR
diffusion 15% diffusion 29% diffusion 50%
AEiq for EU 4.9% 5.0% 5.1%
AEjq for Europe 4.8% 4.85% 4.9%

Cost-benefits
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Although the scope of this study is not an economic assessment, in this section some key
points are discussed within the economy context. First of all, it is worth to note that flexibility,
along with storage, is the benefit according to the market needs that better supports the cost-
effectiveness of a hydropower plant new construction or upgrading, and it is the main driver for
most of modernization actions as long as safety issues are not involved. Indeed, it may happen
that an increase in installed power may be motivated not only by slightly increasing the annual
production, but mainly by focusing the generation to the peak hours of demand, profiting of higher
prices at the electricity market. Flexibility is important for the economic viability of the plant as
it allows better bidding in the balancing market. For example, from the analysis of the operation
of several Spanish reservoir hydropower plants, the main source of revenue was found to be the
electricity spot market. The revenue from balancing markets is relevant and make a difference so
as to make an investment in a new plant or the refurbishment of an old plant feasible. Regarding
economic feasibility sufficient high prices have to be ensured by the market during sufficient time
to create a business case for investing in upgrading and extension of hydropower (Schleiss, 2006).
Increasing the installed power at large SPP by building a new powerhouse and waterway system
located mostly underground (parallel to the existing one and using the same reservoir) involves
high investment and is motivated by reducing the yearly operational hours allowing to concentrate
the generation in periods with high demand, ranging from some hours to several consecutive days
(Schleiss, 1997). Such projects do not increase yearly generation and become only interesting if
the market remunerates peak energy balancing services over time horizons ranging from
milliseconds to weeks, and for providing reserves.

Uria Martinez et al., (2021) showed that in Europe, around $8 billion were spent in 2019 for
retrofitting and upgrading. However, the costs related to each retrofitting strategy are rather site
specific, and some practical examples can be found in the Supplementary Material. In general,
when considering the electro-mechanical equipment, the costs of life extension can be assumed
as 60% of greenfield costs, while upgrade costs can be assumed as 90% of greenfield costs.
Generally speaking, despite the high investment costs that may incur, benefits are expected to
overcome costs. For example, US$ 2.9 billion investment in Africa can unleash benefits of US$
6.4 billion in present value through life extension. Similarly, for Central America: investments of
USS$ 1.6 billion can yield benefits of US$ 2.3 billion. For the upgrade scenario, for Africa a US$
3.9 billion investment would produce a present value benefits of US$ 8.1 billion, while for Central
America, a US$ 2 billion of investments yields US$ 3.2 billion in benefits. Therefore, in general,
benefits are twice the investment costs (Goldberg and Espeseth Lier, 2011). For example, since
2010, at least $7.8 billion have been invested in the U.S. hydropower and PHS fleet. Almost $2
billion correspond to projects initiated in 2017-2019. The most common items are replacement

or refurbishment of turbine runners and generator rewinds.
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5. Conclusions

The role of hydropower in the near future will be important for satisfying the rising
electricity demand and providing a better water management, flood control and water storage,
making use of its significant storage capacities. Furthermore, hydropower will have a main role
in providing flexibility and large-scale balancing services to the grid on timeframes ranging from
seconds, to hours, weeks and months. This is due to the rapid development of variable renewable
energy sources from wind and solar PV, whose technical potential in Europe is estimated to be
5800 TWh/y. There is no other low-carbon solutions to flexibility, storage and large-scale
balancing services on timeframes longer than a few hours. Therefore, any retrofitting becomes
economically more interesting if at the same time the flexibility of the HPP can be increased. This
allows not only to support the energy transition and ensuring grid safety, but also to improve
competitiveness of hydro at the spot market (concentrate production on hours with high prices).

In this study several retrofitting strategies were investigated to quantify, by means of a
specific indicator, their relevance in terms of realizable additional annual production and installed
power. Reality checks of results and sensitivity analyses are provided to prove the consistency of
the obtained results. The interpretation of the indicator as theoretical increase in electricity
production shows that almost 36.6 TWh (1.3% of current electricity demand) in EU and 75 TWh
in Europe could be added by implementing the increase of the dam height, reduction of head
losses in waterways, improvement of electro-mechanical efficiency, digitalization and floating
photovoltaic. Other strategies, e.g. the inflow increase and the installation of new waterways in
combination with new hydraulic machinery, were discussed but not quantified, since their effects
are very site specific; the installation of new (e.g., parallel or underground) waterways can double
the installed power, providing adequate power during the peak demand periods. Reservoir
interconnection is another strategy that could add about 28.6 TWh of storage in Europe, according
to a literature study. Results show that the strategies with the highest potential are the reservoir
interconnection and the improvement at off-design conditions, whose main benefits are reflected
into the flexibility increase of the hydropower fleet. The energy benefit of digitalization was
quantified in an efficiency increase by 1%, although spill reduction due to a better inflow forecast
can increase annual generation by 11%, and thus become the most convenient strategy in certain
contexts.

The other important benefits achievable by implementing the above strategies, e.g.
increase of security and reliability, and mitigation of environmental improvements, reduction of
outage and failures (by digitalization) were not quantified. These benefits should be addressed in
future works, since they play an important role in supporting and justifying retrofitting
investments. For example, in Alpine environment, a dam heightening of 10% would increase the

head (i.e. the power) of less than 2% on average, but the stored volume would increase by 20-
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30% (with benefits on water security and stored energy). The installation of floating PV could
increase the hydropower capacity by 2.7%, but the FPV generation could easily increase the
global plant capacity factor by 20-50%. The digitalization of a hydropower plant does not only
allow to increase the production through a better management and inflow forecast, but also to
prevent failure and to reduce maintenance and outage.

This study poses the basis for more specific studies at the country or regional scale, since
site-specific limitations were not here considered. The results of this study can prove guidance to
policy makers within the strategic policies at the continental scale, especially in Europe, in order
to better understand the role of hydropower and the relevance of the problem within the energy
market, while the Supplementary Material can instead be of high interest for hydropower
companies and scientists to support their retrofitting projects and studies. Although the
assessment is carried out for the EU and European contexts, the general methodology and the
literature presented in support of the assumptions are easily generalizable, and can be applied at

any national or continental scale, as long as the composition of the hydropower fleet is known.

Acknowledgements

We would like to thank the experts who filled in the preliminary template with general
suggestions and practices, Laurent David, Paolo Caretti, Francisco. Javier Sanz-Ronda, the
contact points Martin Schoenberg and Alexander Krenek of Eurelectric, and Mats Billstein of the

company Vattenfall. Thank also to Nigel Taylor for his valuable input.

References

Abubakirov, S. 1., Lunatsi, M. E., Plotnikova, T. V., Sokur, P. V., Tuzov, P. Y., Shavarin, V. N.,
... & Shchur, V. A. (2013). Performance optimization of hydraulic turbine by use of
variable rotating speed. Power Technology and Engineering, 47(2), 102-107.

doi:10.1007/s10749-013-0405-6

Adam, N. J., De Cesare G., Nicolet C., Billeter P., Angermayr A., Valluy B. & Schleiss A. J.
(2018). Design of a Throttled Surge for Refurbishment by Increase of Installed Capacity

at a High-Head Power Plant. Journal of Hydraulic Engineering, 144(2). doi:

10.1061/(ASCE)HY .1943-7900.0001404.
32



1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

Adam, N. J., De Cesare, G. & Schleiss, A. J. (2016). Surge tank throttles for safe and flexible
operation of storage plants, in Proc. HYDRO 2016 Conference, Achievements,

Opportunities and Challenges, 10-12 October 2016, Montreux, Switzerland.

Adams, T. B. (2018). Feasibility of upgrading existing hydropower infrastructure for use in

renewable energy storage, Doctoral dissertation, Massachusetts Institute of Technology.

Afzali, R., Mousavi, S. J., & Ghaheri, A. (2008). Reliability-based simulation-optimization model
for multireservoir hydropower systems operations: Khersan experience. Journal of Water

Resources Planning and Management, 134(1), 24-33.

Ali, A. (2015). Start and stop costs for secondary regulation of Fortum hydropower plants. Degree

project in electrical engineering, KTH, Stockholm, Sweden.

Allet, B. & Schleiss, A. (1990). Hydropower in Switzerland. Future development, possibilities
and limits (in German: Wasserkraft in der Schweiz — Ausbau, Mdglichkeiten und

Schranken). Schweizer Ingenieur und Architekt, 108(29), 804-810.

Andrewartha, J. M., Sargison, J. E. & Li, X. L. (2011). Optimizing hydropower generation
through fluid dynamics research. ICWES 15: Proc., 15th Int. Conf. Women Engineers

and Scientists, Engineers Australia, Adelaide, Australia, 395-404.

Andrewartha, J. M., Sargison, J. E. & Perkins, K. J. (2008). The influence of freshwater biofilms

on drag in hydroelectric power schemes. WSEAS Trans. Fluid Mech., 3(3), 201-206.
Andritz Hydro GmbH (2019). New life for hydro assets, Vienna, Austria.

Arcadis (2010). Hydropower generation in the context of the WFD, Contract N°

070307/2010/574390/ETU/D1, Project N°11418.

Asnes, A., Willersru A., Kretz F. & Imsland L. (2018). Predictive maintenance and life cycle
estimation for hydropower plants with real-time analytics, in Proc. 2018 HYDRO

Conference, October 15-17, 2018, Gdansk, Poland.

33



1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

Aunedi, M. Pudjianto, D., Teng, F., Strbac, G., Potential economic and environmental value of
large-scale energy storage in FEurope, Available (on 29th March 2021):

http://www.estorage-project.eu/document-library.

Baya, A., Muntean S., Campian V.C., Cuzmos A., Diaconescu M. & Bilan Gh., (2010).
Experimental investigations of the unsteady flow in a Francis turbine draft tube cone, IoP
Conf. Series: Earth and Environmental Science, 12, 012007, 1-9. doi:10.1088/1755-

1315/12/1/012007

Bejarano, M. D., Sordo-Ward, A., Gabriel-Martin, 1., & Garrote, L. (2019). Tradeoff between
economic and environmental costs and benefits of hydropower production at run-of-river-

diversion schemes under different environmental flows scenarios. Journal of Hydrology,

572, 790-804.

Benigni, H., Schiffer, J. & Jaberg, H., (2019). Refurbishment of twin Francis turbines—
maximizing the annual production. [oP Conf. Series: Earth and Environmental Science,

240(2), 022036. doi: 10.1088/1755-1315/240/2/022036

Benigni, H., Schiffer-Rosenberger, J., Penninger, G., Weichselbraun, C., Artmann, M., Juhrig, L.,
... & Jaberg, H. (2020). Cavitation as a limiting factor for the empowering of a Kaplan-
Bulb turbine—CFD calculations, test rig results and operational experience, in Proc. Hydro

2020 Conference, 1-10.

Betti, A., Crisostomi, E., Paolinelli, G., Piazzi, A., Ruffini, F. & Tucci, M. (2019). Condition
monitoring and early diagnostics methodologies for hydropower plants. arXiv preprint

arXiv:1911.06242.

Bieri, S., Strauss, P., Krebs, P., Ender, P., Peter, M., Gisiger, J.-P., Lozza, H., ... & Baumler, E.
(1994). Ausbau und Erneuerung des Kraftwerk Augst. Wasser Energie Luft. 86(3/4): 59-

102.

Billdal, J.T., (2006) The X factor, International Water Power and Dam Construction, August

2006.

34



1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

Boes, R.M. (2011). Potenziale und Grenzen der Wasserkraft - Was bringen Anlagenoptimie-
rungen? ("Potential and limits of hydropower - what can be gained from optimization of
schemes?"). Natur und Mensch, Sonderheft Quo Vadis Wasserkraft?, 53(4): 24-28 [in

German].

Boes, R.M., Miiller-Hagmann, M. & Albayrak, 1. (2019). Design, operation and morphological
effects of bypass tunnels as a sediment routing technique, in Proc. 3rd Intl. Workshop on

Sediment Bypass Tunnels, National Taiwan University, Taipei, Taiwan, pp- 40-50.

Bonato, M., Ranzani, A., Patro, E.R., Gaudard, L. & De Michele, C. (2019). Water-energy nexus
for an Italian storage hydropower plant under multiple drivers. Water, 11(9), 1838,

doi:10.3390/w11091838.

Bongio, M., Avanzi, F. & De Michele, C. (2016). Hydroelectric power generation in an Alpine
basin: future water-energy scenarios in a run-of-the-river plant. Advances In Water

Resources, 94, 318-331. doi:10.1016/j.advwatres.2016.05.01.

Bornard, L., Debeissat, F., Labrecque, Y., Sabourin, M. & Tomas L., (2014). Turbine hydraulic
assessment and optimization in rehabilitation projects. IOP Conf. Series: Earth and

Environmental Science, 22, 012033. doi:10.1088/1755-1315/22/1/012033

Bortoni, E., Souza, Z. D., Viana, A., Villa-Nova, H., Rezek, A., Pinto, L., ... & Bernardes, J.
(2019). The Benefits of Variable Speed Operation in Hydropower Plants Driven by

Francis Turbines. Energies, 12(19), 3719. doi:10.3390/en12193719

Bozhinova, S., Hecht, V., Kisliakov, D., Miiller, G. & Schneider, S. (2013). Hydropower
converters with head differences below 2- 5 m. Proceedings of the Institution of Civil

Engineers-Energy, 166(3), 107-119. doi:10.1680/ener.11.00037

Bozi¢, I. & Jovanovi¢, R. (2016). Prediction of Double-Regulated Hydraulic Turbine On-Cam
Energy Characteristics by Artificial Neural Networks Approach, FME Transactions,

44(2), 125 —132. do0i:10.5937/fmet1602125B

35



1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

Brekke, H. (2001). Hydraulic turbines design, erection and operation. Norwegian University of

Science and Technology (NTNU), Trondheim, Norway.

Brekke, H. (2010). Performance and safety of hydraulic turbines. IOP Conf. Series: Earth and

Environmental Science, 12, 012061. doi:10.1088/1755-1315/12/1/012061

Brils, J. (2004). Sediment monitoring under the EU Water Framework Directive. J. Soils &

Sediments, 4, 72—73. doi:10.1007/b£02991047

Brils, J. (2020). Including sediment in European River Basin Management Plans: twenty years of

work by SedNet, J. Soils & Sediments, 20, 4229—4237. doi:10.1007/s11368-020-02782-1

Brunes, B.T., (2009) Increasing power output from Francis turbines, Master Thesis, Norwegian

University of Science and Technology, Trondheim, Norway.

Bucher, R. & Schreider, A. (2017). On the pooling of hydro assets and grid-scale battery energy

storage systems, Int. J. on Hydropower & Dams, 5, 60-64.

Bucher, R., Schreider, A. & Lehmann, S. (2018). Live test results of the joint operation of a 12.5
MW battery and a pumped-hydro plant, in Proc. 2018 HYDRO Conference, October 15-

17,2018, Gdansk, Poland.

Cateni, A., Magri, L. & Grego, G. (2008). Optimization of Hydropower Plants Performance—
Importance of rehabilitation and maintenance in particular for the runner profiles, in Proc.
7th International Conference on Hydraulic Efficiency Measurements, 3rd-6th September

2008, Milan, Italy, 1-12.

Cazzaniga, R., Rosa-Clot, M., Rosa-Clot, P. & Tina, G. M. (2019). Integration of PV floating
with hydroelectric power plants. Heliyon, 5(6), e01918.

doi:10.1016/j.heliyon.2019.e01918

Chazarra, M., Pérez-Diaz, J. I. & Garcia-Gonzalez, J. (2017). Optimal joint energy and secondary
regulation reserve hourly scheduling of variable speed pumped storage hydropower
plants. IEEE  Transactions on  Power  Systems, 33(1), 103-115.

doi: 10.1109/TPWRS.2017.2699920
36



1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

Chazarra, M., Pérez-Diaz, J. 1., Garcia-Gonzélez, J. & Praus, R. (2018). Economic viability of
pumped-storage power plants participating in the secondary regulation service. Applied

energy, 216, 224-233. doi:10.1016/j.apenergy.2018.02.025

Clerc, B., Manso, P., & De Cesare G. (2021). Heightening of Very High Gravity Dams: The Case
Study of the Grande Dixence. In: Bolzon G., Sterpi D., Mazza G., Frigerio A. (eds)
Numerical Analysis of Dams. ICOLD-BW 2019. Lecture Notes in Civil Engineering, 91.

Springer, Cham. doi:10.1007/978-3-030-51085-5_43

Cohen, D. (2002). Ukraine-Hydropower Rehabilitation and System Control Project. The World

Bank, Report No: 24947.

Cros, K., Schleiss, A.J., Artique, G., & Jordan, F. (2016). Hydrological forecasting on glacier
systems: Temperature forecasting corrections. In Proc. HYDRO 2016 Conference,
Achievements, Opportunities and Challenges, 10-12 October 2016, Montreux,

Switzerland.

de Felice, M. (2020). JRC-EFAS-Hydropower [Data set]. Zenodo. doi:10.5281/zenodo.4086004

De Michele, C., Salvadori, G., Canossi, M., Petaccia, A. & Rosso, R. (2005). Bivariate Statistical
Approach to Check Adequacy of Dam Spillway. J. Hydrol. Eng. 10(1), 50-57.

doi:10.1061/(ASCE)1084-0699(2005)10:1(50)

de Podesta Gomes, E. & Vajayfor, S. (2014). Brazilian hydroelectric rehabilitation potential and
viability. American Journal of Hydropower, Water and Environment Systems, 1, 17-24.

doi:10.14268/ajhwes.2014.00014

Deschénes, C., Fraser, R. & Fau, J. P. (2002). New trends in turbine modelling and new ways of
partnership. In Proc. 4th International Conference on Hydraulic Efficiency Measurement

— IGHEM, Toronto, Ontario, Canada, 1-12.

Directorate-General for Environment (European Commission) (2018). Guidance on the
requirements for hydropower in relation to EU Nature legislation Luxembourg:
Publications Office of the European Union, 2018. doi:10.2779/43645

37



1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

Dixon, D., & Hogan, T. (2015). Session B3: Alden Fish-Friendly Hydropower Turbine: History
and Development Status. International Conference on Engineering and Ecohydrology for

Fish Passage. 30.

Dvoretskaya, M.1., Zhdanova A.P., Lushnikov O.G. & Sliva 1.V. (2018). Renewable energy.
Hydro power plants of Russia: Handbook, Publishing house of the Sankt-Petersburg

Polytechnic University, Sankt-Petersburg, Russia-[in Russian].

Eberle, P., Couston, M. & Sabourin, M. (2003). The refurbishment of low head Francis turbines.

International Journal on Hydropower and Dams, 10(1), 45-48.

Enomoto, Y., Kurosawa, S. & Kawajiri, H. (2012). Design optimization of a high specific speed
Francis turbine runner. IOP Conf. Series: Earth and Environmental Science, 15(3),

032010. doi:10.1088/1755-1315/15/3/032010

European Small Hydropower Association (ESHA), (2012). Small Hydropower Roadmap,

Condensed Research Data for EU-27, SPP Stream Map project.

Farinotti, D., Round, V., Huss, M., Compagno, L., & Zekollari, H. (2019). Large hydropower and
water-storage potential in future glacier-free basins. Nature, 575(7782), 341-344.

https://doi.org/10.1038/s41586-019-1740-z

Farell, C. & Gulliver, J. (1987). Hydromechanics of variable speed turbines. Journal of energy

engineering, 113(1), 1-13. doi:10.1061/(ASCE)0733-9402(1987)113:1(1)

Felix, D. (2017). Experimental investigation on suspended sediment, hydro-abrasive erosion and
efficiency reductions of coated Pelton turbines, VAW-Mitteilung 238 (R. Boes, ed.).

Laboatory of Hydraulics and Glaciology (ETH Zurich).

Felix, D., Albayrak, 1., Abgottspon, A., & Boes, R. M. (2016). Hydro-abrasive erosion of
hydraulic turbines caused by sediment-a century of research and development, IOP Conf.
Series: Earth and Environmental Science, 49(12), 122001. doi: 10.1088/1755-

1315/49/12/122001

38



1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

Felix, D., Albayrak, I., Boes, R.M. & Abgottspon, A. (2017). Sediment transport through the
power waterway and hydro-abrasive erosion on turbines, in Proc. Hydro 2017

Conference, Sevilla, Spain. Paper 27.07.

Felix, D., Miller-Hagmann, M. & Boes, R. (2020). Ausbaupotential der bestehenden
Speicherseen in der Schweiz (‘Extension options of existing reservoir lakes in

Switzerland’). Wasser, Energie, Luft 112(1): 1-10 [in German].

Fjeldstad, H.P., Pulg, U. and Forseth, T. (2018). Safe two-way migration for salmonids and eel
past hydropower structures in Europe: a review and recommendations for best-practice

solutions. Marine and Freshwater Research.

Fu,Z.,He, Y. & Su, S. (2011). Key problems and solutions in arch dam heightening. Frontiers of
Architecture and Civil Engineering in China, 5(1), 98-104. doi:10.1007/s11709-010-

0004-7

Fuchs, H., Felix, D., Miiller-Hagmann, M. & Boes, R. (2019). Bewertung von Talsperren-
Erhohungsoptionen in der Schweiz (’Assessment of dam heightening options in
Switzerland’). WasserWirtschaft 109(5), 146—149 [in German]. doi:10.1007/s35147-

019-0074-y

Fust, A., Ruoss, R., Vogtli, H. & Vontobel, J. (1991). Ausbau und Erneuerung des

Rheinkraftwerkes Laufenburg. Wasser Energie Luft. 83(1/2), 1-14.

Gagnon, M., Jobidon, N., Lawrence, M. & Larouche, D. (2014). Optimization of turbine start-up:
Some experimental results from a propeller runner, IOP Conf. Series: Earth and

Environmental Science, 22(3), 032022. doi:10.1088/1755-1315/22/3/032022

Gagnon, M., Tahan, S. A., Bocher, P. & Thibault, D. (2010). Impact of start-up scheme on Francis
runner life expectancy, IOP Conf. Series: Earth and Environmental Science, 12(1),

012107. doi:10.1088/1755-1315/12/1/012107

Gaudard, L., Avanzi, F. & De Michele, C. (2018). Seasonal aspects of the energy-water nexus:

The case of a run-of-the-river hydropower plant. Appl. Energy 210, 604-612.

39



1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

1216

1217

1218

1219

1220

1221

1222

1223

doi:10.1016/j.apenergy.2017.02.003

Georgievskaia, E. (2021). Limitations of modern diagnostic and prognostic systems for a

hydraulic unit’s health, Eng, 2(1), 27-42. doi:10.3390/eng2010003

Gimeno-Gutiérrez, M. & Lacal-Arantegui, R. (2015). Assessment of the European potential for
pumped hydropower energy storage based on two existing reservoirs. Renewable

energy, 75(C), 856-868. doi: 10.1016/j.renene.2014.10.068

Goldberg, J. & Espeseth Lier, O. (2011). Rehabilitation of hydropower: an introduction to
economic and technical issues. Water papers; World Bank, Washington, DC. © World

Bank. https://openknowledge.worldbank.org/handle/10986/17251

Goyal, R. & Gandhi, B. K. (2018). Review of hydrodynamics instabilities in Francis turbine
during off-design and transient operations. Renewable Energy, 116 Part A, 697-709.

doi:10.1016/j.renene.2017.10.012

Gregg S.W., Steele J.P.H. & Van Bossuyt D. L. (2017). Machine Learning: A Tool for Predicting

Cavitation Erosion Rates on Turbine Runners, Hydro Reviews, 36(3).

Haas, J., Khalighi, J., de la Fuente, A., Gerbersdorf, S. U., Nowak, W. & Chen, P. J. (2020).
Floating photovoltaic plants: Ecological impacts versus hydropower operation flexibility.

Energy Conversion and Management, 206, 112414.

doi:10.1016/j.enconman.2019.112414

Haeberli, W., Buetler, M., Huggel, Ch., Lehmann Friedli, T., Schaub, Y. & Schleiss, A.J. (2016),
New lakes in deglaciating high-mountain regions — opportunities and risks. Climatic

Change, 139, 201-214. doi:10.1007/s10584-016-1771-5

Hager, W.H., Schleiss, A.J., Boes, R.M. & Pfister, M. (2020). Hydraulic Engineering of Dams.

Taylor & Francis, London, UK. doi: 10.1201/9780203771433.

Hamududu, B., & Killingtveit, A. (2010). Estimating effects of climate change on global
hydropower production. In Hydropower °10. Sixth international conference on

hydropower, Tromse, Norway. 1-13.

40



1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

Harano, M., Tani, K. & Nomoto, S., (2006). Practical application of high-performance Francis-
turbine runner fitted with splitter blades at Ontake and Shinkurobegawa no. 3 power

stations of the Kansai electric power CO., Inc. Hitachi Review, 55(3), 109-113.

Harby, A., Sauterleute, J., Korpas, M., Killingtveit, A., Solvang, E. and Nielsen, T. (2013).
Pumped storage hydropower. In Stolten, D. and Sherer, V. (eds) 2013: Transition to

Renewable Energy Systems. Wiley-VCH, 597-618.

Haury, G., Kesselring, P., Schrenk, K., Reumschiissel, Th., Biegen, W. & Brogelmann, E. (1993).
Rhneinkraftwerk Wyhlen — Ausbau und Erneuerung. Wasser Energie Luft. 85(11/12):

337-358.

Heckelsmueller, G. P. (2015). Application of variable speed operation on Francis turbines.

Ingenieria e Investigacion, 35(1), 12-16. doi: 10.15446/ing.investig.v35n1.44995

Hogan, T. W., Cada, G. F., & Amaral, S. V. (2014). The status of environmentally enhanced

hydropower turbines. Fisheries, 39(4), 164-172. doi: 10.1080/03632415.2014.897195

Hogeboom, R. J., Knook, L., & Hoekstra, A. Y. (2018). The blue water footprint of the world's
artificial reservoirs for hydroelectricity, irrigation, residential and industrial water supply,
flood protection, fishing and recreation. Advances in water resources, 113, 285-294.

doi:10.1016/j.advwatres.2018.01.028

Huang, X., Chamberland-Lauzon J., Oram C., Klopfer A. & Ruchonnet N. (2014). Fatigue
analyses of the prototype Francis runners based on site measurements and simulations,
IOP Conf. Series: Earth and Environmental Science, 22(1), 012014. doi:10.1088/1755-

1315/22/1/012014

Hydropower Europe (2020). https://hydropower-europe.eu/about-hydropower-

europe/hydropower-energy/

Iliev, 1., Tengs, E. O., Trivedi, C., & Dahlhaug, O. G. (2020). Optimization of Francis turbines
for variable speed operation using surrogate modeling approach. Journal of Fluids

Engineering, 142(10), 101214 (13 pages). doi:10.1115/1.4047675

41


https://hydropower-europe.eu/about-hydropower-europe/hydropower-energy/
https://hydropower-europe.eu/about-hydropower-europe/hydropower-energy/

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

Iliev, L., Trivedi, C. & Dahlhaug, O. G. (2019). Variable-speed operation of Francis turbines: A
review of the perspectives and challenges. Renewable and Sustainable Energy Reviews,

103, 109-121. doi:10.1016/j.rser.2018.12.033

Iliev, L., Trivedi, C., Agnalt, E. & Dahlhaug, O. G. (2019b). Variable-speed operation and pressure
pulsations in a Francis turbine and a pump-turbine, IOP Conf. Series: Earth and

Environmental Science, 240(7), 072034. doi: 10.1088/1755-1315/240/7/072034

International Energy Agency (IEA) (2000). Guidelines on Methodology for Hydroelectric Francis

turbine Upgrading by Runner Replacement. Volume 1: Report

International Energy Agency (IEA) (2016). Renewal & Upgrading of Hydropower Plants.

Volume 1: Annex-XI Summary Report

International Hydropower Association (IHA), (2020). Hydropower Status Report Sector trends

and insights, IHA Central Office, United Kingdom.

International Renewable Energy Agency (IRENA), (2020). Innovation landscape brief:

Innovative operation of pumped hydropower storage, Abu Dhabi.

Jenzer Althaus, J.M.I., De Cesare, G. & Schleiss, A.J. (2015). Sediment evacuation from
reservoirs through intakes by jet-induced flow. J. Hydraulic Eng. 141, 2, 04014078.

doi:10.1061/(ASCE)HY.1943-7900.0000970

JRC Database (2020). https://data.europa.eu/euodp/en/data/dataset/52b00441-d3e0-44¢0-8281-

fda86a63546d.

Kahl, A., Dujardin J. & Lehning M. (2019) The bright side of PV production in snow-covered
mountains. Proceedings of the National Academy of Sciences, 116 (4) 1162-1167. doi:

10.1073/pnas.1720808116.

Kalberer A. (1988). Erfahrungen mit neuartigen Beschichtungen im Wasserturbinenbau
(Experiences with new types of coatings for hydraulic turbines). Intl. Symp. Uber
Erosion, Abrasion und Kavitation im Wasserbau. In Vischer D. (ed.), VAW-Mitteilung

100, ETH Ziirich: 245-258 (in German).
42


https://data.europa.eu/euodp/en/data/dataset/52b00441-d3e0-44e0-8281-fda86a63546d
https://data.europa.eu/euodp/en/data/dataset/52b00441-d3e0-44e0-8281-fda86a63546d

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

Klopries, E. M., Deng Z. D., Lachmann, T. U., Schiittrumpf, H. & Trumbo B. A. (2018) Surface
bypass as a means of protecting downstream-migrating fish: lack of standardised
evaluation criteria complicates evaluation of efficacy. Marine and Freshwater Research

69, 1882-1893. doi:10.1071/MF18097

Kontoleontos, E. & Weissenberger, S. (2016). Annual Energy Production (AEP) optimization for
tidal power plants based on Evolutionary Algorithms-Swansea Bay Tidal Power Plant
AEP optimization, IOP Conf. Series: Earth and Environmental Science, 49(10), 102009.

doi:10.1088/1755-1315/49/10/102009

Kontoleontos, E. & Weissenberger, S. (2017). Annual Energy Production Maximization for Tidal
Power Plants with Evolutionary Algorithms. International Journal of Fluid Machinery

and Systems, 10(3), 264-273. doi:10.5293/1JFMS.2017.10.3.264

Kougias, 1. 2019. Hydropower technology development report 2018. EUR 29912 EN.

Kougias, 1., Aggidis, G., Avellan, F., Deniz, S., Lundin, U., Moro, A., ... & Schild, P. (2019).
Analysis of emerging technologies in the hydropower sector. Renewable and Sustainable

Energy Reviews, 113, 109257. doi:10.1016/j.rser.2019.109257

Kougias, ., Bodis, K., Jiger-Waldau, A., Monforti-Ferrario, F. & Szabo, S. (2016). Exploiting
existing dams for solar PV system installations. Progress in Photovoltaics: Research and

Applications, 24(2), 229-239. doi:10.1002/pip.2640

Krenn, J., Keck, H., & Sallaberger, M. (2013). Small and mid-size pump-turbines with variable

speed. Energy and Power Engineering, 5(2), 48-54. doi:10.4236/epe.2013.52A007

Landry, C., Nicolet, C., Gomes Pereira Junior, J., Andolfatto, L., Todde, C. & Avellan, F. (2018).
Renovation of hydraulic power plant: how to select the best technical options? in Proc.

2018 HYDRO Conference, October 15-17, 2018, Gdansk, Poland.

Lazaro, P., De Cesare, G., Madau, A. & Bussalai, S. (2006). Heightening of the Maccheronis dam
in Sardinia (Italy). Commission Internationale des grands barrages Vingt-Deuxieéme

congres des grands barrages. June 2006, Barcelone, Spain.

43



1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

1325

Lee, N., Grunwald, U., Rosenlieb, E., Mirletz, H., Aznar, A., Spencer, R. & Cox, S. (2020).
Hybrid floating solar photovoltaics-hydropower systems: Benefits and global assessment
of technical potential. Renewable Energy, 162, 1415-1427.

doi:10.1016/j.renene.2020.08.080

Lehner, B., Czisch, G., & Vassolo, S. (2001). Europe’s hydropower potential today and in the
future. EuroWasser: Model-based Assessment of European Water Resources and Hydrology

in the Face of Global Change. Chapter 8, Kassel.

Lehner, B., Czisch, G. & Vassolo, S. (2005). The impact of global change on the hydropower
potential of FEurope: a model-based analysis. Energy Policy, 33(7), 839-855.

doi:10.1016/j.enpol.2003.10.018

Li, H., Xu, B., Arzaghi, E., Abbassi, R., Chen, D., Aggidis, G.A., Zhang, J. & Patelli, E. (2020).
Transient safety assessment and risk mitigation of a hydroelectric generation system.

Energy, 196, 117135. doi:10.1016/j.energy.2020.117135

Lia, L., Aas, M. N. & Killingtveit, A. (2017). Increased generation from upgrading and extension

projects. The International Journal on Hydropower and Dams, 24(4), 75-78.

Liu, D., Liu, H., Wang, X. & Kremere, E. (2019). World Small Hydropower Development Report

2019. United Nations. ISSN: 2406-4580

Liu, X., Luo, Y., Karney, B. W. & Wang, W. (2015). A selected literature review of efficiency
improvements in hydraulic turbines. Renewable and Sustainable Energy Reviews, 51, 18-

28.do0i:10.1016/j.rser.2015.06.023

Lombardi, G. (1988). Querkraftbedingte Schiaden in Bogensperren (’Shear force induced

damages in arch dams’). Wasser, Energie, Luft 80(5/6): 119-126 [in German].

Madisetti, K. (2019). Digital transformation in the hydro sector. British Hydropower Association

(BHA) Annual Conference 2019, 13-14 November 2019, Glasgow, Scotland.

44



1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

1349

1350

Manness, J., & Doering, J. (2005). An improved model for predicting the efficiency of hydraulic
propeller turbines. Canadian Journal of Civil Engineering, 32(5), 789-795.

doi:10.1139/105-029

March, P. (2011). Hydraulic and environmental performance of aerating turbine technologies. In

EPRI Conference on Environmentally Enhanced Hydropower Turbines, 1-32.

Massarutto, A. & Pontoni, F. (2015). Rent seizing and environmental concerns: A parametric
valuation of the Italian hydropower sector. Energy Policy, 78, 31-40.

doi:10.1016/j.enpol.2014.12.016

Mekonnen, M. M., Gerbens-Leenes, P. W. & Hoekstra, A. Y. (2015). The consumptive water
footprint of electricity and heat: a global assessment. Environmental Science: Water

Research & Technology, 1(3), 285-297. doi: 10.1039/c5ew00026b

Mellal, A. (2009). Heightening of an existing gravity dam - Static and dynamic analyses.
Numerics in geotechnics and structures, ZSoil Day, 28 August 2009, Lausanne,

Switzerland.

MESA Associates Inc. and Oak Ridge National Laboratory (2012). Hydropower Advanced
Project — Best Practice Catalog — Francis Turbine. U.S. Department of Energy Project

No. DE-AC05-000R22725

Mikhailov, V. E., Ivanchenko, I. P., & Prokopenko, A. N. (2021). Modern State of Hydropower
and Construction of Hydro Turbines in Russia and Abroad. Thermal Engineering, 68(2),

83-93.

Molinari, P. (2011). Alternative Wege zur Erhéhung der Produktion aus Wasserkraft -
Uberlegungen zu Potenzial und Kosten einer Vergrosserung von Druckstollen am
Beispiel von Ova Spin — Pradella (Alternative options to increase hydropower generation
— evaluation of potential and cost of new pressure tunnel Ova Spin Pradella). Bulletin

VSE/AES 12, 8-12 (in German).

45



1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

1371

1372

1373

1374

1375

1376

Morabito, A., Silva, G. D. O. & Hendrick, P., 2019. Deriaz pump-turbine for pumped hydro
energy storage and micro applications. Journal of Energy Storage, 24, 100788.

doi:10.1016/j.est.2019.100788

Muhirwa, A., Cai, W. H., Su, W. T., Liu, Q., Binama, M., Li, B. & Wu, J. (2020). A review on
remedial attempts to counteract the power generation compromise from draft tubes of

hydropower plants. Renewable Energy, 150, 743-764. doi:10.1016/j.renene.2019.12.141

Muntean, S., Susan-Resiga R., Goede E., Baya A., Terzi R. & Tirsi C., (2016) Scenarios for
refurbishment of a hydropower plant equipped with Francis turbines, Renewable Energy

and Environmental Sustainability, 1, 30, 1- 6. doi: 10.1051/rees/2016030

Nogueira, H. L., Pfister, M. & Schleiss, A. J. (2016). Approaches to reduce friction losses in
headrace waterways of hydropower plants. Journal of Hydraulic Engineering, 142(5),

02516001. doi: 10.1061/(ASCE)HY .1943-7900.0001123

Obrovsky, J., Zouhar, J., Abraham, M. & Skotak, A. (2019) Development of wide operating range
runner for Francis turbine upgrading, IOP Conf. Series: Earth and Environmental Science,

240 022014. doi: 10.1088/1755-1315/240/2/022014

Pagliari, D., Rossi, L., Passoni, D., Pinto, L., De Michele, C. & Avanzi, F. (2017). Measuring the
volume of flushed sediments in a reservoir using multi-temporal images acquired with UAS.

Geomatics, Nat. Hazards Risk., 8(1), 150-166. doi:10.1080/19475705.2016.1188423

Papillon, B. & Freeman, T. (2013). Rehabilitating the Francis Units at Chief Joseph. Hydro

Reviews, 32(8).

Paravan, D., Stokelj, T. & Golob, R. (2004). Improvements to the water management of a run-of-
river HPP reservoir: methodology and case study. Control engineering practice, 12(4),

377-385. doi:0.1016/50967-0661(03)00106-0

Patro, E.R., De Michele, C. & Avanzi, F., (2018). Future perspectives of run-of-the-river
hydropower and the impact of glaciers’ shrinkage: The case of Italian Alps. Appl. Energy,
231, 699-713. doi: 10.1016/j.apenergy.2018.09.063

46



1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

1388

1389

1390

1391

1392

1393

1394

1395

1396

1397

1398

1399

1400

1401

Patro, E.R., Gaudard, L. & De Michele, C. (2019). Hydropower revenues under the threat of
climate change: Case studies from Europe, in: Geophysical Research Abstracts, EGU

General Assembly 2019, 21, EGU2019-320-1.

Patsialis, T., Kougias, 1., Kazakis, N., Theodossiou, N. & Droege, P. (2016). Supporting
renewables’ penetration in remote areas through the transformation of non-powered

dams. Energies, 9(12), 1054. doi:10.3390/en9121054

Pérez-Diaz, J.1., Wilhelmi, J. R. & Maroto, L. (2008). Adjustable speed operation of a hydropower
plant associated to an irrigation reservoir. Energy Conversion and Management, 49(11),

2973-2978. doi: 10.1016/j.enconman.2008.06.023

Pérez-Diaz, J.I., Wilhelmi, J.R., Garcia, D., Millan, R. & Guisandez, 1. (2012). Contribution of
re-regulation reservoirs considering pumping capability to environmentally friendly

hydropower operation, Energy, 48 (1), 144-152. doi:10.1016/j.energy.2012.06.071

Petley, S. & Aggidis, G.A., (2019). Transient CFD and experimental analysis for improved Pelton
turbine casing designs, IOP Conf. Series: Earth and Environmental Science, 240(2),

022005. doi:10.1088/1755-1315/240/2/022005

Pfammatter, R., Semadeni-Wicki, N. (2016). Energieeinbussen durch Restwasserbestimmungen
— Stand und Ausblick (Loss of energy due to environmental flow requirements). Wasser

Energie Luft 110(4), 233-245 (in German).

Pott, J. (2006) Manapouri Turbine Upgrade — Discussing the Challenges from Inception through
to Implementation, HydroVision 2006 Conference, HCI Publications, Kansas City,

Missouri, USA, 2006.

Punys, P., Kvaraciejus, A., Dumbrauskas, A., Silinis, L. & Popa, B. (2019). An assessment of
micro-hydropower potential at historic watermill, weir, and non-powered dam sites in
selected EU countries. Renewable Energy, 133, 1108-1123.

doi:10.1016/j.renene.2018.10.086

47



1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

1417

1418

1419

1420

1421

1422

1423

1424

1425

1426

Quaranta, E. & Davies, P. (2021). Emerging and innovative materials for hydropower engineering

applications. Engineering, (under review).

Quaranta, E. (2019). Optimal rotational speed of Kaplan-Bulb and Francis turbines with focus on
low-head hydropower applications and dataset collection. Journal of Hydraulic

Engineering, 145(12), 04019043. doi:10.1061/(ASCE)HY.1943-7900.0001643

Quaranta, E., Bonjean, M., Cuvato, D., ... & Sarma, P., Slachmuylders, G., Clementi, R., Pasut,
F., Bragato, N. (2020). Hydropower Case Study Collection: Innovative Low Head and
Ecologically Improved Turbines, Hydropower in Existing Infrastructures, Hydropeaking
Reduction,  Digitalization and  Governing  Systems.  Sustainability, 12,

8873. do0i:10.3390/sul2218873

Rahi, O. P. & Chandel, A. K. (2015). Refurbishment and upgrading of hydropower plants: a
literature review. Renewable and Sustainable Energy Reviews, 48, 726-737.

doi:10.1016/j.rser.2015.04.033

Ranzani, A., Bonato, M., Patro, E., Gaudard, L. & De Michele, C. (2018). Hydropower Future:
Between Climate Change, Renewable Deployment, Carbon and Fuel Prices. Water, 10(9),

1197. doi:10.3390/w10091197

Reif, H., Fust, A. (2008). Neubau des Wehres und Kraftwerk Rheinfelden (New construction of

the Rheinfelden weir and hydropwer plant). Wasserwirtschaft 98(12), 12-17 (in German).

Remondeulaz, J. (1998). L’aménagement Cleuson-Dixence dans une perspective de I’ouverture
du marché de 1’¢lectricité (The Cleuson-Dixence scheme in the perspective of electricity

market opening). Wasser Energie Luft. 90(1/2), 1-9 (in French).

Ribordy, L. (1998). Le puits blindé et le répartiteur de ’aménagement Cleuson-Dixence (The
penstock and bifurcated pipe of the Cleuson-Dixence scheme). Wasser Energie Luft.

90(3/4), 53-60 (in French).

Rosa-Clot, M. & Tina, G. (2020) Floating PV Plants, Academic Press, 1% Edition.

48



1427

1428

1429

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

1442

1443

1444

1445

1446

1447

1448

1449

1450

1451

Salleberger M., Michaud Ch., Born H., Winkler St. and Peron M. (2001) Design and
Manufacturing of Francis Runners for Rehabilitation Projects, Hydro 2001, Riva del

Garda.

Sanchez, R. G., Kougias, 1., Moner-Girona, M., Fahl, F. & Jager-Waldau, A. (2021). Assessment
of floating solar photovoltaics potential in existing hydropower reservoirs in Africa.

Renewable Energy, 169, 687-699. doi:10.1016/j.renene.2021.01.041.

Savelsberg, J., Schillinger, M., Schlecht, 1., Weigt, H. (2018). The Impact of Climate Change on

Swiss Hydropower. Sustainability, 10, 2541.

Scavo, F.B., Tina, G.M., Gagliano, A. & Nizeti¢, S., (2021). An assessment study of evaporation
rate models on a water basin with floating photovoltaic plants. International journal of

energy research, 45(1), 167-188. doi:10.1002/er.5170

SCCER-SoE (2019). Climate change impact on Swiss hydropower production: synthesis report.
Swiss Competence Center for Energy Research — Supply of Electricity. Zurich,
Switzerland.http://static.seismo.ethz.ch/sccersoe/Reports/Synth Rep Climate change i

mpact_on Swiss_hydropower production lowres.pdf

Schaefli, B., Manso, P., Fischer, M., Huss, M., Farinotti, D. (2019). The role of glacier retreat for

Swiss hydropower production. Renewable Energy 132, 616—627.

Scherer, K. (2008). Recent developments in pumped storage energy, Int. Council on Large

Electric Systems, Panel Session.

Schleiss, A. (2006). La force hydraulique n'a pas tout donné. Les cahiers de 1'énergie, 63, 6-10.

Schleiss, A. J., Franca, M. J., Juez, C., & De Cesare, G. (2016). Reservoir sedimentation. Journal

of Hydraulic Research, 54(6), 595-614. doi:10.1080/00221686.2016.1225320

Schleiss, A., Ehrbar H. & J.-P. Gisiger (1996). Mauvoisin II hydropower project: Geotechnical
investigations and design of rock supporting works for an underground powerhouse with

significant depth of rock cover [in German: Kraftwerksprojekt Mauvoisin Il —

49



1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

1465

1466

1467

1468

1469

1470

1471

1472

1473

1474

1475

1476

1477

Sondierkampagne und Bemessungskonzept fiir eine tiefliegende Kavernenzentrale].

Felsbau 14(6): 377-384.

Schlunegger, H & Thoni, A. (2013). 100 MW full-size converter in the Grimsel 2 pumped-storage

plant, in Proc. 2013 HYDRO Conference, Innsbruck, Austria.

Seidel, U., Mende C., Hiibner B. & Weber W. (2014). Dynamic loads in Francis runners and their
impact on fatigue life, IOP Conf. Series: Earth and Environmental Science, 22(3), 32054-

32062(9). doi:10.1088/1755-1315/22/3/032054

Semerci, D.S. & Yavuz, T. (2016). Increasing efficiency of an existing francis turbine by
rehabilitation process. 2016 IEEE International Conference on Renewable Energy
Research and Applications (ICRERA), Birmingham, 2016, pp. 107-111, doi:

10.1109/ICRERA.2016.7884440.

Sharma, S.R. (2006) Feasibility study of options for aging hydro-power generation facility,

Master Thesis, University of Texas, Arlington, TX, USA. http://hdl.handle.net/10106/252

Silva, D., Carazas, F. & Souza, G. (2009). Method to select instrumentation for hydraulic turbines
in upgrading process. In 2009 International Conference on Computers & Industrial

Engineering (IEEE), 1192-1197.

Silvério, N. M., Barros, R. M., Tiago Filho, G. L., Redon-Santafé, M., dos Santos, 1. F. S. & de
Mello Valério, V. E. (2018). Use of floating PV plants for coordinated operation with
hydropower plants: Case study of the hydroelectric plants of the Sdo Francisco River
basin. Energy Conversion and Management, 171, 339-349.

doi:10.1016/j.enconman.2018.05.095

Spénhoft, B. (2014). Current status and future prospects of hydropower in Saxony (Germany)
compared to trends in Germany, the European Union and the World. Renewable and

Sustainable Energy Reviews, 30, 518-525. doi.org/10.1016/j.rser.2013.10.035

St. Germain, F. (2018). Addressing pressure loss and oil leakage in Kaplan-Bulb turbines and the

impact on efficiency, BBA, Mont-Saint-Hilaire, Québec, Canada.

50



1478

1479

1480

1481

1482

1483

1484

1485

1486

1487

1488

1489

1490

1491

1492

1493

1494

1495

1496

1497

1498

1499

1500

1501

1502

1503

Swiderski, J. & Martin J. (1999). High Power Francis runner — upgrade with a new design runner,

Norcan Hydraulic Turbine Inc. report.

Swiss Federal Office of Energy (SFOE) (2004). Ausbaupotential der Wasserkraft (‘Upgrading

potential of hydropower’), Bern/Ittigen, Switzerland.

Tan, G., Chen, P., Deng, J., Xu, Q., Tang, R., Feng, Z., & Y1i, R. (2019). Review and improvement
of conventional models for reservoir sediment trapping efficiency. Heliyon, 5(9), €02458.

doi:10.1016/j.heliyon.2019.02458

Teige, A. M., & Dgnnestad, E. M. (2019). Optimal Turbine Re-Investment Strategies in

Hydropower, Master's thesis, NTNU, Trondheim, Norway.

Terrier, S., Jordan, F., Schleiss, A. J., Haeberli, W., Huggel, C. & Kiinzler, M. (2011). Optimized
and adapted hydropower management considering glacier shrinkage scenarios in the
Swiss Alps. Schleiss & Boes (eds) Proc. of International Symposium on Dams and
Reservoirs under Changing Challenges — 79th Annual Meeting of ICOLD — Swiss

Committee on Dams, 1 June 2011, Lucerne, Switzerland, 497-508.

Tomanova, S., Courret, D., Richard, S., Tedesco, P. A., Mataix, V., Frey, A., ... & Tétard, S.
(2021). Protecting the downstream migration of salmon smolts from hydroelectric power
plants with inclined racks and optimized bypass water discharge. Journal of

Environmental Management, 284, 112012,

Tomas, L., Tridon, S. & Cornut, X. (2015). Kaplan-Bulb turbine upgrade based on numerical

simulation, Hydropower & Dams, 22 (4).

Tonka, L. (2015). Hydropower license renewal and environmental protection policies: a
comparison between Switzerland and the USA. Regional Environmental Change, 15(3),

539-548. doi:10.1007/s10113-014-0598-8

Trivedi, C., Gandhi, B. & Michel, C. J. (2013). Effect of transients on Francis turbine runner life:
a review. Journal of Hydraulic Research, 51(2), 121-132.

doi:10.1080/00221686.2012.732971

51



1504

1505

1506

1507

1508

1509

1510

1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

1526

1527

1528

1529

Uria Martinez, R., Johnson, M. & Shan, R. (2021). US Hydropower Market Report (January 2021
edition) (No. ORNL/SPR-2021/1782). Oak Ridge National Lab.(ORNL), Oak Ridge, TN

(United States).

Valavi, M. & Nysveen, A. (2016). Variable-speed operation of hydropower plants: Past, present,
and future. In 2016 XXII International Conference on Electrical Machines (ICEM) IEEE,

640-646.

Van Vuuren, S. J., Blersch, C. L. & Van Dijk, M. (2011). Modelling the feasibility of upgrading
hydropower to existing South African dams. Water SA, 37(5), 679-692.

doi:10.4314/wsa.v37i5.5

Vanham, D., Medarac, H., Schyns, J.F., Hogeboom, R.J. & Magagna, D. (2019). The consumptive
water footprint of the European Union energy sector. Environmental Research Letters,

14(10), 104016. doi:10.1088/1748-9326/ab374a

Vassoney, E., Mochet, A. M. & Comoglio, C. (2020). Multicriteria analysis for the assessment of
flow release scenarios from a hydropower plant in the Alpine region. Water Resources

Management, 34(2), 637-651. doi:10.1007/s11269-019-02459-6

Vereide, K., Svingen, B., Guddal, R. & Engineer, S. H. (2015). Case study: Damaging effects of
increasing the installed capacity in an existing hydropower plant, in Proc. 12th
International Conference on Pressure Surges, Fluid Transients and Water Hammer,

Dublin, Ireland.

Vesely, J. & Varner, M. (2001). A case study of upgrading of 62.5 MW Pelton turbine. Upgrading

and Refurbishing Hydro Power Plants VIII. Prague, Czech Republic.

Welte, T. (2008). Deterioration and maintenance models for components in hydropower plants,
PhD thesis, Norwegian University of Science and Technology (NTNU), Trondheim,

Norway.

Winkler, K. (2014). Hydro-abrasive erosion: Problems and solutions, IOP Conf. Series: Earth and

Environmental Science, 22(5), 052022. doi:10.1088/1755-1315/22/5/052022

52



1530

1531

1532

1533

1534

1535

1536

1537

1538

1539

1540

1541

1542

1543

1544

1545

1546

1547

1548

1549

World Atlas & Industry Guide (2020). Hydropower & Dams, Aqua-Media International Ltd.,

Wallington, Surrey, UK.

XFLEX HYDRO (2020). XFLEX HYDRO progress report, The Water Power Magazine.

XFLEX HYDRO (2021). Latest news on the demonstrations, https://xflexhydro.net.

Yalcin, E., & Tigrek, S. (2019). The Tigris hydropower system operations: the need for an
integrated approach. International Journal of Water Resources Development, 35(1), 110-

125.

Yanmaz, A. M. & Ari, O. (2011). A study on dam instrumentation upgrading. KSCE Journal of

Civil Engineering, 15(2), 317-325. doi:10.47260/jesge/1115

Yumeng, Z., Li, G., Mi, Z., Fu, Z. & Wei, K. (2020). Heightening of an Existing Embankment
Dam: Results from Numerical Simulations, Chapter 2. In Fu, Z. and Bauer E. (Eds.) Dam

Engineering, IntechOpen. doi:10.5772/intechopen.92221

Zahedi, R., Ranybaran, P. & Gharehpetian, G.B. (2020). Classification of Approaches and
Techniques for Cleaning of Floating Photovoltaic Systems. Vleaning Tecnologies, (under

review).

Zhang, J., Chen, D., Zhang, H., Xu, B., Li, H., Aggidis, G.A. & Chatterton, S., (2019). Fast—slow
dynamic behaviors of a hydraulic generating system with multi-timescales. Journal of

Vibration and Control, 25(23-24), 2863-2874. doi:10.1177/1077546319860306

53



