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NOMENCLATURE

GWh - Gigawatt hour

MW — Megawatt

TWh - Terrawatt hour

E.U./EU - European Union

TES - Total energy supply

HPP - Hydropower plant

U.S. /US - United States

DOE - Department of Energy

WED - Water Framework Directive

EIAs - Environmental impact assessments

ETS - Emissions Trading System

ARIMA - Autoregressive integrated moving average
GARCH - Generalized AutoRegressive Conditional Heteroskedasticity
MCDA - Multi-criteria decision analysis

ROI - Return on investment

INHGA - National Institute of Hydrology and Water Management
ANAR - National Administration Romanian Waters
CFD - Computational fluid dynamics

Al - Artificial intelligence

CF - Capacity factor

VRE - Variable renewable energy

BEP - Best Efficiency Point

FSEC - Full-Size Frequency Converter

RoR - Run-of-river

HDPE - High-density polyethylene

FDC - Flow duration curve

CBA - Cost-benefit analysis

IRR - Internal rate of return

NES — National energetic system

NPV - Net present value

OPEX - Operational expenditures

CAPEX - Capital expenditures

GHG - Global greenhouse gas

CDM - Clean Development Mechanism

SNGA - National Strategy for Water Management Romania
PNI - Integrated National Plan
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Executive Summary

This study examines the potential for modernizing Romania’s aging hydropower infrastructure to enhance
electricity production, improve grid stability, and support national energy security. Hydropower remains
Romania’s largest renewable energy source, contributing to over a quarter of the country’s electricity mix.
However, many of its hydropower plants were built decades ago, with aging equipment limiting their
efficiency and output. Retrofitting these facilities presents a cost-effective and environmentally sustainable
solution, offering a faster alternative to new hydropower development while leveraging existing
infrastructure.

The study estimates that modernization efforts could increase Romania’s annual hydropower generation by
500-600 GWh under a low-ambition scenario, focused on incremental improvements such as pipeline relining
and turbine repairs. A high-ambition scenario, involving comprehensive upgrades like advanced turbine
replacements and digital automation, could boost production by 800-1,100 GWh —representing a 7% increase
in hydroelectric output. This additional generation could replace electricity imports, reinforcing Romania’s
energy security and reducing reliance on external power sources.

Beyond energy gains, retrofitting enhances grid flexibility, enabling hydropower to balance variable
renewable energy sources like wind and solar. Modernized plants equipped with real-time monitoring and
predictive maintenance can provide essential grid services such as frequency regulation, stabilizing
Romania’s power supply. Economically, retrofitting can be 40-50% cheaper than constructing new plants,
making it the most viable strategy to expand renewable generation capacity.

From an environmental perspective, retrofitting minimizes disruption by optimizing existing facilities rather
than building new dams. Modernization measures such as fish passage solutions, sediment management, and
ecological flow regulations help maintain biodiversity while improving plant efficiency. Unlike new projects,
which can fragment river ecosystems, retrofitting aligns with European environmental policies and avoids
additional greenhouse gas emissions.

Prioritizing high-potential sites, such as hydropower plants along the Bistrita River, could yield the greatest
energy and economic benefits. By acting swiftly to implement targeted retrofits, Romania can strengthen its

energy independence, accelerate renewable energy growth, and achieve a more resilient, low-carbon
electricity system.

The technical work for this study was carried out by Senior Lecturer PhD Eng Cornel ILINCA.

The completion of this report was also made possible through the collaborative efforts of Diana Cosmoiu,
Adam Harmat, Andreea Danciu, and Raluca Serbénica.
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1. Introduction

Romania has a diversified energy mix. In 2022, coal, 80% locally extracted, provided 14% of the primary
energy mix; crude oil and petroleum products (approx. 65% imported, 35% domestically produced) approx.
36%; natural gas (approx. 84% from domestic production, 16% imported) approximately 30% of the mix;
renewable energy and biofuels approx. 12%, and nuclear energy approx. 9%. The diversity of the energy mix
has allowed the NES (National Energetic System) to maintain its resilience, overcoming stress situations. The
situation of extreme temperatures related to the specificity of the regions, when the NES is subject to
vulnerabilities in ensuring the full coverage of energy demand for both domestic consumption and export,
the situation also present in neighboring states. Between 22.09.2017 and 01.06.2023, capacities totaling an
installed power of 5508 MW were withdrawn from operation in Romania. Thus, in 2023, the installed
capacity in the electricity system reached a historical minimum of 18,254 MW [1].

In 2023, the structure of Romania's net installed electricity capacity reflected a moderate diversification of
sources. Hydropower dominated with a share of 36%, followed by natural gas (16%) and wind energy (17%).
Renewable sources included solar (8%) and biomass/biogas 1%, while nuclear energy contributed 8%. The
distribution still indicates a strong dependence on conventional sources (coal and gas), which account for
over 30% of the capacity. Progress in the renewable sector is visible, especially in wind and solar, but it lags
behind the country's potential. Special mention deserves the growth of bioenergy, which highlights the efforts
to transition to more sustainable sources. However, the development of the sector requires accelerated
investments to balance the energy mix and reduce emissions. In terms of energy produced, it is noteworthy
that the share similar to the difference of nuclear energy increases to 20%, while hydro, wind and solar energy
decrease depending on the capacity factor [1].

The increase in energy generation and other benefits that may be associated with modernization of existing
capacities is of great interest, especially if we consider that the modification of existing plants may be free
from most of the environmental impacts and conflicts related to the construction of new hydropower plants
(HPPs) on pristine and unregulated rivers (river sections). Modernizing the existing HPPs would consolidate
and further improve current energy generation and grid flexibility, i.e., hydropower capacity to adapt its
operating conditions within a short time and support ancillary services, while extending the lifespan,
addressing operational issues, increasing the level of safety, and reducing environmental impacts. In this
report, we propose a screening-level, large-scale quantification of the gains in terms of annual generation and
flexibility that the modernization of the Romanian hydropower fleet might yield. We investigated different
modernization practices applied at the European and US scale, considering the hydropower fleet
characteristics and including all the hydropower plant types (reservoir and run-of-river). For each practice,
we propose an indicator of the additional energy generation that can be expected and the potential
contribution it may bring to Romania. We discuss our results considering statistical factors, economic indices
and also some legislative and environmental reality checks.

Hydropower modernization may lead to retrofitting, upgrading, or/and refurbishing of plants. Retrofitting
consists of using recent technologies to improve plant performance, such as control schemes, fault protection,
digitalization and monitoring, automation of some auxiliary equipment, and even changing some parts of
important equipment, thus improving efficiency [2]. Upgrading implies changing the main equipment
(turbines, generators) and the infrastructure (dam height, intakes) [3]. Refurbishing represents the repair
and/or replacement of old equipment, which also requires significant civil works for increasing, for instance,
safety and predictability.

Done right, hydropower offers energy, water, proven technology, a long-life span, flexibility, reliability, and
national economic stimulation. Hydropower offers significant potential for carbon emissions reductions [4].

Negative impacts arise from socio and environmental changes, including resettlement and loss of livelihoods,
heritage, biodiversity, water courses, and fisheries. The intent of the methods discussed in this study is to
ensure that benefits are maximized, and negative impacts are avoided, minimized, mitigated and
compensated.
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Important environmental issues encompass habitat loss, biodiversity loss, invasive species, water quality,
methane emissions, erosion, reservoir sedimentation, and downstream flow regimes. Reservoir sedimentation
can greatly limit the life of a hydropower project and can be exacerbated by catchment practices beyond the
control of the hydropower facility. Passage of aquatic species past the physical barrier presented by dams has
been a challenge for the hydropower industry. Increasingly with climate change, reliability of the water
resource and avoidance of greenhouse gas emissions from reservoirs need careful consideration [5].

This study will expand on the methodology and calculations underpinning these estimates. A detailed
analysis will identify the specific hydropower plants that require urgent retrofitting based on various
scenarios, such as low-ambition refurbishment and high-ambition retrofitting and upgrades. Additionally, a
screening-level assessment will outline the potential candidates for pumped-storage retrofitting. This
expanded section will incorporate background information, modeling techniques, and scenario-based results
to provide a comprehensive and transparent foundation for the outcomes presented in this study.

Thus, this study will focus on hydropower plants with installed power of at least 10 MW, in conformity with
EU classifications.

2. Alignment with European and Global Sustainability Policies and Social benefits

Beyond the domestic context, the European Union has set ambitious targets for renewable energy
deployment and greenhouse gas emissions reduction. Hydropower refurbishment aligns with these
objectives, offering a viable pathway for Romania to contribute to Europe's energy transition [Z].

The UN Conference on the Human Environment in Stockholm marked a turning point in global
environmental awareness in 1970. It recognized the interconnectedness of environmental issues and human
activities and laid the groundwork for international cooperation on environmental protection. In 1972, the
UN Conference on the Environment in Stockholm further emphasized the importance of environmental
protection and introduced the concept of ecodevelopment. Ecodevelopment emerged as a response to
growing environmental concerns and promoted economic development compatible with environmental
protection and social equity.

The Brundtland Commission's report, "Our Common Future," introduced the widely accepted definition of
sustainable development in 1987. This definition highlighted the balance between economic growth, social
development, and environmental protection. In 1992, the Earth Summit in Rio established the framework for
global sustainable development, producing the Rio Declaration on Environment and Development and the
Agenda 21. The World Summit on Sustainable Development in Johannesburg reaffirmed the commitment to
sustainable development and addressed specific challenges such as poverty, energy, and water. It also
emphasized the importance of corporate social responsibility and public-private partnerships.

The concept of corporate social responsibility gained prominence in 2010, recognizing the role of businesses
in promoting sustainable development by integrating social and environmental concerns into their
operations. In 2015, the UN General Assembly adopted the 2030 Agenda for Sustainable Development, which
included a dedicated and stand-alone goal on energy, SDG 7. This goal calls for ensuring access to affordable,
reliable, sustainable, and modern energy for all. Energy lies at the heart of both the 2030 Agenda for
Sustainable Development and the Paris Agreement on Climate Change. Achieving SDG 7 will open up a new
world of opportunities for millions of people through new economic opportunities and jobs.

The European Union has set a clear policy direction through its Green Deal and Clean Energy Package, which
aim to make Europe the first climate-neutral continent by 2050. Hydropower retrofitting in Romania must be
closely aligned with these overarching goals to ensure both compliance and the maximization of benefits. A
key policy driver is the Renewable Energy Directive (RED II), which sets binding targets for the share of
renewable energy in the EU’s energy mix. Romania, like all member states, is required to contribute to the
EU-wide target of 32% renewable energy by 2030. By retrofitting its hydropower plants, Romania can
significantly increase the share of renewable energy in its energy mix, while also ensuring grid stability.
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Another important piece of legislation is the European Water Framework Directive (WFD), which establishes
stringent environmental standards for water bodies across Europe. The directive aims to achieve "good
status" for all EU water bodies, meaning that hydropower retrofits must be carefully designed to minimize
ecological impacts. Romania will need to strike a balance between maximizing hydropower output and
protecting aquatic ecosystems. Fish passage solutions, improved sediment management, and optimized water
flow regimes must all be incorporated into retrofitting strategies to ensure compliance with the WFD.
Environmental impact assessments (EIAs) and ecological monitoring will also be essential for ensuring that
retrofitted plants operate sustainably.

The EU Emissions Trading System (ETS) is another important consideration for Romania’s hydropower
sector. While hydropower plants themselves do not emit greenhouse gases, retrofitting projects may have
indirect impacts on emissions, particularly if they involve extensive construction activities. Romania will need
to assess the lifecycle emissions of retrofitting projects and explore ways to minimize their carbon footprint.
For example, using low-carbon materials in turbine replacement or adopting green construction practices
could reduce the overall environmental impact of these projects. Moreover, by increasing hydropower
capacity, Romania could reduce its reliance on fossil fuels and lower its participation in the ETS, contributing
to overall emissions reductions in line with EU goals.

Retrofitting Romania’s hydropower plants is not just a technical and environmental challenge; it also presents
social opportunities. Retrofitting can improve the resilience of local communities by providing a more stable
and reliable energy supply. Hydropower plants are often located in remote, underserved regions where
energy security is a major concern. By retrofitting these plants, Romania can ensure that these communities
have access to a reliable source of electricity, reducing the likelihood of power outages and contributing to
regional development. In addition, the environmental benefits of hydropower retrofitting —such as reduced
emissions and improved water management—can enhance the quality of life for residents in these areas, who
are often the most affected by environmental degradation and climate change.

3. Hydropower plants in Romania

To understand the importance of hydropower, first the fundamental principles of hydroelectric power
generation and the equations involved in converting the potential energy of water into electrical energy that
are used to calculate the potential energy of water and the power that can be generated from a hydroelectric
power plant must be explained, key concepts such as specific energy, head, mechanical work, power and also
the components of a typical hydroelectric power plant can be found in Appendix C [8].

3.1. Data collection

The database used for this study (table from Appendix 1) contains data on various hydroelectric power plants
(HPPs) in Romania. The database provides information such as: unique identifier for each HPP, county and
nearest municipality where the HPP is located, technical details (type of HPP, installed power, fall, and other
technical specifications), year of commissioning, number and type of turbines, average output, and other
operational metrics.

Based on the information available in the table, the data can be used to analyse hydroelectric power
production capacity and efficiency (203 records, see Appendix 1).

Many hydropower projects are evaluated in isolation of an overall basin planning framework, and issues
arise due to competing or conflicting needs and uses of the basin resources. Integrated Water Resource
Management has a focus on understanding and rationalizing the use of and impacts on basin resources. With
respect to hydropower, this may result in measures to ensure maintenance of ecosystem services (e.g. fish
passage or sediment through-flow), protection of developed river reaches, more coordinated operation of
different hydropower facilities to achieve better water resource efficiencies, delivery of environmental flow
regimes, and/or increased multipurpose hydropower facilities to offer a variety of services such as irrigation,
water supply or aquaculture [12].
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3.2. Data analysis

The use of mathematical models is necessary to project the energy production in the future, according to
different scenarios of hydropower sector retrofits. These can be done from multivariate statistical analyses
(such as factor analysis or principal component analysis) to identify key factors influencing production, to
time series models (ARIMA, GARCH) to analyse the time evolution of hydropower production, this being
generally used on a hydroelectric plant where average monthly energies and average monthly flows are
known. A simple analysis of hydroelectric energy over the last ten years shows that it is uneven by quarter
with a production of approximately 30% in the second quarter and 20-25% for the rest of the quarters, this
being the result of flow lamination due to accumulations (dams).

Figure 4. Quarterly average energy for the last 10 years [12].

bbb

Figure 5. Quarterly average energy for the last 10 years [13].

The average annual energy has important variations from minimum quarterly energies below 3 TWh for
quarter IV to over 6 TWh for quarter II, this being the result of the variability of the hydrological regime
which is very high. Because of climate change and the increasing share of intermittent renewables, this
variable regime will intensify. From this analysis it is noted that an increase in the efficiency of and a change
in the operating mode of the hydroelectric plants will bring an increase in the production of electricity.

3.3. Multivariate statistical analysis
The multivariate statistical analysis is a collection of statistical techniques that allow us to explore the
relationships between several variables simultaneously.

Direct proportionality between the installed hydroelectric energy and the average annual energy production
is highlighted. This bond is important for understanding Romania's hydropower potential and for making
economic decisions regarding the upgrade in the energy sector. The analysis was performed for a linear and a
polynomial correlation, the interpretation was chosen for the linear correlation.
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Figure 6. Average energy depending on the installed power (left — linear correlation; right parabolic
correlation).

The slope of 2.24 indicates that average annual output increases by approximately 2.241 GWh for every 1 MW
increase in installed capacity. This linear relationship suggests a relatively consistent efficiency of the
analyzed hydropower plants. In addition to the installed power, there are other factors that influence energy
production, such as:

. Hydrological regime: River flow, seasons, climatic variations can significantly affect energy
production.
. Maintenance: The operating condition of the equipment and the frequency of maintenance can

influence the efficiency of the hydropower plant.

. Efficiency of the turbines: In general, the turbines are old and their yields are 4-5% lower than at

commissioning due to wear.

. Energy price: Fluctuations in the price of electricity can affect the profitability of hydropower plants.

It is noted that points above the regression line should be the first candidates for increasing turbine power,
including by increasing the efficiency of turbines such as Portile de Fier II

Head (m)
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MW
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Figure 7. Head as a function of installed power (left) and the Head as a function of the average output (right).
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The annual average energy versus installed power graph shows a linear relationship between the installed
power of a hydropower plant and the water fall. Hydroelectric plants with a higher head generally require
lower investment by increasing the efficiency of the turbines, so points above the straight line may be an
optimal choice for turbine retrofitting, except for large hydroelectric plants such as Portile de Fier II, whose
retrofitting is based on the increase in installed power discussed previously.

3.4. Prioritizing hydropower plant upgrades: A criteria-based approach.

In order to modernize the hydropower potential of hydropower plants ( over 10 MW), in order to achieve an
increase in electricity by approximately 7% of the average annual energy, an action plan is necessary that
mainly includes the criteria for prioritizing the modernization of the respective hydropower plants.

The criteria are technical-economic, social and environmental and can have a multi-criteria decision analysis
or probabilistic approaches.

A multi-criteria decision analysis (MCDA) approach is generally required to prioritize the upgrading and
rehabilitation of HPPs, this involves assigning weights to each criterion and scoring each HPP according to
the criteria. HPPs with the highest global scores would be prioritized for rehabilitation.

i. Technical and economic criteria. These are defined by technical analysis regarding the technical condition of
the objects, the Potential Energy Gain and the Estimated Cost of Rehabilitation realized through Cost-benefit
analysis of potential rehabilitation projects and Return on investment (ROI) and payback period. This
includes HPP's operational flexibility to adapt to changing energy demand and grid conditions.

- The state of hydropower units determined by age and efficiency (turbines, generators, drives and
automation) is a criterion by which the technological advance over time is recognized but also the
deterioration that leads to decreases in hydropower performance and including the availability of
hydroelectric plants. For this, equipment condition evaluation reports are required based on the maintenance
history and the records of the electricity produced on each individual hydro unit.

- The state of the pipelines and other works (water intakes, etc.) is a criterion that is determined not only by
the inherent uses of these but also by the materials and technologies used in the past, which can be improved
today. For example, for pipelines, they can shrink water losses and hydraulic load losses through relining by
the tight in pipelines method or epoxy resins, polyurethane, and polyurea coatings.

- The state of the electricity transmission system, especially the need to increase the transmission capacity.
This is one of the main reasons for the national dispatcher interrupting electricity production capacities due to
the insufficient power of electrical transformers or the transmission capacity of electrical lines.

ii. Impact on the environment and socioeconomic criteria. Environmental impact is presented here with
socioeconomic impact, as many times the inherent benefits and drawbacks of large dams and hydroelectric
plants are correlated.

- Potential environmental impacts resulting from rehabilitation activities, this criterion is very important
because hydroelectric energy which is renewable also aspires to the status of green energy, which is debatable
because in general large hydroelectric plants with reservoirs create a major impact through emissions of
greenhouse gas from the anaerobic processes in the depth of the reservoirs, the interruption of the
longitudinal and lateral connectivity of the rivers, the interruption of fauna mobility from one bank to the
other due to the reservoir, the drastic reduction of the downstream flow with a major impact on the
ichthyofauna and the transformation of a water course into a lake with all the severe consequences for the
biotope. For example, it must be specified that additional construction works, such as raising dams in
protected areas and of community interest, are prohibited.

- Compliance with European and national environmental regulations and standards, this is a criterion that

generally should not be stated, but in Romania, a deregulation initiated by the Romanian state, and a
non-compliance with its own legislation is observed. For example, HG 148/2020 had clear implementation
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deadlines imposed by the Romanian state, which were also violated by the authorities subordinate to the
Romanian state. Another example is the authorization of works to finalize some hydroelectric investments
that violate all the environmental regulations also approved by the Romanian state. Another example is the
conflict of interests of some entities like the National Administration Romanian Waters (ANAR) that check
and monitor the salubrious/ecological flow defectively, their interest being to use as much water as possible
for the holders of hydropower capacities because the water that is paid for constitutes part of ANAR's funds.
Another example is the National Institute of Hydrology and Water Management (INHGA) which, with the
support of ANAR, approves, through diffuse and unclear provisions, new uses and users of water (trout
farms, etc.), thus increasing the pressure on water bodies.

- Opportunities to improve the environment and reduce the socio-economic impact on local communities
downstream of large dams, through the creation of passages for ichthyofauna or other measures such as the
imposition of clearer regulations on the ecological flow and the flow of downstream water users. A
reregulating reservoir, situated downstream of a peak hydropower plant, is essential for storing fluctuating
discharges and releasing them in accordance with environmental flow requirements.

Dams affect the longitudinal and lateral connectivity of rivers. The disruption of longitudinal connectivity
limits the mobility of species in their habitats and leads to biodiversity loss. In addition, the modification of
hydrogeomorphological processes and the hydrological regime affects rivers and alters habitats, including the
riparian zone, with negative implications for biodiversity and the functioning of lotic ecosystems. The
modified hydrological regime downstream of dams is characterized by a prolonged period of anthropogenic
hydrological drought (approximately eight months per year), which, combined with the effects of climate
change, accentuates the negative impact on the environment. Given the importance of the problems regarding
the longitudinal connectivity of rivers in the field of hydrotechnical developments and constructions and their
implications in improving the ecological status of surface water bodies, it is essential to identify solutions for
the design of fish passes in the retrofitting process of hydroelectric power plants. The presence of dams and
weirs in protected natural areas, some of national interest, others of community interest, and others of
international interest, requires the integration of updated fish passes. In conclusion, the retrofitting of
hydroelectric power plants must also address this environmental requirement.

In addition to these criteria, for assessing the global hydropower retrofit potential, probabilistic approaches
can offer significant advantages, particularly in handling uncertainties and variations in input values.

iii. The usual statistical analysis is done using histograms that have the relative frequencies on the ordinate (y)
or cumulative curves that have the cumulative frequencies on the ordinate (y) (cumulative curve).
Cumulative frequencies will be used in the present analysis, since it is easy to determine in which percentile a
certain value falls, and in the analysis of distributions, data distributions can be compared.

The percentiles (P) represent the data set values related to the total number of hydropower plants expressed
as a percentage. Percentiles measure which values of a data set fall below a certain percentage of the total

number of points. The empirical probability (percentiles, ) will be calculated using Hirsch's formula,

P = %;i = 1.n, having the property that it has the same median value as Anon's formula P, = %, the
i-0.35

maximum value approaches the Landwehr formula P, = , and the minimum value is below the value

i+1
n+2’

given by Laplace's formula P, = these being practically identical in terms of the analyzed records

number [14].

In the analysis of the modernization of the power plants, different criteria can be used in which
recommendations are made on a statistical basis, for example by establishing quartiles (Figure 8). This is
necessary to prioritize the modernization of hydropower plants that would bring important energy gains by
modernizing in principle a small number of units with large installed powers, but also those hydropower

m

plants that have a low installation coefficient, thus having a net capacity factor, CF, = as high as

instulled.

possible.
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Figure 8. Chart highlighting the quartiles.

The recommendation to focus retrofitting efforts on plants with power and energy outputs above the third
quartile (Q3) is based on the following reasoning;:

" 75% of the plants have capacities below 45 MW. Retrofitting plants above this threshold would target

a significant portion of the higher-capacity plants, potentially yielding substantial energy gains. Plants with
higher capacities often have more potential for efficiency improvements through retrofitting.

" Lower-capacity plants (below Q3) may not benefit as much. Namely, these plants already operate at

lower power levels, and retrofitting them might not significantly increase their output.

. Lower-energy hydropower plants (below 114.6 GWh) might have limited retrofitting potential. A
thorough cost-benefit analysis should be conducted to evaluate the economic feasibility of retrofitting each
hydropower plant.
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Figure 9. The distributions of average operating time.

The two graphs in Figure 9 depict the distributions of average operating time at installed power (T) and
installation coefficient (ki) for hydropower plants in Romania with capacities exceeding 10 MW.
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The recommendation is to focus retrofitting efforts on plants with operating time above the third quartile (Q3)
and installation coefficient below the median (the middle value when a data set is ordered from least to
greatest).

This means 75% of plants operate less than 2866 hours. Targeting plants above this threshold would focus on
those with higher utilization, potentially yielding significant energy gains through retrofitting. Plants with
higher operating times often have more potential for efficiency improvements through retrofitting.

Lower operating time plants (below Q3) might have limited retrofitting potential. Their lower utilization
might be due to factors other than capacity, making retrofitting less impactful.

The installation coefficients of hydropower plants under the median value have installation coefficients below
3.5. Retrofitting plants below this value would target those with lower installation costs, potentially making
the retrofitting more cost-effective. Plants with higher installation coefficients (above the median) might have
higher retrofitting costs.

Targeting plants with operating times above the third quartile and installation coefficients below the median
aligns with the goal of maximizing energy output and optimizing the use of existing hydropower resources.
However, it is crucial to consider the specific characteristics of each plant and conduct a comprehensive
assessment to determine the most effective retrofitting strategies.
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Figure 10. The correlation between the installation coefficient and the operating time.

In the attached graph (Figure 10) is the power and logarithmic correlation between the installation coefficient
and the operating time at the installed power. Parameter estimation by the methods of least squares and
median-median regression was used. The confidence interval of the logarithmic regression was calculated,
and the recommendation is made to modernize the hydropower plants whose installation coefficient is below
the median value, and the operating time values at the installed power are in the area delimited by the graph
of the limits of the confidence intervals.

The recommendation to modernize hydropower plants with an installation coefficient below the median and
operating time within the confidence interval is based on the optimal principle, which could improve their
efficiency and increase operating time. By focusing on plants within this interval, we can be more confident
that modernization will lead to significant improvements in operating time.

While the installation coefficient and operating time are important factors, other factors like the age of the
plant, maintenance history, and local hydrological conditions can also influence the potential for
improvement. Modernizing older plants can also lead to environmental benefits.
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The average yield of hydropower plants larger than 10 MW from the design data is 80% and the median
value is 81.7%, these being small values. This yield refers to the efficiency of the equipment, specifically the
ability of turbines and generators to convert water energy into electricity under ideal conditions. It is not the
same as the capacity factor, which measures the actual energy output over a period as a percentage of the
maximum possible output. Capacity factors for hydropower plants are typically much lower, ranging
between 30% and 50%, depending on factors such as water availability, operational schedules, and
environmental constraints.

3.4.1. Scenario Analysis

The low-ambition scenario focuses on preserving the functionality of existing hydropower plants through
targeted, cost-effective refurbishments. This approach prioritizes basic repairs to turbines and control
systems, as well as measures such as pipeline relining to reduce head losses. By addressing the aging
infrastructure of smaller hydropower plants, such as those along the Bistrita River, this scenario aims to
achieve incremental energy gains of approximately 500 to 600 GWh annually. While these improvements may
not revolutionize energy output, they provide a practical and relatively low-cost pathway to enhance
performance and reliability.

The high-ambition scenario takes a more transformative approach, aiming to maximize energy output and
efficiency through comprehensive modernization efforts. This includes the upgrade of key components such
as turbines and generators, alongside the implementation of advanced digital control systems. Large-capacity
hydropower plants are prioritized for these upgrades, given their significant potential for increased
generation. Energy gains under this scenario are estimated to range between 800 and 1100 GWh annually,
representing a substantial contribution to Romania's renewable energy goals. Such a strategy requires greater
investment but delivers long-term benefits in terms of both energy production and system efficiency.

In addition to these scenarios, retrofitting pumped-storage capabilities offers a strategic opportunity to
enhance energy storage and grid flexibility. By equipping plants with dual-purpose turbines and making
reservoir modifications, existing hydropower facilities could play a pivotal role in supporting the integration
of intermittent renewable energy sources like wind and solar. Plants such as Colibita and Lotru-Ciunget are
potential candidates for these retrofits, with operational gains varying depending on specific scenarios. This
approach aligns with broader energy transition efforts, ensuring that the hydropower sector contributes not
only to generation but also to the stability and adaptability of the energy grid.
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Figure 11. Lotru Hydropower Development.

3.4.2. Identifying Candidate Hydropower Plants for Retrofitting, Refurbishment, and Pump-Storage
Upgrades

Scenario Analysis and Candidate Selection

Based on the table in Appendix 1, several hydropower plants emerge as strong candidates for various
upgrades. These selections are influenced by factors such as current capacity, operational age, potential for
increased output, and suitability for pump-storage technology. Some examples:

Low-Ambition Scenario: Targeted Refurbishments

° Smaller Hydropower Plants Along the Bistrita River: These plants, while smaller in scale, collectively
represent a significant opportunity for incremental gains. By addressing basic maintenance needs like turbine
repairs, control system upgrades, and pipeline relining, these facilities can significantly improve their
efficiency and reliability. This scenario aligns with a cost-effective approach to enhance the performance of
existing infrastructure.

High-Ambition Scenario: Comprehensive Modernization

. Bistrita: These plants, being larger than the other Bistrita River plants, could benefit from a more
comprehensive modernization approach. Upgrading its turbines and generators, as well as implementing
advanced control systems, could lead to a 15-20% increase in energy output, translating to an additional
200-300 GWh annually.

) Arges: These plants, with its substantial capacity, is a prime candidate for modernization. Investing

in advanced technologies and infrastructure upgrades can optimize its performance and maximize energy
production, potentially leading to a 10-15% increase in output, or an additional 300-450 GWh per year.
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Vidraru HPP, located on the Arges River, harnesses energy over a 28 km stretch and stands as one of
Romania’s key hydroelectric installations. At its inauguration, the Vidraru Dam was the fifth tallest in Europe
and the ninth globally, with a height of 317 meters and a length of 678 meters. The plant has an installed
capacity of 220 MW and produces an average annual output of 3508 GWh.

The retrofitting of the Vidraru Hydroelectric Power Plant (HPP) aims to:

- Increase the active power of each hydro unit from 55 MW to at least 58.8 MW while maintaining the
maximum discharge flow rate of 22.5 m?/s per unit (90 m?s total).

- Enhance the efficiency and overall yield of the plant.
- Improve performance and return on investment beyond initial levels.

- Boost reliability, availability, and operational safety of equipment and facilities, ensuring high-quality
system services.

- Introduce a centralized monitoring and control system linked to the national energy dispatcher (DEN) for
operational flexibility.

- Prepare the plant’s equipment and facilities for a new operating cycle.

° Jiul: Similar to Arges, the Jiul plants offer significant potential for increased energy output through
modernization. Upgrading its turbines, generators, and control systems can enhance its efficiency and
reliability, potentially leading to a 12-18% increase in output, or an additional 350-500 GWh per year.

° Dambovita-Clabucet: This plant, with its relatively high capacity, could also benefit from completion
efforts. Implementing advanced technologies can lead to increased energy production and improved
operational efficiency, potentially leading to a 100% increase in output, or an additional 50-60 GWh per year.

Pump-Storage Retrofitting

. Lotru-Ciunget: While not explicitly mentioned in the table, the Lotru plants could be considered for
pump-storage retrofitting, depending on its specific characteristics and the feasibility of reservoir
modifications. This could increase their energy storage capacity and flexibility, allowing it to better integrate
with renewable energy sources.

° With complex and potential adaptations of suitable existing reservoirs a conservative energy increase
estimate would be in the range of 50 to 150 MW. This reflects a scenario where existing infrastructure is
leveraged with moderate modifications.

Additional Considerations and Potential Candidates

° Other Plants such as Colibita, Izvorul Muntelui-Bicaz, PF I (Orsova), with Suitable Reservoir
Conditions: Hydropower plants with existing reservoirs that can be adapted for pumped-storage operations
should be evaluated on a case-by-case basis. If Romania pursues dedicated new PHES projects in optimal
geological locations, alongside significant upgrades to existing facilities, the potential could reach 500-600
MW, in the case of least impact of the environment.

Conclusion

By strategically implementing these upgrades, Romania can significantly enhance the performance and value
of its hydropower sector. The low-ambition scenario provides a practical and cost-effective approach to
address the needs of smaller plants, while the high-ambition scenario unlocks the full potential of large-scale
facilities. Pump-storage retrofitting, in particular, can contribute to a more resilient and flexible energy system
by enabling the storage of excess renewable energy for later use.
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If hydroelectric plants with efficiencies lower than the median value are modernized and there is an overall
efficiency increase of 8%, an increase of 530 GWh would be obtained.

If the decision is made to modernize the power plants using the criterion of installed power higher than the
third quartile (45 MW) or Q3 energy (115 GWh), an energy increase of approximately 1100 GWh will be
obtained.

If the decision is taken to modernize the plants using the operating time criterion at the installed power
higher than the third quartile (2866 hr), an energy increase of approximately 790 GWh will be obtained.

If the decision is taken to modernize the power plants using the criterion of the installation coefficient lower
than the first quartile (2.6), an energy increase of approximately 800 GWh will be obtained.

The decision to modernize the power plants using the criterion of the installation coefficient lower than the
median value (3.5) will bring an energy increase of approximately 960 GWh for 31 hydropower plants.

4. Technical assessment

The technical assessment of hydropower retrofitting in Romania involves a comprehensive analysis of the
country’s aging infrastructure, technological upgrades necessary for improving efficiency and reliability, and
the engineering challenges associated with integrating these retrofits into the existing energy grid. Many of
Romania’s hydropower plants were developed after the mid-20th century, meaning much of this
infrastructure has aged, with several plants nearing or exceeding their designed operational lifespans. While
these plants have been vital to the country's energy needs, they now require modernization to meet
contemporary energy demands, align with environmental regulations, and integrate seamlessly into a
renewable energy mix that increasingly relies on intermittent sources such as wind and solar power.

The operational lifespan of hydropower equipment, such as turbines, generators, and auxiliary systems,
typically ranges from 30 to 50 years, depending on maintenance practices, operating conditions, and
technological advancements since their installation. Over time, the efficiency of older turbines can decrease by
5-10% due to wear, cavitation damage, and outdated design. Generators and control systems also face
insulation degradation, reduced cooling performance, and mechanical fatigue, further lowering overall plant
efficiency.

Key indicators signaling the need for modernization include: frequent breakdowns, increased maintenance
costs, reduced energy conversion efficiency, and the inability to meet grid demands for flexible operations, a
pronounced variability of flows, especially the emphasis on hydrological drought trends, thus requiring the
adoption of technologies that can effectively manage these fluctuations and variability. A probabilistic
analysis can also be performed to substantiate the decision to modernize the turbines, thus providing a more
detailed perspective on the uncertainties that characterize the main factors that influence this decision, such
as: the current efficiency of the turbine, as well as the potential for improvement; conducting trend analyses
regarding the water resource; the cost of modernization and maintenance; the price of electricity, etc. Thus, a
mathematical model/computational method (Monte Carlo, Bayesian Networks, etc) can be developed that
realizes the interdependence of these variables, with a significant number of possible scenarios. This way, it
can be established, for example, how the uncertainty of the energy price influences the viability of the
modernization; what impact does a possible reduction of the water flow by a certain percentage have, etc.

Modernizing such components, with advanced materials and technologies, can restore efficiency, extend
equipment lifespan, and improve the plant's adaptability to fluctuating hydrological conditions and

renewable energy integration.

Upgrading turbines and generators forms the backbone of retrofitting efforts. Older turbines, such as the
Francis, Kaplan, or Pelton types still operating in Romania, often function below optimal efficiency due to
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wear and outdated designs. Replacing these with modern high-efficiency models that use advanced materials
and computational fluid dynamics (CFD) modeling can significantly enhance energy output while
minimizing water usage. Such upgrades are particularly crucial in Romania, where seasonal and climate
change-induced variations in water availability can disrupt power generation. Variable-speed generators,
another significant technological innovation, allow plants to optimize performance during fluctuating flow
conditions, ensuring reliable electricity generation under both high and low inflow/head scenarios.

Control systems in older plants often rely on outdated manual or semi-automated technologies, presenting
inefficiencies in operation. By integrating advanced digital control systems capable of real-time monitoring
and optimization, hydropower plants can more effectively respond to changing water availability and grid
demands. These systems can manage turbine speeds, water flows, and generator output with precision,
enhancing overall efficiency and reducing wear on equipment. Moreover, digitalization enables hydropower
plants to provide ancillary services such as frequency regulation and voltage support, which are essential for
stabilizing a grid increasingly reliant on variable renewables.

Ancillary systems such as intake structures, spillways, and penstocks also require attention. Intake structures
may suffer from sedimentation and debris buildup, reducing water flow efficiency. Retrofitting with
self-cleaning mechanisms or automated debris removal systems can mitigate these issues and reduce manual
maintenance. Similarly, upgrading spillways to handle higher water volumes addresses the challenges posed
by climate change, which increases the likelihood of extreme weather events. Penstocks, which channel water
from reservoirs to turbines, often experience corrosion and wear over time. Replacing or refurbishing these
structures with high-strength steel or composite materials can reduce leaks, improve water delivery, and
lower maintenance costs.

Romania’s participation in the European internal energy market is another critical consideration in the
retrofitting process. The European Union has set ambitious targets for cross-border electricity flows as part of
its strategy to create a unified and resilient energy market. Hydropower retrofitting in Romania should align
with these goals, ensuring that retrofitted plants can export electricity to neighboring countries or import
power during times of low generation. This requires not only upgrading physical infrastructure but also
improving Romania’s digital grid management systems to monitor and control electricity flows efficiently
across national borders.

In addition to mechanical and electrical upgrades, digital technologies such as predictive maintenance
systems and artificial intelligence (AlI) solutions can further enhance the long-term operational viability of
Romania's hydropower plants. Predictive maintenance uses real-time monitoring and advanced algorithms to
identify potential equipment failures before they occur, reducing downtime and repair costs while increasing
overall availability. Al systems can also optimize water flow management, forecast energy production, and
ensure compliance with environmental standards, further boosting the economic viability of retrofitted
plants.

Finally, environmental and regulatory considerations play a crucial role in retrofitting efforts. Romania’s
hydropower plants must comply with national regulations and European Union directives such as the
Habitats Directive, Birds Directive, and Water Framework Directive (WFD). This may require additional
technical measures, such as installing fish ladders or bypass systems to facilitate aquatic species migration
and implementing sediment management systems to prevent reservoir buildup. Ensuring alignment with
these requirements not only minimizes environmental impacts but also supports Romania's broader
commitment to sustainable energy development within the EU framework.

To analyse potential solutions, the basic annual energy generation equation is decomposed so that the
proposed solutions can be directly linked to a variable influencing energy production.
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The annual energy generation of a hydropower plant can be calculated using the following equation [2]:

E = p-gQ-Hnt
where:

. E (kWh), represents the annual generation,

. p, is the water density (1000 kg/m3),

. g, is the acceleration due to gravity (9.81 m/s?),

. Q, is the usable discharge (m?/s),

- H, is the net head (m),

. 1, is the efficiency of the power plant equipment,

including the hydraulic efficiency of the conduit (pipe)

. t, is the average annual duration of plant operation.

Another important metric in this analysis is the capacity factor (CF), which is the ratio of annual energy
production to the energy that would be generated if the plant operated continuously at its nominal capacity.
For instance, the average capacity factor in Europe is 0.35 (excluding pumped hydro), though it varies
between countries—e.g., 0.26 in Romania and 0.5 in Norway [69,70].

Modernization strategies for hydropower plants focus on optimizing different elements of the equation. Some
aim to increase the usable discharge (Q-strategy), others target increasing the net head (H-strategy),
improving efficiency (n-strategy), or maximizing the operational time (t-strategy).

A Q-strategy may involve either increasing the total annual inflow (volume) or concentrating the flow during
peak demand hours while keeping the annual inflow unchanged. Boosting the annual inflow is only feasible
where climate change is expected to increase natural water discharges, such as in Norway [71]. However,
much of Europe, particularly the Alpine region, is predicted to experience reduced annual flows due to
glacier retreat [70, 73, 74]. In other locations, water protection laws usually limit additional withdrawals,
making this approach site-specific. Therefore, the focus is often on concentrating flow during shorter periods
of operation without increasing overall inflow. This strategy may require upsizing runners, improving
waterway capacity, and adding hydraulic structures to prevent damage, all of which come with costs [75, 76].
These investments are justified if they enhance the plant's flexibility, enabling it to meet peak energy
demands with increased installed capacity while cutting generation during times of surplus variable
renewable energy (VRE) and reducing spills during high waters (hydrological regime). Potential Q-strategies
also include installing floating PV systems to reduce evaporation, minimizing head losses in waterways, and
improving flow management through digitalization, such as optimizing multi-unit operations. However, it is
important to note that these strategies may lead to significant fluctuations in water levels downstream,
particularly in the lower part of the river. Such fluctuations can negatively affect aquatic ecosystems, disrupt
sediment transport, and impact water-dependent activities, such as agriculture and fisheries. To mitigate
these impacts, measures like maintaining ecological flow requirements, constructing reregulation reservoirs,
and implementing advanced flow scheduling can be incorporated into the Q-strategy. These steps ensure that
while energy production is optimized, the downstream river environment remains stable and sustainable.
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The n-strategy addresses the growing demand for turbine designs that perform efficiently over a wide range
of operations, from part-load to full-load conditions. Current research focuses on improving overall efficiency
across this range, known as weighted efficiency, rather than just at the Best Efficiency Point (BEP) or specific
part-load values [77].

The t-strategy seeks to increase annual operational hours by minimizing downtime and maintenance,
automating more functions, improving performance during transient conditions, and shortening the duration

of start-stop cycles.

Lastly, the H-strategy mainly involves reducing head losses in waterways and, in some cases, increasing dam
height, though the latter is highly site-dependent.

The main types of hydroelectric power plants analyzed in the paper are run-of-the-river and conventional
hydroelectric multi-year regulated dams with reservoirs.

4.1. Dam heightening

The heightening of existing dams can be achieved with minimum increase of the heights (the height of the
dams should be increased by approximately 5-10% of their existing height.) for the following reasons [2]:

. the provision of an appropriate safety guard, possibly to compensate for exploitation settlements in

order to obtain the initial safety guard.

. ensuring a temporary elevation of the level in the lake during extreme floods with higher maximum

flows than those considered in the original project, due to the updating of hydrological calculations with a
more extensive data set, or due to climate change, keeping the initial value of the normal level of retention.

The heightening of existing dams can be achieved with substantially higher heights for the following reasons:

. obtaining useful volumes that were affected by the clogging of reservoirs.

. changing the accumulation coefficient which represents the ratio between the useful volume of the

reservoir lake and average annual tributary stock [78];

. ensuring additional volumes of water in the lake to meet the increased water requirements for

irrigation, domestic and industrial consumption, energy production, etc.

. increasing the degree of regularization or its duration curve, this being defined as the ratio between
the minimum regularized flow ensured by the operation of the reservoir and the average multi-annual
tributary flow;

. increasing the head coefficient for hydropower;

The last three are of particular interest in the field of hydropower.

The technical conditions necessary to heightening the existing dams, consist of:

. knowledge of the behaviour of the existing dam that does not present atypical fenomens;
. a configuration of the old dam that can withstand the increase in efforts due to the elevation of the
dam;
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. the assessment of the hydrostatic pressure distribution, the hydrodynamic pressure from the

earthquake at the over-elevation of the dam and the effect of their increase on the foundation-dam assembly
[79%;

. knowing the behaviour of the foundation without presenting anomalies;
. the ability of the structure to transfer the forces of the elevated part;
. the tightness of the extended reservoir is guaranteed without any risk of sliding of the lake shores or

the generation of large exfiltrations;

" a high quality index of the accumulation, it represents the ratio between the total volume of the

reservoir and the volume of the dam body. It only applies to volume increases in the case of over-raising
dams.

Economic conditions also become important in the context of the economic crisis; therefore it is necessary to
follow the indicator regarding the specific volume investment for hydropower use, defined as the ratio
between the investment in accumulation and the accumulated volume useful for hydropower use, in addition
to other economic indicators of efficiency.

Based on current dam trends this is an unrecommended solution for hydropower for the following reasons:

. the increase in the level in the reservoir achieves the occupation of larger areas, thus resulting in the

loss of habitats, thus a reduction of biodiversity;

. permanent or temporary flooding of some land surfaces, leads to the release of greenhouse gases due

to anaerobic processes in the submerged soil;

" increasing the water surface leads to increased eutrophication, i.e. to an excessive enrichment of

water with nutrients, which results in symptomatic changes such as the excessive production of algae and/or
other aquatic plants, the deterioration of water quality with an impact on the aquatic fauna in the lake and a
downstream of it.

. negative effects through expropriations, which can also affect socio-economic objectives, the

landscape and elements of cultural heritage;

. the increase of the phreatic level with an impact on the chemistry of underground and surface waters

through their natural drainage in watercourses.

. increasing the thermal stratification by increasing the water depth in the reservoirs, this being a

characteristic phenomenon of deep lakes in warm periods, and represents a division of the water into layers
with different temperatures: the epilimnion (surface layer, warm), the metalimnion (intermediate layer, with
large temperature variations) and the hypolimnion (deep, cold layer). This stratification has significant
implications for water quality and, implicitly, for ecological/healthy flow downstream of reservoirs.

The use of water resources for the production of electricity must be done in accordance with the requirements
regarding environmental protection, imposed by various European directives, an aspect in which Romania
has demonstrated numerous inabilities, such as the current desire to simplify administrative processes,
calling doubtful compliance with the principle "not to cause significant damage" to the environment, which in
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reality turns out to be an unbalanced and superficial environmental approach of the environmental impact
assessment.

The lack of hydrological studies regarding climate changes that affect the availability of water resources and
may impose new challenges for the hydropower sector, is another problem for Romania.

4.2. Digitalization and inflow forecast

The collection and processing of real-time data to adapt the operating conditions of hydraulic turbines can
offer advanced grid balancing services without compromising reliability and safety. In addition to enhancing
predictive maintenance, which extends the equipment's lifespan, reduces downtime, and mitigates
cybersecurity risks, rehabilitation and digitalization can increase overall efficiency and energy production.
Betti et al. (2019) estimated cost savings between €25,000 and €100,000 over eight months at a 1000 MW
hydropower plant in Italy, which utilized Francis-type pump-turbines, by preventing unplanned shutdowns
[80]. Effective instrumentation for monitoring dams and hydroelectric units is described by Yanmaz and Ari
(2011) and Silva et al. (2009). Moreover, machine learning can significantly enhance system health, guide
maintenance, and optimize operations by implementing forecasting tools and predictive models that analyze
the behaviour of hydropower components during steady-state and transient operations [81, 82].

Over time, turbine performance can drift from optimal efficiency due to changes in the hill chart, meaning
machines may not operate at peak efficiency for a given head and discharge. For example, a study on a
Kaplan-Bulb runner within the XFLEX HYDRO project (2021) showed that applying machine learning
methods to operational data and feeding it into an optimization algorithm can recalibrate CAM curves,
resulting in a 2% increase in energy production. The efficiency varies depending on the blade opening
(adjustable runner blades) for each guiding vane opening (wicket gates). Every guide vane opening has a
maximum efficiency point. By joining all the optimal efficiency points, a cam curve is created that shows the
ideal ratio of guide vane opening to blade opening.

Digitalization also significantly reduces the response time of hydro units, particularly reversible
pump-turbines. XFLEX HYDRO (2021) presents the Z’Mutt pumped storage plant case, where a 5 MW
reversible pump-turbine with variable speed technology, powered by a Full-Size Frequency Converter
(FSFC), improved response time through numerical simulations, reduced-scale model testing, and optimized
operating sequences. Digital twins of hydropower plants can prevent failures and assess the economic impact
of offering additional reserve flexibility. The cost of implementing a predictive system at a hydropower plant
is approximately €200,000 [83]. Further optimization could be achieved using software based on genetic
algorithms, such as EASY [84].

Transfer functions representing the dynamic behaviour of the hydraulic system components (reservoir,
penstock, surge tank, turbine, and generator) have been used to improve plant flexibility and stability [85].

Digitalization can also improve fishway management by assessing the effects of hydrological variability on
fishways, identifying operational problems, and optimizing their performance. Proper transient modeling,
crucial for turbine governing systems, is essential for the safety and stability of hydropower plants. Accurate
mid- and short-term flow forecasts are also vital for better water management and production optimization
[86, 87].

4.3. Floating Photovoltaic (FPV)

Several factors highlight the benefits of coupling photovoltaic (PV) plants with hydroelectric power stations,
as examined by various researchers [88].

The hybrid system of floating PV (FPV) and hydropower offers several advantages. One key benefit is that
artificial hydropower reservoirs are already equipped with power generators and connected to the grid,
reducing the associated costs for FPV compared to land-based installations. Additionally, FPV helps smooth

22 | Page



out power fluctuations, particularly in temperate non-alpine regions where the panels produce maximum
energy during the hot season, a time when hydropower output may decrease.

Another significant advantage is that FPV does not occupy land, avoiding conflicts with other land uses.
Moreover, partially covering water basins with FPV panels reduces water evaporation, saving between 1,500
and 2,000 cubic meters per hectare of FPV [89].

On the environmental side, FPVs come with some potential concerns such as the disruption of bird habitats,
particularly for species that rely on water bodies for feeding, nesting, or migration. The installation of FPV
systems reduces the open water surface available to these birds, potentially displacing them from important
areas. There is also a risk of collisions, as birds may mistake the reflective solar panels for water, leading to
accidents, especially in low-visibility conditions. For fish, FPV systems can alter the aquatic environment by
shading the water surface, reducing light penetration, which can affect photosynthesis in aquatic plants and
subsequently impact the food chain. This could lead to changes in the availability of food for fish, as well as
altered water temperatures and dissolved oxygen levels, both of which are critical for maintaining healthy
fish populations. Similarly, shading from FPV installations can affect insect populations that depend on
sunlight for their life cycles, and those insects, in turn, serve as food for both fish and birds. While FPV
systems offer an innovative solution for renewable energy, their ecological impacts on birds, fish, and insects
must be carefully studied and managed to minimize environmental disruption.

4.4. Start and stop improvement

The integration of intermittent energy sources into the current electricity market has introduced variability in
grid operations, leading to frequent load variations, emergency shutdowns, restarts, total load rejections, and
off-design operation of grid-connected hydraulic turbines. The number of start-stop cycles per day or year is
determined by grid requirements, market decisions and hydrological conditions, rather than by the
equipment owners. Existing pumped hydro storage (PHS) systems are now operating with more frequent
start-stop cycles and fewer total generation hours, making revenues less predictable and reducing the
financial viability of future projects [90]. While flexible technologies that reduce pressure loading on turbine
blades during transients are more beneficial for extending turbine lifespan than for energy production,
variable speed technology offers a way to reduce the frequency of start-stop sequences [91, 92].

Each start-stop cycle can reduce the refurbishment interval by up to 15 hours. Although turbine start-stop
cycles cannot be entirely avoided, the runner's lifespan can be improved by minimizing harmful pressure
loads on the blades during transients through strategic adjustment of the guide vanes. High-head Francis
turbines can experience over 3,000 transients annually, and while reducing ancillary services could decrease
the number of start-stop cycles, that is not the focus of current studies.

Base-load Francis turbines typically operate within a high-efficiency range, averaging only 1-2 start-stop
cycles per year. However, peak-load units may undergo up to 10 start-stop cycles per day to maintain grid
stability. Start-stop cycles can potentially cut the predefined refurbishment time by 50%. Additionally, a
single start-stop can wear down the runner as much as several years of full-load operation [93, 94, 95].

Proposed changes in startup procedures can reduce damage, enhance reliability and extend lifespan, and
ultimately help generate more energy [2].

4.5. RoR: increase of installed power (new and/or additional machines) at turbines

Turbine equipment is typically upgraded every 30 years [96]. Despite the challenges associated with
rehabilitation projects, installing a newly designed runner within existing turbine structures can boost power
output by 10 to 30%, thanks to improvements in efficiency and the potential for increased discharge due to a
larger runner size. A comprehensive survey in Norway found that average increases in maximum power
output were 18% for Francis turbines, 21% for Pelton turbines, and 21% for Kaplan-Bulb turbines [97]. These
findings align with Goldberg and Espeseth Lier (2011), who reported potential output improvements of up to
30%, with additional discharge, while considering cavitation limitations based on unit settings. These
improvements were largely achieved by increasing flow rate, expanding the runner’s outlet diameter, and
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adjusting flow angles. However, the gains in installed power are generally most effective around the best
efficiency point and at full load [98].

For older run-of-river (RoR) plants built before 1960 on large streams, turbine discharge capacity is typically
exceeded by inflows for around 150 days or more each year. When upgrading such plants, as seen on the
Rhine and Aar rivers, the trend is to increase capacity to allow the plant to handle inflows except for 60 to 75
days per year. This helps avoid spilling water over the weir during the wet season, thus generating additional
energy. For example, the Laufenburg power plant on the Rhine River underwent rehabilitation between 1985
and 1995, replacing its ten original horizontal-axis Francis turbines with ten new Straflo propeller turbines.
This upgrade increased the turbine discharge capacity from 1025 m?s to 1420 m3/s, which is only exceeded
for about 60 days per year. As a result, annual production rose from 490 GWh to 630 GWh, a 29% increase
[99].

Similarly, the Augst-Wyhlen RoR plant on the Rhine was rehabilitated between 1988 and 1994, replacing 11
old Francis turbines with 13 new Straflo propeller turbines. This upgrade boosted annual production from
250 GWh to 410 GWh (64%), with turbine discharge exceeding only 50 days per year [100, 101]. However, in
many cases where turbine discharge capacity was significantly increased, costly rebuilding of powerhouse
structures and weirs was necessary. One such example is the Rheinfelden RoR power plant on the Rhine,
where the powerhouse and weir were replaced from 2003 to 2011. This upgrade increased nominal power
from 26 MW to 100 MW and annual generation from 185 GWh to 600 GWh, with inflows exceeding turbine
capacity for 300 days per year in the old plant [102]. This was an extreme example requiring a complete plant
reconstruction and substantial investment.

In contrast, more modest interventions on infrastructure could increase the installed power of RoR plants
built before 1960, potentially boosting production by 5% to 20%, depending on the flow duration curve. This
additional generation during seasonal high flows would be particularly beneficial, as PV generation tends to
be lower during bad weather.

4.6. Reduction of head losses in waterways and penstocks
Methods to minimize hydraulic energy losses can be found by starting with Manning's or Strickler's formula

for computing linear pressure losses (distributed losses) in pipes. In hydraulic engineering, this formula is
frequently used to calculate the energy lost as a result of fluid-wall friction.

\ = 2~g-4%-n2d
M (ﬁfl
. (D), is the pipe diameter
. (n), is the Manning roughness coefficient (or Strickler coefficient, which is the inverse of Manning's
n)
. (1), is the friction factor, a dimensionless coefficient that accounts for the roughness of the channel

walls and the flow conditions.

The friction factor (A) is a crucial parameter in determining the magnitude of linear load losses. It depends on
the roughness of the channel surface and the Reynolds number (a dimensionless quantity that characterizes
the flow regime). The loss reduction methods for hydropower additions are:

° Reduce pipe roughness:

) Reduce pipe roughness by relining. Smoother surfaces like epoxydic resin (or High-density
polyethylene HDPE) can significantly reduce friction losses.

) Optimize pipe geometry

24 | Page



o Uniform cross-sections that avoid sudden changes in cross-sectional area, which can cause
turbulence and increase losses.
o Use gradual curves or transitions between different pipe sections to minimize flow disturbances.

By implementing these measures, hydropower adductions can be designed and operated to minimize linear
load losses, thereby improving overall system efficiency and maximizing energy production.

A reduction of the roughness in waterways and penstocks can also lead to an increase in power. Indeed,
penstocks and waterways reduce their performance over the years due to increased friction and consequent
head losses due to erosion and sediment deposits. Also, the methods used for tunnelling have improved over
the years, being able to make smoother tunnels.

Their modernization can bring back the original head and flow capacity. It is evident that for a constant
geodetic head, head losses can be decreased by 25 to 40% while power increases by 5% to 10%, which would
result in an equivalent gain in generation.

4.7. Efficient use of water resources

A greater percentage of the available water resources will be used when the installation coefficient is modified
by installing new turbines or upgrading the existing turbines. If not adequately managed, though, this could
also result in more negative effects on the environment (see Fig.12). By increasing the turbine capacity, the
hydropower plant can utilize more of the available flow, especially during periods of high flow. This can help
offset the potential decrease in water availability due to climate change. The installation coefficient is the ratio
of the installed flow to the average annual flow. By adjusting this coefficient, the hydropower plant can
control how much of the available flow is used for power generation. For example, during periods of low
flow, the coefficient can be reduced to conserve water for ecological purposes.

By implementing these adaptation strategies, hydropower plants can become more resilient to climate change
and continue to provide reliable energy. Hydrological drought, as defined by A. F. Van Loon, is a deficiency
in the hydrological system characterized by abnormally low flows in rivers, lakes, reservoirs, and
groundwater. This type of drought often follows meteorological drought (a prolonged period of
below-average precipitation) but can also be influenced by other factors such as increased evapotranspiration
or changes in land use.

The flow duration curve (FDC, Figure 12) is a valuable tool for hydrological drought analysis. It plots the

percentage of time that a given flow rate is exceeded or equalled. The FDC can be used to estimate the
amount of water available for various uses under different drought conditions.
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Figure 12. The duration curve of average daily flows.

Hydrological drought analysis, including the use of flow duration curves, is a critical component of climate
change adaptation. By understanding the frequency and severity of droughts, we can develop effective
strategies to manage water resources, protect communities, and build resilience to future climate challenges
[103].

5. Economic analysis and viability

The advantages of investing in the refurbishment and refitment of existing hydropower facilities in Romania
are numerous. Such investments would provide low operating and maintenance costs, long life spans (50 to
100 years and more), load flexibility (i.e hydro with reservoir), reliable service, a high energy efficiency rate
(payback ratio and conversion process), employment opportunities, revenues to sustain other water uses, and
energy independence by exploiting national resources [19]. Also, refitment friendly policies would foster
regional development and optimize the power supply of other generating options such as intermittent
renewables.

The economic viability of hydropower retrofitting has gained increasing attention in Romania, where much of
the hydropower infrastructure dates back several decades. Retrofitting, as opposed to building new
hydropower facilities, offers a more cost-effective, faster, and environmentally sustainable alternative.
Retrofitting hydropower plants involves the upgrading or modernization of existing facilities to enhance their
capacity, efficiency, and environmental performance.

5.1. Hydropower Retrofitting vs. New Hydropower Development: Cost Comparisons

A study comparing the costs of new hydropower projects to retrofitting existing plants has demonstrated that
retrofitting can be up to 40% less expensive, (considering the same energy production) depending on site
conditions and project scale [21]. The lower costs are attributed to the reduced need for civil engineering
works and lower permitting challenges. This is particularly relevant in Romania, where the potential for
retrofitting existing plants outweighs the limited availability of new sites for significant hydropower
development. Retrofitting presents a solution for upgrading aging hydropower infrastructure, meeting the
country's renewable energy goals at a fraction of the cost and with fewer environmental impacts.
Additionally, retrofitting projects can proceed more quicker since they typically bypass lengthy permitting
processes and avoid extensive environmental impact assessments that are mandatory for new constructions.
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Retrofitting existing hydropower plants is more affordable than building new ones for several key reasons.
Existing dams, reservoirs, and much of the civil infrastructure can be repurposed, minimizing the upfront
capital costs typically associated with hydropower development. This is especially relevant in Romania,
where many hydropower plants were constructed during the Communist era and remain in operation today.
Instead of constructing entirely new facilities, which would require land acquisition, environmental impact
assessments, and construction from scratch, retroﬁtting focuses on modernizing turbines, generators, and
control systems. These upgrades enhance energy output and efficiency without the need for significant new
construction. Building a new hydropower plant involves several costly phases: civil engineering (construction
of dams, tunnels, and reservoirs), installation of new turbines and generators, and addressing environmental
and social impacts. Retrofitting, by contrast, requires only the modernization of existing infrastructure,
including the replacement or refurbishment of turbines, generators, control systems, and electrical
components. Hydropower retrofitting offers significant economic advantages over the construction of new
hydropower plants [20]. The primary economic benefit arises from the use of existing infrastructure.
Retrofitting typically involves upgrading turbines, generators, or control systems within the existing dam
structure, eliminating the need for extensive land acquisition, site preparation, and civil construction—costly
components of new hydropower projects. In contrast, building a new hydropower facility often requires large
initial capital investments, including environmental impact assessments, permits, and the construction of
entirely new reservoirs, which involve substantial financial and time-related expenditures.

The reduction in costs also stems from technological advancements. Upgraded turbines and control systems
significantly increase the efficiency of existing plants, allowing them to generate more electricity from the
same water flow [2]. Moreover, retrofitting helps extend the lifespan of older plants by enhancing their
reliability and minimizing operational and maintenance costs. A well-executed retrofitting project can
generate high returns on investment by maximizing the use of water resources and improving overall system
performance.

5.2. Methods of Economic Analysis in Hydropower Retrofitting

Economic analysis is essential to evaluate the viability of retrofitting projects [22]. Several methods are used in
such assessments, each focusing on different financial aspects. These include cost-benefit analysis (CBA),
internal rate of return (IRR), and net present value (NPV). For the purposes of this chapter, we apply these
methods to the retrofitting project of the Lotru-Ciunget hydropower plant to illustrate their effectiveness in
determining economic viability.

5.3. Cost-Benefit Analysis (CBA)

Cost-benefit analysis is a systematic approach to comparing the costs and benefits of a project over time. In
hydropower retrofitting, the primary costs include the capital expenditures (CAPEX) of replacing turbines,
generators, and other essential equipment, as well as the operational expenditures (OPEX) of maintaining and
running the plant. Benefits, on the other hand, include increased energy output, improved efficiency, and the
extension of the plant's operational life, benefits which heavily outweigh costs when discussing about a
country’s energy potential [19].

Unfortunately, there is no possible way to quantify the biodiversity loss, water quality diminishment, erosion
and the many other issues associated with building a new hydropower plant. The only thing quantifiable is
the comparison of consequences on the environment, water and landscape between building a new facility
and retrofitting/refurbishing an existing one, the consequences being much worse in the former case.

5.4 Economic Metrics and Methods for Hydropower Retrofitting

Economic feasibility is commonly assessed through various financial metrics. Two of the most widely used
are Net Present Value (NPV) and Internal Rate of Return (IRR). These metrics provide insights into whether a
project is financially viable and how it compares to alternative investments.

The NPV method calculates the present value of future cash flows from a project, discounted to reflect the
time value of money. The formula is:

27 | Page



R
NPV = ¥ ———-¢C

r—q (147 0
Where:
. ( Rt), represents the net cash inflow in year (t);
. (), is the discount rate;
. (C 0), is the initial investment cost;
. (T), is the project lifespan.

A positive NPV indicates that the project is expected to generate more value than it costs, making it a sound
investment.

The IRR is the discount rate that sets the NPV to zero. It indicates the annualized return on investment. If the
IRR exceeds the project's cost of capital, the investment is considered worthwhile. The formula is:

T R
0= L - C
El( (1+IRR)" ) 0

Both NPV and IRR are useful in evaluating the viability of hydropower retrofitting projects.

5.5. Economic Analysis of the Vidraru and Lotru-Ciunget Hydropower Plants

The Vidraru and Lotru-Ciunget Hydropower Plants were the perfect candidates for our analysis because of
their scale, production and the fact that the authorities already accepted the fact that refurbishing and
retrofitting is needed.

5.5.1. Vidraru Hydropower Plant

The Vidraru Hydropower Plant, built in the 1960s, has been a key component of Romania's hydropower
infrastructure for decades. By the late 2010s, the plant required modernization to maintain its operational
efficiency and extend its lifespan. In 2018, a major modernization project was undertaken at Vidraru,
involving the modernization of turbines, generators, and control systems. This project is in its early stages of
contracting.

The total investment in the Vidraru retrofit was initially approximated at €100 million [23], unfortunately the
true cost was around €189 million [24]. The upgrades resulted in a 20% increase in energy generation
capacity, from 220 MW to 264 MW. The retrofitting also extended the plant’s operational life by another 40
years, with reduced maintenance costs due to the installation of more reliable equipment.

We now perform an economic analysis of the Vidraru retrofit project using the NPV method. The plant
generates an additional 44 MW of capacity, which translates into approximately 80 GWh of additional
electricity per year. Assuming an average electricity price of €100 per MWHh, the additional revenue from the
retrofit is €8 million per year. The operation and maintenance costs are estimated at €500,000 annually, and
the discount rate used is 6%.

40
NPV = ¥ ( (8,000,000—500,000) ) — 189,000, 000

1 (140.06)"
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Over the course of the project’s 40-year expected lifespan, the Vidraru retrofit demonstrates a subpar return
on investment. The IRR, calculated using the same cash flow data, is approximately 3%, which is below the
6% cost of capital, making the project an underperforming endeavor, but if it would have cost only €100
million the results would be completely different. Although the cost were nearly double the investment can
still be regarded as almost even (not profitable, but also not a significant loss), also the Vidraru retrofit can be
considered a strategic move, as its energy production is vital. The modernization also extended the
operational life of the plant by 40 years, reducing future costs for maintenance and repairs.

5.5.2. Lotru-Ciunget Hydropower Plant

The Lotru-Ciunget Hydropower Plant, one of the largest in Romania, was built in the 1970s and underwent a
major retrofitting project in 2010. The retrofit aimed to enhance the plant’s efficiency, improve environmental
performance, and extend its operational lifespan. With a generation capacity of 510 MW, Lotru-Ciunget is a
vital source of renewable energy in Romania.

In the case of the Lotru-Ciunget hydropower plant, the CBA reveals significant economic advantages. Before
the retrofit, the plant had a capacity of 510 MW, generating an average of 1,000 GWh annually. The retrofit
involved modernizing the turbines and generators, leading to an estimated 10% increase in energy output
without expanding the dam or reservoir. The total cost of the retrofit was approximately €88 million [25].

The benefits of this retrofit are twofold. First, the increase in energy output generates additional revenue.
Assuming an average electricity price of €100 per MWh, the additional 100 GWh of electricity produced
annually represents an extra €1 million in revenue per year. Second, the retrofit extended the operational life
of the plant by an estimated 30 years, providing a long-term benefit in terms of stable, renewable energy
generation. The operational and maintenance costs for the upgraded plant are estimated at €700,000 annually.
Applying a discount rate of 6%, we can calculate the NPV of the Lotru-Ciunget retrofit as:

30
11,000,000—700,000
NPV = 3 < )

- — 88,000,000
— (1+0.06)

The NPV is significantly positive, reflecting the strong financial performance of the project. The IRR,
calculated iteratively, is approximately 11%, which further demonstrates that the retrofit was a sound
financial decision. The upgrades have extended the plant’s operational life by 40 years, reduced maintenance
costs, and increased energy output, providing long-term value.

5.6. The Broader Economic Impact of Hydropower Retrofitting

Beyond the individual project level, hydropower retrofitting has broader economic implications for
Romania's energy sector. By modernizing existing plants, the country can reduce its reliance on imported
energy, stabilize electricity prices, and enhance grid resilience. In addition to these quantitative metrics,
qualitative factors also play a role in the economic assessment of hydropower retrofitting. Environmental
benefits, such as reduced carbon emissions and improved water management, can translate into economic
value, especially in markets with carbon pricing mechanisms or where companies can earn renewable energy
credits. Furthermore, retrofitting projects tend to have shorter implementation timelines compared to new
builds, reducing the risk of regulatory changes or market shifts that could impact project economics.

This is particularly important as Romania seeks to meet its commitments under the European Union's Green
Deal, which calls for a transition to carbon-neutral energy systems by 2050, and which states that renewable
energy in gross energy consumption must increase to 36% by 2030. Hydropower, being one of the most
mature and reliable forms of renewable energy, plays a critical role in this transition [26].

Moreover, retrofitting projects create jobs and stimulate local economies. From equipment manufacturing to
construction and engineering services, these projects have a multiplier effect on local and regional economies,
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supporting both short-term employment during the upgrade process and long-term jobs in plant operation
and maintenance.

The economic analysis of the Vidraru and Lotru-Ciunget Hydropower Plants demonstrates that retrofitting is
a cost-effective alternative to building new hydropower facilities. Both projects achieved substantial
improvements in efficiency and capacity at a fraction of the cost of new construction, delivering positive
NPVs and strong IRRs.

In Romania, where the potential for large-scale new hydropower development is limited, retrofitting existing
plants like Vidraru and Lotru-Ciunget provides a pathway for meeting renewable energy targets while
minimizing environmental and financial costs.

6. Environmental impact and Climate change

While hydropower has been scrutinized for its environmental impact, there is no doubt that it is cleaner than
fossil fuel burning. The demolition or decommissioning of large existing hydropower facilities would also
have a harsh impact on the environment, so the refitment or refurbishment of such facilities would be the best
choice with regard to the environment. Some advantages of this type of energy generation include its
production of limited atmospheric pollutants caused by equipment transport, no consumption or pollution of
water used for electricity, zero waste production, avoidance of depleting non-renewable resources, minimal
greenhouse gas emissions compared to other large-scale options, the potential to recreate new freshwater
ecosystems with increased productivity, enhanced knowledge and management of valued species, and
increased attention to existing environmental issues in the affected area. However, when existing hydropower
plants are no longer functional and retrofitting is not an economically efficient solution, their
decommissioning should align with broader environmental restoration initiatives. The EU Nature
Restoration Law, for example, aims to restore 25,000 km of rivers across Europe, emphasizing the removal of
obsolete dams and barriers to re-establish free-flowing rivers. Programs such as the Open Rivers program
highlight the ecological and societal benefits of dam removal, including habitat restoration, improved
biodiversity, and the reestablishment of sediment transport. A relevant study, Dam Removal: A European
Perspective, provides compelling evidence of the positive impacts of such measures, noting that restoring
natural river dynamics contributes significantly to ecosystem health and resilience. Integrating these trends as
solutions where hydropower plants are beyond retrofitting viability ensures a balanced approach that
prioritizes both renewable energy and environmental restoration [27]

The disadvantages include the flooding of terrestrial habitats, modification of hydrological and aquatic
regimes, lower water quality discharged from dams, greenhouse gas emissions from reservoirs, barriers to
fish migration and potential fish entrainment, the need to monitor and manage sediment composition and
transport to limit reservoir sedimentation, and the introduction of invasive species [28].

Important conclusions capturing these concerns were that dams have made an important and significant
contribution to human development, and the benefits derived from them have been considerable. In too
many cases, an unacceptable and often unnecessary price has been paid to secure those benefits, especially in
social and environmental terms, by communities downstream, by taxpayers, and by the natural environment
[29, 30].

Hydropower has long been seen as one of the most reliable and environmentally friendly forms of energy
generation. It offers a sustainable way to meet rising energy demands while producing far fewer carbon
emissions compared to fossil fuels [31]. However, even though it is generally cleaner, hydropower is not
without its environmental challenges. Retrofitting Romania’s aging hydropower plants to enhance energy
efficiency and integrate with modern grids brings forth critical questions about environmental impact and the
broader implications of climate change.

As Romania upgrades its hydropower infrastructure, it must navigate a delicate balance between harnessing
renewable energy and mitigating environmental risks. The impact of hydropower retrofitting on local
ecosystems, water quality, biodiversity, and broader climate change dynamics is complex and multifaceted.
In this chapter, we will explore the key environmental concerns associated with hydropower retrofitting in
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Romania, analyze how climate change may influence hydropower potential, and examine the policies and
strategies that can ensure the modernization process aligns with sustainable development goals. The "State of
Climate - Romania 2024" report emphasizes Romania's climate challenges, particularly the intensification of
heatwaves, droughts, and extreme weather events. Key findings highlight that Romania’s average
temperature rose by 1.48°C above preindustrial levels in 2023, with heatwaves lasting 10-15 days longer in
most regions, and up to 25-30 days longer in the southwest and eastern areas. The impact of climate change
on Romania’s water resources underscores the potential role of hydropower as a climate adaptation strategy.
Increasing reliance on hydropower, especially through retrofitting existing facilities, could enhance water
management, reduce emissions, and support a more resilient energy infrastructure amid changing
precipitation patterns and rising demand. [32].

6.1. Hydrological and Ecosystem Impacts

Hydropower’s reliance on natural watercourses inherently affects the hydrological and ecological systems
surrounding its installations [33]. In Romania, the country’s rich water resources—including major rivers
such as the Danube and its tributaries—have provided fertile ground for hydropower development.
However, the construction and operation of hydropower plants have historically altered water flows,
impacting both aquatic and terrestrial ecosystems. Retrofitting older hydropower plants poses an opportunity
to address some of these concerns, but it also introduces new challenges.

One of the primary environmental impacts of hydropower is the alteration of river flow regimes. Dams and
reservoirs change the natural seasonal variation in water levels, which can disrupt the migration patterns of
fish and other aquatic species [33]. This is particularly true in run-of-river projects where the continuous
diversion of water to turbines reduces downstream flows, potentially affecting the biological health of rivers
[34]. Fish species, such as the endangered sturgeon in the Danube, have already seen declines in population
due to barriers to migration. In Romania’s hydropower retrofitting projects, addressing fish migration is
crucial. Newer technologies such as fish ladders and bypass systems are designed to allow aquatic species to
traverse dams more easily, but these solutions must be carefully tailored to local conditions to be effective.

Beyond direct impacts on aquatic species, the modification of river flows has a broader effect on the entire
riverine ecosystem [35]. Wetlands, which often rely on regular flooding cycles, can shrink or disappear when
water levels are artificially controlled. In Romania, wetlands are a vital part of the ecosystem, providing
habitats for various species of birds, mammals, and amphibians. They also play a crucial role in carbon
sequestration and water purification. Therefore, retrofitting projects should incorporate water management
strategies that mimic natural flow patterns, ensuring that downstream ecosystems remain resilient and
functional.

Sediment management is another important consideration in the environmental impact of hydropower
retrofitting [36]. Dams and reservoirs often trap sediment that would otherwise flow downstream, affecting
negatively river morphology and delta formations. This issue is particularly pronounced in Romania’s
Danube Delta, one of Europe’s most biodiverse regions and a UNESCO World Heritage Site [37]. The buildup
of sediment in reservoirs reduces their storage capacity and can degrade water quality. Sediment starvation
downstream can lead to the erosion of riverbanks and the loss of fertile land in agricultural areas. To mitigate
these impacts, retrofitting efforts should include sediment bypass systems, dredging strategies that maintain
sediment transport to downstream ecosystems and limitation strategies to decrease the negative effect on
groundwater levels.

Water quality can also be impacted by hydropower operations [38], especially in reservoirs where stagnant
water conditions can lead to the growth of harmful algal blooms and reduced oxygen levels [39]. These
conditions can negatively affect both aquatic life and human water uses. Retrofitting Romania’s hydropower
plants offers an opportunity to improve water quality through better reservoir management practices.
Installing aeration systems and optimizing water release schedules can help maintain healthy oxygen levels
in water bodies [38, 39].
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6.2. Climate Change and Water Resources

Climate change presents a significant challenge to the long-term viability of hydropower in Romania.
Changes in precipitation patterns, rising temperatures, and shifting hydrological cycles are already being
observed across Europe, and Romania is no exception [40,41]. The country’s hydropower potential is closely
tied to its water resources, which are vulnerable to climate-driven variability [40]. As the climate changes,
Romania could face both opportunities and risks in the operation of its hydropower plants. Drought has
worsened in recent years, severely impacting agriculture and increasing the arid land area. The report
foresees more frequent and intense storms, with urban heat islands exacerbating temperatures in cities,
affecting nearly half the urban population by 2040 [31].

Figure 12 shows: a) Time evolution and b), ), d) and e) - changes in the annual average temperature. In b)
and c) the maps show temperature changes for the period 2031-2050, and in d) and e) the maps show
temperature changes for the period 2071-2100. The maps on the left show the changes resulting from the
medium emissions scenario (RCP4.5), while the maps on the right show the changes resulting from the high
emissions scenario (RCP8.5). In b), ), d) and e) the changes are reported for the period 1971-2000. The shaded
areas indicate statistically significant trends (99% significance level).

Figure 14 highlights the annual fluctuations in annual precipitation amounts in Romania from 1971 to 2100,
for the RCP scenario with medium emissions (RCP4.5, green line) and the RCP scenario with high emissions
(RCP8.5, blue line).
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Figure 13. Temperature changes [42].
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Figure 14. Annual fluctuations in annual precipitation amounts in Romania [42]

One of the key impacts of climate change on hydropower is the alteration of water availability. Hydropower
relies on consistent and predictable water flows, which are influenced by precipitation, snowmelt, and river
runoff. In Romania, climate models predict that southern regions may experience more frequent droughts,
while northern areas could see an increase in intense rainfall events. This variability poses a challenge for
hydropower plants, particularly those located in river basins where water flows are already highly seasonal.
Drought conditions can reduce water availability, limiting the capacity of hydropower plants to generate
electricity during critical periods [42]. On the other hand, increased rainfall could lead to higher water flows,
providing more opportunities for power generation but also increasing the risk of flooding and reservoir
overflow [43].

Retrofitting Romania’s hydropower plants to account for these changing conditions will require careful
hydrological planning. Modernizing infrastructure to handle a wider range of flow conditions will be
essential. Variable speed turbines, for example, can adjust their operation to optimize energy production
under both high and low flow scenarios [44]. Additionally, advanced forecasting systems that integrate
climate data can help operators better anticipate water availability and manage hydropower assets more
effectively. By incorporating climate resilience into retrofitting strategies, Romania can ensure that its
hydropower sector remains a reliable source of renewable energy in the face of growing climatic uncertainty.

The changes in snowpack accumulation are also factors that could affect Romania’s hydropower potential.
While the country does not rely heavily on snowmelt for hydropower, changes in the broader European
hydrological system, including the Carpathian Mountain range, could influence water flows into major river
systems like the Danube. Warmer winters may result in reduced snowpack and earlier snowmelt, leading to
lower water availability during the summer months when electricity demand is highest [45]. Retrofitting
strategies should therefore consider the potential for more variable water flows and incorporate adaptive
measures to deal with these shifts.

Climate change also raises concerns about the long-term sustainability of Romania’s water resources [46].
Hydropower plants can place significant demands on local water supplies, especially during dry periods
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when competition for water between energy production, agriculture, and municipal use becomes more
pronounced. In regions where water scarcity is becoming more acute due to climate change, this could lead to
conflicts over resource allocation. To mitigate these risks, Romania must adopt an integrated water
management approach that balances the needs of hydropower with other critical water uses. This approach
should prioritize water conservation, efficient use, and the protection of vulnerable ecosystems.

6.3. Carbon Emissions and Greenhouse Gas Considerations

The energy sector is currently the largest contributor to global greenhouse gas (GHG) emissions and is facing
growing pressure to reduce its carbon footprint. Hydropower’s role in mitigating climate change is
multifaceted, including its contributions, uncertainties, risks, and potential opportunities [47]. As the energy
sector accounts for around 35% of global emissions, efforts to mitigate climate change will focus largely on
transforming this sector. Reducing the carbon footprint of electricity production can be achieved by
increasing system efficiency and expanding the use of renewable energy sources, thus reducing reliance on
fossil fuels [48, 49, 50, 51].

Hydropower plays a crucial role in two ways: it acts as a renewable energy source that can replace fossil fuels
in power generation, and it serves as an energy storage technology that enables greater integration of
intermittent renewable sources like wind and solar power. In 2014, hydropower led global renewable energy
technologies, with an installed capacity of 1,036 GW and a total generation of 3,900 TWh/year [52]. It is widely
regarded as a clean, renewable, and low-carbon energy technology, instrumental in offsetting fossil fuel use.
Hydropower's emissions are relatively low, averaging 28 g CO2e/kWh, far below other generation
technologies, such as gas-fired generation (490 g CO2e/kWh) and coal-fired generation (820 g CO2e/kWh) [47,
49].

To address the uncertainties surrounding the greenhouse gas emissions of reservoirs, the UNFCCC
developed a provisional method based on the reservoir area and the capacity of the hydropower plant,
known as the ‘power density’ approach. This categorizes hydropower projects and assigns an emissions
profile to each category under the Clean Development Mechanism (CDM). While this methodology offers a
general guide for estimating emissions, it is recognized that the approach might overestimate hydropower’s
emissions compared to the overall emissions of the power grid it supports [48, 51].

In addition to being the largest source of renewable electricity, hydropower’s unique ability to store energy
makes it essential for integrating variable renewable energy sources like wind and solar. Hydropower
reservoirs are already vital in balancing energy supply and demand, providing 99% of the world’s electricity
storage capacity [52]. As renewable energy sources, particularly wind and solar, continue to expand, the need
for energy storage will become even more crucial. Hydropower can compensate for intermittent renewable
energy by releasing stored water when solar or wind output is insufficient and storing energy during periods
of excess renewable generation. Moreover, hydropower contributes to grid stability by maintaining voltage
and frequency levels, a role that will grow as the transition to renewable energy accelerates. The energy sector
is currently the largest contributor to global greenhouse gas (GHG) emissions and is facing growing pressure
to reduce its carbon footprint. Hydropower’s role in mitigating climate change is multifaceted, including its
contributions, uncertainties, risks, and potential opportunities [51]. As the electricity and transformation
sector accounts for around 35% of global emissions, efforts to mitigate climate change will focus largely on
transforming this sector. Reducing the carbon footprint of electricity production can be achieved by
increasing system efficiency and expanding the use of renewable energy sources, thus reducing reliance on
fossil fuels [49, 50, 51].

The construction phase of hydropower retrofitting projects can result in significant GHG emissions [53],
particularly if it involves large-scale concrete works, transportation of materials, and heavy machinery use.
Concrete production is energy-intensive and contributes substantially to global carbon emissions. Therefore,
retrofitting projects should prioritize the use of low-carbon construction materials and adopt energy-efficient
practices wherever possible. Additionally, lifecycle assessments should be conducted to evaluate the total
carbon impact of retrofitting, ensuring that the long-term benefits outweigh the short-term emissions costs.
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Methane emissions from reservoirs are another environmental concern associated with hydropower.
Reservoirs, particularly in tropical and temperate climates, can produce methane through the decomposition
of organic matter that accumulates at the bottom of the water body [54,55]. This methane is eventually
released into the atmosphere, contributing to global warming. While Romania’s temperate climate may result
in lower methane emissions compared to tropical regions, some reservoirs could still produce significant
amounts of methane, particularly if organic material from agricultural runoff or forest debris accumulates.
Retrofitting projects should therefore include strategies to minimize methane emissions, such as enhancing
water flow circulation in reservoirs and improving land management practices in the surrounding catchment
areas to reduce organic matter inflow [55].

By upgrading existing plants rather than constructing new dams, Romania can avoid some of the
environmental impacts associated with new hydropower development, such as deforestation and the loss of
biodiversity. Retrofitting existing infrastructure also reduces the need for additional land use, helping to
preserve natural habitats. From a climate change perspective, this is a significant advantage, as it limits the
disruption of carbon sinks like forests and wetlands, which play a critical role in mitigating global warming.

6.4. Policy Framework and Environmental Protection

Romania’s approach to hydropower retrofitting must align with both national and European Union
environmental policies. The European Green Deal and the EU’s commitment to climate neutrality by 2050
place a strong emphasis on reducing emissions, protecting biodiversity, and promoting sustainable resource
management. Romania, as an EU member state, is obligated to comply with directives such as the Water
Framework Directive (WFD) and the Habitats Directive, both of which have direct implications for
hydropower operations [56, 57].

The WFD mandates that all European water bodies achieve "good ecological status," which includes
maintaining healthy aquatic ecosystems and ensuring that human activities, such as hydropower generation,
do not degrade water quality. Retrofitting Romania’s hydropower plants must therefore be undertaken with
careful consideration of ecological impacts. Environmental impact assessments (EIAs) will play a key role in
identifying potential risks and ensuring that mitigation measures are implemented. These assessments should
consider factors such as changes in river flow regimes, impacts on biodiversity, and potential risks to water
quality.

The Habitats Directive is another important piece of legislation that protects species and habitats of European
importance [58]. Many of Romania’s rivers and wetlands are home to endangered species, such as the
Danube sturgeon, which are highly sensitive to changes in water conditions. Retrofitting projects must ensure
that they do not harm protected habitats or species, and where necessary, compensatory measures should be
taken to enhance biodiversity. For example, the construction of artificial spawning grounds or the restoration
of degraded wetlands could help offset some of the negative impacts of hydropower operations.

Romania’s national environmental policies also emphasize the need for sustainable hydropower
development. The National Energy Strategy outlines the importance of modernizing the country’s
hydropower sector while minimizing environmental impacts. Retrofitting projects will need to adhere to
these guidelines, incorporating best practices for environmental protection and ensuring that Romania’s
hydropower sector continues to contribute to the country’s climate goals without compromising ecological
integrity.

6.5. Environmental conclusions

The environmental impact of hydropower retrofitting in Romania is complex and multifaceted, involving
both challenges and opportunities. While hydropower is a key component of Romania’s renewable energy
portfolio, its impact on ecosystems, water resources, and biodiversity cannot be overlooked. Retrofitting offers
a chance to mitigate some of the environmental harm caused by older hydropower plants, but it also
introduces new challenges, particularly in the context of climate change.
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As Romania moves forward with its hydropower modernization efforts, careful consideration must be given
to the protection of aquatic ecosystems, sustainable water management, and the reduction of greenhouse gas
emissions. By aligning retrofitting projects with European and national environmental policies, Romania can
ensure that its hydropower sector contributes to the country’s climate resilience and sustainability goals,
while also safeguarding its rich natural heritage for future generations.

7. Stakeholder engagement

In the context of hydropower retrofitting in Romania, stakeholder engagement emerges as a pivotal aspect
that underpins both the success and sustainability of hydropower initiatives [59]. Engaging a diverse range of
stakeholders not only enhances the robustness of the retrofitting process but also ensures that the interests
and concerns of all parties are adequately represented and addressed. The complexity of the hydropower
landscape in Romania, characterized by a mixture of environmental, social, economic, and technological
dimensions, necessitates a comprehensive engagement strategy. As Romania seeks to optimize its
hydropower resources while balancing environmental and social considerations, a well-structured and
comprehensive stakeholder engagement strategy becomes essential.

Effective stakeholder engagement begins with identifying the key stakeholders involved in the hydropower
sector. These include government bodies at various levels, local communities, protected areas administrators,
environmental organizations, fishermen associations, hydropower operators, researchers, and industry
experts. Each stakeholder group brings its perspectives, interests, and levels of influence to the table [60]. For
instance, government agencies are often tasked with regulatory oversight and policy formulation, while local
communities may prioritize the socio-economic impacts of retrofitting projects, such as job creation and
environmental preservation. This collaborative approach is particularly important in a sector like
hydropower, where projects can have profound implications for local ecosystems and communities.

Government agencies at local, regional, and national levels play a critical role in regulating hydropower
projects. They are responsible for establishing policies, issuing permits, and ensuring compliance with
environmental laws. Engaging these entities early is essential for understanding regulatory requirements and
aligning project goals with national energy policies.

Local communities are often directly impacted by hydropower projects [61]. Their insights into local needs,
traditions, and socio-economic conditions are invaluable. Engagement with these groups should prioritize
understanding their concerns, aspirations, and potential benefits they expect from retrofitting projects.
Community involvement can also enhance project acceptance and facilitate smoother implementation [60].

Environmental NGOs and advocacy groups are crucial stakeholders in the hydropower sector. They often
possess expertise in ecological conservation and can provide critical insights into the potential environmental
impacts of retrofitting initiatives. Early engagement with these organizations is vital for developing effective
mitigation strategies and ensuring that ecological considerations are prioritized.

Hydropower operators are key stakeholders who bring technical expertise and operational knowledge to the
table. Their involvement is essential for understanding the practical implications of retrofitting projects,
including technical feasibility, cost considerations, and potential impacts on energy production. Collaboration
with operators can lead to innovative solutions that optimize both energy efficiency and environmental
performance [62].

Academic institutions and researchers can provide valuable data, analysis, and scientific insights that inform
decision-making processes. Engaging researchers early in the project can help identify best practices, evaluate
potential impacts, and enhance the overall quality of the retrofitting efforts. Collaborative research initiatives
can also foster knowledge transfer and capacity building among stakeholders.

A foundational element of stakeholder engagement is establishing clear communication channels.
Transparent communication fosters trust and encourages active participation, allowing stakeholders to voice
their concerns and contribute to decision-making processes. In the context of hydropower retrofitting, this can
involve public meetings, workshops, and informational campaigns designed to disseminate knowledge about
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the retrofitting process, its potential benefits, and its challenges. Engaging stakeholders through multiple
platforms ensures that diverse voices are heard, particularly those of marginalized groups who may
otherwise be overlooked [59].

Furthermore, stakeholder engagement is not a one-time event but a continuous process that evolves
throughout the retrofitting lifecycle. Initial engagement efforts should focus on raising awareness and
generating interest in the retrofitting potential of existing hydropower plants. As the project progresses,
stakeholders should be kept informed about developments, and their feedback should be solicited to refine
and adapt strategies [63]. This iterative approach allows for the incorporation of local knowledge and
expertise, which can significantly enhance the effectiveness of retrofitting projects.

An essential aspect of stakeholder engagement in the hydropower sector is addressing environmental and
social concerns. The modification of existing hydropower infrastructure can have profound implications for
local ecosystems and communities. Therefore, it is crucial to engage environmental organizations and
advocacy groups early in the process. These stakeholders can provide valuable insights into the potential
ecological impacts of retrofitting initiatives, including changes to aquatic habitats, fish migration patterns, and
water quality. Collaborating with these groups not only helps in identifying potential risks but also in
developing mitigation strategies that can alleviate negative outcomes.

The economic implications of hydropower retrofitting also warrant careful consideration. Engaging with local
communities, particularly those that are directly affected by hydropower operations, can yield critical
information regarding the socio-economic dynamics at play. It is essential to understand how retrofitting
projects can contribute to local economies through job creation, increased energy efficiency, and potential
revenue from improved energy production. Additionally, local stakeholders can offer insights into cultural
values and historical ties to the land and water resources that might inform the retrofitting process and its
community acceptance.

To facilitate effective stakeholder engagement, it is also important to recognize and address potential conflicts
of interest in a transparent manner [64]. For example, hydropower operators may prioritize maximizing
energy output and operational efficiency, while environmental groups may advocate for stricter ecological
protections. Navigating these competing interests requires skilled facilitation and a commitment to finding
common ground. Mediated discussions can provide a platform for stakeholders to express their views openly
and seek collaborative solutions that balance energy needs with environmental stewardship [59].

Stakeholder engagement is a critical element of hydropower retrofitting in Romania. By fostering open
communication, addressing diverse interests, and incorporating local knowledge, the engagement process
can significantly contribute to the development of sustainable and equitable retrofitting strategies. The
complexities inherent in the hydropower sector necessitate a collaborative approach that acknowledges and
respects the voices of all stakeholders while harnessing their collective insights. As Romania moves forward
with its retrofitting hydropower initiatives, a commitment to inclusive stakeholder engagement will be
essential in navigating the challenges and opportunities that lie ahead. Through thoughtful and consistent
engagement, the potential for hydropower as a clean and renewable energy source can be realized, ensuring
that both environmental and social well-being are preserved in the pursuit of energy sustainability.

8. Integration with Romania's Power Grid

Effective grid integration is essential for maximizing the benefits of retrofitting Romania's hydropower plants.
Hydropower is inherently flexible in terms of electricity generation, making it a valuable asset for balancing
supply and demand on the grid. However, Romania's power grid is facing increased pressure from the rising
share of variable renewable energy sources such as wind and solar. These sources generate electricity
intermittently, leading to potential mismatches between generation and demand. Hydropower retrofitting,
particularly through pumped-storage solutions, can play a pivotal role in addressing this challenge by
providing reliable dispatchable power.

The modernization of hydropower plants should be designed with grid flexibility in mind. This means that
retrofitted plants must be able to rapidly adjust their output in response to grid fluctuations. One key solution
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involves the incorporation of automated grid balancing systems that can control hydropower plants in real
time. By integrating smart grid technologies, Romania’s hydropower plants could become a central part of
the country's energy management strategy, automatically increasing or decreasing generation based on grid
needs. For example, during periods of low renewable energy generation, hydropower plants could quickly
ramp up their output to compensate for the shortfall. Conversely, when wind and solar generation are high,
hydropower plants can reduce output or even absorb excess energy through pumped storage.

The transition to a smarter, more flexible grid also requires investments in grid infrastructure. Romania will
need to enhance its transmission and distribution networks to accommodate the dynamic operation of
retrofitted hydropower plants. This involves upgrading substations, installing advanced transformers, and
improving interconnections between hydropower plants and other renewable energy sources. Moreover,
Romania's grid will need to be upgraded to better accommodate cross-border electricity flows, allowing it to
participate more fully in the European internal energy market. The European Union has set ambitious targets
for cross-border interconnections under the European Green Deal, which Romania will need to meet to fully
leverage its hydropower potential.

9. Discussions

The Integrated National Plan (PNI) proposes the development of the new solar energy and microhydro
energy capacities provided for in the Decarbonization Plan will contribute to achieving the SRE-E target and
will ensure the diversification of energy sources, but the National Strategy for Water Management Romania
(SNGA) quotes a truncated part of Romania's Energy Strategy 2020-2030, with the perspective of the year
2050, the original text being "In accordance with environmental policies, reducing or eliminating the negative
impact on the ecological state of running waters produced by microhydropower plants with derivation
plants, Romania must unlock such started projects and start new projects.” [15].

The SNGA vaguely mentions the need to achieve the financing of investment objectives for hydropower
facilities and hydrotechnical and energy complexes without citing the Energy Strategy of Romania 2020-2030,
with the perspective of the year 2050 (proposal), namely "Realization of some strategic projects of
Hidroelectrica (modernizations, re-technologies, i.e. the completion of the main investment objectives under
execution), to which are added offshore investments and pumped storage plants, will also contribute to the
replacement of polluting capacities and the flexibility of the national energy system."

In the text of the proposal regarding Romania's Energy Strategy 2020-2030, with the perspective of 2050, the
reference to the ecological flow has disappeared "In this sense, for large hydropower facilities, the transition
will be carried out gradually until 2030, through three stages of adjustment, for to reach compliance with
average European standards in the field, and for small-scale hydropower installations, compliance with
average European standards will be achieved by 2025", because the regulation of the method of determining
and calculating the ecological flow, HG 148/ 2020 has an annex with disproportionate costs that thus exempts
some hydropower capacities (including microhydropower), and in particular all the hydropower capacities of
S.P.E.E.H. HIDROELECTRICA S.A., and large hydroelectric power stations and small hydropower plants.

10. Conclusions and future directions

The Romanian authorities show omissions in that they do not pay enough attention to optimizing the
operation of hydroelectric plants, thus ignoring a significant potential for increasing energy efficiency and
limiting themselves to an outdated approach regarding the development of the hydropower sector, focusing
on the development of new capacities hydropower plants with an impact on the environment and an
inefficient use of water resources. It ignores the potential to increase the efficiency and energy production of
already existing hydroelectric plants resulting in missing out on a significant potential to increase the
production of renewable energy, without requiring the construction of new dams that have the effect of
increasing greenhouse gas emissions greenhouse for the whole life cycle.

Detailed studies are needed to identify the potential for increasing the energy efficiency of each individual

hydroelectric plant and to develop clear and concrete plans for the modernization of existing hydroelectric
plants, including the establishment of precise objectives and a timetable for implementation. This can be done
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by identifying appropriate sources of funding, both national and European, to support investments in
modernization, an example would be the use of the water tax for hydropower uses and government
transparency about its use in promoting increased energy efficiency of hydroelectric plants.

While the technical and environmental challenges of retrofitting have been extensively discussed, it is equally
important to consider the steps that will follow the completion of these upgrades. Hydropower retrofitting is
not a one-time intervention; rather, it is part of a broader process that involves ongoing assessments, further
technological improvements, and adaptive strategies in response to evolving energy demands and
environmental changes. One of the key areas for follow-up after the retrofitting process is the monitoring of
plant performance and environmental impact. Hydropower plants are dynamic systems that interact with
their surroundings in complex ways, and retrofitting them introduces new variables into these interactions.
After retrofitting, Romania must ensure that the upgraded plants are functioning optimally and in line with
the intended goals of improving efficiency, increasing energy output, and reducing environmental impacts.
This requires the establishment of rigorous monitoring systems that continuously assess the performance of
turbines, generators, and other mechanical components, as well as the overall output of the plants.

Real-time data collection and analysis will play a crucial role in the post-retrofit monitoring process. By
leveraging advanced sensor technologies and data analytics platforms, plant operators can gain insights into
the operational status of equipment, water flow management, and grid integration. This data can then be
used to optimize the plants’ performance over time, ensuring that any issues are identified and resolved
quickly, thereby minimizing downtime and maximizing efficiency. The monitoring systems should also track
environmental indicators, such as water quality, sediment levels, and biodiversity health, to ensure that the
plants are not negatively impacting local ecosystems. This ongoing evaluation is essential for meeting both
national environmental standards and European Union regulations, such as the Water Framework Directive,
which requires member states to maintain good ecological status in their water bodies.

In addition to monitoring performance, follow-up efforts should focus on evaluating the financial and
economic outcomes of the retrofitting projects. Retrofitting hydropower plants represents a significant capital
investment, and it is crucial to assess whether the financial returns from increased efficiency and energy
production meet expectations. Cost-benefit analyses, including lifecycle assessments, will provide insight into
the economic viability of the retrofits and inform future investment decisions in Romania’s renewable energy
infrastructure. By quantifying the long-term savings from reduced operational and maintenance costs, as well
as the potential revenue from increased electricity production, stakeholders can evaluate the overall success
of the retrofitting projects. Furthermore, this economic evaluation should take into account any savings from
avoided greenhouse gas emissions, as these reductions may translate into carbon credits or other financial
incentives under European and global climate frameworks.

Looking beyond immediate follow-up, Romania must also chart a clear course for the future development of
its hydropower sector. The retrofitting of existing plants is an important step, but it should be viewed as part
of a broader energy transition strategy that aligns with the country’s goals of decarbonizing its energy system
and meeting its commitments under the European Green Deal. As Romania continues to integrate more
renewable energy sources, such as wind and solar, into its energy mix, the role of hydropower will evolve.
Hydropower plants will become increasingly valuable as a means of balancing intermittent renewable energy
generation and ensuring grid stability.

Another promising area for future development is the integration of digital technologies into hydropower
operations. As the energy sector becomes increasingly digitalized, there is significant potential for Romania’s
hydropower plants to benefit from advancements in artificial intelligence (AI), machine learning, and
predictive analytics. These technologies can be used to optimize plant operations, improve water
management strategies, and reduce the environmental impact of hydropower production. For example, Al
algorithms can analyse vast amounts of data from sensors and control systems to predict equipment failures
before they occur, enabling operators to perform preventative maintenance and avoid costly breakdowns.
Machine learning models can also be used to optimize water flows and turbine operations in real time,
ensuring that the plants are running as efficiently as possible under varying hydrological conditions.
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Hydropower retrofitting must also be aligned with Romania’s broader energy strategy and its commitments
under the European Union’s energy and climate policies. The European Green Deal, which aims to make the
EU climate-neutral by 2050, places a strong emphasis on renewable energy, energy efficiency, and the
reduction of carbon emissions. Romania’s hydropower sector will play a crucial role in achieving these
objectives, but it will need to be part of an integrated approach that includes investments in other renewable
energy sources, especially wind and solar. The country must continue to explore synergies between
hydropower and other renewables, particularly in terms of grid integration and energy storage, to create a
more resilient and sustainable energy system.

In the context of climate change, Romania’s hydropower future will also need to account for the potential
impacts of changing weather patterns and water availability. As discussed in previous chapters, climate
change is expected to lead to more variable precipitation patterns and increased instances of drought in some
regions of Romania, which could affect the reliability of water flows for hydropower generation. Therefore,
future hydropower developments must be designed with climate resilience in mind. This could involve the
construction of more flexible and adaptable infrastructure, such as multi-purpose reservoirs that can be used
for both energy generation and water supply, as well as the adoption of water-saving technologies that
minimize the use of water for hydropower production.

International collaboration will be an important element of Romania’s hydropower future. As a member of
the European Union, Romania is part of a broader effort to create an integrated and resilient European energy
market. Cross-border energy cooperation, particularly in the form of shared hydropower resources and grid
interconnections, will be crucial for optimizing the use of renewable energy across the continent. Romania has
the potential to play a significant role in this process.

Education and workforce development will also be important for ensuring the long-term success of
Romania’s hydropower sector. As the country transitions to a more modern and technologically advanced
hydropower system, there will be a growing need for skilled workers who are trained in the latest
engineering, environmental, and digital technologies. Romania’s universities, technical institutes, and
vocational training programs will need to adapt their curricula to meet the demands of the evolving water
energy sector, providing the next generation of engineers, technicians, and energy managers with the skills
and multi-sectoral knowledge necessary to lead the country’s hydropower modernization efforts while taking
care of biodiversity.

The follow-up to Romania’s hydropower retrofitting projects must be seen as part of a larger, ongoing process
of modernization, optimization, and adaptation. Continuous monitoring and evaluation of retrofitted plants
will ensure that the immediate goals of improved efficiency, reliability, and environmental sustainability are
met. However, Romania must also look to the future and consider how its hydropower sector can continue to
evolve in response to changing energy demands, biodiversity and climate conditions, and technological
advancements. By investing in energy storage, digital technologies, decentralized energy systems, and
international cooperation, Romania can position its hydropower sector as a cornerstone of its renewable
energy strategy and a key contributor to its long-term energy security and sustainability goals.

In analyzing the potential for energy gains through the modernization of Romania's hydropower plants, it
becomes evident that a targeted approach is crucial. By focusing on plants with lower-than-median efficiency
and prioritizing those with higher installed power, greater energy output, longer operating times, or less
efficient installations, the hydroenergy sector can maximize the benefits of such investments. The estimated
energy increase of over 500 GWh, reaching 1100 GWh in a best-case scenario, highlights the significant impact
that modernization can have on hydroenergy.
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200 Dunare Ounare - Winju Mare MH - - - - - - - - CE 41 22.3 75 2B 2260 218 13228 1524
201 Ounare Winju Mare HH PG 47.5 a4 21 2774 Y HHIF 1984 Gognsu(Rs cB 41 235 7.5 28 2an 54 208 1584
202 Ounare - “Winju Mare MH - - - - - - - - Centrala suplim. (3b} CE 41 225 75 28 240 4 202 18528
203 Canal CHE - Cemavnda cT - - - - - - - - Cemnavoda co 145 75 7.4 ax 184 128 72 1583

Table A1. Data from Hidroconstuctia S.A.
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Appendix B. The United States’ take on retrofitting and modernization

The United States is embarking on an unprecedented energy modernization initiative, spanning 33 states and
backed by $430 million in funding. This effort, led by the Department of Energy () under the Biden-Harris
administration, plans to revitalize 293 aging hydroelectric power facilities [6]. The upgrades aim to enhance
not only the efficiency of these plants DOE but also address critical issues such as grid stability, dam safety,
environmental concerns, and overall grid reliability, marking a significant milestone in modernizing the
country’s hydroelectric infrastructure.

The objective of this U.S. initiative is not to expand hydropower capacity but to optimize existing
installations. The focus will be on improving dams, power infrastructure, and environmental safeguards. The
upgrades, including advanced turbines, control systems, cables, and transformers, will make the
hydroelectric plants more resilient to operational stress and external factors like storms and extreme
temperatures. Of the $430 million investment, a portion will go towards reinforcing grid reliability and dam
safety at hydroelectric stations nationwide. The DOE plans to replace key components, such as turbines and
generators, ensuring enhanced power reliability. Overall, 149 projects will target dam safety, while 84 will
focus on strengthening grid resilience.

This modernization plan also addresses the growing risks posed by climate change. Many dams are
vulnerable to extreme weather conditions, and the initiative includes improvements to emergency spillways,
gates, and water delivery systems to help them withstand heavy rainfall and prevent disasters. The program
also entails concrete repairs and erosion control to fortify dam structures, ensuring the safety of critical
energy assets. Additionally, these upgrades will extend the lifespan of hydroelectric plants, contributing to
the stability of the energy grid. This is particularly important for states like California and New York, where
hydropower plays a significant role and where climate-related risks, such as wildfires and storms, are on the
rise. By maintaining these facilities, the U.S. can avoid blackouts and maintain a steady flow of renewable
energy.

Beyond grid reliability, the U.S. modernization program is designed to minimize the environmental impacts
of hydropower and improve recreational opportunities around dams. A total of 60 environmental projects
will focus on protecting watercourses, improving aquatic habitats, and enhancing water quality. One key
environmental effort involves installing fish passage systems, such as fish ladders, to help species navigate
dams without being harmed, a critical measure for preserving biodiversity and supporting Indigenous
communities. Advanced turbine designs will also reduce oxygen depletion in water and improve
downstream water quality, benefiting aquatic ecosystems.

While federal funding is a key driver of this initiative, the DOE’s $430 million is only part of a larger
investment plan. The program will be supplemented by over $2.38 billion in private sector investment,
demonstrating strong interest from private companies in maintaining and developing the nation’s
hydroelectric resources. Major energy companies like Southern Co., PG&E Corp., and PacifiCorp are among
the recipients of these federal funds, reflecting the public-private partnerships that form the foundation of
this modernization effort [6].

As the U.S. transitions to renewable energy, hydropower remains a crucial component. Hydroelectric power
currently accounts for 93% of all utility-scale energy storage in the country and is poised to serve as a
foundational technology that supports the expansion of newer renewable energy sources like wind and solar.
These hydroelectric upgrades will contribute to energy storage capacity and power grid stability, increasing
the flexibility and reliability of the nation’s energy system [6].

An important component in such analyses is the classification of large hydropower plants. The U.S.
Department of Energy (DOE) classifies large hydropower plants as establishments with a capacity of more
than 30 megawatts (MW), while the EU classifies them as establishments with installed power > 10 MW
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Appendix C. Technical details

Key Concepts and Formulas:

° Hydroelectric Energy: This is the energy derived from the movement of water.

To produce electrical energy, it is necessary to transform the potential energy of water into mechanical

energy, which is then converted into electrical energy.
If we consider a fluid, the equation can be written as:

The equation E = av?/2g + p/y + zrepresents the specific energy of a fluid, where:

. E: Specific energy

. a: Correction factor for non-uniform velocity distribution
. v: Velocity of the fluid

. g: Acceleration due to gravity

. p: Pressure of the fluid

" v: Specific weight of the fluid

. z: Elevation head

Considering two points, the energy that can be collected between these two points is:

2 2
I LA (e,
o AE = E, E2—2g+y+21) (zg+y+22
. Head (H= z;- z,): The difference in elevation between two points in a fluid flow. It represents the

potential energy per unit weight of the fluid.

° Mechanical Work (L): The work done by a force over a distance. In the context of hydroelectricity, it's

the work done by the force of gravity on a mass of water as it falls through a height.

o L=GH

o G: weight of the fluid

° Power (P): The rate at which work is done.
o P = dL/dt = nvyQH

o Q: Flow rate

o H: Head

o 1 — the efficiency of hydropower plant

° Energy (E): The energy.
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o E = {P(t)dt = {n(Q(t).H(Q(t)))'Y'Q(t)'H(Q(t))dt

o E= ng-y-Qm *H T , energy in average hydrological year

fm
where, H,, represents the average head, T, is the operating time at the multiannual average flow and Q,, is
the multiannual average flow.

© E~ n,eve QeH o Tﬁ , energy at the installed flow rate

where, H, represents the net head, T is the operating time at the installed flow and Q; is the installed flow.

The integral E represents the energy generation of a hydropower plant over a one-year period. Here's a
breakdown of its components.

- E, represents the total energy generated over one year.
-1, is the efficiency of the hydropower plant.

- H(Q(t)), is the head (height difference between the level water of the water intake and the turbine) as a
function of discharge (Q) at time t, considering hydraulic loss energy.

- Q(t), is the discharge (flow rate of water) at time t.
— v, is the volumetric weight of water.

The integral essentially sums up the energy produced at each instant (dt) over the entire year. At each instant,
the energy generated is proportional to the product of the head, discharge, and the efficiency of the plant.
Integrating this over time gives the total energy produced.

Several strategies can be used to modernize hydropower plants and maximize power generation, and here are
a few examples:

i. Upgrading Turbines by increasing efficiency improvements

ii. Optimizing operation, namely, real-time monitoring and control, predictive maintenance, and expanding
storage capacity. Advanced control systems can monitor water levels, flow rates, and turbine performance in
real-time. This enables optimal operation based on changing conditions, maximizing energy production. By
analysing sensor data and historical performance, predictive maintenance can identify potential issues before
they lead to downtime, ensuring continuous operation. Storing water in the reservoir and using it during
peak demand can significantly increase the financial value of the energy.

Modernization should be done with a focus on minimizing environmental impact.

The hydropower plant's operation should be optimized to integrate seamlessly with the grid, considering
factors like grid stability and demand fluctuations.

By implementing these strategies, hydropower plants can significantly increase their energy output, making
them even more valuable contributors to a sustainable energy future.

Hydroelectric Power Plant

The specific devices and their configurations vary depending on the type of hydroelectric plant (storage,
run-of-river, diversion) and the water head available.

Figure 1 shows a simplified representation of a hydroelectric plant, and actual plants may have additional or
more complex components.

As seen in the image, the different machines and equipment present in hydroelectric facilities are listed
below, along with their purposes:
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I. Damming section:

Barrage, weir (for run-of-river plants) or combination of barrage and weir (for diversion plants). Run-of-river
is a type of hydropower project in which limited storage capacity is available and water is released at roughly
the same rate as the natural flow of the river.

II. Spillway for controlling the maximum permissible headwater level and discharges excess water during
floods.

III. The upper basin (reservoir) because of the dam or the weir.

IV. Intake Structure directs water from the reservoir to the penstock.

V. Supply piping carries water from the intake structure to the turbines. These can be tunnels, penstocks, or
open channels.

VI. A surge-relieving device that dampens pressure fluctuations in the penstock. These can be surge tanks
(for high-head plants) or bypass outlets (for rapid shutdowns).

VII. A powerhouse houses the turbines and generators that convert water energy into electricity. These can be
hall designs or chamber designs, where the location can be underground or outdoor, at the base or interior of
a barrage, on a riverbank.

VIII. Tail water section:

For discharges water from the turbines back into the river. Design depends on powerhouse location, turbine
type, topography, and degree of exploitation of the scheme. The specific devices and their configurations vary
depending on the type of hydroelectric plant (storage, run-of-river, diversion) and the water head available.

R

Damming section Supply section Tailrace section 17

Section of river exploitation

Original

river bed

Figure 1. Elevation and plan of characteristic components of diversion river power plant along its section of
exploitation [9].

This schematic illustrates the flow of water through a turbine-driven generator system, emphasizing control
mechanisms for water flow (valves), power generation components (turbine and generator), and the routing
of water from the source to the outflow. The elements represent essential parts of a hydropower system that
work together to generate electricity by utilizing the mechanical energy of flowing water.
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Figure 2. Detailed scheme of a hydroelectric system [10]

A hydroelectric power plant typically includes:

. (1) Penstock - this usually represents the main water flow path, which transports water from the

reservoir (or source) down towards the turbine. The blue arrow indicates the direction of water flow;

. (2) Electrical Generator - this part is connected to the turbine and generates electricity when the

turbine rotates due to the force of water passing through it;

. (3) Turbine - the turbine converts the kinetic energy of the water into mechanical energy, which then

drives the connected generator. The water enters at point "a" and exits at "b" after rotating the turbine;

. (4) Tailrace or Outflow - this is the water's exit path, leading the water away from the turbine back

into a river or downstream reservoir after it has passed through the turbine;
. (A) Water Source Level - this represents the height of the water source (e.g., a dam with reservoir or
water intake). The height difference (head) is a critical factor for the amount of potential energy converted

into mechanical energy;

. (E) Grounding or Electrical Reference - this symbol indicates an electrical grounding point, ensuring

the system's electrical safety;

. (i) Valve or Gate Mechanism - this may represent a valve that regulates the flow of water to the

turbine. Adjusting this valve controls how much water enters the turbine, affecting the power output;

. (ii) Control System for Valve - this could represent a secondary control mechanism for the valve, often

related to hydraulic or mechanical systems that assist in the precise movement or regulation of the valve;

. (b) Turbine Exit or Draft Tube - this is where the water exits the turbine after generating power. It

usually leads to the tailrace, where the water is safely redirected downstream;

. (a) Turbine Inlet - this is the point where water enters the turbine;

. (i) Cavitating vortex - area where cavitation phenomena can occur, influencing the efficiency of the

turbine, in reaction turbines (Kaplan, Francis);
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. (ii) Non-torque side - area with more stable flow [11].
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Figure 3. Components of turbines.
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