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Abstract

Work on residential hydrokinetic systems has often concentrated on energy yield or cost,
while resilience at the household scale has received less systematic attention. In the
present paper, resilience is treated as the main organizing principle for the design of
small hydrokinetic schemes for riverine communities with weak or absent grid supply.
The proposed framework integrates hydraulic resource assessment, resilience-oriented
component selection, regionally calibrated Amazonian demand factors, and quantitative
energy storage sizing with analytical LOLP validation. The approach is tested on a tributary
of the Napo River near Tena, in Napo Province, Ecuador, where measured INAMHI flow
data and Amazonian demand factors (DF = 0.40 − 0.65) inform the configuration of a
floating axial turbine, a 6 kW PMSG, and a 30 kWh LFP battery bank. Within an operating
window of 0.9–2.0 m/s, the system delivers 0.58–6.31 kW and approximately 48 h of
autonomy for critical loads.

Keywords: resilience; hydrokinetic energy; residential micro-grid

1. Introduction
The increasing global demand for sustainable and resilient energy solutions has driven

the development of technologies capable of enabling distributed generation, particularly
in rural areas and locations with limited access to centralized power grids [1,2]. Among
available renewable energy technologies, hydrokinetic turbines have attracted attention
for their capability to generate electricity directly from the kinetic energy of flowing water,
without requiring dams or significant modifications to river systems [1–3].

This characteristic makes them particularly suitable for applications in environments
where preserving natural hydrodynamic conditions is necessary. Ibrahim et al. [1] confirm
the environmental suitability of free-flow systems, and Bassey [3] characterizes devices
generating power without reservoirs.

Beyond their relatively low environmental impact, these systems can support de-
centralized energy supply at the household level. When incorporated into residential
microgrids, hydrokinetic devices may contribute to improving supply continuity and
reducing dependence on a single energy source. However, their effective implementa-
tion depends not only on energy conversion efficiency but also on the consideration of
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technical constraints, economic feasibility, and local operational conditions that influence
long-term performance.

In this context, the present work analyzes the integration of a hydrokinetic energy
system for residential use, with emphasis on the behavior of the associated electrical
subsystem. The following section outlines the basic principles of energy conversion,
providing the basis for the subsequent technical discussion.

Hydrokinetic turbines operate by converting the kinetic energy of water currents
into mechanical energy, which is subsequently transformed into electricity. This approach
enables the use of flowing water as a renewable energy source, particularly in remote
or difficult-to-access areas. Unlike conventional hydropower systems, these devices can
operate without large-scale infrastructure, such as reservoirs, which reduces their impact
on river morphology and surrounding ecosystems [1–3].

In the design of hydrokinetic turbines, it is necessary to consider the main components
involved in the energy conversion process. The blades, or vanes, interact with the water
flow and serve as the primary element for energy capture. Their design typically relies
on hydrodynamic profiles, such as NACA sections, which Mat Yazik et al. [4] review
extensively as the preferred profiles to balance lift generation and drag reduction under
expected operating conditions.

The structural response of the blades must also be evaluated by estimating the forces
and moments acting on them, which define key parameters such as geometry and angle of
attack. In this context, numerical tools are commonly employed, including computational
fluid dynamics (CFD) for flow analysis and structural models to assess mechanical behavior.
These approaches can be coupled through fluid–structure interaction (FSI) frameworks to
obtain a more representative description of turbine performance. Experimental validation
is then required to contrast numerical predictions with measured data [5].

The rotor, which supports the blades and transfers the extracted energy into rotational
motion, must be designed considering both mechanical integrity and operational conditions.
To match the rotational speed of the turbine with the requirements of the electrical generator,
a transmission system based on shafts and gears is typically incorporated. A design practice
that Puertas-Frías et al. [2] emphasize must account for efficiency and durability, particularly
under variable operating conditions commonly observed in riverine environments [2].

The use of hydrokinetic turbines has been proposed as a promising technology
within the area of renewable energy for the generation of electric power in urban ar-
eas. Palanichamy et al. [6] document a 5 kW microgrid deployment in a secluded Indian
community, Jasso-Ruiz et al. [7] demonstrate real-time co-simulation and grid integration of
PMSG-based systems, Pompeu et al. [8] develop an electromechanical test bench for energy
conversion studies, and Kirke [9] evaluates small axial-flow turbines for remote commu-
nities. These systems convert the kinetic energy of moving water in rivers to produce
electricity, which has become attractive for hard-to-reach communities.

More of these types of clean energy systems are being developed, and efforts are
underway to make them more efficient and reliable [10,11]. This growth is also reflected
in recent reports describing multiple field deployments of hydrokinetic power systems,
indicating increasing operational maturity beyond laboratory prototypes [12].

The electrical subsystem of a hydrokinetic energy system comprises several intercon-
nected elements [13], including the generator, power electronic converters, energy storage
units, and control modules, whose interdependencies are analyzed by Almeida et al. [14]
with respect to grid-connected marine hydrokinetic farms. The performance of these com-
ponents influences the overall efficiency of the energy conversion process, particularly
under variable operating conditions [15]. In addition, Jasso-Ruiz et al. [7] demonstrate
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PMSG-based hydrokinetic real-time co-simulation and grid integration, confirming the
technical viability of the conversion chain.

From an operational perspective, the electrical system must accommodate fluctuations
in water flow, ensure adequate power quality, and enable stable integration with local
loads or distribution networks. Requirements that Wellinghoff et al. [16] address through
regulatory innovation for hydro-kinetic energy development and that Cajot et al. [17]
contextualize within multicriteria decision frameworks for urban energy planning. In
addition, its design should consider factors such as energy conversion efficiency, load
management, and supply continuity to meet typical household energy requirements [18].

The scope covers different aspects of electric power systems for domestic hydrokinetic
turbines. The focus is placed on generator technologies and their selection criteria, power
electronics including AC–DC–AC converters and grid-tie inverters, control systems for
maximum power point tracking (MPPT), and grid synchronization. On this last point,
Hu et al. [19] review multi-objective optimization approaches applicable to the organic
Rankine cycle, but whose principles extend to hydrokinetic conditioning stages, while
Carrasco et al. [20] survey power-electronic systems for grid integration of renewable
sources, providing the foundational reference for the converter topologies considered here.

The objectives of this paper are four: (i) to review and evaluate generator technologies,
power electronics topologies, and storage under a unified resilience criterion; (ii) to develop
a demand characterization methodology using regionally calibrated Amazonian demand
factors; (iii) to apply the framework to a Napo River case study with quantitative results;
and (iv) to identify regulatory gaps and future research directions.

The novelty lies in the application of an integration approach for all components
across the various stages of the conversion process, that is, from hydropower resources to
residential load, which has not been demonstrated in previous research on residential-scale
hydrokinetic systems applied to the Ecuadorian Amazon.

Hydrokinetic systems for residential applications are still under development; how-
ever, they have been considered as a viable alternative for electricity supply in areas without
access to conventional grid infrastructure. Several studies have reported the implementa-
tion of small-scale systems capable of supplying energy to individual households or small
communities [9,21–23].

For instance, Palanichamy et al. [6] document a 5 kW hydrokinetic microgrid in India;
Cuenca et al. [23] report Ecuadorian field implementations. Cahill et al. [12] confirm in-
creasing operational maturity through multiple deployments, and Kirke [11] demonstrates
that cost-effective residential-scale designs are increasingly viable.

The design of power take-off (PTO) systems has been a relevant aspect in improving the
performance of these technologies. Recent developments include compact configurations
and transmission mechanisms, such as continuously variable transmissions, aimed at
adapting turbine operation to changing flow conditions. In addition, control strategies
based on maximum power point tracking (MPPT) have been explored to improve energy
extraction under variable operating regimes [24].

Finally, as the field of domestic hydrokinetic energy continues to evolve, addressing
challenges related to electric power systems becomes increasingly important [25,26]. The
next section details the main components of the electrical power system and their role in
ensuring the resilience and efficiency of residential hydrokinetic installations. The analysis,
therefore, focuses on evaluating how electrical and control subsystems contribute to the
overall resilience and service continuity of residential hydrokinetic microgrids.
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2. Resilience-Oriented Design Framework
2.1. Methodology

The objective of the proposed methodology is to provide a structured procedure for
the preliminary design and evaluation of residential hydrokinetic power systems operating
under variable river conditions. The framework integrates hydraulic resource assessment,
technology selection, mechanical and electrical sizing, demand characterization, energy
storage evaluation, and resilience analysis into a sequential design process.

Unlike conventional approaches that focus on isolated subsystems, the proposed
methodology links hydraulic, electrical, and operational aspects to support decision-making
during the early stages of project development. The overall methodology is summarized
in Figure 1, which presents the proposed resilience-oriented design framework and the
interactions between the different stages used to obtain the final system configuration.

Figure 1. Proposed resilience-oriented design framework for residential hydrokinetic power systems.
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As illustrated, the proposed framework is organized into seven sequential stages. The
process begins with the characterization of the available hydrokinetic resource, followed
by the selection of the most suitable conversion technology and the preliminary sizing of
the mechanical and electrical subsystems. Subsequently, residential demand and storage
requirements are evaluated to establish the operational constraints of the system. Finally,
resilience indicators are assessed under different operating scenarios, and the results are
integrated into a final system configuration. This structure provides a systematic link
between hydraulic conditions, energy conversion, storage capacity, and service continuity
requirements for residential hydrokinetic applications.

2.2. System Architecture and Standards Compliance

For hydrokinetic energy systems to work properly, interoperability is essential, i.e.,
ensuring that electricity generation, conversion, storage, and supply work in harmony as
an integrated and resilient whole.

The overall energy conversion chain, from hydraulic energy extraction to electrical
power delivery, underpins the system architecture discussed in this section.

It is important to note that compliance with national and international regulations and
legislation is a key factor in the design and implementation of these systems. These systems
must comply with different safety standards based on the components used, including
energy quality, emissions, grid interconnection, and environmental impact. Examples
include the updated IEC 60034 standards applicable to generators, IEC 60146 for power
electronics, and IEEE 1547 for aspects of distributed resource integration [24–26].

An electrical power system for converting the mechanical energy of a hydrokinetic
turbine comprises a set of elements designed to efficiently convert, manage, and distribute
the energy produced by the movement of water. Figure 2 shows power system components
that are part of the Hydrokinetic turbine system. The modular configuration of these
components enhances system resilience by enabling fault isolation and maintaining service
continuity under fluctuating hydraulic conditions.

Figure 2. Electrical power system components of a residential hydrokinetic turbine and their contri-
bution to system resilience.
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The main element is the electrical generator, which can be of the permanent magnet
synchronous type (PMSG), which will be responsible for producing electricity [7,27]. This
type of generator is chosen because it offers high efficiency, reliability, and capacity to
operate at variable speeds, which allows it to perform better under oscillating water flow
conditions [28]. This modular architecture enhances system resilience by allowing inde-
pendent operation of each subsystem, facilitating fault isolation, and enabling continued
energy supply under partial component failure or fluctuating hydraulic conditions.

Once the generator has been selected, the power electronics elements are selected,
since they will serve in a timely manner to condition and control the electrical output. A
key component at this stage is the AC–DC–AC power converter, which typically comprises
a rectifier to transform the AC output of the generator to DC, followed by an inverter
that produces AC power compatible with the grid [25]. This conversion process enables
maximum power point detection (MPPT), which is a control strategy that optimizes turbine
power extraction across different water flow rates. Implementing MPPT sometimes means
using complex algorithms, such as the “perturb and observe” method, which can improve
overall system efficiency [29].

Today, advances in the area of power electronics have enabled the use of wide-bandgap
semiconductors, of which silicon carbide (SiC) MOSFETs can be mentioned, for hydrokinetic
energy conversion systems [30,31]. These devices offer superior performance in terms of
switching speed and efficiency, enabling higher frequency operation and reduced passive
component sizes. This is particularly advantageous in subsea applications where space is
at a premium.

Batteries should also be considered as part of storage system integration, which is
very important in this type of electric power system. The use of this element will allow
energy fluctuations to be smoothed out and provide a stable supply during periods of low
water flow [29,32]. In more complex designs, pumping systems are incorporated, which
will allow reliability and the ability to dispatch energy to the electrical load to be improved.

To connect the power system to the residential area, an inverter must be used, which
will allow electricity to be delivered at a frequency and voltage suitable for the operation of
the electrical equipment in the homes. In off-grid applications, a microgrid-type design
can usually be carried out. Therefore, it should be considered whether it is feasible and
necessary to include additional renewable sources, such as creating hybrid systems that
will help improve the overall reliability and availability of electrical energy [33].

Finally, control systems must be considered because they are an important part of the
electrical power system and manage various aspects, such as energy flow, grid synchro-
nization, and protection against faults. Advanced control schemes, often implemented
through digital signal processors or microcontrollers, can significantly improve overall
system performance and reliability [34].

Figure 3 shows the flowchart of the requirements to be considered for the selection of
the electrical components.
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Figure 3. Criteria for selecting electrical components in residential hydrokinetic systems with
emphasis on reliability and resilience.

3. Resilience Aspects
3.1. Conceptual Approach to Resilience

Resilience in distributed power systems refers to the ability of an energy network to
anticipate, absorb, adapt, and rapidly recover from disturbances while maintaining accept-
able level of performance. Palanichamy et al. [9] demonstrate in their Indian microgrid
case study that resilience is linked not only to the continuity of electrical supply but also to
the adaptive capacity of both the hydraulic and electrical subsystems under variable flow
and load conditions.
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Recent studies describe resilience in energy systems as a multi-dimensional prop-
erty that integrates technical, economic, and operational aspects. It is important to note
that reinforcement learning-based multi-energy trading [35] and adaptive energy manage-
ment under uncertainty [36] are advanced AI-driven strategies that extend the concept of
resilience to include smart dispatch and real-time optimization.

From a technical standpoint, it is associated with the reliability of conversion compo-
nents and the availability of alternative energy paths. The economic dimension relates to
the ability of the system to operate within acceptable life-cycle costs, while the operational
aspect is linked to its capacity to adapt to variations in flow conditions and changes in
electrical demand.

Therefore, assessing resilience in hydrokinetic microgrids requires integrating hy-
draulic behavior, energy-conversion dynamics, and electrical control performance. These
aspects are explored in the following subsections, beginning with the conversion of hy-
draulic energy into electrical power and continuing with power management, generator
selection, and overall system configuration.

3.2. Hydraulic-to-Electric Power Conversion

The conversion of hydraulic energy into electrical power is a key factor determining the
resilience and operational efficiency of hydrokinetic systems. The theoretical relationship
between flow velocity and generated power follows a cubic dependence, as expressed by:

Phydraulic ∝ ρAV3 (1)

where ρ is the water density (kg/m3), A is the swept area of the turbine (m2), and V is the
flow velocity (m/s).

This implies that even modest variations in river velocity can produce significant
changes in the available power, underscoring the importance of reliable hydrological
assessment. In the literature, low-head and free-flow turbines installed in Latin America
typically operate at flow velocities between 0.5 and 3.0 m/s, producing from approximately
100 W to several kilowatts, depending on the turbine diameter, hydrodynamic design, and
local flow conditions [32,33].

The estimated energy production was obtained using the standard hydrokinetic power
formulation, considering assumed values for the rotor sweep area, power coefficient, and
overall system efficiency. Monthly energy estimates were calculated based on average flow
velocities and continuous operation over the considered period.

Figure 4 presents the relationship between flow velocity and power for the pro-
posed hydrokinetic system under the conditions of the Napo River Basin. The available
hydraulic power, Pavail = 1

2 ρAV3, is compared with the extracted mechanical power,
Pextract = Cp · 1

2 ρAV3, in order to illustrate the effect of the conversion efficiency within
the typical operating range. The calculations were performed using a water density of
ρ = 997 kg

m3 , a rotor sweep area of 4.524 m2 corresponding to a diameter of 2.40 m, and a
power coefficient Cp = 0.35.

Four operating regions can be identified from the velocity range considered. For
velocities below approximately 0.9 m/s, the turbine operates below the cut-in threshold
and does not produce useful power. Between 0.9 and 2.0 m/s, which corresponds to typical
flow conditions in the Napo River, the estimated power output ranges from approximately
0.58 to 6.31 kW. For velocities between 2.0 and 2.5 m/s, the system may require control
strategies, such as pitch adjustment or electrical regulation, to maintain stable operation.
At higher velocities, protective mechanisms are required to limit mechanical and electrical
loads. The nominal operating point is defined at 2.0 m/s, where the estimated extracted

https://doi.org/10.3390/en19133059

https://doi.org/10.3390/en19133059


Energies 2026, 19, 3059 9 of 27

power is consistent with the nominal capacity of the 6 kW permanent magnet synchronous
generator, marked by a short-dashed reference in Figure 4.

Figure 4. Power-Velocity Curve.

A resilience sensitivity annotation highlights that a modest decline in velocity,
about 25%, from 1.6 m/s to 1.2 m/s, reduces the extractable power by roughly 58%
(0.753 ≈ 0.42), a sensitivity that illustrates how small hydrological variations can markedly
affect residential energy availability. This sensitivity directly motivates the storage sizing in
Section 4. Hydrological data are specific to a tributary near Tena, Napo Province, and are
not generalized to the broader Amazon basin.

3.3. Turbine Typologies for Riverine Hydrokinetic Systems

Hydrokinetic turbines for river and irrigation-channel applications can be classified
according to rotor orientation, flow confinement, and installation configuration.

Sood and Singal [34] provide a comprehensive taxonomy of hydrokinetic energy
technology across these criteria, Espina-Valdés et al. [37] conduct experimental compar-
isons between Darrieus and Gorlov turbines under representative riverine conditions,
and Niebuhr et al. [38] review hydrokinetic turbines and enhancement techniques for
canal installations.

Figure 5 illustrates how the availability of different turbine typologies enables design
adaptability, allowing the selection of configurations that balance efficiency, robustness,
and maintainability under site-specific hydraulic constraints.

Hydrokinetic turbines can be broadly classified into axial-flow and cross-flow con-
figurations. Axial-flow (horizontal-axis) turbines operate with the rotor aligned with
the direction of the current and are typically associated with higher conversion efficien-
cies, commonly reported in the range of 40–45% for flow velocities above approximately
1.5 m/s. These systems are generally suitable for locations with sufficient depth and rel-
atively stable flow conditions. However, their performance is sensitive to variations in
velocity profiles and installation depth, which may limit their applicability in shallow or
sediment-laden rivers.

Cross-flow (vertical-axis) turbines, including Darrieus, Savonius, and Gorlov config-
urations, are characterized by a rotation axis perpendicular to the flow. These systems
tend to operate more effectively under turbulent or bidirectional conditions and can be de-
ployed in shallower environments. Their mechanical simplicity can facilitate maintenance
and modular implementation. In general, their peak efficiencies are lower than those of
axial-flow turbines, typically in the range of 25–35%, and they may be subject to increased
structural loading under unsteady flow conditions.
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Figure 5. Representative configurations of hydrokinetic turbines for river applications. Dashed lines
indicate the approximate water free surface.

Ducted or shrouded turbines incorporate flow-guiding structures, such as diffusers,
to locally increase the velocity of the water passing through the rotor. This approach can
enhance the effective power density, particularly at low natural flow velocities. However,
the inclusion of such structures introduces additional complexity in manufacturing and
maintenance and may increase sensitivity to debris accumulation.

Floating or surface-mounted configurations have been adopted in rivers with variable
depths, where fixed installations are less practical, such as those of the Ecuadorian Amazon.
These systems allow relatively rapid deployment and facilitate maintenance operations
through easier access and retrieval. Nonetheless, their performance may be affected by
stability issues under high-flow conditions or during flood events.

Helical turbines, such as the Gorlov type, represent a variation of vertical-axis designs
in which the blades follow a helical geometry. This configuration promotes a more uni-
form torque distribution and can reduce cyclic loading effects. Despite these advantages,
fabrication complexity and associated costs are generally higher than those of simpler
configurations such as Savonius turbines [34].

Table 1 summarizes the main characteristics, operating ranges, and applicability of
the different turbine configurations for residential-scale hydrokinetic systems. Under flow
conditions typical of Ecuadorian rivers, generally characterized by moderate velocities
ranging from 0.5 to 2.5 m/s and relatively shallow depths below 2 m, cross-flow and
floating axial configurations can be considered suitable options. These configurations offer a
compromise among energy conversion efficiency, mechanical robustness, and maintenance
requirements, all relevant factors for long-term operation.

Emerging hydrokinetic technologies include oscillatory or hybrid conversion systems
that do not rely exclusively on continuous rotational motion. These configurations typically
use hydrofoils or blades that undergo controlled oscillatory motion, which is subsequently
transformed into rotational energy via mechanical linkages. Such approaches may pro-
vide additional flexibility under low or highly variable flow regimes, where conventional
turbines tend to operate with reduced efficiency.

These classifications can also be used to define criteria for assessing system perfor-
mance, including aspects related to reliability, adaptability, and long-term operation under
local hydrological conditions.
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Table 1. Classification of hydrokinetic turbine configurations and their operating conditions for
riverine applications [34].

Turbine Type Axis
Orientation

Typical
Velocity Range

(m/s)

Main
Advantages

Main
Limitations

Axial-flow Horizontal >1.5–3.0
High efficiency;

proven
technology

Requires deep,
steady flow

Cross-flow
(Dar-

rieus/Savonius)
Vertical 0.5–2.0

Works in shal-
low/turbulent

sites; easy
maintenance

Lower
efficiency;

possible stress
under

pulsation

Ducted/Enclosed Either >1.0–3.0
Increases flow

speed; high
power density

High cost;
clogging risk

Floating/Surface-
mounted Various 0.5–2.5

Easy
installation;

adaptable; low
civil works

Stability issues
in high flow

Helical
(Gorlov-type) Vertical 0.6–2.5

Smooth torque;
fish-friendly

design

Moderate cost;
complex

fabrication

In the case of Ecuadorian rivers, which are generally characterized by moderate flow
velocities and marked seasonal variability, the selection of turbine configuration becomes
an important factor in system design. This classification supports the analysis presented in
Section 4, where the applicability of small-scale hydrokinetic systems in the Napo River
basin is examined. Matching turbine characteristics with local hydraulic conditions can
improve operational stability and reduce maintenance requirements, which are relevant
considerations for residential energy applications.

3.4. Power Considerations

When designing an electric generation system using a hydrokinetic turbine, one of
the most difficult challenges is to improve the overall efficiency of these systems, because
it is essential to increase energy production and improve economic viability for domestic
use. One of the key aspects is the use of a permanent magnet generator to meet the
aforementioned requirements.

Another challenge is the optimization of power electronics components, including
maximum power point tracking controllers and more efficient inverters, which can guaran-
tee maximum power extraction from the turbine [39].

One aspect of the mechanical part is the optimal hydrodynamic design that focuses
on the turbine blades to reduce resistance, thus increasing efficiency when capturing the
energy produced by the movement of water [33].

Due to the variable flow conditions in rivers near residential areas, oscillations in the
water flow occur that can affect the consistency and reliability of power generation.

Bassey [3] identifies flow variability as the primary challenge for dam-free hydrokinetic
devices, while Arévalo et al. [40] develop a methodology for smoothing power peaks
produced by electricity demand and a hydrokinetic turbine for a household load using
supercapacitors.

Therefore, solutions must be sought that enable consistent delivery of power to homes.
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Integrating these systems with smart grids can help manage variable power outputs
by balancing supply and demand and utilizing distributed energy resources. Developing
adaptive control algorithms that adjust turbine operating parameters in real time based on
flow conditions can improve performance and stability.

In electricity generation and distribution via an optimally designed hydrokinetic
turbine for rural homes, selecting system components relies on a set of standardized
equations, engineering principles, and compliance with recent regulations.

Generator Selection and Sizing

The selection of generator power cannot be done intuitively, as both the reliability
of supply and the economic viability of a residential hydrokinetic system depend on it.
In practice, the maximum installed power rarely coincides with the simultaneous use
of all household loads, so it is more appropriate to work with the demand factor (DF),
which allows the effective capacity that the generator must cover under actual operating
conditions to be estimated [41–43].

This factor, which helps in properly sizing the generator for real-world loads, is
defined as:

DF =
Maximum Demand

Total Cinnected Load
(2)

The literature on residential consumption in Latin America has identified demand
factors of around 0.65, indicating that peak demand is usually around two-thirds of the
total load connected in the home [43–45].

In this context, it should be remembered that, for a household with an aggregate in-
stalled load of 10 kW, the expected maximum demand value is around 6.5 kW, which allows
the generator to be sized without oversizing and, consequently, to contain investment costs
associated with the system.

Figure 6 shows a varied picture of daily residential electricity consumption in the
Ecuadorian Amazon, where the demand factor (DF) clearly influences the shape of the load
curve [46–48]. It is worth noting that in these areas, energy consumption is closely linked
to household habits and the tropical climate, which keeps nighttime demand low, around
23–32% of peak load between midnight and the early morning hours. As the population
begins its daily activities, a brief spike occurs between 6:00 a.m. and 8:00 a.m. due to
the use of induction cooktops and morning household routines. The most pronounced
segment occurs at dusk, when the combination of food preparation and artificial lighting
raises demand to levels close to the daily maximum, with peaks of 88 to 100%. This pattern
repeats, with minor variations, from dispersed rural areas with one to three users per
transformer (DF = 0.40) to urban centers such as Tena and Puyo (DF = 0.65), suggesting
a gradual transition that connects the dispersed electrical load of the periphery with the
concentration characteristic of urban centers.

It should be noted that, within the electrical demand, the critical loads would be
lighting at 0.3 kW, cooling at 0.2 kW, and communications at 0.125 kW, which together total
0.625 kW. Non-critical loads include an electric shower at 4.2 kW, an induction cooktop at
2.0 kW, and fans at 0.5 kW, which may be subject to controlled disconnection in accordance
with the priority definition in IEEE 1547.
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Figure 6. Representative daily load curves for residential loads. The star identifies the demand factor
(DF = 0.52) adopted for the Napo River case study.

3.5. Types of Generators for Hydrokinetic Applications

In a hydrokinetic generation system, it is possible to use different electric machine
technologies, including PMSG, doubly fed induction generators (DFIG), squirrel cage induc-
tion generators (SCIG), switched reluctance generators (SRG), and synchronous reluctance
generators (SynRG). It should be noted that this technological variety opens a range of
possible configurations for residential applications, which require careful assessment of
the operating characteristics of each generator type before incorporating it into a domestic
hydrokinetic system.

A common criterion in the design of hydrokinetic systems is to conduct a compara-
tive study of the performance of each family of generators, so that their advantages and
limitations under real operating conditions can be clearly identified. This exercise, which
usually incorporates both electrical parameters and operational and maintenance aspects,
is particularly useful when the system is intended for residential applications, where the
margin for oversizing is limited.

It is worth noting that Figure 7 summarizes this evaluation exercise by comparing the
performance of different generators based on indicators such as effective cost, efficiency,
simplicity of control schemes, robustness against failures, and the ability to operate at
variable speeds, which provides a more solid basis for technological selection in the design
of domestic hydrokinetic systems.

Within the set of electrical machines considered for residential hydrokinetic appli-
cations, PMSGs tend to occupy a particularly favorable position, as they combine high
efficiency with a wide operating speed range, which is especially useful under fluctuating
river flow conditions typically found at the household scale [41,49].

This operating flexibility, together with a convenient cost–energy balance over the
project lifetime, makes them a suitable option for sites with relatively low flow rates
and noticeable seasonal variability, where oversizing other technologies would lead to
unnecessary capital expenditure [50].

It should not be overlooked that PMSGs can be configured both in stand-alone schemes
and in systems synchronized with the utility grid; in grid-connected arrangements, an
appropriate power electronics stage is required to adapt voltage and frequency to resi-
dential distribution standards while maintaining adequate power quality and protection
functions [39].
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Figure 7. Generator performance comparison.

Within the family of induction-based solutions, double-fed induction generators
(DFIGs) exhibit a satisfactory response under variable-speed operation, although this
advantage is offset by a comparatively high degree of structural and control complexity
that limits their overall performance in small residential schemes [51,52].

In contrast, squirrel-cage induction generators (SCIGs) stand out for their low cost
and straightforward control requirements, yet their performance deteriorates markedly
when they are subjected to broad speed variations, which constrains their suitability for
hydrokinetic sites with pronounced flow fluctuations [53].

Within the remaining alternatives, switched reluctance generators (SRGs) emerge
as an attractive choice when the design prioritizes mechanical robustness and reduced
maintenance needs, since their construction tolerates harsh operating conditions while still
delivering acceptable behavior in the other evaluated criteria, with the clear exception of
control simplicity, which requires more elaborate electronic and algorithmic implemen-
tations [54,55] Synchronous reluctance generators (SynRGs), in contrast, tend to occupy
an intermediate position in the comparative assessment, offering moderate performance
in efficiency, cost, controllability, and variable-speed capability, without showing a partic-
ularly dominant advantage in any single aspect, which situates them as a balanced yet
non-specialized alternative for residential hydrokinetic applications [56].

The selection of the operating voltage in residential hydrokinetic systems has a direct
impact on system cost, conversion efficiency, and the complexity of integration with ex-
isting electrical infrastructure. These aspects are closely related and must be considered
simultaneously during the design process.

In practice, the chosen voltage level depends on the specific application requirements,
the characteristics of the local grid or load, and the operating limits of the associated power
electronic converters.

The comparison of alternative voltage levels for residential hydrokinetic systems
highlights the trade-offs that must be considered during the design stage. Single-phase
120/240 V arrangements generally reduce initial investment; however, this benefit is
associated with lower power capacity and reduced overall efficiency. In contrast, three-
phase 230/400 V configurations provide a more suitable balance for household applications,
enabling higher efficiency and improved load distribution without a significant increase in
equipment cost. At higher voltage levels, conversion losses tend to decrease and efficiency
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improves, although this is accompanied by increased complexity in insulation, protection
systems, and power electronics, as well as higher installation and operational costs [57,58].

Table 2 shows the voltage level to be used depending on the different applications in
which the hydrokinetic energy system will be used.

Table 2. Voltage levels for hydrokinetic systems applications.

Voltage
Level (V) Application Generator

Types

Power
Electronics
Required

Grid Connection Relative Cost Efficiency
(%)

120/240 Single-phase
residential US

SCIG, PMSG
with inverter

Inverter for
PMSG Direct/Transformer Low 85–92

230/400 Three-phase
residential EU All types Inverter for

PMSG/SRG Direct Low 87–94

277/480
Small

commercial
US

DFIG, SCIG,
PMSG

Inverter for
PMSG/SRG Direct/Transformer Medium 88–94

347/600 Three-phase
commercial

DFIG, SCIG,
PMSG

Inverter for
PMSG/SRG Transformer Medium 90–95

600 DC DC microgrid SRG, PMSG
with rectifier Rectifier only DC–AC Inverter High 90–96

1000 DC High voltage
DC

SRG, PMSG
with rectifier

Rectifier +
DC/DC DC–AC Inverter High 88–94

Low-voltage configurations are commonly used in small residential hydrokinetic
systems, where the expected power demand remains relatively low. Under these condi-
tions, it is possible to employ single-phase generators or three-phase machines adapted to
household standards through appropriate transformation stages. This typically results in
simpler installation practices, since wiring layouts are similar to conventional residential
schemes and equipment interfaces are compatible with standard voltage levels. In addition,
electrical clearance requirements are less demanding, which contributes to reducing both
design complexity and operational constraints in rural or semi-isolated environments.

For household-scale applications, low-voltage configurations provide a practical bal-
ance between technical performance and investment cost, particularly when three-phase
systems below 1000 V are considered. These voltage levels allow efficient energy conver-
sion while avoiding the need for specialized insulation or switching devices. They are
also compatible with a wide range of generator technologies and generally lead to more
compact power electronic stages for energy conditioning and grid interfacing [58].

The selection of the operating frequency is primarily determined by the requirements
of the electrical system with which the installation must interact, as well as by the charac-
teristics of the generator. In most cases, standard frequencies are adopted, such as 50 Hz
in many regions or 60 Hz in American countries. Variable-frequency operation can also
be implemented to provide additional flexibility in turbine speed control, although this
approach introduces additional complexity to power electronics and control systems [2].

When variable-frequency operation is used, the turbine can adjust its rotational speed
according to the instantaneous flow conditions. This allows a closer correspondence
between the available hydraulic resource and the electrical power output. However, this
approach requires more advanced power electronic converters and control strategies. It is
particularly relevant for generator technologies such as permanent magnet synchronous
generators PMSGs and switched reluctance generators SRGs, which are well-suited for
variable-speed operation.
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3.6. Power Electronics Integration

Power electronics selection significantly impacts system performance, cost, and
reliability. The topology choice depends on generator type, voltage levels, and grid
connection requirements.

Power-electronics interfacing requirements differ significantly across the genera-
tor technologies typically considered for residential hydrokinetic systems, which means
that the conditioning stages must be tailored to each machine’s electrical behavior and
control strategy.

PMSGs usually operate through a rectifier followed by an inverter stage, and in well-
designed systems, these links can reach conversion efficiencies on the order of 96%, while
double-fed induction generators (DFIGs) tend to rely on back-to-back converters that pro-
cess only a fraction of the total power and, in doing so, reduce conversion losses compared
with full-rating converters. Squirrel cage induction generators (SCIGs) may even be cou-
pled directly to the grid without intermediate power electronics in some configurations,
which yields very high overall efficiency, whereas switched reluctance generators (SRGs)
demand more sophisticated electronic controllers and modulation schemes but, in return,
provide very robust behavior and high tolerance to electrical and mechanical faults, an
attribute especially valuable in remote residential hydrokinetic installations exposed to
harsh environmental conditions.

Table 3 shows the power-electronics system requirements that must be applied accord-
ing to the type of generator to be used.

Table 3. Power electronic systems according to generator type.

Generator
Type

Rectifier
Type

DC Bus
Voltage (V)

Inverter
Type

Control
Complex-
ity

Protection
Require-
ments

Harmonics
(THD %)

Power
Factor
Control

Grid Sync

PMSG Diode/PWM 600–800 PWM VSI Medium Standard <3 Yes Required
DFIG Not

required
Not
applicable

Back-to-
back High Advanced <5 Yes Direct

SCIG Not
required

Not
applicable Soft starter Low Basic <8 Limited Direct

SRG PWM
controlled 600–1000 PWM VSI High Advanced <5 Yes Required

For the PMSG-based residential system, the following power electronics architecture
is specified:

The rectifier is a three-phase diode bridge (passive front-end) with a rated power of
7 kW, providing a 17% margin above the generator’s 6 kW output.

The DC bus voltage is 750 V, which strikes a balance between efficiency, insulation
requirements in accordance with IEC 60146-1-1, and component availability.

The DC–DC converter will be a bidirectional half-bridge type for a 48 V LFP battery.
The MPPT strategy is based on a Perturb & Observe algorithm, with a sampling period
selected to be faster than the dominant hydraulic variations expected at the site.

The inverter to be used is a single-phase H-bridge PWM VSI, 110/220 V at 60 Hz with
unipolar SPWM modulation.

The recommended filter can be an LC type, where an L = 3 mH and C = 10 µF, which
would achieve a harmonic percentage of less than 3% when operating at rated power,
thereby complying with ARCONEL Regulation 005/2018.

Regarding the protection system for the aforementioned components, it should be
noted that a DC-bus overvoltage crowbar rated at 850 V will be installed, along with an
instantaneous-plus-inverse-time AC overcurrent relay, and a passive anti-islanding device
using the frequency shift method in accordance with IEEE 1547-2018 §6.5.1.
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From a resilience standpoint, in the event of a generator failure, the bidirectional
DC–DC converter would allow power to continue being supplied from the battery to the
bus, ensuring that critical loads continue to operate continuously. AI-based adaptive power
management [35,36] extends this hardware resilience to intelligent dispatch optimization.

4. Example of Examination
Ecuador’s electricity sector is regulated by the “Ley Orgánica del Servicio Público

de Energía Eléctrica (LOSPEE)”, a legal framework that explicitly prioritizes renewable
sources within the national energy matrix. Under this regulation, a strong dependence
on hydroelectric generation has been consolidated, which in 2022 reached around 83.6%
of electricity production, an accumulated experience that has historically been associated
with large-scale projects, such as the Coca Codo Sinclair plant with an installed capacity of
8640 MW, and which today serves as an institutional benchmark for evaluating new
proposals for smaller-scale water-based systems [59].

The Energy Regulation and Control Agency (ARCONEL) is the entity responsible for
overseeing the electricity sector in Ecuador, and for establishing the technical and economic
conditions under which system operators and users interact. Within this framework,
Regulation ARCERNNR-001/2021 includes provisions for distributed generation. However,
its implementation has been primarily oriented towards residential photovoltaic systems,
which leaves limited regulatory guidance for small-scale hydrokinetic applications. It
should not be forgotten that experience in other renewable energy segments shows how
certain institutional arrangements and well-articulated policy packages can accelerate
the adoption of domestic technologies. This situation invites consideration of whether
institutional frameworks of this type could be adapted to residential hydrokinetic projects
in remote areas, precisely in a context where the current regulatory vacuum poses both
administrative obstacles and a window of opportunity for pioneering initiatives that set
precedents for future installations.

The regulatory framework for distributed generation in Ecuador requires compli-
ance with several administrative and technical procedures involving different institutions.
ARCONEL requires the registration of distributed generation systems, the verification of
equipment specifications, and the establishment of interconnection agreements with local
distribution utilities. In addition, Regulation ARCONEL 005/2018 defines power quality
requirements that must be met during operation, including voltage deviations within ±5%
and frequency variations within ±0.5 Hz of the nominal values. These limits must be
maintained to ensure stable operation and avoid disconnection from the electrical system.

The selected installation site, located on a tributary of the Napo River in the Ecuadorian
Amazon region, offers conditions suitable for residential hydrokinetic applications. The
area, situated near the city of Tena in Napo Province, at approximately 0◦50′ S, 77◦40′ W,
is characterized by relatively stable flow regimes with moderate seasonal variations of
approximately ±25%.

This variability is supported by hydrological data collected by the Instituto Nacional
de Meteorología e Hidrología (INAMHI), which monitors parameters such as flow ve-
locity, discharge, and water level across the Amazon basin, as illustrated in Figure 8.
These observations indicate that river conditions vary over time in response to rainfall
patterns and basin-scale processes, which directly affect the kinetic energy available for
hydrokinetic conversion.
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Figure 8. INAMHI hydrological monitoring stations in Ecuador.

The integration of these monitoring data enables a more robust characterization of the
flow regime in the Napo River basin, reducing uncertainty in the estimation of available
energy and supporting more reliable system design.

The catchment area of 450 km2 generates average flow rates of 35 m3/s, maintaining
water depths between 3.0 and 4.5 m across the 30-m river width [60].

From an energy perspective, the hydrodynamic conditions of the site have a non-linear
effect on power generation, since the extractable power is proportional to the cube of
the flow velocity. As a result, relatively small seasonal variations in velocity can lead to
noticeable changes in the energy output of the system.

As shown in Figure 9, higher energy production is associated with periods of increased
flow, whereas low-flow conditions result in a reduction in generation capacity. This behavior
highlights the importance of considering temporal variability during both the design and
operation of hydrokinetic systems.

Figure 9. Monthly energy production and flow velocity variation for the selected site.

The elevation difference of approximately 520 m provides sufficient gradient for the
installation of transmission lines connecting the turbine to the household located about
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800 m from the riverbank, enabling the hydrokinetic system to operate in grid-independent
island mode. In addition, connection to the regional distribution network operated by
EMELNORTE can provide backup supplies during maintenance activities or periods of
reduced flow.

The location of the site within indigenous Kichwa territory introduces additional
social considerations that must be addressed during project implementation. These include
community consultation processes and the establishment of benefit-sharing mechanisms.
Rodríguez-Segura et al. [61] demonstrate in their study of social acceptance of renewable
energy in southern Spain that perceived fairness, local benefits, and trust between stake-
holders influence the long-term acceptance and sustainability of renewable energy projects.
For this reason, social aspects should be considered as part of the overall system framework
rather than treated solely as external constraints.

The selected residence presents an estimated energy consumption of approximately
13.45 kWh per day, equivalent to about 4900 kWh annually. This level of demand is
higher than typical values reported for rural households and is consistent with energy use
patterns observed in peri-urban areas of the Ecuadorian Amazon. The load profile reflects
local usage conditions, where electric fans are commonly used for cooling instead of air
conditioning, and electric showers introduce short-duration peak demands that can reach
values close to 4.2 kW.

Based on the site characteristics and the estimated energy demand, the main design
parameters considered for the hydrokinetic system are summarized in Table 4.

Table 4. Key design parameters for the proposed hydrokinetic system in the Napo River case study.

Parameter Value Justification

Flow velocity 1.2–2.0 m/s Typical Napo River conditions
Water depth 3–4 m Suitable for floating deployment
Installed power ~6 kW Matches residential demand
Generator type PMSG High efficiency at variable speed
Gear ratio 5:1 Adapts the turbine speed to the generator

As an illustrative application of the proposed framework, this case study considers
representative hydrodynamic conditions in the Napo River basin. Based on the charac-
teristics described in Section 3, the selected site presents mean flow velocities between
1.2 and 2.0 m/s and an average depth of 3–4 m. These conditions are compatible with
the operating range of cross-flow and floating axial-flow turbines, which are commonly
used under moderate flow regimes due to their relatively simple structure and manageable
maintenance requirements. These data are not generalized to the broader Amazon basin.

Seasonal variability has a direct influence on system performance. Flow velocities
may exceed 2.5 m/s during high-discharge periods and decrease to values close to 1.5 m/s
during low-flow conditions. Given the cubic relationship between velocity and extractable
power, these variations can lead to substantial differences in power output, highlighting
the sensitivity of hydrokinetic systems to temporal changes in river conditions.

Based on these considerations, a floating axial-flow turbine was selected as a reference
configuration. The system is designed to operate at a nominal mechanical output of
approximately 6 kW under peak flow conditions. This configuration is consistent with the
hydraulic characteristics of the site and facilitates installation, inspection, and maintenance.
In addition, it provides a practical basis for the integration of the electrical and control
subsystems described in the following sections.

Although this configuration represents a suitable solution for the conditions consid-
ered, it does not exclude the use of alternative hydrokinetic concepts. Other conversion
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approaches, including non-conventional or hybrid systems, may offer additional flexibility
under highly variable flow conditions. Evaluating such alternatives under site-specific
scenarios remains an open area of research, particularly in riverine environments such as
the Ecuadorian Amazon.

From an operational perspective, the proposed configuration can respond to short-
term variations in flow velocity and electrical demand when combined with appropriate
power conditioning and storage elements. This capability is relevant in environments where
flow conditions are inherently non-steady and may be affected by seasonal variations and
debris transport.

Power extraction at the nominal point, that is, by applying the relationship in Equation (1),
assuming a velocity of 2 m/s, and using data from the Napo River of ρ, A, V, and a Cp shown
in Section 3.2, it is estimated that Pextract = Cp

1
2 ρ A V3 = 0.35 × 0.5 × 997 × 4.524 × 8 =

6.31 kW≈ Prated = 6 kW.
According to the characterization of demand, a DF of 0.52 can be assumed for the

rural part of Napo Province, which is equivalent to a Ppeak = 0.52 × 10 kW = 5.2 kW.
Now, assuming the worst-case scenario for an urban area in Tena, where DF = 0.65, the
peak load would be 6.5 kW. In the second scenario, the 6 kW would be covered by the
generator, while the remaining 0.5 kW would be supplied by the battery.

The selected 6 kW permanent magnet synchronous generator is consistent with the
estimated mechanical power available from the turbine, while allowing for typical efficiency
losses and short-duration overload conditions associated with flow fluctuations. This power
rating reflects a compromise between the local hydraulic resource and residential demand,
avoiding unnecessary oversizing of the electrical components, which is particularly relevant
in decentralized applications.

A 5:1 gear ratio is employed to match the low rotational speed of the turbine with
the generator operating range of approximately 350 rpm. For the nominal flow velocity of
2.0 m/s and a rotor diameter of 2.40 m, this ratio gives a turbine speed of about 70 rpm. The
resulting tip-speed ratio is approximately 4.4, which is close to the value of 4 commonly
recommended for three-bladed hydrokinetic turbines used in electrical generation. There-
fore, the selected ratio is considered a reasonable preliminary match between the hydraulic
operating point and the generator requirements, although detailed gearbox optimization
should be addressed in future design stages.

The generator operates with an efficiency of approximately 94%, which is within the
expected range for this power class. In addition, the absence of excitation requirements
simplifies the system and reduces auxiliary losses. The IP67 protection rating allows
operation under high humidity and occasional exposure to water, conditions that are
typical in tropical river environments. The use of a sealed rotor configuration also reduces
maintenance requirements and provides sufficient starting torque at low flow velocities.

The power conditioning stage converts the variable-frequency output of the generator
into grid-compatible electricity at 220 V and 60 Hz. This process is supported by maximum
power point tracking strategies, which adjust the electrical loading according to the instan-
taneous flow conditions. The rectifier is rated at 7 kW, providing a margin to accommodate
transient overloads and reactive power requirements.

The DC bus voltage is set to approximately 750 V, representing a balance between
conversion efficiency, insulation requirements, and component availability. The grid-tie
inverter operates with an efficiency close to 97.5% within the typical operating range and
maintains acceptable power quality levels through appropriate control strategies, including
harmonic mitigation and power factor correction.

Energy storage can be incorporated depending on system requirements and opera-
tional priorities. A representative configuration includes a lithium iron phosphate battery
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system with a capacity of approximately 30 kWh, which allows maintaining essential loads
during periods of reduced flow or grid interruptions.

For the storage system, the usable battery energy at 80% depth of discharge (DoD)
would be 24 kWh. Considering the critical load of 0.625 kW mentioned in Section
Generator Selection and Sizing, this results in an operating time of 38.4 h without any
generator support.

The modular 48 V architecture facilitates system expansion and maintenance, although
it introduces additional cost and system complexity that must be considered during the
design process. A bidirectional DC–DC converter is used to manage power exchange
between the battery system and the DC bus.

Therefore, to evaluate the resilience of the proposed system, which operates under
conditions different from nominal operating conditions, the possible scenarios shown in
Table 5 are analyzed.

Table 5. Seasonal resilience scenarios—Napo River tributary, Tena, Ecuador.

Scenario Flow
Velocity V (m/s)

Extractable
Power (kW)

Generation vs.
Peak Demand

Critical Loads
(Pcrit=0.625 kW)

Resilience
Status

Operating
Regime [m/s]

Cp = 0.35,
A = 4.524 m2

ρ = 997 kg/m3

DF = 0.52
Pinst = 10 kW

Lighting 0.30 kW
Refrig. 0.20 kW

Comm. 0.125 kW

IEEE 1547-2018
ARCERNNR

001/2021

HIGH FLOW 2.0 6.31
(=Prated)

Pextract > Ppeak
(+1.11 kW
surplus)

ALL supplied
Uninterrupted

Full service
maintained

MEAN FLOW 1.5 2.66
(42% of Prated )

Pextract < Ppeak
(−2.54 kW

deficit)

ALL supplied
Uninterrupted Reduced service

LOW FLOW 1.2 1.37
(22% of Prated)

Pextract ≪ Ppeak
(−3.83 kW

deficit)

SUSTAINED
~48 h from

battery
(partial turbine

generation)

Critical mode
continuity of

essential service

In the case of high flow at a velocity of 2.0 m/s, the resilience status will be “full
service maintained” because the extractable power is greater than the peak demand.

On the other hand, if there is an average flow velocity of 1.5 m/s, the generator will
operate at a reduced capacity of 2.66 kW, and the battery will be activated with partial
discharges, but critical loads will be fully supplied without interruption.

And in the worst-case scenario, where the flow velocity drops sharply to 1.2 m/s,
the resilience status indicates “critical mode,” meaning power can only be supplied to
the home’s critical equipment, and therefore the battery is discharged because it will be
essential for maintaining service continuity.

As shown in Figure 10, during the first period, when the water velocity is 2.0 m/s, the
generator will meet the entire demand, allowing the battery to remain fully charged for the
entire 3 days without discharging at any time.

During the second period, when the flow rate is 1.5 m/s, the generated power would
not be sufficient to fully cover the afternoon peaks, so the battery discharges during those
hours and recharges overnight when demand is low. The daily energy balance is positive,
so the SoC recovers each day.
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Figure 10. Battery SoC Over 7 Day Flow Scenarios.

The third period is considered the most critical because the river’s flow rate decreases
to 1.2 m/s. During peak demand periods, the battery would be the primary source of power,
causing it to discharge significantly and preventing it from recovering energy substantially
overnight. Therefore, it is necessary to focus solely on meeting the critical loads of the
homes to ensure greater operational autonomy.

Due to the lack of continuous multi-year hourly flow records for this specific tributary,
the Loss of Load Probability (LOLP) is estimated to use the Analytical LOLP with a
probability distribution of the resource for different scenarios. The daily flow velocity can
be modeled as a normal distribution, V ∼ N(µ, σ), with different seasonal and operational
variations, ranging from 1.2 a 2.0 m/s.

Likewise, a loss of load would occur when V < Vcut−in, which in this case is 0.9 m/s,
causing the battery system’s energy to be completely depleted after 38.4 h for critical loads.
For the scenario where µ = 1.6 m/s, σ = 0.20 m/s, the probability of this occurring would
be 0.023%, which equates to 0.08 days/year of potential power interruption for critical
loads. Table 6 shows several sensitivity analysis scenarios, in which the LOLP remains
below 3 days/year even under a conservative scenario.

Table 6. Sensitivity Analysis.

Scenario µ (m/s) σ (m/s) P (V < 0.9) Days/Year in
LOL

Optimistic 1.6 0.15 0.001% 0.004
Base 1.6 0.20 0.023% 0.08
Conservative 1.5 0.25 0.82% 3.0
Pessimistic 1.3 0.30 4.78% 17.4

Finally, it should be emphasized that the presented configuration represents a concep-
tual implementation based on typical operating conditions. Actual system performance will
depend on site-specific factors such as seasonal discharge, sediment transport, and local
hydrodynamic effects. These aspects should be further evaluated through experimental
validation and detailed numerical analysis.

5. Conclusions
This research demonstrates that residential hydrokinetic power systems can deliver

technically sound and operationally resilient energy supply in river-rich regions, provided
that component selection, load characterization, and hydraulic variability are addressed
through a quantitatively grounded engineering framework.
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At the tributary of the Napo River where the case study is set, the hydraulic-to-
electric conversion analysis clearly demonstrates the operating range of the system un-
der consideration. A floating axial turbine with a diameter of 2.40 m, a swept area of
4.524 m2, and a power coefficient Cp = 0.35 delivers power ranging from 0.58 kW to
6.31 kW when the flow velocity is between 0.9 and 2.0 m/s. It should be noted that the
design point is set precisely at V = 2.0 m/s, where the available mechanical power reaches
6.31 kW and aligns consistently with the 6 kW rated power of the selected permanent mag-
net synchronous generator. The relationship between flow velocity and power generation
is highly sensitive due to its cubic dependence. For instance, a reduction in velocity from
1.6 m/s to 1.2 m/s, within the seasonal variation observed in the Napo River basin, leads
to a decrease of approximately 58% in extractable power. This behavior highlights the
importance of considering energy storage and adaptive control strategies when designing
hydrokinetic systems intended to operate under variable flow conditions.

For the household analyzed, the estimated electricity demand is approximately
13.45 kWh per day, corresponding to about 4900 kWh annually. This value is higher
than typical rural consumption levels in Ecuador and is consistent with usage patterns
observed in peri-urban areas of the Amazon region. When demand factors represen-
tative of the province of Napo are considered, with values in the range of 0.40 to 0.65
and a characteristic value close to 0.52, the effective peak demand is reduced to approx-
imately 6.5 kW from an installed capacity of 10 kW. Under these conditions, the selec-
tion of a 6 kW permanent magnet synchronous generator is adequate without leading to
significant oversizing.

The daily load profile shows a clear peak during the early evening, between 18:00
and 20:00, when demand approaches its maximum value due to the simultaneous use of
lighting and cooking appliances. During nighttime hours, typically between midnight and
early morning, demand decreases to lower levels, which is consistent with the absence
of heating requirements in tropical climates and the concentration of domestic activities
during specific periods of the day.

If one looks at the Ecuadorian case with some historical perspective, the central role
of hydropower is immediately apparent: in 2022, hydropower accounted for 83.6% of
the country’s electricity production, reflecting a long history of water-based projects and
well-established technical capabilities in this field. It must not be overlooked, however,
that this legacy coexists with a regulatory framework for distributed generation that re-
mains heavily skewed toward photovoltaic technology. Regulation ARCERNNR-001/2021
has been applied almost exclusively to residential solar systems and, in practice, leaves
small-scale hydrokinetic schemes without an explicit pathway. In areas such as the Napo
basin, where the EMELNORTE grid has limited reach and often acts more as a backup
than as the primary energy source, this absence of specific rules translates into additional
administrative obstacles for community projects. At the same time, it is worth noting
that this very absence opens up a regulatory design space that remains largely unex-
plored for residential hydrokinetic initiatives, which could benefit from the experience
accumulated in large hydroelectric power plants but adapted to very different technical and
social conditions.

When comparing different types of turbines, the specific conditions of Ecuador’s
Amazonian tributaries, with flow velocities ranging from 0.5 to 2.5 m/s and depths gen-
erally less than 2 m, ultimately tip the balance in favor of floating axial configurations
and cross-flow rotors. It should be noted that the former achieve efficiencies of around
40–45% when the velocity exceeds 1.5 m/s, while the latter fall within a somewhat lower
range, close to 25–35%, although they offer more stable performance in the face of tur-
bulent currents carrying sediment. It must not be overlooked that, for systems intended
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for remote communities, ease of maintenance and the ability to remove the equipment
from the riverbed using local resources are just as critical as pure efficiency. From this
perspective, channeled or diffuser-based solutions, which can increase the effective flow
velocity by around 30–40%, are excluded from the design scheme under consideration,
as their construction increases the project’s cost and the presence of branches, sand, or
suspended debris raises the likelihood of blockages and unscheduled shutdowns that the
community itself would struggle to manage.

The numerical results define a consistent range of performance for residential hydroki-
netic systems under the conditions considered for the Ecuadorian Amazon. At the selected
operating point, the system is able to extract approximately 6.3 kW of mechanical power.
The electrical conversion stages operate with efficiencies close to 94% at the generator level
and around 97.5% at the inverter stage.

In addition, the inclusion of a 30 kWh battery system allows maintaining critical loads
for up to 48 h under complete discharge conditions. Considering a more conservative
operating strategy based on an 80% depth of discharge, the available autonomy is approxi-
mately 38.4 h, which still provides a significant buffer during prolonged low-flow periods
or temporary generation interruptions.

These values are obtained considering a demand factor of approximately 0.52 and
seasonal flow variations on the order of ±25%. Under these conditions, the system can
maintain operation within an acceptable performance range, although the available power
remains strongly dependent on flow variability. This behavior is a key aspect when
evaluating the operational reliability of hydrokinetic systems in riverine environments.

Sensitivity analysis across four flow scenarios confirms that the LOLP remains below
3 days/year even under conservative assumptions, validating the resilience of the proposed
configuration for residential service continuity in the Ecuadorian Amazon.

It should be emphasized that the present study focuses on the development of a
resilience-oriented design framework supported by hydrological data, component sizing
procedures, regulatory constraints, and representative operational scenarios. Consequently,
the results are intended to provide a preliminary engineering assessment of residential
hydrokinetic systems rather than a detailed dynamic representation of their electrical
behavior. The proposed configuration establishes a consistent basis for future investigations
involving coupled electrical simulations, advanced control strategies, and experimental
validation under real operating conditions.

Future research should focus on three complementary directions. First, the power–
velocity relationship should be experimentally verified under representative operating
conditions in the Napo River basin. Second, numerical optimization techniques may be
applied to refine blade geometry and improve energy capture within the velocity range of
0.9–2.0 m/s. Finally, detailed electrical simulations incorporating power electronics, battery
dynamics, and control strategies should be developed to evaluate system performance
under transient operating conditions.

To close, advancing a specific regulatory framework within the ARCERNNR dis-
tributed generation framework, without losing sight of the possibility of hybrid couplings
with photovoltaic or wind power to cover prolonged periods of low flow.
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