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ABSTRACT ARTICLE INFO

Pico-scale hydropower technologies based on vortex-induced vibration energy
harvesting offer a promising solution for exploiting hidden energy potential in existing
water infrastructure and powering low-power monitoring devices. However, their
deployment requires a feasibility assessment that goes beyond technical and economic
indicators and also includes environmental, risk-related and social aspects. This
paper presents a multidimensional feasibility assessment framework for evaluating
vortex-induced vibration energy harvesters in water distribution networks. The
framework integrates technical, economic, environmental, risk and social-perspective
assessment layers and is applied to a pilot case in Turkey. The results show that
feasibility strongly depends on device design, hydraulic conditions and expected
energy output. Mechanical power generation ranges from 2.7 W to 133 W, while the
levelized cost of energy ranges from 11 to 1036 EUR/kWh. Environmental impacts
vary from 0.012 to 1.16 kgCO_eq/kWh. Although the technology is not yet
economically competitive with conventional renewable energy systems, selected cases
indicate potential for powering loT-based monitoring devices and improving the
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1. INTRODUCTION

The transition towards cleaner and more resilient energy
systems has increased interest in small-scale renewable
energy technologies capable of exploiting locally available
and previously unused energy sources. In this context,
energy harvesting from flow-induced vibrations (FIV) and
vortex-induced vibrations (VIV) has attracted growing
attention, particularly in water infrastructure where
continuous fluid flow may provide a hidden source of
recoverable energy [1-4]. Although the generated power is
usually limited, such technologies can be highly relevant
for low-power applications, including autonomous sensors,
monitoring devices and Internet of Things (loT)-based
systems used in water distribution networks.

Existing water infrastructure contains a considerable
amount of unexploited hydropower potential. Previous
studies have indicated that European water systems may
contain hidden hydropower potential that can be recovered

without constructing large conventional hydropower plants
[5]. In this regard, pico-scale hydropower and energy
harvesting devices may represent a complementary
solution for improving the energy autonomy of monitoring
systems installed in pipelines, wastewater channels, remote
water infrastructure and other locations where direct grid
connection is unavailable or economically unjustified. The
energy generated by VIV-based energy harvesters can be
used to support low-power monitoring systems for
measuring flow, pressure, water quality and other
operational parameters [4,6].

Improved monitoring of water distribution networks is
becoming increasingly important due to the need for higher
system resilience, better resource management and
improved drinking water quality. Disruptions in water
supply systems may cause significant economic and social
consequences for households, commercial users and
critical infrastructure [7,8]. In addition, water quality
deterioration and contamination events can lead to
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increased treatment costs and broader public health
concerns [9,10]. Therefore, technologies that can provide
local energy for distributed monitoring devices may
contribute not only to energy efficiency, but also to more
reliable operation, earlier detection of failures and better
decision-making in water infrastructure management.
However, the successful deployment of pico-scale
hydropower and VIV energy harvesting technologies
cannot be evaluated only through energy generation
potential. In many feasibility studies, the assessment is
mainly focused on technical performance and economic
indicators, such as energy output, investment costs and
levelized cost of energy. Although these aspects are
essential, they provide only a partial understanding of the
overall feasibility of emerging energy harvesting
technologies. Environmental impacts, risk factors, social
acceptance and socioeconomic benefits are often
insufficiently considered or analysed separately, without
integration into a unified decision-support framework [11-
15].

This limitation is particularly important for technologies
that are still at an early stage of development. VIV-based
energy harvesters are expected to operate under specific
hydraulic conditions and their performance strongly
depends on device geometry, material selection,
installation location, flow velocity and long-term
operational stability. At the same time, their practical value
may be associated less with large-scale electricity
production and more with enabling self-powered
monitoring, digitalization and resilience of water
infrastructure. For this reason, a multidimensional
feasibility assessment is required in order to identify where
and under which conditions such devices may provide
technical, environmental and social benefits despite current
economic limitations.

Another important aspect is that the feasibility of pico-
scale hydropower technologies should be interpreted in
relation to their intended application. Unlike conventional
hydropower systems, these devices are not primarily
designed to contribute significantly to the overall
electricity supply, but to provide local and autonomous
energy for specific low-power functions. Therefore, their
value should be assessed through their ability to support
monitoring, data acquisition, early warning and
infrastructure  resilience.  This  application-oriented
perspective justifies the need for a broader assessment
approach in which technical performance and economic
indicators are considered together with environmental
effects, operational risks and potential social benefits.

The aim of this paper is to present a multidimensional
feasibility assessment framework for evaluating the
deployment of pico-scale hydropower technology based on
vortex-induced vibration energy harvesting in water
infrastructure. The proposed framework integrates
technical, economic, environmental, risk-related and
social-perspective assessment layers. It is applied to a pilot
water distribution network case in Turkey in order to
analyse the feasibility of VIV energy harvesters under
different operating and design conditions. The contribution
of the paper is reflected in providing a broader assessment
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approach that supports decision-makers, infrastructure
operators and technology developers in identifying feasible
deployment scenarios and future development priorities for
pico-scale hydropower technologies.

2. H-HOPE PROJECT

The H-HOPE project is a European Horizon-funded
research project focused on the development of hidden
hydropower technologies for existing water infrastructure.
The main idea of the project is to identify and exploit small,
previously unused energy potentials that occur in water
systems during regular operation. In particular, the project
investigates energy harvesting from vortex-induced
vibrations, which appear when flowing water interacts with
submerged or partially submerged objects. Instead of
treating these vibrations only as an unwanted phenomenon,
the H-HOPE concept considers them as a possible source
of useful mechanical energy that can be converted into
electricity for low-power applications [4], [16].

The project develops different energy harvester concepts
intended for application in water distribution networks,
wastewater channels and remote water infrastructure.
These locations are especially important because they often
require continuous monitoring of flow, pressure, water
quality and other operational parameters, while access to a
stable electrical power supply may be limited or
economically unjustified. In such cases, pico-scale energy
harvesting devices can provide local energy for sensors and
Internet of Things (lIoT) monitoring units, thereby
supporting the digitalization and resilience of water
infrastructure [4], [6], [17]. Several design concepts have
been developed within the H-HOPE project for different
water distribution network applications, as shown in Figure
1.

H-HOPE Technology

1. OPTION

1. OPTION
OSC|LLAno« uenom

Fig. 1 H-HOPE energy harvesters design options for three WDN
applications [16].

A key characteristic of the H-HOPE approach is that the
technology is intended for integration into already existing
infrastructure, rather than for the construction of new
hydropower facilities. This makes the concept particularly
relevant for water distribution networks, where energy
generation can be achieved as a positive by-product of
normal water flow. The generated energy is not expected
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to replace conventional renewable energy sources, but to
support specific low-power functions such as autonomous
monitoring, data collection and early detection of system
irregularities. In this way, H-HOPE energy harvesters may
contribute to improved operation, maintenance and long-
term resilience of water systems [4], [17].

Within the project, several design options are considered
depending on the type of water infrastructure and the
hydraulic conditions at the installation site. The
performance of the energy harvester depends on
parameters such as flow velocity, pipe diameter, device
geometry, material selection and operational lifetime.
Therefore, the assessment of H-HOPE devices requires not
only technical analysis of energy generation potential, but
also economic, environmental, risk-related and social
evaluation. This is particularly important because the
technology is still under development and its practical
feasibility depends on the balance between expected
energy output, installation costs, environmental impacts
and benefits for infrastructure monitoring.

3. TECHNOLOGY FEASIBILITY ASSESSMENT

The technology feasibility assessment applied in this paper
is based on a multidimensional framework developed to
evaluate the potential deployment of vortex-induced
vibration energy harvesters in water infrastructure. The
framework is structured around three main assessment
layers: technical, economic, and socioeconomic and
environmental assessment. These layers are used to
analyse the feasibility of the technology from different
perspectives and to identify the main factors that may
support or limit its practical implementation. A more
detailed description of the assessment modules and key
equations is provided in Gudlaugsson et al. [17].

The structure of the proposed assessment framework is
shown in Figure 2. The technical layer focuses on the
operational and design-related characteristics of the energy
harvester, including device geometry, material properties,
hydraulic conditions, expected energy production and
operational lifetime.

Layer Three
Socioeconomic & Environment

Inputs: Inputs:

Social Perspective Materiak
Layer Two laterials. N
Economic Characteristics Dimension Social/ Political Barriers | Carbon Footprint
2 Expected Use Resource Use
R Powering of Sensor
Economic Characteristics: i Transportation

Mitigation of System

- O&M Costs Failures
- Production Costs
- Investment Costs
- Energy Costs

Layer One
Technical Characteristics Dimension

Inputs:
Device Characteristics:
- Diameter
- Weight
- Height

Water Characteristics:
- Water Velocity

om] Jake
?aly] Jahke

auQ Jake

- Water Current
- Water Density

\

Fig. 2 Structure and assessment layers of the H-HOPE assessment
framework.

This part of the assessment is important because the energy
output of VIV-based devices depends strongly on local
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water velocity, pipe dimensions, device size and the
interaction between the flowing water and the harvester
structure.

The economic layer evaluates the financial aspects related
to the development and deployment of the energy
harvester. It includes capital costs, installation costs,
operation and maintenance costs, and the levelized cost of
energy. Since pico-scale hydropower devices are still
emerging technologies, economic assessment s
particularly important for understanding whether the
generated energy can justify the required investment.
However, in this study, economic feasibility is not
interpreted only in comparison with large-scale renewable
energy systems, but also in relation to the specific function
of powering low-power monitoring devices in water
infrastructure.

The socioeconomic and environmental layer extends the
assessment beyond technical performance and direct costs.
It considers environmental impacts associated with
material selection, manufacturing and energy generation
over the device lifetime, as well as social and stakeholder-
related aspects. This is important because the value of pico-
scale energy harvesting technologies may be reflected not
only in the amount of electricity produced, but also in their
contribution to infrastructure monitoring, digitalization,
early warning, resilience and improved management of
water systems.

The assessment framework uses a set of key parameters
that describe the energy harvester, the water system and the
installation environment. These parameters include device
height, diameter, weight, width, length, material type,
material density, installed number of devices, device
lifetime, Reynolds number, pipe geometry, water depth,
flow velocity, water density, water flow, pressure and other
relevant hydraulic and operational variables. The main
parameters used in the assessment are presented in Table
1.

The parameters presented in Table 1 provide the basis for
calculating and comparing different feasibility indicators.
Technical indicators are wused to estimate energy
production potential and capacity factors under specific
hydraulic conditions. Economic indicators are used to
estimate the total costs and levelized cost of energy.
Environmental indicators are used to calculate the global
warming potential and carbon footprint per unit of
generated electricity. In addition, risk-related and social-
perspective indicators are used to identify potential
barriers, operational challenges and wider benefits
connected with the deployment of the technology.

By combining these assessment layers, the framework
enables a more comprehensive interpretation of feasibility
than conventional one- or two-dimensional assessment
approaches. Instead of focusing only on energy output or
cost, the framework makes it possible to evaluate whether
a specific deployment case is technically possible,
economically reasonable, environmentally acceptable and
socially beneficial. This is especially relevant for VIV-
based pico-scale hydropower technologies, where the main
practical value may be associated with supporting
autonomous monitoring and improving the resilience of
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water infrastructure rather than producing large quantities
of electricity.

Table 1 - Key assessment parameters used for the feasibility
assessment.

Evaluation . .

1D criteria Variable Unit

T.1 Device height XHeight mm

T.2 D_eV|ce XDiameter mm
diameter

T.3 Device weight XWeight mm

T4 Device width XWidth mm

T.5 Device length XLength mm

T.6 Device size XSize mm

T7 Instglled InDevices Number of
devices devices

T.8 Device lifetime  XLifetime Years
Reynolds Numerical

9 number Re value

. . Type of

T.10  Device material XM material
Device material 3

T.11 density XMD kg/cm

Ti2 FPipe geometry oo %
factor
Pipe height . 0

T.13 percentage X%ofPlateLength %
Device cylinder 3

T.14 volume XCyl_V cm
Device  plate 3

T.15 volume XPlate_V cm

WS.1  Width Ywidth m

WS.2  Water depth YDepth m

WS.3 Velocity Yv m/s

WS.4 Density YDensity kg/ms3

WS.5 Water flow YQ m3/s

WI.1  Piping length PLength m

WI.2  Piping friction PFriction Fraction

WI.3  Piping drop PDrop m

WI.4  Piping pressure  PPressure Pa

WI.5 Piping diameter ~ PDiameter mm
Piping  water

WI.6 flow PQ m/s

T.7 Instglled InDevices Nur_nber of
devices devices

E1 Energy _ EPDevice Watts or
production Joules

E.2 Capacity factor ~ CFDevice Fraction

E.3 Actual output AOutput Watts/hour

E.4 Max_lmum MPOQutput Watts/hour
possible output

ES5 Total _ENergy  ooyerall Watts or
generation Joules
Velocity .

R.1 changes i m/s

R.2 Pipe friction* i -
Water

R.3 temperature* iii Degrees
Pressure .

R.4 changes* v Bar

R5 Device v _
robustness

R.6 Device lifetime  vi Years

R.7 Pipe lifetime* vii Years
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In Table 1 parameters marked with an asterisk are
primarily related to the piping system. The symbols (i)—
(vii) refer to the following risk-related and operational
aspects: (i) change in water velocity in the system; (ii)
change in pipe friction affecting water flow; (iii) change or
increase in water temperature affecting the operational
integrity of the device; (iv) change in water pressure; (V)
device resilience, mechanical robustness and stability
under the corresponding water environment and operating
conditions; (vi) operational lifetime of the device; and (vii)
operational lifetime of the pipe under the corresponding
water environment and operating conditions.

4. RESULTS

The application of the proposed assessment framework
focuses on evaluating the feasibility of deploying vortex-
induced vibration energy harvesters in an existing water
distribution network in Turkey, referred to as Case Area
103. This case was selected to examine how different
hydraulic ~ conditions, device characteristics and
operational assumptions influence the technical, economic,
environmental, risk-related and social feasibility of the
proposed pico-scale hydropower technology. The results
are presented through five assessment dimensions:
technical performance, economic feasibility,
environmental impact, risk assessment and social
perspective.

4.1 Technical Assessment

The technical assessment considers the hydraulic and
design conditions of the selected pilot case. The analysed
piping system has a pipe diameter of 150 mm, while the
optimal cylinder diameter of the VIV-EH device is
determined to be 141.8 mm. The main technical assessment
results for the five analysed cases within Case Area 103 are
presented in Table 2.

The results presented in Table 2 show that the frequent
water velocity ranges from 0.573 m/s to 2.135 m/s, while
the energetic velocity ranges from 0.578 m/s to 2.157 m/s.
These values are important because the energy generation
potential of VIV-based energy harvesters depends strongly
on the interaction between the device and the local flow
conditions. By identifying the dominant and energy-
relevant velocity ranges, the device can be better calibrated
to operate within realistic hydraulic conditions and to
improve its capacity factor.

The total energy production over the expected device
lifetime is shown in Figure 3. The results indicate that three
out of the five analysed cases have more favourable energy
generation potential. In Case 103-1, the estimated energy
production ranges from 66 to 101 kWh for a 12-year
lifetime and from 110 to 169 kWh for a 20-year lifetime.
In Case 103-4, the estimated energy production is
significantly higher, ranging from 1531 to 1596 kWh for a
12-year lifetime and from 2552 to 2660 kWh for a 20-year
lifetime. Case 103-5 also shows favourable potential, with
estimated energy production ranging from 440 to 445 kWh
for a 12-year lifetime and from 733 to 741 kWh for a 20-
year lifetime.
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Table 2 - Key technical assessment results for piping application Case Area 103 (derived from [19]).

Case study Capacity Capacity Intermittency  Frequent Energetic Pipe Cylinder

factor + factor * indicator velocity + velocity * diameter diameter
103-1 31.25% 37.50% 0.530 0.990 m/s 1.068 m/s 150 mm 141.8 mm
103-2 34.38% 26.04% 0.613 0.778 m/s 0.899 m/s 150 mm 141.8 mm
103-3 47.92% 45.83% 0.426 0.573 m/s 0.578 m/s 150 mm 141.8 mm
103-4 56.25% 52.08% 0.121 2.135 m/s 2.157 m/s 150 mm 141.8 mm
103-5 34.38% 34.38% 0.150 1.693 m/s 1.698 m/s 150 mm 141.8 mm

These findings suggest that the technical feasibility of
VIV-EH devices is highly case-dependent. In locations
with more favourable flow conditions, the generated
energy may be sufficient to power low-power monitoring
sensors or 10T devices. Such devices can support the
monitoring of pressure, flow velocity, water quality and
other relevant parameters in water distribution networks.
Therefore, from a technical perspective, VIV-EH
technology shows potential for supporting autonomous
monitoring applications, especially in locations where grid
connection is unavailable or difficult to provide [4], [6],
[19].
Total Energy Production Over the VIV-EH Lifetime - Case Area 103

10000 Case 103-1 Case 103-2 Case 103-3 Case 103-4 Case 103-5

-4

1000

Energy Production [kWh]
=
o

-l
- o
Lifetime of 12 years |
[T
Lifetime of 12years I

Lifetime of 20 years
Lifetime of 20 years
Lifetime of 12 years
Lifetime of 20 years
Lifetime of 12 years
Lifetime of 20 years
Lifetime of 20 years

Lifetime of 12year

M Value [Frequent Velocity] I Value [Energetic Velocity]

Fig. 3 Total energy production over the EH device lifetime.

4.2 Economic Assessment

The economic assessment evaluates the costs associated
with the development, installation, operation and
maintenance of the VIV-EH device. The assessment is
divided into two main phases. The first phase includes
capital expenditures related to manufacturing, installation
and licensing, while the second phase includes annual
operation and maintenance costs. The main economic input
assumptions used for the levelized cost of energy
calculation are presented in Table 3.

As shown in Table 3, the total capital cost for the initial
deployment phase is estimated at 7451.28 EUR. This
includes manufacturing costs, installation costs and
licensing costs. The annual operation and maintenance
costs are estimated at 820 EUR per year. Over a 12-year
device lifetime, the total operation and maintenance costs
amount to 9840 EUR, while over a 20-year lifetime they
increase to 16,400 EUR. Consequently, the total costs are
estimated at 17,291.28 EUR for a 12-year lifetime and
23,851.28 EUR for a 20-year lifetime.

The levelized cost of energy for the analysed VIV-EH
cases is shown in Figure 4. The results indicate that, for a
12-year lifetime, the LCOE ranges from 11 EUR/kWh to
1037 EUR/KWh, depending on the energy generation
output of the specific case.

16

Table 3 - Key assessment parameters used for the feasibility

assessment.

Cost category Cost item Value

CAPEX Capital costs — ) 51 yg p R
manufacturing

CAPEX Capital costs — , 64 09 EUR
installation

CAPEX Capital “costs — 5 g FyR
licenses

CAPEX Total CAPEX 7,451.28 EUR
Operation and

OPEX maintenance 670.00 EUR/year

OPEX Fuel costs -

OPEX Fixed costs 150.00 EUR/year

OPEX Variable costs -

OPEX Total year 1 820.00 EUR

OPEX Total year 12 9,840.00 EUR

OPEX Total year 20 16,400.00 EUR

Total costs Total costs for 12,7 591 28 EUR
years

Total costs Total costs for 20 5 g51 28 EUR
years

Cost category Cost item Value

CAPEX Capital costs — 4 1)1 5 FyR
manufacturing

CAPEX Capital costs — , ¢g1 09 EUR

installation

Levelised Cost of Energy [Euro/kWh produced]- Case Area 103 - 12 Year Lifetime

Case 103-5

Case 103-4

*— —————9
Case 103-3
38,0 39,0 40,0 | 10,8 11,0 11,2 11,4 .o
—e
Case 103-1 Case 103-2
o—e

100,0 2000 3000 4000

® Value [Frequent Velocity]

500,0  600,0  700,0
Levelised Cost of Energy [EurafkWh]

800,0

900,0  1000,0

© Value [Energetic Velocity]

Fig. 4 LCOE range for VIV-EH devices with a 12 year lifetime.

1100,0

The economic results show that the current LCOE values
of VIV-EH devices are considerably higher than those of
established renewable energy technologies, which
typically range from approximately 0.05 to 0.25 EUR/kWh
[21], [22]. However, this comparison should be interpreted
carefully, because VIV-EH devices are not intended to
compete with large-scale renewable energy systems in
terms of bulk electricity generation. Their potential value
lies in providing local energy for low-power monitoring
devices in specific infrastructure locations. In addition, the
technology is still at an early development stage, and
further improvements in design, manufacturing,
installation procedures and energy conversion efficiency
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may reduce costs and improve economic feasibility in
future applications [17], [23].

4.3 Environmental Assessment

The environmental assessment focuses on the global
warming potential associated with material selection,
manufacturing, transportation and energy generation over
the device lifetime. The environmental impact results for
the analysed pilot case are presented in Table 4.

Table 4 - Environmental impacts of EH devices for pilot Case Area 103.

Case Parameter Frequ_ent Energgtlc Unit
velocity velocity
GWP kg
All material 9.05 9.05 CO.eq/device
selection for materials
GWP of kg
Al the device 19.48 19.48 COzeq/device
GWP per
unit of kg
103-1 electricity 0.29 0.19 CO,eq/kWh
produced
GWP per
unit of kg
103-2 electricity 0.59 0.48 CO,eq/kWh
produced
GWP per
unit of kg
103-3 electricity 114 1.16 CO,eq/kWh
produced
GWP per
unit of kg
1034 electricity 0.0122 0.0127 COzeq/kWh
produced
GWP per
unit of kg
103-5 electricity 0.0442 0.0438 COeq/kWh
produced

The results presented in Table 4 show that the total global
warming potential for producing one VIV-EH device is
19.48 kg CO,eq. Material selection accounts for 9.05 kg
CO,eq, while manufacturing and transportation account
for 10.43 kg CO,eq. When the environmental impact is
expressed per unit of generated electricity, the results vary
significantly between the analysed cases. The carbon
footprint ranges from 0.0122 kg CO,eq/kWh in the most
favourable case to 1.16 kg CO,eq/kWh in the least
favourable case.

The relationship between carbon footprint and mechanical
power generation is shown in Figure 5. The results indicate
that higher energy generation leads to a lower carbon
footprint per unit of electricity produced. This means that
the environmental feasibility of VIV-EH devices depends
strongly on whether the installation location provides
sufficient energy output over the device lifetime.

The most favourable cases, particularly 103-4 and 103-5,
show carbon footprint values ranging from approximately
11.2 to 44 g CO,eq/kWh. These values are comparable to
those reported for other renewable energy sources [24],
[25]. In contrast, cases with low energy output show
considerably higher carbon intensity, approaching or
exceeding values associated with fossil-based electricity
generation. Therefore, the environmental feasibility of
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VIV-EH technology is strongly linked to appropriate site
selection and sufficient long-term energy production.

Relationship between Carbon Footprint of kWh produced
and Mechanical Power Generated - Case Area 103

Mechanical Power [Watts]

)
....... L} P
cone@annnann s SLTTITTTTTTCTPTPPPPIessy | M

. 0,:{ 0,5 N 7770,7877 1 - 1,2
Carbon Footprint per kWh [kgCO2eq/kWh]

1,4

Fig. 5 Relationship between carbon footprint and mechanical power
generation.

4.4 Risk Assessment

The risk assessment evaluates potential risks associated
with the development and deployment of the VIV-EH
device. The analysed risks are grouped into factors related
to design and manufacturing, and factors related to the
installation environment and water characteristics. The
main risk assessment results are presented in Table 5.

Table 5 — Risk assessment of key risk variables associated with EH
device development and deployment.

Risk parameter Risk rating Numerical value
Structural design Critical 15
Installation Moderate (high) 8
Material corrosion ~ Moderate (high) 8
Manun:ﬁgjlrmg Moderate (high) 9
Fouling Sustainable 4
Sediments Moderate (low) 6
Velocity — high Moderate (low) 6
Velocity — low Sustainable 4

The results in Table 5 show that the most critical risks are
associated with the development phase of the technology.
Structural design is rated as critical, while installation,
material corrosion and manufacturing quality are rated as
moderate to high risks. These results indicate that the
successful operation of VIV-EH devices depends strongly
on design robustness, material selection and manufacturing
precision. Since the device must operate in a water
environment over a long period, mechanical stability and
resistance to operational degradation are essential.

In contrast, risks related to fouling, sediments and velocity
changes are generally rated as sustainable or moderate to
low. This suggests that, under the analysed conditions, the
water environment itself is not considered the dominant
source of operational risk. However, these factors should
still be monitored because long-term exposure to variable
hydraulic conditions may influence device performance,
maintenance needs and operational lifetime.
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4.5 Social Perspective Assessment
The social perspective assessment is based on the
evaluation of stakeholder views regarding the potential
benefits and relevance of VIV-EH deployment in water
infrastructure. The ranking of social perspective
parameters is presented in Table 6.

Table 6 — Ranking of social perspective parameters in terms of
relevance to society.

Social perspective parameter Score
Support for remote communities 0.750
Contribution to environmental sustainability 0.625
Improved infrastructure  monitoring  and
maintenance 0.500
Cost-effective services for communities 0.500
Enhanced resilience 0.375
Promotes technological innovation 0.250
Prevention of water loss and environmental impact ~ 0.125
Environmental monitoring for public safety 0.125
Diverse applications 0.125
Long-term resilience and security 0.125
Economic impact on families 0.125
Better collaboration with municipalities and 0.125
stakeholders

Educational opportunities 0.125
Improving water network resilience 0.125

The results presented in Table 6 indicate that VIV-EH
technology is perceived as particularly relevant for
supporting remote communities, contributing to
environmental sustainability and improving infrastructure
monitoring and maintenance. The highest score is assigned
to support for remote communities, which reflects the
potential of the technology to provide local energy in areas
without stable grid connection. Other relevant benefits
include enhanced resilience, cost-effective services for
communities and the promotion of technological
innovation.

These findings show that the social value of VIV-EH
technology is not limited to energy generation. Its broader
contribution is related to enabling more reliable
monitoring, improving infrastructure resilience and
supporting better management of water systems. From this
perspective, even if the technology is not yet economically
competitive as a conventional energy source, it may still
provide important social and operational benefits when
applied in suitable locations.

5. DiscussION

The application of the multidimensional feasibility
framework provides important insight into the overall
feasibility of VIV-EH devices in water distribution
networks. The results show that not all analysed cases are
equally suitable for deployment. The main limitations are
related to low energy generation potential in some cases,
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high levelized cost of energy, and environmental
performance that strongly depends on lifetime electricity
production. Therefore, the feasibility of VIV-EH
technology must be interpreted through combined
technical, economic, environmental, risk-related and social
assessment results.

From the technical perspective, VIV-EH devices can be
feasible for powering low-power monitoring and loT
devices only in selected cases. The most favourable cases
show sufficient lifetime energy generation to support
monitoring functions, while cases with lower energy
output have limited practical application. This confirms
that local hydraulic conditions, especially water velocity
and operational stability, are critical for successful
deployment.

The economic assessment shows that VIV-EH devices are
currently economically challenging. Their LCOE values
are high compared with conventional renewable energy
technologies, mainly due to relatively low energy output
and costs related to design, manufacturing, installation,
operation and maintenance. However, this should be
interpreted in relation to the intended application of the
technology, which is not large-scale electricity generation,
but local energy supply for low-power monitoring systems.
The environmental assessment shows that feasibility
strongly depends on the selected case. In high-energy-
output cases, the carbon footprint per unit of electricity can
be comparable to other renewable energy sources, while
low-output cases may have a significantly higher carbon
footprint. This confirms that environmental feasibility is
closely connected with technical feasibility and
appropriate site selection.

The risk assessment indicates that the development phase
represents a critical point for successful operational
deployment. Structural design, installation, material
corrosion and manufacturing quality are important risk
factors that may influence long-term device performance.
In contrast, risks related to the water environment and
deployment conditions are generally assessed as moderate
or sustainable in the analysed case.

The social perspective assessment shows that VIV-EH
devices may provide benefits beyond direct energy
generation. The technology is relevant for supporting
remote communities, improving infrastructure monitoring
and maintenance, contributing to environmental
sustainability and enhancing resilience. In this role, VIV-
EH devices may support better resource management,
early detection of failures and more reliable water supply
services.

Overall, the discussion confirms that VIV-EH deployment
in water distribution networks should be considered
selective rather than generally feasible. If the devices are
evaluated only as electricity generation units, their
feasibility remains limited. However, if they are considered
as enabling technologies for autonomous monitoring and
water system resilience, their potential becomes more
relevant. Future development should focus on improving
design, reducing costs, increasing energy output and
identifying locations where technical, environmental and
social benefits are strongest.
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6. CONCLUSIONS

This study confirms that the deployment of pico-scale
hydropower technology in water infrastructure requires an
integrated  assessment  approach. The  proposed
multidimensional framework enables the simultaneous
consideration of technical performance, economic
requirements, environmental impacts, operational risks and
social relevance, which is particularly important for
emerging energy harvesting technologies.

The main contribution of the paper is the application of this
framework to VIV-EH devices intended for water
distribution networks. The results demonstrate that the
practical value of these devices is not primarily related to
large-scale electricity production, but to their ability to
support autonomous monitoring functions. In suitable
hydraulic conditions, VIV-EH devices can provide local
energy for sensors and loT-based systems, contributing to
improved data collection and infrastructure monitoring.
The findings also indicate that further development is
necessary before wider deployment can be expected. The
most important priorities are the improvement of device
design, reduction of investment and maintenance costs,
increase of energy conversion efficiency and verification
of long-term reliability under real operating conditions.
Future research should focus on experimental validation in
different water infrastructure environments, optimization
of device geometry and materials, and a more detailed
evaluation of maintenance requirements and lifecycle
performance. In this way, pico-scale hydropower
technologies could become a useful supporting solution for
the digitalization, monitoring and resilience of water
system
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