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ARTICLE INFO ABSTRACT

Keywords: The present study focuses on the potential application of Archimedes screw turbines in microtidal rivers.
Hydraulic modeling The Misa River, a 48-km long Italian course flowing into the Adriatic Sea, is taken as the reference test.
Misa River

Since hydrokinetic turbines operate with low discharges and require little engineering facilities, an Archimedes
turbine was recently tested both in laboratory and numerically, showing performance coefficients up to 23.8%.
To investigate its functioning within the Misa River, observed river stages are statistically analyzed and
then used at the upstream boundary of a hydraulic model. The flow results are analyzed to evaluate the
potential energy production of turbine configurations built upon a range of: (i) potential installation zones
along the river, (ii) turbine radii, (iii) streamwise inclinations of the turbine axis. The energetic analysis
of each configuration is performed accounting for one or more turbines installed along selected river cross-
sections. A direct dependence is found between generated power and turbine size, especially for the inclined
configurations. The optimal size and number of devices to be deployed at specific cross-sections are identified.
The total annual energy for the best configurations is around 1 MWh, which may find application to supply
energy to community buildings, like schools or kindergartens.

Microtidal environment
Hydrokinetic turbine
Archimedes screw turbine

1. Introduction was dominated by large hydropower plants, but the social and envi-
ronmental impact of large infrastructures is pushing toward smaller
and less impacting plants, like those using hydrokinetic turbines [7,8].
However, the application of such turbines in operational environments
is still missing for several reasons. First, the relatively small efficiency

of these turbines does not promote a significant investment in their de-

One of the main challenges of the present century is the develop-
ment of sustainable solutions in the field of energy production, through
the use of renewable resources and new technologies. In such scenario,
hydrokinetic turbines could play an important role, both for their
low environmental impact and for their reduced costs, which make
the design of hydrokinetic energy conversion systems an interesting
research topic [1,2]. Some researchers highlighted the importance
the micro-hydrokinetic turbines might have, in terms of economical,

velopment and optimization. On the other hand, there are many types
of hydrokinetic turbines currently object of research and development,
but the best solution on which focusing research and development

technical and environmental benefits, as they can operate in little or
no water super-elevation [3]. Further, such turbines do not require
significant and impacting infrastructures typical of hydropower plants,
rather they have the advantage to be relatively flexible, e.g. quite
easily accessed or retrieved in case of need/maintenance [4]. Therefore,
these technologies provide a cost-effective source of electricity in rural
areas, where distances are important, populations are small and energy
demand is low [5,6].

Harnessing kinetic energy is a paradigm shift in extracting renew-
able energy from rivers. In the past, energy extraction from rivers
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activities has not yet been identified. This is also due to the different
metrics by which these turbines are currently evaluated: not only
energy performance, but also environmental and social impact.

In this context, different types of hydrokinetic turbines can be used
in different configurations. Kirke [9,10] evaluated different candidate
turbines for application in rivers, including multiple axial-flow tur-
bines, various horizontal-axis Darrieus turbines, Archimedean screw
types, water wheels, and belt turbines. The author highlights that the
turbine type should be simple, potentially low cost, able to be built
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in developing countries with limited workshop facilities, as well as
suitably adjustable to improve their efficiency and power production.
A common method to improve turbine performance and increase its
efficiency (up to or above the Betz limit) is based on the exploitation of
the blockage effect, achievable in different ways. Typical examples are
based on either the reshaping of the river cross section (e.g., bed lifting)
or the confinement of the turbine using a specific structure (e.g., a
duct) [11-13].

Classical hydrokinetic screw turbines have been studied for long
via both numerical modeling and laboratory experiments, and are
characterized by a main body that is both emerged and submerged [14—
16]. On the other side, ductless Archimedes turbines have recently been
investigated, and are characterized by a completely submerged body,
possibly inclined to the streamwise direction [17].

Different from the classical screw turbines, the ductless turbines
are arranged in the fluid flow without any supply or protection sys-
tem, in order to improve the benefits of the traditional hydroki-
netic turbines. Notwithstanding its simplicity and the little require-
ments/infrastructures for its deployment, such device is still little
considered for possible applications worldwide [18-21].

Hence, a potential field application is here hypothesized, based
on the existing physical and numerical modeling recently undertaken
for the complete characterization of the efficiency of such ductless
Archimedean turbine [22], which is highly versatile and can be in-
stalled in several different configurations.

In detail, the present work aims at developing a hydraulic model
of the Misa River (MR hereafter), taken to be representative of all
microtidal rivers debouching into the Adriatic Sea and of small mi-
crotidal rivers in general, using the HEC-RAS software [23]. The MR
is a water course located in the Central Italy, which flows for 48 km
from the Apennine Mountains to the Adriatic Sea. The main forcing
actions affecting the final stretch of the MR are of both riverine and
marine nature. Specifically, the river current characterizes the whole
river length, while sea/swell waves mainly affect the area nearby
the mouth, especially during sea storms (upriver distance from the
mouth of order O(10 m)), and infragravity waves penetrate a bit further
(upriver distances of order O(100-1000 m)). However, although the
microtidal environment (tidal range of about 40-50 cm), tides succeed
in traveling upriver for long distances, i.e. with O(10,000 m) [24].

After the model calibration and following validation, the mechani-
cal power and total energy of a series of hydrokinetic Archimedes screw
turbines, potentially installed along the MR, are evaluated. Different
turbine characteristics (number, size, inclination) and different river
locations are used to compare several potential configurations.

The manuscript is organized as follows. Section 2 depicts the used
material and methods. Section 3 illustrates and discusses the main
findings. Finally, some conclusions close the paper.

2. Materials and methods

In the Central part of Italy, the Apennine Mountains give rise to
the MR (Fig. 1a), whose watershed is approximately 383 km? and its
length about 48 km (more details in [25]). As most of the rivers of the
Marche Region, the MR has a torrential regime, with weak flows during
dry periods and very high flows (order of hundreds of cubic meters per
second) during rainy periods. The watershed has narrow deep valleys
in the upstream section and enlargements moving downstream, with
the presence also of alluvial terraces. In the most downstream area,
the MR crosses the town of Senigallia and then flows into a salt-wedge
micro-tidal estuary, characterized by little river sea water exchanges.
Notwithstanding the reduced tide range and the small flow exchange
at the estuary, it has been demonstrated that the sea entrance provides
significant effects in the lower reach of the MR [25].

The hydraulic model of the MR is built for a stretch long about
12 km, extending from the hydrometric station of Bettolelle to the MR
mouth and characterized by no tributaries in between [26] (Fig. 1b).
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Table 1
Investigated years with percentages of missing data.
Years characterized by missing data over 70% are in

boldface.

Year Missing data
counts %

2003 17,520 100.00
2004 17,521 99.73
2005 2,300 13.13
2006 3,908 22.31
2007 7 0.04
2008 17,731 10.09
2009 1,934 11.04
2010 860 4.91
2011 13,962 79.69
2012 9,051 51.52
2013 3,830 21.86
2014 829 4.73
2015 12,861 73.41
2016 12,339 70.24
2017 3,744 21.37
2018 0 0.00
2019 827 4.72
2020 7,623 43.39

Specifically, the upstream boundary condition is provided by the “Sis-
tema Informativo Regionale Meteo-Idrio-Pluviometrico”, managed by
the “Centro Funzionale Multirischi” of the Regional Civil Protection.
Hence, based on the water-surface level measured at Bettolelle, the
typical year is first identified (Section 2.1). Furthermore, the model
setup is described in terms of geometry, boundary conditions, cali-
bration and validation (Section 2.2). The laboratory and numerical
findings concerning the hydrokinetic turbines and used in the present
work are then summarized, with the aim to illustrate the baseline
for the calculation of both mechanical power and energy production
(Section 2.3).

2.1. The typical year

The water-surface levels at Bettolelle, used for the analysis of the
typical year, cover the time range from 2003 to 2020. We here use the
stage data defined as “validated”, which only includes suitable record-
ings, with unreliable recording caused by sensor damages, obstructions,
etc. being removed.

Table 1 shows the percentage of missing data, which is relevant
for the following analysis, as only years with missing data percentages
smaller than 70% are considered.

The rating curves, provided by the Regional Civil Protection web-
site, are used to estimate the flow discharge at each time, in order to
evaluate the daily averages.

Based on the daily average discharges, the duration curve of each
year is obtained. Further, the average duration curve is calculated
by averaging the duration curves of the single years. All single-year
duration curves (colored lines) and the average duration curve (black
dotted line) are shown in Fig. 2, where years characterized by more
than 70% of missing data are not illustrated.

With reference to the curves illustrated in Fig. 2, Table 2 shows
both the percentage of missing data for each considered year (second
column) and the standard deviation (STD hereafter) of each curve with
respect to the average duration curve (third column).

Although the resulting STD suggests that 2012 is the year which is
the closest to the average one, its missing data are over 50% and we
assume not to take it into account, due to the extremely scattered time
series. For such reason, the 2018 is selected as the typical year for the
following hydraulic modeling. Being thus the typical year chosen, the
data of the hydrometric station located at Ponte Garibaldi (Fig. 1b) and
related to 2018 are used for the model calibration (from 18 February
to 07 March 2018) and validation (whole 2018).
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Fig. 1. Study site. (a) Italy map. (b) Stretch of the Misa River (in blue) and location of stations used for the hydraulic modeling. (¢) DTM employed for the setup of the modeled

terrain.
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Fig. 2. Duration curves of flow discharge at Bettolelle between 2005 and 2020 (semi-logarithmic trend). The average year is represented by a black dotted line.

2.2. The model setup

The model implementation is carried out using the 1D Unsteady
Flow solver of the HEC-RAS software, developed by the US Army Corps
of Engineers in 1995 at the Hydrologic Engineering Centre (HEC) in
Davis, California [23]. The numerical model is based on a recently
developed baseline project [26], and the first aim of the present work is
to improve such model by adjusting the input parameters and reach a
reliable flow propagation in the final stretch of the MR. Such procedure
has been characterized by several enhancements and the following
parameters have been adjusted passing from the baseline project to the
final improved model:

» Geometric/terrain data, i.e. DTM terrain files, cross-section geom-
etry, bathymetry at the estuary.

» Upstream boundary condition, i.e. hydrograph at Bettolelle cross-
section.

« Downstream boundary condition, i.e. tidal stage at the river
mouth.

In the baseline project, the main topographic data refer to a 2008
survey carried out by the “Ministero dell’Ambiente e della Tutela del
Territorio e del Mare” (Fig. 1¢), and have been used to define a number
of cross-sections along the investigated river stretch [26]. Later on,
some cross-sections have been implemented or updated using the 2019
data either provided by the Regional Civil Protection (area of Bettolelle)
or surveyed by our team during a recently concluded project (area of
Ponte Garibaldi). A further bathymetry has also been used in the final
600 m of the MR, being this surveyed during the typical year, i.e. in
2018. The river stage at all control sections has been referred to the
mean sea level.

Concerning the boundary conditions, the following inputs have
been used: a flow hydrograph (and then a stage hydrograph) at the
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Fig. 3. Time-series comparison at Ponte Garibaldi from 18 February to 07 March 2018 (calibration): stage observations (black dots) and numerical results for the baseline project

(blue line) and after the improvements (red line).

Table 2
Selected years with missing data less than 70% and
STD referring to the curves shown in Fig. 2.

Year Missing STD
data [%]
2005 13.13 2.92
2006 22.31 3.63
2007 0.04 3.13
2008 10.09 2.67
2009 11.04 2.47
2010 4.91 2.80
2012 51.52 1.41
2013 21.86 3.92
2014 4.73 3.44
2017 21.37 2.83
2018 0.00 1.98
2019 4.72 2.44
2020 43.39 3.65

upstream section.! and the sea level from Ancona tide gauge at the
downstream section? Such sea level recordings well agree with the
sea levels measured at Senigallia, where the local tide gauge started
recording only in July 2018 [27]. Although the sea actions entering
the MR mouth and leading to complex 3d river-sea interactions, typ-
ical of estuarine zones [25,28], recent works testify the suitability of
using stage hydrograph coming from tidal stages at the downstream
boundary [29].

Starting from such baseline project, a calibration process has been
undertaken using the data collected in the period between 18 February
and 07 March 2018. To this aim, observed and modeled stage values
have been compared at a control station, i.e. Ponte Garibaldi (red pin
in Fig. 1b), evaluating the root mean square error (RMSE) between the
HEC-RAS/modeled results and the data collected by the Regional Civil
Protection.

The comparison between collected data (black circles in Fig. 3) and
modeled results at Ponte Garibaldi shows that the baseline hydraulic
model (blue line) cannot properly catch the river stage, especially dur-
ing flood conditions. Such behavior is well represented by the scatter
plot of Fig. 4, where many of the blue dots are below the black bisector,

1 Regional Civil Protection website: http://app.protezionecivile.marche.it/
sol/
2 ISPRA website: https://www.mareografico.it/

indicating an underestimate of the river stage. However, the above-
described model improvements and the optimization of the Manning
coefficients along the MR has led to a significantly improved result, as
shown in red within such figures. In particular, Fig. 4 illustrates the
interpolating colored lines and the statistics related to such interpola-
tions. The effective model improvement is testified by the reduced dot
dispersion around the bisector, as well as by a strong decrease of the
RMSE, which changes from 0.15 m to 0.06 m.

Subsequently, the model has been validated over the whole 2018,
i.e. the typical year, as shown in Fig. 5. The simulation provides good
results for the wet periods (e.g., flood peaks), though some discrepan-
cies in the middle part of the graph, which refer to dry periods. This is
probably due to the fact that the present hydraulic model does not take
into account infiltration/exfiltration processes, i.e. the flux exchanges
between surface-water and groundwater flows. In particular, the water
table is lower in summer, when the water infiltrates from the river
(losing-river condition) and causes a river-stage lowering. On the other
hand, such flux is lower or negative in autumn and winter, when the
water table is higher (gaining-river condition).

Additional comparisons between modeled and observed data, at
different locations and times, are discussed in [30] and provide fairly
good results. Specifically, some observations carried out in January
2014 in the lower reach of the MR [24] are compared with the mod-
eled results obtained using the HEC-RAS software. The comparisons
referring to two tide gauges located about 280 m (TGdown) and 580 m
(TGup) from the MR mouth, are illustrated in Fig. 6. These show a fairly
good agreement in terms of low-frequency components (i.e., tide, storm
surge), while the higher frequency components (i.e. wind and swell
waves propagating upriver during stormy and quiescent conditions) are
not captured, as the downstream boundary condition of the model is
based on the low-frequency oscillations recorded at the Ancona harbor.

2.3. The archimedean turbine

A ductless Archimedes screw turbine, recently studied both numer-
ically and via laboratory tests [17,22], has been chosen for a possible
application in the present site. In fact, such turbine type: is simple and
cheap, therefore it can be used in locations with limitations, such as
in shipping areas; reduces environmental impacts; does not require the
construction of civil infrastructures (barrages, reservoirs); works also in
small water depths; maximizes the flow energy exploitation. An image
and a sketch of the geometry of the turbine are reported in Fig. 7.

The design of the turbine for the laboratory tests was inspired by
Archimedean screws used in small hydropower plants. According to
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Fig. 4. Scatter-plot comparison at Ponte Garibaldi from 18 February to 07 March 2018 (model calibration): stage observations VS numerical results for the baseline project (blue)
and after the improvements (red).
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Fig. 5. Scatter-plot comparison at Ponte Garibaldi during the whole 2018 (model validation): stage observations VS modeled results.
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Fig. 6. Comparison between modeled results (black) and field observations (red) at about 280 m (TGdown, left panel) and 580 m (TGup, right panel) from the MR mouth.

the size of the flume that was used for the experimental tests, the 5 mm thick blades, 160 mm long-stride, and a blade inclination with
turbine was designed with a radius equal to 0.1 m and two blade strides. respect to the turbine axis of 70°.

A tubular aluminum axle, with diameter of 12 mm and thickness of As all the hydrokinetic turbines, the efficiency of the Archimedes
1 mm, providing stiffness and resistance to the turbine. The screw was turbine is evaluated on the basis of the Betz’ theory [31], using the per-
manufactured in polylactic acid (PLA) using a 3D printer, resulting in formance coefficient C,, which allows for an estimate of the mechanical
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Fig. 7. Image (top panel) and sketch with the main characteristics (bottom panel) of the screw turbine investigated in Zitti et al. [22].
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Fig. 8. Performance curves of the Archimides screw turbine proposed by [22], for
different inclination of the turbine axis with the stream direction 6.
Source: Bullets are taken from the numerical results of [17]

power P, that can be captured by the turbine:

P,=C,P, )]
where P, is the available power from the river flow, given by:

1
Py= 54 V3 (2

where A, is the cross-flow sectional area of the turbine, p is the
fluid density and V is the section-averaged stream flow velocity. The
efficiency at different inclinations with respect to the stream direction
0 and different tip speed ratios (T'SR = wR/V, being w the rotational
speed of the turbine) was estimated by Zitti et al. [17]. Being R
the turbine radius and evaluating the cross-flow sectional area of the
turbine as A, = R%z regardless of its inclination @, the performance
curves were extracted and are reported in Fig. 8.

The best performances is provided by the configuration with the
turbine axis is inclined to the stream direction of § = 40°, which shows
C, <30% for TSR € (0.875,1) (red line). On the other hand, the flow-
aligned configuration (9 = 0°, blue line) actually exploits the lowest
size of cross-flow sectional area and still provides good performances,
being C, < 20% for TSR € (0.5, 1). These two cases are considered for

p
the evaluation of the extracted power using Egs. (1) and (2).

3. Results and discussion

The hydrodynamics along the MR obtained for the 2018 simulation
have been used for the analysis of the potential mechanical power
and energy production assessment. Specifically, Section 3.1 investigates
both average flow velocity and water surface at each modeled cross-
section, in order to find a suitable location for the installation of
a hydrokinetic turbine system. Different possible configurations are
discussed in Section 3.2 and the power estimate and the annual energy
assessment are discussed in Section 3.3.

3.1. Overall hydrodynamics and turbine location

To properly choose the best cross-sections where to potentially
locate the turbines, the hydrodynamic results coming from the 2018
simulation (see Section 2.2) are used. An example of the modeled
results is shown in Fig. 9, which depicts both the instantaneous wa-
ter depth (panel a) and averaged velocity (panel b) occurring on 24
February 2018 at 3:00.

The potential locations have been selected, mainly on the basis of:
easy and convenient installation (e.g. close to existing structures); flow-
velocity increase (e.g. due to channel narrowing), which provides an
improvement of the available power. According to such criteria, some
cross-sections have been selected nearby the following bridges (see
arrows in Fig. 10):

» Ponte Portone (1.84 km upstream of the MR mouth)

» Ponte A14 (3.22 km upstream of the MR mouth)

+ Ponte Borgo Catena (4.03 km upstream of the MR mouth)

» Ponte Cannella-Vallone (7.87 km upstream of the MR mouth)

Further cross-sections have been selected on the basis of the high
velocity found at their location, i.e. 3.39 km, 4.66 km, 5.33 km and
6.40 km far from the MR mouth (see circles in Fig. 10). A list of the
considered cross-sections is reported in Table 3.

The procedure below described has been followed to define suitable
turbine configurations at each location.

— The duration curves of the water surface elevation have been
built at each cross-section, and a maximum reference radius
R,.c has been calculated as the maximum value obtained by
subtracting the riverbed level from the water-surface elevation
with 90% exceedance probability (W .Syy,), reduced of 0.2 m
(Table 3). Such reduction is based on the necessity of avoiding
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Fig. 10. Portion of the studied MR stretch, with indication of the selected cross-sections: bridges (yellow arrows and labels) and high flow areas (yellow circles).

or reducing sediment-transport issues, i.e. erosion/deposition pat-
terns, promoted by the additional bottom friction generated by
the turbines. For the energy assessment, which is the object of
the present hydrodynamic study, it is assumed that the vertical
location of the turbines is updated in time according to the

morphological evolution of the riverbed.
The cross-section-dependent activation level (AL) of each turbine

is evaluated as the level over the riverbed that provides the com-
plete submergence of the turbine, i.e. the sum between the turbine
radius and the buffer value of 0.2 m. In this phase, considering
the turbine radius equal to the maximum reference radius R,,,,,
it follows that AL = W Syq.

— Finally, the available energy of the entire year is estimated at each
river cross-section using the following relation:

E =Y P, At 3)
i

where P,; is the available power at time step i (see Eq. (2), where

A, is the total area of the river cross-section), while 4t is the time

interval used in the simulation, i.e. 30 min.

The results for each selected cross-section, i.e. the maximum ideally
exploitable energy by a single turbine, are reported in the last column
of Table 3.

It can be observed that almost all the free-flow cross-sections are

characterized by R,,. < 0.20 m, hence suggesting one to work with
a relatively little turbine size. The only free-flow section with R, . >
0.20 m is typified by an available energy comparable with that exerted
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Table 3
Summary of main characteristics of the selected cross-sections.

W Sgos Ry E,

Cross-section Distance from mouth

av
[km] [m] [m] [MWh]
Ponte Portone 1.84 0.80 0.30 24.41
Ponte A14 3.22 0.60 0.20 59.96
Free flow 3.39 0.59 0.19 47.89
Ponte Borgo Catena 4.03 0.78 0.29 84.93
Free flow 4.66 0.51 0.15 93.85
Free flow 5.33 0.51 0.15 121.22
Free flow 6.40 0.71 0.25 109.21
Ponte Cannella-Vallone 7.87 0.66 0.23 109.95

at Ponte Cannella-Vallone. Turbines with radius R > R,,,, may be used,
but such a choice would induce a higher activation threshold (AL) and
a reduced operational time (see Section 3.2). Hence, due to the above
reasons and to the good amount of available energy nearby bridges
(e.g. compare the available energy at Ponte Cannella-Vallone with that
available at the cross-section 6.4 km far from the mouth), as well as to
the higher ease of installation, only the cross-sections close to bridges
have been taken into account in the following.

3.2. Turbines configuration and operation

Considering the flow characteristics of the MR and the limitations
given by the water elevation described in Section 3.1, specific turbine
configurations are identified at the selected cross-sections and the
annual energy production is evaluated for each of them.

In agreement with existing studies [32] and patents [33], a floating
installation is considered. Specifically, the hydrokinetic turbines are
supposed to be set on a floating support, which could be anchored
to bridge piers and equipped with support legs. The floating system
has been chosen for its ease of installation and maintenance, and keeps
the turbine near the surface, where higher velocities are reached. The
support legs are needed to keep the turbine always above the riverbed,
at a minimum distance of 0.20 m, even when the support system is
not floating, to avoid or reduce sediment-transport issues and turbulent
fluctuations occurring within the bottom boundary layer.

However, although local erosion and sediment deposit may affect
the flow around the turbine, bathymetric variations are not considered
in the present study, this not preventing the turbine operation. Specif-
ically, on the one side, the vertical location of each turbine follows
the morphological evolution of the riverbed, according to its support
legs. On the other side, the scour-deposition patterns generated by
the turbine itself affect the energy assessment to a limited extent, as
testified by recent works, where the TSR was even larger (TSR > 1)
than that characterizing our scenarios (T'SR ~ 1) [34-36].

Two turbine orientations are analyzed: one aligned along the
streamwise direction (¢ = 0°), characterized by a maximum perfor-
mance coefficient C, = 0.238 achieved for TSR = 0.75; another inclined
to the stream direction of § = 40°, which provides the best performance
coefficient C, =0313 when TSR =1 (see Fig. 8). The use of the best
C, is supported by the exploitation of an electronic device to regulate
the turbine rotational speed (w) based on the water flow (V), in order
to guarantee the optimal turbine performance. The sketches of the two
possible floating systems, to be used for a single turbine installation,
are reported in Fig. 11.

Consistently with the maximum reference radius evaluated in the
previous section (see Table 3), three different radii have been consid-
ered: R =0.20 m, 0.25 m and 0.30 m. Based on such radii, the activation
level (AL) is calculated for each turbine in each configuration. As
defined above, AL is the minimum free surface elevation providing the
complete submersion of the turbine at its specific location. Hence, it is
estimated as the riverbed level plus the turbine radius (either 0.20 m
or 0.25 m or 0.30 m) plus the minimum distance from the riverbed
(0.2 m). When the design turbine radius is larger than the maximum

Renewable Energy 244 (2025) 122634

Fig. 11. Sketches of the floating support system for the single turbine: (A) flow-aligned
(6 =0°) and (B) inclined (6 = 40°) configurations with respect to the stream direction.
Representation of top view (top panels) and cross-section view (bottom panels). Floating
elements are in light gray.

reference radius (R > R,,,,), the consequent AL is larger than W .Sy,
this indicating that the turbine will operate for a time shorter than
90% of the year. Although a partial submersion would even activate
the turbine, leading to a limited power production, such occurrence
is disregarded, as a conservative measure in the energy production
assessment.

Both flow-aligned and inclined configurations are considered for
multiple installations in parallel within the considered cross-section.
To satisfy the condition of undisturbed flux of Betz law, the axes of
the flow-aligned turbines are located at least six radii apart within
the cross-section plane. Such consideration leads to a precautionary
estimate of the turbine performances, because the mutual and benefi-
cial effects existing in multiple turbine installations are not accounted
for, although these may potentially lead to an increase of the real
C,. However, specific numerical studies are currently underway to
investigate such mutual effects, as well as the influence of the riverbed
on the turbine operation.

In the inclined configuration, the spacing is evaluated accounting
for the projected area of the turbines included in each river cross-
section. Each different radius considered for the analysis leads to a
different number of turbines that could be installed at each location.

As an example, Figs. 12 and 13 show the six different configura-
tions potentially exploitable at Ponte Cannella-Vallone location (see
Section 3.3). In detail, the minimum (W'S,,;,) and maximum (W'S,,,,)
water levels occurring during the year are reported, together with
W Sy and the activation level related to each turbine (AL).

3.3. Power and energy evaluation

The power generated by each turbine is evaluated using Eq. (2)
and the section-averaged velocity. Specifically, the velocity should be
evaluated considering the classical logarithmic distribution, with the
depth-averaged velocity corresponding to the velocity at a distance
from the water surface of 60% of the whole depth. However, since
the turbines are not deployed significantly close to the riverbed nor
to the riverbanks, the local velocity, i.e. that affecting each turbine in
correspondence of its axis, is quite similar to the cross-section-averaged
velocity. This is thus used for the power calculation.
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Fig. 12. Configurations with turbines aligned with the flow stream at Ponte Cannella-Vallone cross-section, including: the minimum (WS,

i) and maximum (WS,,,.) water surface

elevation in the reference year, the water-surface elevation with 90% exceedance probability (W Sy,), the minimum distance of the turbine from the riverbed (white dashed line)

and the activation threshold of each turbine (AL).

According to the turbine configurations analyzed in the previous
sections, the energy harvested in 2018 is calculated at selected cross-
sections. First, the power extracted from the kth turbine of each config-
uration at the ith time interval (P, ;) is calculated using Eq. (1), while
the energy harvested during the whole year using either the kth turbine
(E,) or the whole set of turbines of each specific configuration (E,,)
is, respectively, evaluated as:

Ep =) Pyt @
i

Erot = Z Ek = Z Z Pe,k,iAt (5)
k ki

Table 4 illustrates the estimates related to the single turbines, as
well as the total annual energy harvested for each configuration (E,,,)
and the turbine-averaged harvested energy (E). All energy values are
given in kWh.

From the analysis of the annual energy production from the dif-
ferent configurations, the best results are obtained at the upstream
cross-sections, where the flow velocity is larger and the cross-section
shapes provide a natural duct/convergent for the flow towards the tur-
bines. For a better understanding of the comparison in terms of turbine
setting and location, Fig. 14 illustrates the annual energy production
of the six different configurations tested at the four cross-sections. In
general, the best results are not easily correlated with the inclination
nor to the radius change, also considering that the increase of the radius
reduces the number of turbines within the cross-section and increases
the activation threshold (see Section 3.1).

Specifically, at Ponte Portone (blue bars), the best configurations
are those characterized by R = 30 cm with # = 0° and R = 25 cm with
0 = 40°, providing E,, = 205 kWh. Differently, the best configurations
at Ponte Al4 (orange bars) are both related to R = 20 cm with either

6 = 0° or 40°, providing E,,, = (270-280) kWh. Moving upstream, all
tested configurations provide an annual energy E,, > 670 kWh. The
best solutions at Ponte Borgo Catena are those referring to R = 25 cm
with 6 = 0° and R =30 cm with 6 = 40° (gray bars), while the optimal
configurations are associated with R = 20 cm with either § = 0° or
0 = 40° at Ponte Cannella-Vallone (yellow bars).

From the comparison among the configurations with a specific
inclination (either & = 0° or 40°), rarely the energy production in-
creases monotonically with the turbine radius. In particular, the energy
production increases and then decreases with the radius in the flow-
aligned configurations at Ponte Borgo Catena. This is caused by the
simultaneous occurrence of the turbine-size increase (from R = 20 cm
to R = 30 cm) and the reduction of the installed turbines (from 4 to 2),
as shown in Table 4. In detail, the radius increase from 20 cm to 25 cm
provides an increase of both cross-flow area A, and, consequently,
mechanical power and energy produced by the single kth turbine. Such
energy increase can be represented by a coefficient % ~ 1.56 (see
Egs. (2) and (3)). Similarly, passing from R =25 cm tgmlfm= 30 c¢m, the
energy increase is represented by a coefficient Eegoem 5, However,
assuming that each turbine produces the same amount of energy, the
reduction of the turbine number within the cross-section leads to a
reduction of the harvested energy E,,, which can be represented by
a multiplying coefficient of 0.75 and 0.67, respectively passing from 4
to 3 turbines and from 3 to 2 turbines (see Eq. (5)). Accounting for both
variations, passing from R = 20 cm to R = 25 cm provides an overall
energy increase of ~17% (coefficient: 1.56 - 0.75 = 1.17), while passing
from R =25 cm to R = 30 cm leads to a decrease of ~20% (coefficient:
1.2-0.67 = 0.80).

Similarly, for the 40° configurations at Ponte Cannella-Vallone, the
energy first decreases, because of the reduction of the installed turbines
from 3 (for R = 20 cm) to 2 (for R = 25 cm), and then increases,
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Fig. 13. Configurations with turbines inclined of 6§ = 40° with respect to the flow stream at Ponte Cannella-Vallone cross-section. The illustrated quantities are described in the
caption of Fig. 12.

Table 4
Summary of the energy analysis referring to the whole 2018. The harvested energy is given in kWh.
Cross-sect. Energy Aligned (0 = 0°) Inclined (0 = 40°)
R =20 cm R=25cm R=30cm R =20 cm R=25cm R=30cm

Ponte E, 15.83 27.52 29.95 18.87 28.14 45.29
Portone E, 18.07 27.94 32.69 23.73 36.62 43.48

E; 18.12 27.85 37.98 23.73 36.82 43.48

E, 17.96 27.99 32.69 23.83 36.74 48.49

Es 18.12 28.10 39.63 23.83 37.09 -

Eg 18.12 28.20 32.28 23.83 29.85 -

E, 18.12 27.52 - 23.83 - -

Eg 18.12 - - 18.87 - -

E, 18.12 - - - - -

Ey 16.88 - - - - -

tot 177.48 195.12 205.21 180.53 205.26 180.74

E 17.75 27.87 34.20 22.57 34.21 45.19
Ponte E, 63.06 98.53 100.89 71.34 116.28 129.35
Al4 E, 118.57 91.96 - 125.92 106.15 -

E; 86.66 - - 80.01 - -

E,, 268.30 190.49 100.89 277.27 222.43 129.35

E 89.43 95.24 100.89 92.42 111.22 129.35
Ponte E, 191.61 307.29 412.91 251.99 407.30 494.26
Borgo E, 199.31 307.29 354.34 262.11 400.37 414.33
Catena E; 199.31 304.44 - 258.64 - -

E, 195.67 - - - - -

ot 785.88 919.02 767.25 772.74 807.67 908.59

E 196.47 306.34 383.63 257.58 403.83 454.29
Ponte E, 217.96 268.30 310.75 321.83 352.85 391.76
Cannella E, 242.88 258.47 361.62 286.65 384.68 430.81
Vallone E; 253.74 321.83 - 350.07 - -

E, 262.16 - - - - -

E,, 976.75 848.60 672.37 958.55 737.53 822.57

E 244.19 282.87 336.19 319.52 368.76 411.28

10
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Fig. 14. Total annual energy at the selected locations and considering all tested configurations.

because the installed turbines are 2 for both R =25 cm and R = 30 c¢m,
in the latter case generating more power. According with the above-
used procedure, passing from R = 20 cm to R = 25 c¢cm should provide
a theoretical energy increase of ~4%. This is caused bEy a potential
increase of the energy generated by the single turbine (%2 ~ 156,

as for the previous scenario) and a decrease due to the redl’lct%n of the
turbines deployed in the river cross-section (from 3 to 2, providing a
coefficient of 0.67). However, at the present location, each turbine with
R =25 cm operates for a much shorter time than those with R = 20 cm,
i.e. ~40% instead of ~70% of the whole year. This leads to an energy
produced by the R = 25 cm turbine that is not 1.56 times larger than
that produced by the R = 20 cm turbine, as theoretically expected,
rather a slightly larger quantity (i.e. a coefficient slightly larger than 1).
This is also confirmed by the R, value, which is smaller than 25 cm
at the considered cross-section (Table 3). Hence, also accounting for
the turbine-number reduction, an overall energy decline establishes.
Conversely, the size increase from R = 25 cm to R = 30 cm and
the upkeep of the same number of turbines lead to an overall energy
increase, although the operating time of the larger turbines is even
shorter (i.e. ~25% of the whole year).

To better illustrate the four best configurations, Fig. 15 reports
both their total annual energy production (in green) and their turbine-
averaged energy production (in pale blue). Depending on the chosen
cross-section, the best energy production is provided by a specific
solution in terms of number, size and inclination of the turbines. This
leads to different values of the turbine-averaged energy production and
to different installation costs. Specifically, while the first configuration
is characterized by four turbines, each one harvesting a relatively small
amount of energy (E = 240 kWh), the second and third configurations
are quite similar under this viewpoint, with three turbines to be in-
stalled, each one associated to an average energy E = (300 —320) kWh.
Finally, the fourth configuration is characterized by only two turbines,
with the largest average energy E = 450 kWh each.

Table 4, together with Figs. 14 and 15, shows that each single
turbine of the 40° configurations harvests the highest energy, being the
invested area much larger than those characterizing the 0° configura-
tions. However, the larger is the inclination, the smaller is the number
of turbines that can be installed at a specific cross-section, this leading
to an overall reduction of the harvested energy.

Despite the reduced number of turbines and reduced operating
time, the use of a turbine with the largest radius, even larger than

11

the maximum radius reported in Table 3 is the optimal choice in
terms of energy production per turbine (see cross-section Ponte Borgo
Catena in Fig. 15), providing a total annual energy production similar
to the one reached in the other cross-section with a larger number of
smaller turbines. The four selected configurations depicted in Fig. 15
are sketched in Fig. 16.

Following the above considerations, the choice of the optimal con-
figuration depends on many factors, which are only partially related to
the time-varying flow discharge and the distance from the river mouth.
In particular, important are the cross-section geometry and the main
features of the available turbines (as depicted in Figs. 14 and 15), as
well as the proximity of a bridge (due to installation reasons). Hence,
the hydraulic modeling of the river at hand (including the duration
curve and the activation threshold) is important to characterize the
flow that can be exploited at each potentially selected cross-section,
while the turbine type and geometry are fundamental to plan a suitable
installation of the array of turbines. Furthermore, when installing a
turbine, the activation threshold is of great importance, as it leads to
longer working periods of the turbine during the year, avoiding “dead
periods”.

Among the turbine deployment, a floating platform might be used to
host one or more submerged turbines underneath and the generator on
top of the platform itself, as already discussed some years ago by some
researchers [32]. More recently, the publication of specific patents
shows the interest of the international community for such a topic
and the feasibility of a floating platform solution to host small-sized
hydrokinetic turbines to be installed along rivers [33].

Related to the installation is also the number of turbines to be
deployed: the more are the turbines, the more (or larger) are the
platforms to be arranged/secured along the river. This aspect is also
important under the economic point of view, as the cost of the whole
investment strongly depends on the chosen number of turbines.

3.4. Analysis of turbine performance

With the aim to investigate the turbine performances, some consid-
erations can be done in terms of: (i) alternative turbine applications
and (ii) evaluation of the Archimedean turbine performance.
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Fig. 15. Total annual energy (green bars) and average energy per turbine (pale blue bars) for the four best configurations.

3.4.1. Alternative turbine applications
The selection of potential alternatives to the studied Archimedean
turbines, suggests the analysis of well-known machines like:

+ a Savonius turbine (e.g., see [37]), characterized by a maximum
performance coefficient C, = 0.2 for TSR =0.8;

+ a horizontal axis propeller turbine (e.g., see [38] with a maximum
C, =037 for TSR =2.5;

+ a H-Darrieus cross-flow hydrokinetic turbine (e.g., see [39]), with
a maximum C, = 0.8 achieved for TSR = 2.75.

A comparable size and the same numbers of deployed turbines are
accounted for at Ponte Borgo Catena, in order to consistently compare
such turbines with the analyzed Archimedean screw turbine. Using the
mentioned coefficients and estimating the total annual energy, it is pos-
sible to estimate an increase, with respect to the energy estimated for
the flow-aligned configuration with R = 0.25 m (see Fig. 15), of about
6%, 54% and 330% for the Savonius [37], the horizontal-axis [38] and
the H-Darrieus [39] turbines, respectively.

However, it is worth noticing that the horizontal axis and H-
Darrieus turbines operate at a rotational speed w that is around three
times larger than the optimal rotational speed of the Archimedean and
Savonius turbines, and operate in a conveyance system that is not
included in the other turbine installations. Hence, since such devices
must preserve as much as possible the environment where they are
installed, low rotation speeds are preferable, especially with the aim
to avoid/minimize both harming aquatic organisms and affecting the
riverbed in terms of erosion/deposition patterns [40,41]. From this
perspective, Archimedes and Savonius turbines are less impactful.

3.4.2. Variability of the archimedean turbine performance

We selected two of the best configurations illustrated in Fig. 15,
i.e. those located nearby Ponte Borgo Catena. The flow-aligned config-
uration (@ = 0°) is associated with TSR = 0.75 and C, = 0238, which
provide a total annual energy E,, = 919.02 kWh, while the inclined
configuration (6 = 40°) is associated with TSR = 1 and C, = 0313,
providing E,,, = 908.59 kWh.

The variation of the turbine performance is here evaluated starting
from the variation of the cross-section-averaged velocity V, character-
ized by an annual time-averaged value ¥ = 1.10 m/s and a standard
deviation 6, = 0.22 m/s. Hence, a range of velocity variation is
evaluated, i.e. V,,,,, = V + o, = (0.8811.32) m/s. Then, based on the

range
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time-averaged velocity, it is possible to estimate an optimal rotation
speed of the turbine

(TSR, V)/R (6)
corresponding to 3.30 rad/s and 3.67 rad/s, respectively for the flow-
aligned and inclined configurations.

This allows one to estimate the TSR variation based on the range
of velocity variation:

w,, R

_ Topt
TS Rrange - V. )
range

WDopr = opt

)

which is (0.62 —0.94) and (0.83 — 1.25) for the flow-aligned and inclined
configurations, respectively. The performance coefficients referring to
such ranges are then evaluated (Fig. 8), together with the annual total
energy obtained using the limit values of the ranges and the potential
reduction with respect to the total energy reported in Table 4 and
Fig. 15.

The results are illustrated in Table 5, which shows that a signif-
icant harnessed energy reduction occurs for the inclined configura-
tions, while a very little reduction would occur for the flow-aligned
configurations, which show a better and more adaptive behavior.

4. Conclusions

The present work illustrates the importance of a detailed hydraulic
modeling to properly understand what is the best option to extract
energy from hydrokinetic turbines. From the analysis of the available
river-stage measurements, the typical year has been obtained and used
for the model validation. Field measurements have been then used at
the boundaries of the analyzed river stretch, to take into account both
river current and sea forcing.

The unsteady simulation carried out for the whole reference year
2018 allowed us to extract information required for the energy anal-
ysis, and to hypothesize potential turbine configurations at specific
cross-sections. The different scenarios accounted for different sizes
and orientations of the turbines, and consequently different numbers
within each array that characterize each specific cross-section. Among
the best solution, the installation should be done nearby either Ponte
Cannella-Vallone (7.87 km from the MR mouth) or Ponte Borgo Catena
(4.03 km from the MR mouth). At the former site, the best option is
provided by four turbines with radius R = 20 cm, in the latter site
by three turbines with R = 25 cm, in both cases aligned with the
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Fig. 16. Best configurations as illustrated in the total annual energy production depicted in Fig. 15.

Table 5

Analysis of annual energy reduction for the two best configurations at Ponte Borgo Catena.

Type Flow-aligned (6 = 0°) Inclined (6 = 40°)

E,, [kWh] 919.02 908.59

TSR,y 0.62 0.94 0.83 1.25
range 0.231 0.224 0.305 0.236

E range [KWh] 891.99 885.37 864.96 685.07

Annual energy reduction [%] 3 4 5 25

primary flow of the river. These and two alternative solutions, with
an inclination of 40° from the streamwise direction, would lead to an
annual energy production around (0.95 — 1) MWh, which is in line with
the consumption of community services (e.g., electricity for schools,
kindergartens in small-sized urban areas [42]), as also testified by the
annual electricity consumption in Italian school buildings, this being
around 50 kWh/m? [43].

The potential uncertainty of the turbine performance coefficient
may lead to an annual energy reduction up to 25% occurs for the
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inclined configurations, while an almost negligible reduction would
occur for the flow-aligned configurations. These, thus, demonstrate a
better and more adaptive behavior. In addition, the alternative use of
other turbines (e.g., Savonius, horizontal-axis, H-Darrieus) may provide
an increased total annual energy, though at large rotational speeds or
using conveyance systems.

Under a practical viewpoint, the final deployment of the turbines is
related to practical requirements, like the need of either fixed struc-
tures (usually too intrusive, leading to undesired erosion/deposition
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patterns) or floating platforms, able at: (i) well adapting to the varying
river stage, (ii) securing the turbine in safe way to existing structures
(e.g., bridge piers or deck), (iii) hosting a generator onboard.
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