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Abstract: Archimedes screw turbines are considered a new technology in small- or microscale
hydropower. Archimedes screw turbines are easy and practical to operate. However, their manufac-
turing presents some challenges owing to their screw-shaped design. Most of the previous works
on Archimedes screw turbines focused on the turbines’ design, while limited studies were found on
their manufacturing processes. In addition, no review work was found on the manufacturability of
the Archimedes screw turbine. Hence, this work aims to address this gap by reviewing the various
manufacturing methods of Archimedes screw turbines. Moreover, one of the objectives of the study
is to assess the sustainable manufacturability of the Archimedes screw turbine. The results show that
Archimedes screw turbines are mainly manufactured using conventional manufacturing methods for
larger turbines and 3D printers for relatively smaller ones. Traditional methods of manufacturing
entailed high skill proficiency, while 3D-printing methods for Archimedes screw turbines are still
in their early developmental stages. Sustainable assessment studies have identified additive manu-
facturing as having a relatively lower environmental impact than conventional manufacturing on
turbine blades. These trade-offs must be accounted for in the design and development of Archimedes
screw turbines. Moreover, integrating sustainability assessment and the employment of Industry 4.0
enables the smart production and sustainable assessment of AST manufacturability.

Keywords: Archimedes screw turbines; additive manufacturing; hydropower; Industry 4.0; sustain-
ability assessment; manufacturability

1. Introduction

With the continuous rise of global carbon dioxide (CO2) emissions brought by the
production of energy through fossil fuels, a renewable energy source is needed to satisfy
the global energy demand while mitigating CO2 emissions [1]. One of the matured and
accepted renewable energy technologies is hydropower [2]. In areas that are off-grid
with access to elevated running water, small- and micro-hydropower sources are suitable
renewable energy technologies [3]. However, conventional hydropower turbine designs
present risks in harming aquatic biodiversity. Hence, a unique turbine design such as the
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Archimedes screw turbine (AST) provides a safe solution for generating hydropower for
areas with high aquatic biodiversity [4].

The AST is a hydroturbine that is geometrically modeled after Archimedean screws,
which are machines historically used to pump water to higher elevations [5]. The Archimedes
screw was initially introduced by Archimedes, the Greek Mathematician; its intended use
was pumping of water found in ships [6]. In the first century BC, Vitruvius extensively
studied the various applications of Archimedean screw pumps [7]. Being modeled after
Archimedean screws, ASTs generally have two components, the helical screw blades and
the screw shaft [8]. ASTs utilize this function of Archimedean screws inversely to harness
hydropower. Flowing water enters the inlet channel of the AST, and as flowing water is
continuously carried downstream in “buckets” due to the helical orientation of the screw
blades, momentum from the flowing water rotates the screw blades and, consequently, the
screw shaft, which is coupled to a generator to produce electrical power. Figure 1 below
shows an image of an animated computer-aided design (CAD) model of an AST showing
downstream and upstream basins, the helical screw blades, and the screw shaft.
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Using ASTs has several advantages over the usage of conventional hydroturbines.
Several studies have claimed that their manufacturing method is simpler than conventional
hydroturbines, making them relatively inexpensive and easily manufacturable [9–11]. ASTs
ideally operate in low-head conditions and low rotational speeds [12]. This is advantageous
in off-grid applications in rural communities with access to running bodies of water since
high-elevation water sources are not required and fish passage is undisturbed [13,14]. Fish
migration studies have recommended using ASTs to lower mortality and injury rates across
multiple species of fish [15–17]. Furthermore, in Europe, a total of 74 hydropower plants
operated by ASTs were documented in a 2015 survey, with installed operating capacities
varying from 6 kW to 140 kW [5]. The wide utilization of ASTs in the industry shows the
potential of ASTs as a sustainable renewable energy technology.

The techniques and methods used to manufacture ASTs must be documented to
elucidate the feasibility of manufacturing ASTs in any given region. This will now open
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opportunities for prospective manufacturers of AST parts that address the installation and
logistical concerns. Few review works were found in the Scopus database, ScienceDirect
database, and open access journals (4 November 2022) that utilized Archimedes screws as
turbines to generate renewable energy. The following works are review studies relevant
to the Archimedes screw turbine. Simmons and Lubitz [18] reviewed experimental and
numerical studies of Archimedes screw generators and found insufficient verification to
be implemented on a commercial scale. Their results also indicated that modern sheet
metal manufacturing techniques have made AST manufacturing cost-effective. Waters and
Aggidis [5] reviewed the various operational modes of the Archimedes screw from turbines
to pumps and have revealed that the computational fluid dynamics (CFD) approach is a
viable validation approach for the design and utilization of AST.

In addition, two relevant studies were found in the ScienceDirect database (4 Novem-
ber 2022) that cited that Archimedes screw turbines produce renewable energy. Waters and
Aggidis [19] outlined that Archimedes screw turbines, along with other unique turbine
designs, can be used for tidal energy conversion, while Hoffstaedt et al. [11] highlighted
that rotary positive displacement and counter-rotating reversible turbines and pumps,
such as Archimedes screws, are technologies that are used for pumped hydro storage.
Furthermore, two brief review works were found in open access journals. Suraya et al. [20]
briefly reviewed various studies based on the parameters investigated in the design of
the turbine, such as head, screw diameter, pitch diameter, slope angle, the number of
rotations, and their effect on turbine efficiency. Meanwhile, Yoosefdoost and Lubitz [4]
compared ASTs to other conventional hydroturbines in terms of capital cost, maintenance
cost, and environmental and social advantages and presented potential design guidelines
for the turbines concerning site evaluation, screw geometry, and generated power output.
Lastly, Poosti et al. [21] reviewed the various operational concerns of the different types of
Archimedes screw pumps and turbines to further enhance the operation of a commercial
wastewater treatment plant. These review works are significant in the advancement of AST
for the production of renewable energy. However, these studies did not concentrate on the
manufacturing methods of ASTs.

Currently, there is no review work found that focuses on the manufacturability of
ASTs. Hence, this review work aims to address this research gap by providing a systematic
approach in the review of related literature on the sustainable manufacturing methods of
ASTs. In addition, the study also aims to present these methods used for the manufacturing
of ASTs and their optimal design parameters.

2. Bibliometric Review on Archimedes Screw Turbines

The goal of the bibliometric review of this study was to identify the whole scope of
AST research and identify any works that pertain to the manufacturability of ASTs. The
methodological framework of this review can be seen below in Figure 2. The bulk of the
research documents used for review was obtained from Scopus and Google Scholar.

In this bibliometric study, statistics of various works and documents made on ASTs
were collected, a network map was created to determine the research scope of AST research,
and the research gap of manufacturability of AST was analyzed. The scientific database
used in this study for collecting document statistics was Scopus Index, and VOSviewer was
used to construct the network map.

To identify the whole scope of AST research, a specific search query was carefully
constructed to guarantee that a search in Scopus Index would return all results that in-
cluded AST research. As such, nomenclatures in AST research were initially investigated,
and it was found that various research works referred to ASTs differently. Some of the
nomenclature used instead of “Archimedes screw turbine” were “Archimedes turbine” [22],
“Archimedes generator” [23], “Archimedes screw generator” [9,24,25], and “screw tur-
bine” [26]. Search results from all these names were combined to describe the whole scope
of AST research. A total of 109 documents were obtained from the Scopus search results
on 4 November 2022. Among these 109 documents, there were 67 articles and 5 reviews.
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Further screening of the 109 documents was performed by filtering relevant studies based
on the scope of engineering and documents within the ScienceDirect database and open
access journals.
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Figure 2. The methodological framework of the systematic review.

After collecting the statistics of the search results, VOSviewer was used to generate
the network map of all the search results. The network map contained indexed keywords
that commonly occurred among the search results, which is useful in identifying research
gaps. An occurrence threshold of 3 was used, given the relatively small result size of the
literature scope, and the network map was generated, as seen in Figure 3.
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Major keywords were identified, such as screws, turbine, hydroelectric power, effi-
ciency, and computational fluid dynamics (CFD). These findings indicate that these subjects
are currently the main research areas of interest in the scientific community, and most re-
search on ASTs falls under these categories. The results revealed that current AST research
shows minimal work on AST manufacturing or production. Most of the recent AST research
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is focused on hydropower generation, technical design, CFD, and the association of AST
with conventional sources of energy. Furthermore, search queries in Scopus combining the
keywords of “AST” and “manufacturability” have shown no results, thus indicating that
no review works were found.

Using data from Scopus database, yearly publications on AST research were also
analyzed. These publications are graphically presented in three-year periods in Figure 4. A
total of 109 documents were published in the available literature starting from 1970, and
over 95.7% of all those documents were published after 2011. Notably, research interest in
AST grew exponentially after 2013, which saw an average of 36 publications every three
years, whereas there were only three publications from 2001 to 2012. Considering its low
research volume, AST research is not as large as other research fields (e.g., impulse turbine
research has 615 results, and Francis turbine research has 2355 results). Furthermore, the
first industrial application of ASTs in hydropower plants was not realized until 1994 [5].
Thus, ASTs are still considered an emerging renewable energy technology. ASTs have
immense potential for research application and commercialization.
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3. Optimal Design Parameters of Archimedes Screw Turbines

This section discusses the various research works that investigated different method-
ologies, tools, and processes to obtain the optimal geometric parameters and operating
design conditions that would allow the Archimedes screw turbine (AST) to achieve the
highest efficiency. Table 1 shows a summary of the major contributions of each reviewed
work on the optimal design parameters of AST, and Table 2 shows a summary of the
optimal geometric parameters of each AST.



J. Manuf. Mater. Process. 2022, 6, 161 6 of 26

Table 1. Summary of notable research contributions to optimal design parameters in AST research.

References Main Contributions

Dellinger et al. [25]
• Showed that the ideal inclination angle varies with the number of blades on the AST,

with 15◦ for 3-blade, 20◦ for 4-blade, and 25◦ for 5-blade, with 5-blade generating the
most power.

Rorres [7]
• Computed the optimal diameter ratio of 0.54 for AST, which has been referenced by

hundreds of works.

Lashofer et al. [27]
• Recommended the diameter ratio of 0.5 for Archimedes screw pumps, which has been

referenced by a few works.

Simmons et al. [28]
• Determined the optimal length–pitch ratio of 1.0 for AST.
• Showed longer AST screws perform better (L/p > 3.0).

Alonso-Martinez [29]
• Showed that control of rotational speed is essential in efficiency.
• Proposed a new methodology in designing efficient AST wherein a filling level of 85%

was prescribed by relating the effect of filling factor to efficiency.

• Experimental study on AST found optimal screw angle inclination was 22◦ at a
maximum efficiency of 74.27%.

Edirisinghe et al. [30] • Showed that high inclination angles on AST can also reach 80% efficiency.

Saroinsong et al. [31]

• Analyzed that the fluid phenomena occurring between the screw blades were in the
form of vortices, which were experimentally shown to reduce efficiency, but can be
mitigated by reducing screw angle inclination.

• Optimal values of λ, Fr, and βwere 1.0ro, 0.12, and 25◦ at an efficiency of 89%.

Shahverdi [32]

• Used a combined approach of RSM and Buckingham Pi theorem to predict the optimal
configurations of an AST.

• Optimal values of β, Do/H, and N were 27◦, 0.731, and 4 blades, at an efficiency of
83.4%.

Lee and Lee [33]
• Conducted experimental tests on an AST at high screw angle inclinations (30◦ to 90◦)
• Optimal values of β and u were at 45◦ and 1.5 m/s, at a mechanical efficiency of 94.6%.

Shahverdi et al. [34]

• Developed a numerical model which optimized the geometric parameters of an AST in
MATLAB.

• Optimal values of L, β, and N were 6 m, 20◦, and one blade, at a mechanical efficiency of
90.83%.

Dedić-Jandrek and Nižetić [35] • AST generally perform better with AC generators than DC generators.

Maulana et al. [36]
• Experimental relationship of flow rate, efficiency, and power output wherein maximal

efficiency is found between the extrema or minima of the design flow rate.

Betancour et al. [37]
• Used RSM and statistical analysis to create a characteristics equation that relates

diameter ratio, screw length, and screw pitch to power coefficient.
• Optimal values for Di/Do, L, and p were 0.2, 0.12 m, and 0.30 m.

Bouvant et al. [10] • Optimal values for Di/Do, L, p, and αwere 0.1 m, 0.36 m, 0.22 m, and 73.94◦.

The geometric parameters of an AST can be seen below in Figure 5 in the form of a
schematic diagram. The summary of the nomenclature used in the diagram are as follows:
L is for the screw length, P is for the screw pitch, β is for screw angle inclination, α is for
screw blade angle inclination, Do is for outer diameter, Di is for inner diameter, and the
numbers 1 to 5 denote each blade in the design.
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Table 2. Summary of the optimal geometric parameters of each AST type (numerical model or
experimental prototype.

Reference Type of
Study

L
m

P
m

N
Blades

β
◦

α
◦

Di
mm

Do
mm

Q
L/s

H
m

ω

rpm
η

%

Dellinger et al. [24] Numerical 0.40 0.19 3 24.0 104 192 2.8 84.6 77.0
Zitti et al. [38] Experimental 0.32 0.16 0.0 70.0 20 50 28.6 23.8

Rohmer et al. [39] Numerical 0.96 3 30.0 420 840 90 40 84.0
Erinofiardi et al. [26] Experimental 45 0.68 0.05 946 92.0
Abdullah et al. [40] Experimental 1.0 0.07 1 35 70 130 1.12 165 81.4
Durrani et al. [41] Numerical 1.71 3 26 640 1200 240 1.5 27.6 77.0

Syam et al. [42] Experimental 2.0 0.26 1 30 140 260 20 1.0 236.4 57.0
Dellinger et al. [25] Numerical 5 24.5 50.0 85.8
Thakur et al. [43] Experimental 1.63 0.30 22.0 80 200 1.0 to 4.0 74.3

Edirisinghe et al. [30] Numerical 7.78 0.84 3 45.0 1296 2400 200 5.2 54.6 82.1
Saroinsong et al. [31] Experimental 0.92 0.13 3 25.0 30.0 600 1100 50 89.0

Shahverdi [32] Numerical 4 27.3 78 156 0.95 0.27 106 83.4
Lee and Lee [33] Experimental 1.50 0.15 1 45.0 60 120 0.3 to 1.7 1.0 179.8 94.6

Shahverdi et al. [34] Numerical 6.00 1.50 1 20 750 1500 1200 1.8 91.1 90.8
Dedić-Jandrek and

Nižetić [35] Experimental 1.00 0.30 3 21 160 300 10 0.5 70 67.0

Maulana et al. [36] Experimental 2.00 0.29 2 30 77 144 12.5 1.0 177 55%
Betancour et al. [37] Numerical 0.12 0.30 50.6
Bouvant et al. [10] Numerical 0.36 0.22 73.9 55.2
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One of the most prominent works in AST research is the study conducted by Rorres [7],
which defined the AST optimal diameter ratio, the ratio of inner diameter to the outer
diameter, to be at a value of 0.54. The idea behind this computed value was to maximize
the volume of carried water in the buckets of the AST, although this work is mostly based
on an Archimedes pump rather than that of a turbine. Rorres [7] compared the computed
values from other Archimedes screws in the literature, namely, screws designed by the
Roman engineer, Vitruvius, and the general design of modern Archimedes screws.

Several other works were highlighted by Rorres [7] for the development of the
Archimedes screws and are discussed as follows. Dellinger et al. [25] performed an in-
depth CFD analysis on Archimedes screw generators and showed that the best slope to
have to provide a high efficiency is from 20◦ to 24.5◦. Alonso-Martinez [29] proposed a
methodology to design ASTs by targeting an 85% filled bucket level while minimizing
system leakage. Edirisinghe et al. [30] conducted a CFD study of an actual site of ASTs
with an inclination angle of 45◦, which resulted in an efficiency of 82%. Their results
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have proven that even at a high inclination angle, comparable efficiencies of ASTs can
still be achieved in a run-off river [30]. Dedić-Jandrek and Nižetić [35] evaluated an AST
hydropower test station and found that a maximum efficiency of 64% is attained at an
inclination angle of 21◦ with a flowrate of 36 m3 h−1 and a power output of 35 W. Maulana
et al. [36] experimentally evaluated a double-bladed AST and revealed a maximum turbine
efficiency of 55% at 45 m3 h−1 and a maximum power output of 116 W at 90 m3 h−1.
Bouvant et al. [10] performed a CFD study coupled with the response surface method to
optimize the geometric parameters of an AST under six degrees of freedom. Their results
revealed that the optimal configuration of ASTs has dimensions such as a diameter ratio of
0.1, length of 0.36 m, an inclination angle of about 74◦, and a blade stride of 0.22 m [10].
Simmons and Lubitz [44] also employed CFD to analyze the behavior of fluid flow inside
the buckets of the AST and was accurately validated by experimental laboratory-scale data.
Lastly, Lashofer et al. [45] and Lashofer et al. [27] recommended that the diameter ratio for
Archimedes screws be at 0.5 for pump applications. These studies highlighted the influence
of parametric design on the performance of ASTs through CFD. CFD is a numerical method
to design ASTs through parametric dimensional factors and assess fluid flow behavior and
power performance [40,46].

To further understand the progress on the optimal design of ASTs, the following
studies are discussed in detail. Simmons et al. [9] conducted surveys and measurements
on various AST powerplants in the United Kingdom, measuring geometric parameters
and flowrate data. Their study also evaluated the optimal geometric parameters of an
AST in terms of inclination angle, pitch–diameter ratio, pitch–length ratio, and the number
of blades [9]. Meanwhile, Dellinger et al. [25] investigated the effects of the screw angle
inclination (β) and the blade number (N) on the power output and efficiency. Their results
obtained an optimal inclination angle of 22◦, which agreed with the optimal angle that other
studies found, i.e., in the range of 20◦ to 25◦. However, Dellinger et al. [25] emphasized
that the optimal angle depends on the site constraint where the hydro powerplant is
situated. Three numerical models with different blade numbers (i.e., 3, 4, and 5 blades)
were numerically modeled in OpenFOAM, with the fluid domain being constructed in
blockMesh and the screw rotation realized using the Arbitrary Mesh Interface method. All
simulations were run at 50 rpm and with flow rates varying from 28.8 m3 h−1, 30.6 m3 h−1,
and 32.4 m3 h−1. Experimental runs were conducted using an existing prototype to
compare the experimental results with the CFD results, and good agreement was found in
their comparison. For each type of AST in the numerical simulation, the β values tested
were 10◦, 15.5◦, 20◦, 24.5◦, 29◦, 33.5◦, and 38◦. Results show that for a three-blade, four-
blade, and five-blade AST, the optimal values of β were found at 15.5◦, 20◦, and 24.5◦,
and the corresponding power outputs and efficiencies at these β values were 25.7 W and
86.1%, 34.1 W and 86.3%, and 37.3 W and 85.8%, respectively. The most optimal blade
configuration, in this case, was found to be that with 5 blades and an inclination of 24.5◦.

In their other study, Simmons et al. [28] investigated three different pitch–diameter
ratios (0.8, 1.0, and 1.4) and three ranges of length–pitch ratios with laboratory-scale
experimentation (<1.5, 1.5 to 3.0, >3.0). Their results showed that the AST with a pitch–
diameter ratio of 1.0 performed the most efficiently. Moreover, the results outlined that the
AST with a relatively higher length–pitch ratio performed better compared to those that
have relatively lower length–pitch ratios. Simmons et al. [28] further theorized that the
AST has more time to fully form its water buckets and convert hydrodynamic forces into
torque when the screw is longer. However, the mechanical advantages are offset by the
increased manufacturing costs, heavier system loads, and larger losses from friction.

Alonso-Martinez [29] developed a new methodology for designing ASTs that served
to further increase their resulting efficiency. When an AST experiences leakage losses, the
resulting torque decreases, and, consequentially, its efficiency decreases as well. Thus, a
hypothesis was constructed to quantify leakage losses, and it described a linear relationship
between the leakage losses and rotational speed, as shown in Equation (1).
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Qleak
Qmax

= Ls + Ls
ω

60
Q

Qmax
(1)

where Qleak is leakage loss (m3 s−1), Qmax is the maximum design flowrate (m3 s−1), ω is
rotational speed (rpm), and Q is the design flowrate (m3 s−1).

Their hypothesis was compared with the efficiency curves of other works and was
used to establish two significant design considerations for high-efficiency AST. The first
design consideration of the AST must be viewed as a bucket elevator and must have a
filling level considered in its designs. The second design consideration of the AST includes
minimizing the leakage loss to as low a level as possible. Alonso-Martinez [29] developed
four numerical models of the AST using the finite element method to understand the
relationship of the filling level (Q/Qmax) with the torque at different filling levels (i.e.,
41%, 52%, 69%, and 85%). A small-scale and real-scale prototype was manufactured to
analyze the effects of real-world leakage losses on AST performance. Based on the proposed
methodology to minimize leakage losses, the small-scale prototype was manufactured
to analyze its efficiency under different flow conditions. The real-scale prototype was
manufactured under the same methodology but was integrated with variable speed control.
The numerical results showed that the torque was directly proportional to the filling level of
the buckets, with an R2 of 1.0. The torques were 10 N-m, 13 N-m, 17 N-m, and 21 N-m at the
filling levels of 41%, 52%, 69%, and 85%, respectively. Thus, based on the hypothesis and
these numerical results, it was verified that the rotational speed affects the efficiency. The
small-scale prototype experiments showed the system operated near 90% efficiency when
the filling level was more than 85%, and leakage losses increased linearly with the filling
factor, which verified the hypothesis of the study. The real-scale prototype experiments
operated near 85% efficiency when the filling level was more than 60%. The leakage
losses in the small-scale and real-scale prototypes ranged from 5% to 10% and 6% to 9%,
respectively. The study concluded that a filling level of 85% was ideal since operating
conditions with filling levels above 85% were prone to overflowing. Additionally, active
speed control was prescribed to control the rotational speed of the AST.

Thakur et al. [43] conducted a simple experimental study using an AST prototype
to maximize its efficiency. The prototype used had the following geometric parameters:
screw length (L) was 1.63 m, inner diameter (Di) was 0.08 m, outer diameter (Do) was 0.2 m,
and pitch (P) was 0.3 m. The flow rate (Q) was altered between 3.6 m3 h−1 to 14.4 m3 h−1,
the screw angle inclination changed between 20◦ to 25◦, and the load varied at 0.5 kg,
0.7 kg, and 0.9 kg. From the experimental results, the load was shown to have a directly
proportional relationship with efficiency, although the efficiency was lowest at the highest
flow rate with a parabolic trend, and the maximal efficiency of 74.27% was at 22◦ while
showing a nonlinear relationship.

Edirisinghe et al. [30] stressed that most works on AST focused on maximizing effi-
ciencies, commonly more than 80%, on small inclination angles, but such small inclination
angles pose high bending loads when installed onsite due to the long screw length of
the AST. Consequentially, Edirisinghe et al. [30] investigated the potential of high screw
inclination angles to achieve the near-same values of efficiency that AST would have
with low-angle configurations. The site considered for the CFD simulation had a head
(H) of 5.2 m and an average flow rate (Q) of 0.23 m3 s−1. The design procedure of the
screw mostly referenced Rorres’ work on optimum geometric ratios of ASTs. For a screw
angle inclination (β) of 45◦, the diameter ratio was 0.54, the screw pitch (P) was 0.84 m,
and the screw length (L) was 7.78 m for the three-bladed AST. The numerical model was
constructed in SOLIDWORKS 2016 and was meshed and solved in ANSYS ICEM CFD
19.2. Numerical simulations were run at different rotational speeds (ω) of 40 rpm, 50 rpm,
54 rpm, 58 rpm, 60 rpm, and 70 rpm. They validated the CFD results with a similar work
from the literature. Results were validated with a reference study, and they showed that at
the optimal rotational speed of 54.58 rpm, the output power was 9.7 kW and the maximum
efficiency was 82.1%. This research was able to show that high inclination angles of ASTs
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are feasible alternatives in the scenario in which the hydraulic head is too high, which
would otherwise cause a low-angle AST to have very long design screw lengths and cause
it to bear high bending loads.

Saroinsong et al. [31] experimentally investigated the fluid flow phenomena at the
turbine screw of an AST. They stated that since the main driving force of an AST is the
gravitational force, the Froude number (Fr) was an important metric used in the study;
thus, they wanted to see the effects of Fr on efficiency. The fluid flow phenomena were
physically observed using an existing AST prototype with three blades, a screw blade angle
(α) of 30◦, a diameter ratio of 0.54, and a pitch of 0.132 m. For the experiment, Fr was
varied using three of its parameters: screw angle inclination (β), characteristic length (λ),
and inflow velocity (u), which had value ranges based on the AST outer radius (ro) from
25◦ to 45◦, 0.5ro to 1.0ro, and 0.3 m s−1 to 0.5 m s−1, respectively. Their results showed that
the fluid flow phenomena took the form of whirlpools or vortices that occurred between
the screw blades as a consequence of a produced linear momentum. It is to be noted that
the generated linear momentum was a result of the hydrostatic forces that acted against the
screw blades applied in two opposite directions. Hence, the resultant forces yielded to the
AST shaft’s angular momentum. These vortices were analyzed to have adverse effects on
the AST efficiency since most of the kinetic energy that was supposed to propel the turbine
blades is diverted into these vortices between the screw blades. To minimize the effect of
the vortices, it was suggested to reduce β, as they showed in their results that the highest
efficiency occurred at the lowest β value in their experiment. When the λ and Fr were 1.0ro
and 0.12, the efficiencies recorded were at 89%, 84%, and 81% when the β were at 25◦, 35◦,
and 45◦, respectively.

Shahverdi [32] used response surface methodology (RSM) and the Buckingham Pi
theorem to predict the maximum efficiency of lab-scale AST under different flow conditions.
The Buckingham Pi theorem was used to model the dimensionless equation that shows the
different function groups used to quantify efficiency. The derived dimensionless groups
and the variables used are shown in Equations (2)–(4).

η = f1(Do, L, ω, N, Q, H, β, ρ, µ, g) (2)

η = f2

(
Do

H
,

H
L

, β,
ρ
√

gH3

µ
, ω

√
H
g

,
ω
√

Q

(gH)
3
4

, N

)
(3)

η = f3

(
Do

H
, β, Φ, N

)
(4)

where Do is outer diameter (m), Di is inner diameter (m), p is screw pitch (m), L is screw
length (m), ω is rotational speed (rpm), N is the number of blades, Q is the design flow rate
(m3 s−1), H is the hydraulic head (m), β is screw angle inclination (◦), ρ is water density
(kg m−3), µ is water viscosity (Pa-s), g is the gravitational acceleration (m s−1), Φ is specific
speed, and η is efficiency.

For the response surface methodology, β was varied from 20◦ to 35◦, the dimensionless
diameter (Do/H) was varied from 0.435 to 0.731 by varying H from 0.200 m to 0.344 m,
specific speed (Φ) was varied from 0.16 to 0.75, and the number of blades was varied from
2 to 4 [32]. The central composite design of the experiment was produced using Design
Expert 11, Stat-Ease was used for statistical analysis in the computation of the regression
equation, and flow3D was used for numerical simulations for creating the required response
values, with Fractional Area/Volume Obstacle Representation and Volume of Fractions
tools used to identify solid and liquid entities, respectively. The numerical model was
validated by comparing it with experimental results from the literature. The constructed
regression model from RSM and the Buckingham Pi theorem was shown to have good
prediction accuracy with an R2 of 0.9755, a p-value less than 0.0001, and a maximum relative
error of 4.75%. Most considered variables were found to be significant in the regression
model, such as β, Do/H, and Φ, except for the number of blades. The efficiency value
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ranged from 31.6% to 83.4%, and the most optimal configuration was at a β of 27◦, Do/H of
0.731, and N of 4. The developed model is only applicable to AST designs within the range
of the varied parameters of β, Do/H, and Φ.

Lee and Lee [33] conducted a simple experimental investigation on the effects of screw
angle inclination and river inlet velocity (u) on the efficiency of an existing AST prototype.
However, unlike other research, the range of values for its β explored very high inclination
angles ranging from 30◦ to 90◦, while the river inlet velocity u was varied from 1.0 m s−1

to 1.5 m s−1. The single-blade AST prototype dimensions were found to have a diameter
ratio of 0.5, a pitch of 0.15 m, and a screw length of 1.56 m. The results showed that a
river inlet velocity, u of 1.5 m s−1, and β of 45◦ made for the most optimal configuration
at a rotational speed of 179.8 rpm, an output brake power of 1.54 kW, and a mechanical
efficiency of 94.6%.

Shahverdi et al. [34] investigated the feasibility of replacing the existing check struc-
tures in irrigation canals with an AST instead. Unlike most other research that optimized
the parameters of an AST using CFD or FEM software, Shahverdi et al. optimized their
numerical model in MATLAB 2013A. The developed numerical model in MATLAB used
many selected empirical equations from various works in its numerical iteration, which
considered the geometric parameters of the AST, calculation of ideal power and power
losses, and flow leakages. In the numerical simulations, the screw length (L), screw angle
inclination (β), rotational speed (ω), and the number of blades (N) were varied by 4 m
to 7 m, 15◦ to 35◦, and 1 blade to 5 blades. The optimal results of their simulation were
an L of 6, β of 20◦, and a single blade that generates a mechanical power of 19.9 kW and
mechanical efficiency of 90.83%.

Dedić-Jandrek and Nižetić [35] experimentally investigated which AC or DC gener-
ators can produce more power when coupled to an AST. The geometric parameters of
their three-bladed AST were an inner diameter (Di) of 0.16 m, an outer diameter (Do) of
0.30 m, and a pitch (p) of 0.3 m. For their experimental tests, they varied the screw angle
inclination (β) at 21◦, 25◦, and 30◦, and the head (H) was varied at 0.5 m, 0.55 m, and 0.61 m.
Experimental results showed that the maximal efficiencies of the AST, when coupled to the
AC and DC generators, were at 67% and 57% when β was 21◦ and H was 0.5 m.

Maulana et al. [36] performed experimental tests on their fabricated two-bladed AST
prototype. The geometric parameters of their AST were mostly based on Rorres’ work,
wherein their AST had a screw length of 2 m, an outer diameter of 0.144 m, an inner
diameter of 0.077 m, and a pitch of 0.287 m. In the experimental tests, the flow rate was
varied at 90 m3 h−1, 45 m3 h−1, and 15.84 m3 h−1. Results showed that the maximal
output power of 116.1 W had an efficiency of 47% at the lowest flow rate, while the highest
efficiency of 55% was found at the median flow rate with a power output of 67 W. They
explained that higher flow rates decreased turbine torque but increased the rotational
speed, which caused the turbine to become more difficult to rotate at higher flow rates.

Betancour et al. [37] determined and verified the relationship and interactions of
ductless AST geometric parameters such as diameter ratio (Di/Do), axle length (L), and
pitch (P) to the maximal power coefficient (Cp). They have numerically simulated an
AST through the use of a composite face-centered central composite design of experiment.
At a significance level of 0.05, the analysis of variance (ANOVA) was used to verify the
relationship and interactions of the related parameters statistically and to quantify the
resulting regression model, which was a second-order quadratic model. The numerical
simulations were conducted in ANSYS Fluent using a six-degrees-of-freedom transient
solver. The dimensions of the rectangular fluid domain, such as the length, height, and
width, were 2Do, 5Do, and 3Do, respectively. They utilized a constant inlet velocity of
constant 1 m s−1. The value ranges for the L, P, and Di/Do were varied between 0.30 m
to 0.34 m, 0.12 m to 0.20 m, and 0.2 m to 0.6 m, and the CFD and predicted values of the
maximal Cp ranged between 0.1280 to 0.5113 and 0.1205 to 0.5063, respectively. The results
showed good agreement between the CFD and the predicted value accompanied by an
F-ratio of 62.55 and a p-value of 2.368 × 10−7, and the R2 and Radj

2 values were found to be
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97.4% and 95.8%, respectively. The only significant parameters determined here were P
and Di/Do, wherein the decreasing P or Di/Do increases Cp. They also noted that when
the value of L was 0.34 m, the value of P ranging from 0.12 to 0.16 m did not significantly
affect Cp. The optimal values for the geometric parameters such as Di/Do, L, and p were
found to be 0.2, 0.12 m, and 0.30 m at a maximal Cp of 0.5063.

Similarly, another work by Bouvant et al. [10] pursued a similar study, but the screw
blade angle inclination (α) was also considered. The same face-centered central composite
experimental design and numerical experiment setup were used alongside the same factors
and factor ranges but with the addition of α, which ranged from 60◦ to 80◦ to be tested
against Cp. At a significance level of 0.05, the important parameters that significantly
affected Cp were α, α*(Di/Do), and (Di/Do)2, wherein increasing α increased Cp, decreas-
ing the interaction α*(Di/Do) increased Cp, and decreasing the quadratic term (Di/Do)2

increased Cp. The F-ratio, p-value, Radj
2 of the regression model were 101.8, 5.319 × 10−13,

and 97.21%, respectively. The optimal values for the geometric parameters such as Di/Do,
L, P, and α were found to be 0.1 m, 0.36 m, 0.22 m, and 73.94◦, respectively, when the Cp
was 0.5515.

These studies are significant to the design and development of the AST and the
enhancement of its performance. Relevant studies were found in the section of literature
that contributes to the improvement of the design of ASTs and are discussed as follows.
One of the factors affecting the power performance of the AST is the fill level that is affected
by leakages. Lubitz William et al. [47] developed a predictive model to link the parametric
configuration of ASTs, the variable fill level, and leakage scenarios. On the other hand,
Songin and Lubitz [48] established a method to measure an AST’s fill level and leakages.
Meanwhile, Dellinger et al. [49] experimentally evaluated the influence of fill level, leakages,
and friction coefficient on AST performance. It was, found through the development of a
power loss model by Kozyn and Lubitz [50], that the hydraulic friction and submersion
of the AST outlet played a major role in the friction coefficient of AST performance. The
effect of the head inflow and the angle of the turbine axis was also assessed by Saroinsong
et al. [51] to a three-bladed AST. It was believed for some time by Saroinsong et al. [52] that
a three-bladed AST is at its optimal when assessed together with the flowrate and the slope.
Later on, the evaluation of the three-bladed AST was expanded by Saroinsong et al. [53] to
establish the influence of the Froude number on the AST efficiency. Meanwhile, Simmons
et al. [54] evaluated the effect of the inclination angle of ASTs on the power generation
capacity at the constant head, which was found to have a recommended inclination angle of
20◦ to 25◦. Lastly, the effect of the drive train system on the rotational speed of the AST was
investigated by Suraya et al. [55], who found that the enlargement of the diameter of the
pulley required lower rotational speed to generate maximum power for the system. With
these AST design studies, the performance improvement in terms of power output and
efficiency is documented. This is one step closer to the commercialization and installation
of a large-scale AST for hydropower production [56].

4. Manufacturing Methods of Archimedes Screw Turbines

This section discusses the methods used to manufacture Archimedes screw turbines.
It compiles different manufacturing methods taken from various research works and
documented patents. Based on these documents on AST research, it was identified that
there were four major classifications of manufacturing methods used to produce ASTs,
such as traditional manufacturing, CNC manufacturing, molding manufacturing, and 3D
printing. Furthermore, current works on ASTs scarcely describe the manufacturing process
of the AST prototypes used in their experiments. As such, the processes described in this
section were inferred from pertinent excerpts that describe AST manufacturing in their
works and from patented manufacturing methods of similar machines or parts.
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4.1. Traditional Manufacturing

Traditional manufacturing refers to metal-based fabrication methods to manufacture
ASTs using conventional metalworking processes that have been used in the industry. This
manufacturing method is mostly a type of subtractive manufacturing, which involves
staged and gradual removal of material, commonly metal, from the workpiece. Unlike
the straightforward flow of 3D-printing-based manufacturing, traditional manufacturing
comprises multifarious processes, and several combinations of these processes can be
employed to realize the final product. Research works that mentioned the use of traditional
manufacturing on their AST prototypes are discussed in the following.

Rohmer et al. [39] conducted an experimental and numerical study on a manufactured
AST to investigate its performance. In their study, they described the novelty of their
manufacturing method. They stressed the adverse effects of welding in AST, stating
that welding must be of high quality and have no defect to prevent changes in material
properties that would induce corrosion in the AST. The welding process was removed from
the manufacturing process by making their prototype modular to improve durability and
economic life, leaving only the milling and cutting processes. Their AST design comprised
a tubular core and screw blades; at least one blade was around the tubular core, and the
rest were removable. The modularity of their design allowed the AST to have modifiable
geometric parameters post manufacture.

Erinofiardi et al. [26] experimentally studied a manufactured AST to investigate the
turbine’s rotational speed and power relationship. They only mentioned that the AST was
manufactured using simple manufacturing methods. A Polyvinyl chloride (PVC) pipe was
used for the ducting of the turbine, while the screw blades were made of aluminum, and
the screw blades were fastened to the turbine shaft using rivets; the material for the turbine
shaft was not disclosed.

Abdullah et al. [40] conducted a numerical and experimental study on a manufactured
AST to investigate the effect of flow rate, shaft inclination angle, and the number of screw
blades on AST performance. They mentioned that their prototype was made from locally
available materials, consisting of 12 screw blades welded onto a hollow turbine shaft. The
screw blades were made from annular metal sheets, and these sheets were shaped into
helixes using an undescribed process. The screw blades and turbine shaft were made of
stainless steel, and the ducting was a galvanized iron tube with one lateral side being cut.

Durrani et al. [41] proposed the use of an AST to utilize sewage water for hydropower
generation. They mentioned that the manufacturing process they used for their prototype
included cutting, rolling, and welding. Galvanized metal sheets were used for ducting and
the screw blades, while the material for the turbine shaft was unspecified.

Syam et al. [42] experimentally tested their manufactured AST to gauge its perfor-
mance based on flow rate, torque, power, and efficiency. They showed that their prototype
comprised a hollow tube shaft to which the screw blades were attached, but it was not
specified if the connection was welded or fastened. It was only mentioned that the turbine
utilized was made from 201 stainless steel.

Bauyon [57] designed and manufactured an AST for application in a river stream in
the Philippines. They showed several processes in the manufacturing of their prototype. A
vise bench was used to reshape metal sheets into screw blades, and the screw blades were
fastened onto a hollow PVC pipe used as the turbine shaft.

4.1.1. Screw Blade Manufacturing

From these research works, it was inferred that traditional AST manufacturing com-
prises two main processes: screw blade manufacturing and assembly. The parts of the AST,
the screw blade, and turbine shaft are always manufactured separately and then conjoined
together through welding or fastening [58]. This method comprises several subtractive
manufacturing processes to realize the helical shape of the screw blade.

The subtractive manufacturing method for the screw blade comprises punching, cut-
ting, and reshaping or bending the metal sheets into helices. Based on the reviewed works,
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annular metal sheets are commonly used as the workpiece for the screw blade [40,41,57].
Annular metal can be made from metal sheets. Metal sheets are placed under punching
machines, and the machine exerts shearing pressure unto the metal sheet to extrude the
sheet’s annular geometry, as seen in Figure 6. After obtaining the annular metal sheet,
according to Abdullah et al. [40] and Durrani et al. [41], a straight cut is made on the
annulus of the annular metal sheer. The purpose of this cut was to allow the annular metal
to be bent in order for it to be reshaped into a helix. The reshaping of the annular metal
into a helix requires the use of either a vise bench or a screw-flight-forming apparatus.
Bauyon [57] used a vise bench to reshape their workpiece into a screw blade, as seen in
Figure 7a. A screw-flight-forming apparatus has been shown to manufacture screw helices,
which can be seen in Figure 7b [59]. The difference between the use of these two appara-
tuses may mostly depend on the size of the screw blade (e.g., the diameter of the screw
blade) desired to be formed; vise benches have been shown to manufacture screw blades of
picoscale Archimedes turbines [59], while screw-flight-forming apparatuses were shown to
manufacture large screw flights. Although the use of vise bench and screw flight forming
are practical methods to manufacture screw helices, these methods may also present some
minute irregularities in the dimensions and shape on a component basis.
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Only the work of Walker et al. [60] was found to perform a life cycle assessment (LCA)
on the production of AST for tidal energy conversion. The majority of the sustainability
assessment of conventional methods of fabricating a turbine blade are all concentrated on
wind turbines [61–64]. Thus, there is an opportunity to assess the environmental impact of
conventional methods of manufacturing AST.
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4.1.2. Assembly of Archimedes Screw Turbine

A wide array of easily accessible materials are available for the turbine shaft: PVC
pipes, typically for plumbing applications, were used as a turbine shaft for the AST [57],
and manufacturers can provide various sizes of shafts for the AST. After manufacturing
the screw blades and the turbine shaft, the screw blades are attached to the turbine shaft
through either welding or fastening based on the reviewed research works [39]. Hindle and
Boersma [65] discussed in their patent on the AST that the screw blade is welded onto the
turbine shaft. However, there has been no direct comparison between the two methods of
attaching the screw blades, but respective advantages have been mentioned. As previously
stated, Rohmer et al. [39] discussed the adverse effects of welding on ASTs. On the other
hand, fastening by rivets does not have these adverse effects. However, leakage losses
can occur since this process does not close the air gaps between the screw blades and the
turbine shaft. Therefore, the tradeoff between the adoption of welding over fastening is the
avoidance of leakage losses versus susceptibility to corrosion.

4.2. CNC Manufacturing

Manufacturing techniques of computerized numerical control (CNC) machines have
not yet been documented for AST manufacturing, but research on the manufacturing of
similarly helical-shaped objects has been found. CNC machining is a type of subtractive
manufacturing method that uses computerized control to automatically move a working
(e.g., rotating) tool that removes metal from a workpiece with very high precision. Pro-
gramming using NC code is inputted to the controlling unit, which controls the motion of
the tool around the workpiece.

Bizzarri and Bartoň [66] highlighted flank machining with the use of CNC machines in
manufacturing screw rotors. They mentioned that manufacturing screw rotors is a complex
process that requires expensive machinery, and the working tool conventionally makes
several passes over a tool path. To optimize this manufacturing process, a specialized
approach using a five-axis flanking machine with double-flanking for manufacturing screw
rotors was proposed. In this approach, an appropriate shape for the working tool was
determined, and the tool’s motion was optimized. All proof and computations were
conducted using numerical experiments.

Matejic et al. [67] emphasized the improvements in the CNC machining of progressive
screw shafts. The manufacturing of progressive screw shafts using CNC lathe machines
and three-axis CNC milling machines had severe limitations. To resolve these limitations,
they added a fourth axis to the three-axis CNC milling machine, and they used Autodesk In-
ventor HSM software for the controlling unit of the CNC machine. With these technological
upgrades, the CNC machine can now flexibly manufacture varying designs of progressive
screw shafts without custom-shaped tools and complicated functions of the machine.

Although CNC manufacturing has a significant contribution to the production of
screw rotors, no research articles were found that used CNC machining to generate an
AST. Moreover, no LCA studies were found that evaluated the CNC machining of AST.
However, Swetha et al. [68] performed a comparative gate-to-gate LCA on conventional
manufacturing via CNC machining and additive manufacturing for a sprocket adapter.
Their results revealed that additive manufacturing had a lesser environmental impact
compared with conventional manufacturing, such as the CNC machining approach [68].

4.3. Molding Manufacturing

Another method for manufacturing screw blades is conducted through the use of the
molding process. A method for using the molding process for forming screw flights was
invented by Lapeyre [69]. Molding processes are additive manufacturing techniques that
require pouring molten metal or plastic resin into the cavities of specially made casts whose
cavities are exactly shaped to the geometry of the desired product [70]. The final product is
realized after the molten material temperature cools down and the material solidifies into
a mold [71]. Similarly, in a patent for the invention of the AST, Hindle and Boersma [67]
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outlined the use of molding for manufacturing the AST screw blades. The specific molding
processes for ASTs involve injection molding and rotary molding casting. Limited studies
are available on these types of manufacturing processes, specifically on ASTs. However,
Atkin [58] has used light resin transfer molding to manufacture an industrial AST. It is to
be noted that the study considered the comparative evaluation of different manufacturing
methods of the screw blade. The results determined that light resin transfer molding was
the preferred method in manufacturing the ASTs [58]. It was highlighted that the composite
material used in the manufacturing of the AST provided an almost comparable structural
performance to steel. Moreover, it was outlined that the composite material is relatively
lighter, corrosion-resistant, and provides less friction than steel [58].

No LCA study was found to evaluate the environmental impact of manufacturing an
AST using the molding process. The nearest LCA study on the turbine molding process is
the work by Upadhyayula et al. [72], which was applied to wind turbines. The functional
unit they utilized is a three-blade, off-shore wind turbine. The results showed that the
recycled carbon fiber used in the molding process had the optimum environmental impact
when compared to the use of virgin carbon fiber. To further understand the impact of the
molding process in the life cycle of the AST, an LCA study is suggested.

4.4. 3D Printing

3D printing is a relatively modern technique used in the manufacturing industry
that has been reliable in manufacturing products with high precision [73]. It is a form
of additive manufacturing in which material is continually added to the workpiece to
realize the final product. The physical dimensions of a product are first realized into a
CAD model, which generates an STL file format (standard triangulation language) that
the 3D printer uses to manufacture the desired product by additively building it with
appropriate material [74]. Several researchers have stated that they have used 3D printing
to manufacture their AST prototype.

Dellinger et al. [24] studied the structure of 3D turbulent flows and energy losses in
the screw of an AST by finding the coefficients within turbulent closure models. They
developed a CFD model and manufactured a laboratory-scale AST prototype to compare
the results. For the manufacturing method, they only mentioned that the whole prototype
was manufactured with Acrylonitrile butadiene styrene (ABS) plastic using a 3D printer.

Zitti et al. [38] performed numerical simulations and experimental investigations of
a ductless AST to investigate its efficiency. Their AST prototype’s screw and shaft were
manufactured separately using a 3D printer, and both materials were made of polylactic
acid (PLA). The parts were then conjoined together using high-performance glue.

Sari et al. [75] presented a review of the various characteristic performances of different
AST research works. In one citation, they showed a feasibility study that was carried out
on using a 3D-printing machine for manufacturing screws using PLA and epoxy. Their
findings were that screws manufactured using PLA and epoxy were cheaper than metal-
based manufacturing, but they also warned that PLA-based screws were only reliable for
two years.

Shashank et al. [74] theoretically and empirically investigated the performance of a
3D-printed AST prototype. They chose PLA for the material of the AST prototype based on
its mechanical properties that are desirable for hydropower generation, namely, melting
point, tensile strength, cost, and biodegradability, which make it environment friendly. The
CAD model of the prototype comprised the whole AST, and the AST was manufactured
using a 3D printer.

A couple of studies were found to have used the 3D-printing method to manufacture
ASTs. Straalsund Jerry et al. [76] employed 3D-printing technology to generate various
shapes of ASTs for a comparative experimental investigation of various blade shapes, such
as strake, reverse strake, and helicoid. On the other hand, Lee et al. [77] utilized the 3D-
printing technology via fused deposition modeling to manufacture the controllable pitch
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blades of the AST. With the use of the 3D-printing manufacturing approach, unconventional
blade shapes can be considered for the AST.

Based on these research works, the manufacturing process of ASTs using 3D printing
is straightforward. The designer must first determine if the screw blade and shaft of the
AST are to be manufactured separately or conjointly. This aspect will affect all downstream
processes associated with the manufacturing of the AST. For prototypes in separate parts,
CAD models for both screw blades and the shaft will have to be made, and they will have to
be conjoined together using high-performance adhesive after 3D printing. For prototypes
in one whole entity, a single CAD model is required to be able to generate the 3D-printed
model of the AST.

Although 3D printing of turbine blades provides advantages, such as flexibility of
the design and consideration of more complex blade configuration, it should be noted
that it consumes thermoplastic materials that can cause environmental impacts. These
environmental impacts can have an exponential effect on large-scale systems. Recently,
Olivera et al. [78] highlighted that the detrimental environmental impact of the utilization
of 3D-printed turbine blades reside in the recycling process. This is due to the fact that the
thermoset materials used in the 3D-printing process contain fibers that are challenging to
recycle while their thermo-mechanical properties degrade [79]. Meanwhile, Serra et al. [80]
performed a comparative LCA between additive manufacturing, a type of 3D printing,
and precision casting of gas turbines. Their results indicated that additive manufacturing
is a relatively sustainable process compared to precision casting, with greenhouse gas
emissions being lower by 40% [80]. Additionally, Torres-Carrillo et al. [81] also conducted
a comparative cradle-to-gate LCA between selective laser melting, a kind of 3D printing,
and investment casting on aeronautical turbine blades. The results of their study revealed
that the carbon footprint of additive manufacturing is 4% lower compared to investment
casting [81]. With the beneficial environmental results of the 3D-printing process compared
with other blade manufacturing processes on different turbine blades, it is suggested that
3D printing be used for ASTs.

5. Challenges and Future Perspective

With the establishment of the optimal design parameters of the AST from previous
works, it was also found that the two main manufacturing methods of ASTs are conven-
tional manufacturing and 3D printing. The enhancement in its manufacturability is a
vital success component of using the technology to further improve the adoption of ASTs
in potential hydropower sites. Hence, it is important to identify the challenges in their
manufacturability. The challenges of these manufacturing methods of ASTs and their future
perspective are discussed in this section.

5.1. Discussion of Optimal Geometric Parameters

Several geometric parameters that appear to be significant for ASTs are the diameter
ratio, the number of blades, screw pitch, screw length, the screw inclination angle, and the
filling factor.

The AST research community generally accepts Rorres’ [7] work on the optimum
diameter ratio of 0.54, as many research works have used it in their studies as a standard [10].
Further studies on this subject appear to be unnecessary.

The explored range of the number of blades on AST is one to five, and five blades
were shown to have the highest output power [25]. However, the extra blades on AST
incur higher manufacturing costs, and some researchers have selected one or two blades
for their AST as a result [32,34]. The optimum number of blades on the AST is still a matter
of discussion, as no work extensively investigated the trade-off between power output and
manufacturing costs.

There is no set of standards for screw pitch, and only one study has investigated its
effects on efficiency so far. Simmons et al. [28] quantified the optimum screw pitch in the
form of a pitch–diameter ratio and prescribed a pitch–diameter ratio of 1.0.
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The optimal screw length differs on a site-to-site basis, trading off between power out-
put and the structural bending load, friction losses, and heavier manufacturing cost on the
screw [28]. A low-inclination AST tends to have longer screws, while a higher-inclination
AST is inclined to have shorter screws. Even though higher-inclination ASTs have a rela-
tively shorter length, they have been shown to reach high efficiencies almost at par with
small-inclination ASTs [30]. Further study on the consideration of the manufacturing cost
to the feasibility of the AST design is imperative.

The community appears to accept that the optimal screw angle inclination range is
20 to 25◦ [43,54]. However, in one of the studies, it was shown that the optimal inclination
angle was shown to vary with the number of blades on the AST; for three-blade, four-blade,
and five-blade, it was 15◦, 20◦, and 25◦, respectively [25]. The actual range of optimal
screw-angle inclination elevates when the number of blades is increased. However, the
alternate optimum can also be used when small-angle inclinations are too impractical (e.g.,
in the case of the screw being too long). It was demonstrated that high-angle inclination
ASTs could reach the same efficiencies as small-angle inclination ASTs [30], where one
study found the optimal value for a range of high-angle inclination (30 to 90◦) to be
45◦ [33]. Investigation of the effects of the number of blades on high-angle inclinations is
recommended for future study.

The filling factor was prescribed at 85% since higher filling factors (or design flow
rates) start to incur hydraulic losses [29]. Other studies also support this claim and one
observed the highest efficiency occurred at the median flow rate [36], while the lowest
efficiency was observed at the highest flow rate [43].

5.2. Current Limitation of 3D-Printing Manufacturing

Table 3 shows the various performance and geometric parameters of the various AST
prototypes manufactured from the reviewed research works. According to Yoosefdoost and
Lubitz [4] and Suraya et al. [20], micro-hydropower plants ranged from 5 kW to 100 kW,
while picoscale hydropower plants ranged from anything below 5 kW. Based on the power
outputs of the AST prototypes, all manufactured prototypes are picoscale. The power
output of 3D-printed prototypes ranges from 30 mW to 100 W, while traditionally manufac-
tured prototypes in this review range from 100 mW to 3 kW. (It is widely known that ASTs
normally operate at a microscale, based on a survey of more than 400 AST powerplants
measured in Europe [45]). However, the lack of information on the manufacturing method
from previous works limits the data on the manufacturability of ASTs. This shows that the
majority of the studies were more inclined to employ 3D-printing methods on smaller-scale
prototypes. It is to be noted that conventional manufacturing methods were also used
in relatively larger-scale prototypes of AST. It has been established that the precision of
3D printing is advantageous in the application of nanoscale technology [82,83]. However,
these results from the review show that there is some limitation in 3D-printing technology
that has made it impractical on larger-scale ASTs, as opposed to traditional manufacturing,
which is more attuned to larger-scale applications. This is due to the limitation of the ther-
moset material used for 3D printing, where its thermo-mechanical properties decline with
its frequency of recycling [79]. To address this limitation, a new approach of 3D printing has
been developed, employing thermoplastic extrusion- or material extrusion-based additive
manufacturing (MEX-AM) [84]. MEX-AM is considered to be a technique to extract parts
out of various materials such as ceramics or metals, enabling a more stable structural
integrity [85] while keeping the cost per part at a minimum [86].
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Table 3. Performance and geometric parameters of AST prototypes with included manufacturing
details from reviewed research works.

References Manufacturing Method Material Head (m) Outer Radius (mm) Length (m) Power (W) Scale

Rohmer et al. [39]

Traditional
Manufacturing

– 0.8 – – 200–3000 Pico
Erinofiardi et al. [26] Aluminum – 53 0.7 0.1–0.3 Pico
Abdullah et al. [40] Stainless steel – 65 1.0 1.5–2.5 Pico
Durrani et al. [41] Galvanized iron 1.5 600 3.4 2000 Pico

Syam et al. [42] Stainless steel 1.0 130 2.9 110 Pico
Bauyon [57] – – – – 200 Pico

Sari et al. [75]

3D Printing

PLA 0.4 – – 123 Pico
Dellinger et al. [24] ABS – 96 – 1–3 Pico

Zitti et al. [38] PLA – 50 0.32 30 × 10−3–
50 × 10−3 Pico

Shashank et al. [74] PLA 0.1 50 – 1–5 Pico

5.3. Advantages and Disadvantages of Manufacturing Methods

Each manufacturing method has its nuances that imply its economic feasibility. Rohmer
et al. [39] previously stated that manufacturing a screw blade is difficult from an industrial
point of view, which is opposed to other references that claim ASTs are simple to manufac-
ture [9,11]. They stated that AST manufacturing requires several skills needed to realize
the prototype, namely, milling, cutting, and welding, which, according to them, are not
readily available skills. Durrani et al. [41] stated as well that several processes were also
involved in the manufacturing of their prototype. As opposed to traditional manufacturing,
3D printing does not require multifarious skills in different processes, as the 3D-printing
process is straightforward: generation of the CAD model and computer-assisted actuation
of the 3D printer. This implies that traditional manufacturing is more skill-intensive than
3D printing.

On the other hand, 3D printing is disadvantaged in terms of material selection.
Shashank et al. [74] outlined that the use of PLA plastic as the material for 3D-printed
ASTs has fewer adverse effects in the environment compared to metal-based materials
since PLA is biodegradable. Sari et al. [75] highlighted that PLA material for 3D printing is
less expensive than metal-based manufacturing. However, they further stated that PLA
material is less durable and that it only has an economic life of two years for AST pro-
totypes. Dezaki et al. [87] compared the two methods and stated that the advantage of
traditional manufacturing over 3D printing is material strength and selection. Therefore,
AST prototypes using traditional manufacturing are expected to last longer than prototypes
made using 3D printing.

5.4. Design for Manufacturability

The design for manufacturability (DfM) aims to effectively produce a product that
simplifies the manufacturing process that essentially reduces the cost while satisfying the
design and distribution constraints [88]. Very few studies have employed DfM in the
fabrication of turbine technologies. Tessarolo et al. [89] applied DfM to develop an off-shore
direct-drive wind turbine, while Premkumar et al. [90] developed a semantic knowledge
management system that utilized DfM concepts for the fabrication of wind turbine blades.
On the other hand, Pietropaoli et al. [91] proposed the design for an additive manufacturing
approach for the production of complex gas turbine components. No studies were observed
to apply the DfM concept to ASTs.

5.5. Recommendation for Future Works

Future works can work on quantitative analysis of manufacturing ASTs’ economic
and logistical aspects. Currently, there are no concrete data on the costs of manufacturing,
installment, and maintenance of ASTs. A cost–benefit economic analysis is also suggested
to ascertain the trade-offs between traditional manufacturing and 3D printing. For the
3D-printing process, it is recommended to explore the use of the MEX-AM approach, as it
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has the potential for the production of large-scale components, such as AST [92]. Statistical
assessments of possible manufacturers and sources of skills for ASTs manufacturing will be
helpful in the logistical aspect, as they can be a precursor to the feasibility and sustainability
of AST manufacturing. One possible avenue of research is to apply multicriteria decision
methods (MCDM), such as fuzzy logic-based methods [93] or the analytical hierarchy
process [94], on the material selection for ASTs. MCDMs are useful in determining the
optimal solution based on several criteria that define optimality; for hydroturbines, these
could be material density, toughness, weldability, corrosion resistance, durability, and
expenses incurred.

Most of the works cited in this review paper are available in the literature for access. It
is possible that most research on AST is written in foreign language aside from the English
language, given the low research volume of AST research, as illustrated in Figure 2. Thus,
gaining access to these documents can shed light on the manufacturability of ASTs and can
aid as additional parameters to guide the design process of AST.

Very few sustainability assessment studies were found on the LCA and the techno-
economic analysis (TEA) of the AST. Kathwadia et al. [95] performed a cradle-to-grave
LCA to determine the environmental impacts of the manufacturing stages of conventional
turbine blades. Their study also assessed the influence of variability on the used turbine
components. Meanwhile, Walker and Thies [96] employed a cradle-to-dock, dock-to-grave
LCA to compare the different materials for the production of the tidal turbine blades. Their
study revealed that glass fiber blades have a relatively lower environmental impact com-
pared to steel and carbon fiber blades. [96]. On the other hand, Walker et al. [60] conducted a
comparative LCA study of various tidal energy conversion turbine technologies, including
ASTs, where a functional unit of 10 MW output was used. Their results indicate a carbon
dioxide intensity ranging from 18 to 35 gCO2 KW−1-h−1 and a payback period of 12 years
for all technologies [60]. Meanwhile, only a few studies were found that covered the TEA of
AST and are discussed as follows. Oliveira et al. [97] assessed the hydropower-harvesting
capacity of ASTs at the Alviela River in Portugal using the TEA, where it was found that
the payback period for an investment of EUR 160,000 and an internal rate of return of more
than 10% is about 8 years. Ceran et al. [98] compared the TEA of AST and Kaplan turbines
in terms of levelized cost of electricity and the net present value for low-head sites. They
found that the minimum head is only sensitive to the AST compared to the Kaplan turbine.
Moreover, the decline in the power production due to the minimum head of the site for
ASTs does not exceed 52% [98]. A recent sustainability assessment approach was developed
by Musacchio et al. [99] that integrated LCA with the company’s costs analysis that enabled
the evaluation of materials and manufacturing techniques of a gas turbine. Moreover,
Miklautsch et al. [100] proposed harmonizing Industry 4.0 technologies to automate the
manufacturing methods with LCA in production companies. Industry 4.0 enables the use
of smart materials, smart factories, and smart supply chains to optimize materials wastage,
minimize inventory, and minimize operational costs [101]. These LCA and TEA studies are
indicative of the sustainability of typical turbine blades for renewable energy production.
The advent of Industry 4.0 plays a major role in utilizing automation technologies and
monitors, in real-time key, sustainability indicators. However, the intricate design and
complexity of the AST cause the manufacturability challenges. Hence, comprehensive
sustainability assessments through LCA and TEA studies are recommended for ASTs,
including the application of the Industry 4.0 framework.

Recently, only two studies employed the use of artificial intelligence (AI) in the perfor-
mance of ASTs. Paturi et al. [102] employed an artificial neural network (ANN) coupled
with CFD to predict the power coefficient of the AST. Moreover, their results indicated that
the diameter ratio is highly sensitive to the power performance of the AST [102]. On the
other hand, Kozyn et al. [103] also utilized an ANN to predict the power output of ASTs us-
ing numerical experimental data from the field- and laboratory-scale. Their results showed
an ANN prediction model of AST power output with an accuracy of 94% [104]. Future
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work can focus on the development of an AI linking the design and manufacturability of
the AST to its power output performance and its sustainability.

In terms of the optimal design of ASTs, various design methods and models were
implemented in the past. Lisicki et al. [104] employed a Bayesian optimization model to
design and configure an AST for specific applications. Moreover, a rapid estimation model
was recently developed by Yoosefdoost and Lubitz [105] to design and configure an AST
to accelerate the design process and minimize the cost of production for a specific site
installation. Currently, these studies lack the consideration of the manufacturing process.
By developing an optimization model or a rapid estimation model that incorporates the
manufacturability of the AST, an AST design can easily be generated that minimizes the
cost and identifies the appropriate manufacturing process for a specific location. Moreover,
the DfM presents a cost-efficient way to manufacture complex turbine systems such as
ASTs. Thus, it is recommended to be employed in future AST projects.

6. Conclusions

A systematic approach to the critical review of the manufacturability of AST for
renewable energy is presented in this work. This review paper presented an assessment of
the bibliometric scope of manufacturability in AST research. In addition, the study was
also able to determine and differentiate the various methods of manufacturing AST. The
bibliometric review showed that there is scarcely any mention of the manufacturing of AST
in the available literature. It was found that recent research works on AST and relevant
reviews on AST lack discussion about manufacturing methods. The significant geometric
parameters of AST were determined to be diameter ratio, screw length, screw pitch, screw
angle inclination, number of blades, and filling factor, and their respective optimum values
were discussed. The studies revealed that 3D-printed AST had power outputs of 3 mW to
123 W, while reported, traditionally manufactured turbines had power outputs of 100 mW
to 3 kW. Further improvements in 3D printing could possibly make it applicable at the
micro-hydroscale. Traditional manufacturing of AST is more skill-intensive and difficult to
conduct, while 3D printing results in the lower economic life of AST. CNC manufacturing
was found to produce screw rotors successfully. However, limited studies were found
that employed CNC manufacturing to AST. Therefore, there is a considerable lack of
manufacturing information that could clarify the economic value of AST manufacturing,
which can bridge the research gap in optimal design criteria and manufacturing costs.
Future works include a comparative sustainability assessment of the manufacturability of
AST in terms of economic, social, and environmental aspects. Various approaches in the
design of AST must be explored in the future that incorporate the manufacturability of AST,
such as artificial intelligence, computational fluid dynamics, optimization techniques, rapid
estimation models, and design for manufacturability. Moreover, thermoplastic extrusion-
based additive manufacturing is suggested to be explored for the large-scale production
of ASTs.
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Nomenclature

Parameters Archimedes Screw Turbine
ro outer radius (mm)
Do outer diameter (mm)
Di inner diameter (mm)
ω rotational speed (rpm)
P screw pitch (m)
L screw length (m)
N number of blades
Q design flow rate(m3/s)
H hydraulic head (m)
ρ water density (kg/m3)
µ water viscosity (Pa-s)
u inflow velocity (m/s)
β screw angle inclination (◦)
α screw blade angle inclination (◦)
g gravitational acceleration (m2/s)
Φ specific speed
λ characteristic length
Fr Froude number
η efficiency
R coefficient of determination
Radj adjusted coefficient of determination
RSM response surface methodology
DOE Department of Energy
NEA National Electrification Administration
CFD computational fluid dynamics
CAD computer-aided design
AC alternating current
DC direct current
PLA polyactid acid
PVC polyvinyl chloride
MCDM multicriteria decision method
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