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Abstract: Archimedes Screws Turbines (ASTs) are a new form of small hydroelectric powerplant that
can be applied even in low head sites. ASTs offer a clean and renewable source of energy and are safer
for wildlife and especially fish than other hydro generation options. As with other energy solutions,
ASTs are not a global solution for all situations. However, in terms of sustainable development,
ASTs can offer many economic, social, and environmental advantages that make them an important
option for providing sustainable hydropower development. Archimedes screws can operate in low
water heads (less than about 5 m) and a range of flow rates with practical efficiencies of 60% to 80%
and can generate up to 355 kW of power. ASTs increase the number of suitable sites where it is
possible to develop sustainable hydropower, including in undeveloped, hard to access regions and
small communities. At many low head sites, ASTs may be more cost-effective, with lower installation
and operating costs than alternative hydropower systems. An AST may also reduce the disturbance
of natural sedimentation and erosion processes and have smaller impacts on fish and other fauna.
ASTs can often be retrofit to existing unpowered dams or weirs, providing new hydropower capacity
for very little marginal environmental impact. This review outlines the characteristics of ASTs,
then discusses and analyzes how they could benefit the sustainability of hydropower development.

Keywords: sustainable development; Archimedes screw turbine/generator; small/micro/pico
hydropower plant; run of river powerplant; fish friendly turbine; low head hydropower

1. Introduction

1.1. Sustainable Development

Sustainable development is described as “the organizing principle for the achievement of
human development objectives while at the same time preserving the capacity of natural systems
to provide the natural resources and ecological services on which the economy and community
rely” [1]. Sustainable development often implies “a development that addresses current needs without
influencing potential generations’ capacity to fulfill their own needs” [2,3].

In 1979 René Passet proposed a three-sphere framework for sustainable development projects [4]
(Figure 1) According to this framework, development can be considered as sustainable only if it
simultaneously has positive social, environmental, and economic impacts. If a project satisfies
the economic and social aspects but fails to satisfy the environmental aspects, it is categorized
as equitable. If a development project can satisfy the environmental aspects but fails one of the
social or economic aspects, the development could still be bearable or viable, respectively. If a
development cannot satisfy at least two of the three mentioned aspects, it cannot be categorized
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anywhere in this definition. Some authors consider a fourth sustainability pillar of culture,
institutions, or governance [5], or reconfigure the four domains to be social-ecology, economics,
politics, and culture [6]. Overall, the focus of the modern sustainable development concept is
simultaneous economic development, social progress, and environmental protection for current and
future generations [7].
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1.2. Renewable Energy

Renewable energy is defined as energy that is obtained from resources that are fully replenished
on a human time scale [9]. According to REN21’s year 2019 report, renewable resources provided 2378
GW of power capacity, which is more than 33% of the world’s total electrical generating capacity. In this
list, hydropower capacity (excluding pure pumped storage capacity) is 1132 GW, which is about half
of total renewable energy. It is worth mentioning that in 2018, annual new investment in hydropower
grew 11% in comparison to the previous year [10]. The majority of hydropower investment is in large
dams and associated generating stations that inherently include complex networks of social, economic,
and ecological effects, maybe more than any other large infrastructure project [11].

1.3. Hydropower

Hydropower is one of the most efficient and confident sources of renewable energy [12] and
has considerable value for a sustainable future [13]. By the end of 1999, around 2650 Terawatt hours
(TWh) (19%) of the world’s total electricity relied on hydropower [14]. It rose to about 3100 TWh
until 2009, and it is estimated that it reaches to 3606 TWh in 2020 [15]. Dams are essential tools for
controlling, storing, managing, and operating water for humankind. Large dams serve various specific
purposes for our civilization, including water supply, flood control, navigation, sedimentation control,
and hydropower [16]. However, they also come with disadvantages, including flooding large areas
of land, impeding fish migration, and affecting the physical characteristics of the dam’s downstream
river [17]. Construction of large dams needs significant capital, so many large dam projects are national
(or even international) in scope. Currently, most new large dams are being constructed to provide
combinations of energy, irrigation, and flood control in developing countries. At the same time,
dam decommissioning is an increasing trend in developed countries because of environmental impacts
and the economic costs of maintaining aging structures [11].

Hydropower plants can be classified based on their installed electrical generating capacity. Typical
categories and associated capacities are: large hydro (>10 MW), small hydro (<10 MW), mini-hydro
(<1 MW), micro-hydro (<100 kW), and pico-hydro (<5 kW) [18]. It is estimated that about 10% of
global hydropower is generated from powerplants with less than 10 MW of capacity [18]. Micro-hydro
plants often utilize the natural flow of water in a run-of-river (ROR) configuration [19]. ROR plants



Sustainability 2020, 12, 7352 3 of 34

include little or no controlled water storage, meaning that ROR typically has small or no reservoirs.
The lack of a large reservoir formed by a dam, or significant control of river flow, avoids or minimizes
the disadvantages associated with large reservoirs, at a cost of having to accept more variable or poorly
timed power generation.

Micro hydropower plants can often be considered as a sustainable development option for
generating electricity in both developing and developed countries. There is often no need to
build expensive dams and flood massive areas for the reservoir. This minimizes land and soil
destruction, threats to wildlife, climate change effects, and other environmental impacts, especially on
ecosystems [20] as well as the social impacts of ROR hydropower plants. New ROR hydropower
technologies such as Archimedes Screws Turbines (ASTs) can be particularly advantageous in
these regards.

1.4. Archimedes Screws

The Archimedes screw is considered to be one of the earliest hydraulic machines [21]. It is
composed of a helical array of simple blades that are wrapped around a central cylinder, like a
woodscrew [22]. This screw is supported within a surrounding fixed trough. There is small gap
between the trough and screw that allows the screw to rotate freely while allowing only a small
amount of water to leak past the blade edges. It is believed that the Archimedes screw was invented
by Archimedes of Syracuse (circa 287-212 BCE), the Greek physicist, mathematician, and inventor [23].
However, there is evidence suggesting the invention and use of the screw technology may date back to
over three centuries before Archimedes under the reign of King Sennacherib (704-681 BCE) in the 7th
century BCE in the Assyrian Empire [24].

1.4.1. Archimedes Screw Pump

Archimedes screws have been used as water pumps for irrigation and de-watering for a long
time [23]. Some historical sources claim that Archimedes used the device to launch a ship [23].
Archimedes screws are commonly used today as high-volume pumps and are particularly adapted to
wastewater treatment facilities since debris and obstructions in the water usually have minimal or no
effect on the operating screw [25]. Figure 2 shows that the Archimedes screw can be configured as
either a pump or a generator [26].
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Figure 2. Archimedes screw pump (left) and an Archimedes screw hydropower plant (right).

1.4.2. Archimedes Screw Turbine

Archimedes screws can be also used to produce power if they are driven by flowing fluid instead
of lifting fluid. Water transiting the screw from high to low elevation generates a torque on the helical
plane surfaces, causing the screw to rotate. This mechanical rotation can be used to produce electricity
by attaching a generator [27]. In this way, the AST is a variation of the ancient Archimedes screw
pump. However, ASTs have only been in use since the 1990s [28]. ASTs offer a clean and renewable
source of energy and can be safer than other types of hydroelectric turbines for wildlife and especially
fish [29]. The first AST was installed in the 1990s [25]. Since then, several hundred ASTs have been
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installed to generate electricity [28]. Almost all of these have been built in Europe. There are only
two operational ASTs connected to the grid in North America, the first of which was installed near
Waterford, Ontario, Canada, in 2013 [30].

Generally, there are two overall categories of modern hydropower turbines: impulse and reaction.
However, work is done by ASTs due to pressure differences across the blades created by the weight of
the water, so they do not categorize as using either an impulse or reaction mechanism. ASTs constitute
a third category of hydropower converter that is driven by the weight of water, which would also
include water wheels. These machines can be considered quasi-static pressure machines.

A water wheel is generally a circular rotor with some form of buckets around the circumference.
Most turn about a horizontal axis, but there are several different configurations (Figure 3). Water at
a higher elevation fills buckets, which empty at a lower point as the wheel turns [31]. Horizontal
waterwheels have a vertical rotation axis and vertical ones have horizontal rotation axes [31].
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The energy transfer mechanism in an Archimedes screw is similar to a water wheel, although the
configuration is different. In an AST, a water bucket is defined as the volume of water entrapped
between two adjacent helical plane surfaces.

2. Advantages of Archimedes Screw Generators

2.1. Technical Advantages

The typical water-to-wire efficiency of ASTs is as high as 60% to 80% [33]. Depending on the
screw design, installation, operation condition, as well as the fill height of the screw, its minimum and
maximum efficiency may differ or happen in different conditions (i.e., fill heights and/or rotation speeds)
for different designs. For example, measurements of several ASTs indicates hydraulic efficiencies
higher than 80% full-load and as high as 94% in partial-load and conditions [34]. Table 1 compares
the operating conditions for the most common energy converters used in hydropower generation.
These materials indicate that efficient electricity generation with just a few meters of water head and
a wide range of supported flow rates is a particular advantage of ASTs [22] that could increase the
number of potentially suitable sites available for micro hydropower development.

To decide about the best option depending on the site properties, there are charts for each turbine
operation condition. Most of them, even those in general literature, ultimately are made based on
companies who usually mark the areas of their products. For example, Figure 4 represents the related
water head and flow rate for different power ranges of ASTs made by ANDRITZ company. To deal with
this issue, several charts could be combined, such as Figure 5 [35], which represents the range of head
and flow rate corresponding to the generated power of a Pelton, Francis, Cross-flow, and Kaplan as well
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as Water wheels and Archimedes Screws. It is important to note that for ASTs, this chart only includes
industrial sizes. As it is mentioned in this study, recently there are many investigations to make use of
ASTs in micro and even pico scales. This includes ASTs such as PicoPica 10 and PicoPica500, which
change the operation flow rate and head of ASTs from 0.01 to 10 m3/s and 0.1 to 10 m, respectively.

Table 1. Operating conditions of common hydropower technologies.

Type Turbine Head (m) Flow Rate (m3/s) Notes

Impulse

Pelton [36]
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2.2. Economic Aspects of ASTs

2.2.1. Capital Costs

Depending on site specifications, an Archimedes screw may offer cost advantages, especially in
terms of capital costs. For example, a case study for a specific site in Yorkshire UK found that the AST
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cost would be about 10% less than a Kaplan turbine, while the generated energy was estimated to be
about 15% more. For this case, in terms of capital cost per MWh per year, the AST was projected to be
22% cheaper than a Kaplan turbine [49].

2.2.2. Operational and Maintenance Costs

Overall operation and maintenance costs of ASTs are expected to be lower than other turbines [50].
Regular AST maintenance includes checking fluid levels and replacing grease cartridges at the upper
bearing and gearbox. The bottom bearings are usually designed to operate without any maintenance
until replacement [51]. ASTs have few wear points, and their operational speed is low, reducing wear
and scouring issues. The common types of physical and chemical erosion occur only in trough and
blade flights. Major maintenance of an AST is typically required after 20 to 30 years for the lower
bearing [52]. The screw flights would typically be refurbished when the lower bearing and the trough
is replaced [50].

Since maintenance and operating costs of ASTs are lower than other micro-hydro turbines [53],
they can be considered as one of the best options for undeveloped regions and areas with no easy access
like high elevations of mountains, or small communities that are far from facilities and infrastructure.
This is an important advantage for small communities where connecting to central grids is not easy
nor cost-effective.

2.3. Environmental and Social Advantages

Wildlife and Social Advantages

Dams block the natural connection of a river between upstream and downstream regions.
Therefore, river ecosystems may lose their access which causes negative environmental impacts such
as wide-ranging species extinctions. This has been documented in the temperate areas of the Americas
due to large hydropower dams [54]. For example, the extinction of 38 species, and the near-extinction
of other 71 species occurred due to dams in the Mobile River basin, Alabama, USA [55]. It is important
to note that negative effects on ecosystems are not limited only to large dams. Any disturbance in
natural processes, including the construction of hydraulic structures, such as small weirs or diversions,
can also have side effects. Studies indicate that even low-head hydropower facilities are not risk-free
especially for fish that migrate downstream [56].

A novel study was conducted by Boys et al. [56] on the physical stresses that would be experienced
by fish species passing through a very low head (VLH) turbine, Archimedes screw, and horizontal
Kaplan turbines. A novel fish-simulating sensor package called Sensor Fish was passed through
operating turbines and recorded conditions in order to assess potential injury mechanisms reported in
studies on live-fish [56]. This study found that rapid decompression is not significant in VLH and
ASTs. However, in the low- head horizontal Kaplan turbine, it was so serious that impacts on fish
could be expected to be comparable to high-head vertical axis Kaplan turbines. It was also mentioned
that physical strikes are a potential fish injury source in all turbine types. The authors suggested that
minimizing structures near the tailrace of screw turbines and operating VLH turbines at higher powers
with greater runner blade openings could reduce the possibility of strikes [56].

Several studies have found that using ASTs could limit impacts on wildlife and aquatic species.
Archimedes screws are even used as pumps to move fish between holding pens in some fish farms with
between 98% and 99% of fish unharmed during passage [57]. The results could be similar in ASTs since
both systems have slow rotational speeds and large openings that allow safe passage of small objects.

A British study [58] showed that eels and juvenile salmon passed through an AST safely with a
low mortality rate. Further investigations found that applying a rubber bumper to the leading edge of
the screw blades further reduced injury potential: with this intervention, no salmon sustained injuries
of any sort and just minor recoverable damage was reported for less than 1% of eels [58]. Another
study indicates that fish lighter than 1 kg can safely pass through an AST that is rotating at typical
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operating speeds [59]. Applying rubber bumpers on the leading edges can increase this mass up
to 4 kg without being harmed [59]. According to the UK Environment Agency Hydropower Good
Practice Guidelines, using the compressible rubber bumps is recommended for ASTs with a typical
speed higher than 3.5 m/s. This guideline also suggests using trash-racks to screen larger debris before
entering the turbine for a range of AST diameters in order to block the passage of fish and debris
that are larger than the AST’s buckets and diverting them into a spillway or parallel stream with no
harm [60].

A two-year study on the possibility of second-order effects of ASTs tried to answer additional
questions about fish behavior alternation before and after passage as well as long-term survival and
fitness aftereffects [61]. Movement patterns and behavior analysis indicated that adult eels could
descend the AST. However, under high flows, they preferred the faster passage of the parallel overshot
weir. Passing through the screw caused no immediate eel mortality and no effect on their migration
behavior. This study mentioned that adult eels milled about at the entrance to the screw outlet and
then rejected it as a migration path. Other fish exhibited startle response on the turbine start-up.
However, ASTs can be considered a potential downstream passage route for both eels and Potadromous
species [61].

It is also notable that compared to other turbine types, ASTs allow greater downstream passage of
sediment, floating debris, and other material. This capacity to pass larger materials means that trash
racks and upstream screens can be coarser, and therefore less expensive, with less head loss, than those
necessary for other turbine types.

3. Disadvantages of Archimedes Screw Generators

3.1. A Relatively New Technology

Looking back to the history of using Archimedes screws as generators shows that this is a
relatively new technology, and there are many not well-known things about ASTs in comparison
to other hydropower technologies. Fortunately, ASTs have become increasingly popular in Europe
during the past decade because of their robustness, simplicity, and fish friendliness [62], and there is
an increasing rate of research interest to these machines.

3.2. Insufficient General Design Guideline

Currently, there is no perfect theory or general standards or rules for the optimal hydraulic design
of ASTs, and their hydro powerplant and designs are highly dependent on the experience of the
designer engineer [62]. Presently, the Rorres [26] and Nuernbergk and Rorres [62] are well-known
optimum AST design proposed procedures. However, they are not very easy to understand and
implement. It seems that there is not sufficient English guidance for the optimum design of ASTs for
different sites and flow conditions [30]. Even the non-English literature, including Brada (1996) [63],
Aigner (2008) [64], Schmalz (2010) [65], Lashofer et al. (2011) [66], and the new version of “Hydro-power
screws—Calculation and Design of Archimedes Screws” [67], which is available only in the German
language. However, they do not provide a comprehensive physics-based design model for ASTs [28,30].
The design of AST plants is discussed further in Section 5.

3.3. Technical Limitations

For very high flow rates or water heads, a single screw may not take advantage of all available
potential due to material, structural, technical, and physical limitations: bending could be a serious
issue for very long structures. Increasing the inner diameter of the screw could help to increase the AST
length with the cost of making the screw larger or reducing the effective area. However, because of the
weight of the screw, the bearing limitations is one of the most critical technical constraints. The idea of
multi-AST powerplants (parallel or in series) could be considered as a solution. However, according to
Table 1, there are other turbines developed to take advantage of such conditions.
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Archimedes screws operate at low rotation speeds relative to other hydropower turbines.
This provides environmental advantages such as good ecological behavior and reduced noise. However,
a gearbox is required to convert this rotation speed to the required speed of the generator. Although this
could not be considered as an important issue the losses in the gearbox, as well as the generator may
affect the overall efficiency of the system.

ASTs can handle flow rates even of up to 20% more than optimal filling without a significant loss
in efficiency [63]. However, running screws in non-optimal conditions such as high filling heights
or rotation speeds higher than the Muysken maximum rotation speed (Equation (9)) may lead to
significant losses due to physical and hydraulic limitations. Fortunately, there are some solutions to
deal with some of these limitations: when the conditions are not perfect for a single screw, installing
more than one screw, and utilizing variable-speed ASTs, allows developers to fully utilize available
flow at a wider range of sites, including those with high seasonal variability.

4. ASTs: A Conceptual Approach

Based on the discussed advantages of ASTs, they could provide a wide range of opportunities
and options for developments. In terms of sustainable development, ASTs offer economic, social,
and environmental advantages and could address or compensate some of the sustainable development
components in some of the current water industry developments. This section will propose and analyze
some of the ASTs applications that could improve the sustainability of water industry developments.

4.1. Site Considerations

While large dam sites require very special conditions to construct, this is less of an issue in site
selection for AST-based run-of-river (ROR) hydropower plants. Even for ROR plants with a reservoir,
the size of the reservoir is much smaller than traditional hydropower plants. By utilizing ASTs,
ROR hydropower plants could utilize relatively small heads and flows.

The size of an AST can be scaled based on the available volume of flow and site specifications.
Conventional ASTs can operate with heads between 1 m and 6 m, and flow rates between 0.1 m3/s and
6 m3/s, producing 1 kW [28] to 300 kW [47,48] of power generation. However, recent development
shifted this range dramatically. Currently, there are Pico ASTs that can generate around 10 watts
of power with 0.01 m3/s of flow rate and 0.1 m of water head [45]. The largest installed AST could
generate up to 355 kW of power with 3 m of water head and has 14.5 m3/s of flow rate capacity [46].
According to Table 1, currently ASTs are suitable for sites with head up to 10 m [40,45,68] and flow
rates up to 10 m3/s [33,35,45]. Recently, manufacturers have been announced larger screws that can
pass flow rates as high as 15 m3/s and generate up to 800 kW of power [34]. Surveying operating
ASTs, the length of the operating ASTs varies from about 1 m to 17 m. Figure 6 shows Cragside (UK)
screw, which is a uniquely 17 m long and steep screw plant that generated about 21 MWh in 2019 [69].
Figure 7 shows several Pico hydro-scale ASTs in series, each about 1 m long, being used in Japan [70].
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ASTs can operate efficiently even at very low heads and flows [24]. Therefore, ASTs could help to
generate electricity for hard to access or undeveloped regions where connecting them to the electricity
network is difficult, expensive, or even impossible. Ideally, ASTs could make hydropower generation
possible almost everywhere flowing rivers are available. In areas of low flow but the higher head,
this idea could be expanded to a theoretical chain of hydropower plants such as what is proposed in
Figure 7a. Figure 7b shows an implementation of such a chain of ASTs in a roadside irrigation channel.
The power output was used to power adjacent street lights in Japan [70]. The Yorkshire Water’s Esholt
wastewater treatment (in Section 4.3) could be considered as another example of using several ASTs
in series to take advantage of available water head alongside a relatively long (here around 30 m)
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The idea of installing ASTs in series in chains of small hydropower plants could further increase
the potential of green and renewable hydroelectricity generation in locations where the flow is low
and the head is somewhat higher than would be appropriate for a single AST. In remote areas,
the modular nature of multiple small ASTs could be a logistical advantage. In appropriate locations,
installing chains of ASTs in series could offer several advantages in addition to reducing fossil fuels
usage and greenhouse gas (GHG) emissions by:

- Allowing hydroelectricity generation in regions where construction of large dams is not reasonable
or feasible. For example, in relatively smooth plains where suitable conditions do not exist to
support the construction of large dams.

- Maximizing the hydroelectricity generation even in regions where a large dam exists by extracting
energy alongside the river downstream.

- Reducing the electricity power loss alongside the distribution network by generating power near
where it is required and consumed, which could reduce the length and cost of the distribution
network (such as illustrated in Figure 7b).

- Generating baseload power with small hydropower plants. Currently, in many locations,
the majority of electricity baseload is mainly generated by fossil fuel and nuclear powerplants
and hydropower is used to meet peak demands. However, the proposed theoretical chain of ROR
powerplants could generate baseload since most of the ROR plants do not store water.

4.2. Reducing Erosion and Disturbance of Natural Sedimentation Processes

Suspended sediments can cause damage passing through traditional turbines i.e., by eroding
the component surfaces, especially when sediments are composed of hard materials like quartz and
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feldspar [74]. To prevent sediment related problems in small hydropower plants, the construction of
settling basins to remove sediments is possible [75] but it is often uneconomical [76]. In addition, even if
construction and operating costs are ignored, there is no guarantee of complete removal of suspended
sediment before the water enters the plant [76]. Unlike many traditional turbines, suspended sediments
could pass through ASTs with minimal effect because of their lack of tight tolerances and their low
operational speeds [50]. Letting the sediments pass a hydropower plant instead of depositing upstream
in reservoirs or settling basins could offer environmental advantages by reducing the disturbance of
the natural erosion/sedimentation process while also reducing operating costs associated with settling
basin maintenance. Passing sediment could lead to erosion prevention and soil conservation since
according to Lane’s law water transporting sediment has less capacity for eroding banks and natural
features [77]. Passing sediment through the plant could also offer economic advantages since reduced
upstream sediment deposition increases the effective service life of reservoirs and dams.

4.3. Power Generation from Unconventional Water Resources

Considering the advantage of power generation even with a highly sediment contaminated flow
with much lower water levels, ASTs could utilize unconventional water resources to generate power.
A recent study on micro hydropower plants using sewage water flows indicates that a single AST
with a sewage line with a flow rate of about 0.24 m3/s and 1.5 m of the head could generate up to
1963 watts of power [78]. This experiment was physically implemented at the sewage treatment plant
for municipal wastewater of Hayatabad Peshawar, Pakistan. It was found that in the worst scenario a
coarse screen can be added to prevent the garbage from entering the screw. In addition, increasing the
number of screws, flow rate, and head lead to a linear increase in generated power [78]. Moreover,
theoretically, sediments could be released continuously from reservoirs, and this flow used for power
generation by ASTs.

Another example is the Yorkshire Water’s Esholt wastewater treatment upgrade in 2007 that
enables it to generate hydropower from untreated sewage by installing two Archimedean screw
generators installed in series (Figure 8) between the inlet works and the new primary settlement
tanks [79]. This hydropower plant has been switched on since 2009 [73] and could make use of up to
3.24 m3/s of wastewater with about 10 m of the head passing through a 1.8 m diameter pipe when it
flows sequentially through the two screws [79]. The diameter and length of each screw are 2.6 m and
14 m, respectively [73]. This upgrade could provide more than 180 kW of treatment process’ required
power [79] of the UK’s first energy self-sufficient (neutral) urban sewage plant [80].
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4.4. Conservation and Improvement of Resources

ASTs could offer a considerable value add-on for some big projects whose main purpose is not
power generation [79] for improvement or conservation of current resources. The Yorkshire Water’s
Esholt wastewater treatment upgrade, which is mentioned in Section 4.3, is one of the examples.
In addition, the wide range of AST operating feasibility makes it possible to use them as an upgrade
or retrofitting solution at existing dams. Since the civil work associated with the dam already exists,
this can reduce capital costs of installing an AST hydropower plant.

Many ASTs have been installed at sites with existing dams. In some cases, the repair costs
of a dam could be three times higher than dam removal. Therefore, dam deconstruction may be
economically more reasonable than keeping a dam in place, because of maintenance and renovation
costs [81]. However, dam removal expenses are usually too high to be covered just by one financer [82].
In addition, many existing dams have been in place for a very long time, and it is not easy to balance
the ecosystem and cultural-historical values of such old and historically important structures in
communities [83]. The ecosystem and social changes resulting from dam construction usually lead to a
new balance over several decades of dam operation [84]. In addition, the deconstruction of old dams
provides a large area of stored sediment that is highly suitable to plant colonization. So, native species
may fail to survive in competition with aggressive plant colonists [85–87].

Few investigations have focused on the dam deconstruction effects on contaminant distribution,
especially in the case of small dams with heights less than 2 m [88]. However, some studies about
the evaluation of the extent and magnitude of biological and chemical changes caused by dam
removal documented potential changes especially in contaminant inventories [89]. As an example,
after the Ft. Edwards dam removal in 1973, analysis of the displaced sediment downstream during
1977–1978 indicated highly contaminated polychlorinated biphenyls (PCBs) [90]. Therefore, sometimes
the deconstruction of old dams may not be the most effective solution. Each dam deconstruction
should be evaluated for the potential sedimentary contaminant redistribution [89] and other possible
consequences. Figure 9 is an example of the shock load of releasing sediments deposited in a reservoir
during the storage restoration process of Manjil Dam, Iran, in 1982–1983. This sediment shock load
caused massive extinction of downstream aquatic life.Sustainability 2020, 12, x FOR PEER REVIEW  13 of 34 
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Installing an AST at an existing dam or weir can offer economic and environmental benefits by
generating renewable hydroelectricity at a previously unutilized site with a minimum of changes
to the overall site [20]. An AST installation can also provide a reason for performing deferred and
ongoing maintenance on an otherwise neglected dam, improving the structural stability of dam
infrastructure [27]. Considering ASTs as a retrofit option could offer environmental advantages,
especially if the deconstruction of an old dam may threaten aquatic and wildlife in the downstream.
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Moreover, as detailed in Section 3.2, such upgrades could help reduce the disturbance of sediment
transport processes and realize environmental and economic advantages by implementing renewable
hydroelectricity generation.

Many sites such as small weirs or dams without existing hydropower plants are suitable for
installing or using ASTs as an upgrade. At existing sites, the dam construction has already been
completed, return on investment has been satisfied, and the environmental impacts incurred for
many years [52]. The minimum construction requirements of ASTs and their small scale makes the
environmental impacts and GHG emission of this upgrade very low [91]. Additionally, such upgrades
provide green electricity, which could help to reduce fossil fuel usage and continuous greenhouse gas
emissions. Therefore, upgrading dams for hydroelectricity can not only be a reasonable economic
decision but it could also partly remediate some prior environmental or social impacts.

For example, within the province of Ontario, Canada, there are approximately 2600, mostly small,
dams [92] that were primarily constructed for flood control and milling. About 70% of these dams were
constructed prior to 1970. Since the expected service life of a typical small dam ranges between 50 and
70 years, many of these dams will require major restorations or structural repairs within 10 to 15 years
because of safety and structural quality concerns [93]. Additionally, in the United States, the Army
Corps of Engineers national inventory estimates there are 18,140 dams with heights under 4.6 m that
are in need of structural repair due to improper or deferred maintenance [94].

It is also worth mentioning that in the province of Ontario, Canada, nearly one-quarter of all
energy production is provided through hydro resources, which are about 90% of all the province’s
renewable energy supplies [95]. This represents about 8100 MW of hydroelectricity capacity from
240 dam sites across 24 river systems [96]. Since the focus of increases in hydropower is largely for sites
with generating capacity greater than 1 MW [97], sites under 1 MW power generating potential were
ignored in this study. However, ASTs could be considered as a reasonable solution for the utilization
of these sub-1 MW sites [27].

According to Ontario Hydro and the Ministry of Natural Resources Water Potential Site database,
there are approximately 280 sites within Ontario (Figure 10) with less than 200 kW power generating
capacity and head less than 5 m [98]. Considering these statistics and typical AST efficiency, the total
power generating capacity of ASTs just within Ontario is approximately 16 MW [99]. Therefore,
such a retrofitting and upgrade approach could be considered as a low impact development that can
provide a considerable amount of energy, especially at the local community level [27].
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4.5. AST Plant Configurations

Most early ASTs were designed to operate at one fixed rotation speed [88]. However, variable
speed operation is also possible by adding additional electrical equipment and accepting an efficiency
reduction. Variable-speed ASTs are a practical solution to deal with large seasonal flow fluctuations.
Increasing the AST rotation speed increases the volume of flow that can pass through the AST. However,
AST efficiency is reduced when rotation speeds exceed the maximum rotation speed suggested by
Muysken relationship (Equation (9)) [100]. In addition, noise becomes a more significant issue at
higher rotation speeds. When the volume of flow in a river is so high that an excessively large diameter
(exceeding 5 m) or high rotation speed AST (exceeding Equation (10)) would be required to utilize
the available flow, a multiple-screw powerplant can be considered. In such cases, two or more ASTs
can be installed (typically side by side) instead of a single big screw. When flow at the site is large,
all ASTs could be turned on to generate power in their most efficient condition. The extra AST(s) could
be turned off at times when the flow is reduced, allowing the remaining AST(s) to operate at closer to
optimum conditions.

Therefore, at sites where a considerable fluctuation in river flow is anticipated, plant designers
may consider variable-speed ASTs and multi-AST plants in order to effectively utilize available flow
at both low flow and high conditions. Using two or more ASTs in a single site could also provide
other benefits including easier maintenance, more flexible operation plans, and even some savings
in major costs. Currently, AST design is usually based on site specifications, regulatory limitations,
and characteristics of available flow. One possibility is that multi-AST powerplants could lead to
significant capital cost savings by allowing mass production of highly optimized ASTs in several
specific sizes.

Figure 11 shows a crowd-sourced map maintained by Alois Lashofer of the locations of many
AST powerplants across the world [101] as of July 2020. The majority of the mapped AST powerplants
are single screw plants. However, there are several plants that benefit from more than one screw
installation. While most multi-screw installations are in a parallel configuration, there are examples of
installations of two plants in series to take advantage of higher head [79] such as the Yorkshire Water’s
Esholt wastewater treatment multi-AST hydropower, which is mentioned in Section 4.3.

1 
 

 

Figure 11. The map of AST powerplants across the world [79].
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Figure 12 shows some representative multi-AST powerplants in the United Kingdom. Monmouth
New Hydro (Figure 12a) is constructed on the site of the Old Monmouth Hydro Station, which operated
from 1899 to 1953. The new hydro scheme uses two ASTs and has been operating since 2009 [102].
This multi-AST powerplant on River Monnow could generate 75 kilowatts of power by each screw,
which rotates at only 20 RPM and utilizes 3.4 m of water head [103]. Radyr Hydro Scheme (Figure 12b)
applies two 200 kW ASTs with a 3.5 m outer diameter and 10 m length in order to utilize a site on the
River Taff with 3.5 m head and a mean flow of 22 m3/s. This powerplant can generate 1.8 million kWh
of energy annually, which reduces 785 tons of CO2 emission [104]. Linton Falls Hydro powerplant
(Figure 12c) operated from 1909 to 1948. Since 2012 it has been retrofitted by two ASTs that have
2.4 m diameter and 2.7 m of head. The maximum flow rate is 4.5 m3/s [79] and each screw can pass
2.6 m3/s, which results in a combined 100kW of output power at their full capacity [105]. With an
annual production of about 500 MWh, this powerplant could save more than 210 tons of CO2 emissions
per year [105].
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Figure 12. Multi-AST hydropower plants in the UK: (a) Monmouth New Hydro Scheme, Osbaston [103];
(b) Radyr weir hydro, Radyr [106]; (c) Linton Falls Hydroelectric Power Station, Threshfield [107].

One of the most recent multi-AST powerplants (Q2, 2019) is the Solvay industrial plant, which is
installed as a retrofit/upgrade on the small existing weir in Torrevieja, Spain (Figure 13). The entire
project was constructed in just 4 months. This plant diverts part of the Saja River and applies two
parallel ASTs that are able to produce a total of 70 kW of power (35 kW each) with 2 m of water head
and 5 m3/s of flow rate for both turbines. The generated energy will be sold to the electrical grid and
the return on investment will be recovered about 7 to 8 years after its start-up date [108].
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Even current AST powerplants could upgrade to multi-AST hydropower. Linton Lock powerplant
is one of the pioneers in such an approach that benefits from two screws with two different sizes.
The first screw was installed in 2012 with a diameter and length of 3 m and 8.5 m, respectively.
With 3.2 m of water head and 4.5 m3/s capacity, this screw could offer 101 kW of power output. In 2017,
the second screw with a 5 m of diameter was installed beside it, which could be considered as one
of the largest screws in the world. With 3 m of water head and 14.5 m3/s capacity, this screw could
provide 355 kW of power output [46]. Figure 14 shows this powerplant. The bigger screw is called
“Widdington Plant” and the smaller one is called the “Linton Plant.”
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Figure 14. Linton Lock multi-AST powerplant.

Considering the number of installed screws, the Marengo powerplant in Goito, Italy, could be
considered as one of the multi-AST hydropower world records since it applies six parallel ASTs.
Figure 15 shows this powerplant which is installed on the Mincio River through the Pozzolo-Maglio
drain channel and has an average potential of 222.7 kW (up to 306 kW [109]) with 1.6 m of water
head and 1.4 and 22.2 m3/s average and maximum flow rates, respectively [110]. Each screw is 3 m
in diameter and 4 m in flighted length, and can pass 3.7 m3/s of flow rate with a power of up to
54 kW [109].Sustainability 2020, 12, x FOR PEER REVIEW  17 of 34 
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4.6. Future Sustainability

According to the United Nations Development Program (UNDP), 1.4 billion individuals had no
access to electricity in the past decade [111], especially in poor regions of developing countries [112].
Geographical limitations [113] and uneven population distribution are two important issues in
effectiveness of the electrical distribution infrastructure [114]. The structural simplicity, low operational
demands, and modest costs make ASTs an environment-friendly and sustainable solution, especially in
developing countries. ASTs could be used to generate electricity even with unconventional water
resources such as the about 2 kW AST powerplant that runs by sewage water in Hayatabad Peshawar,
Pakistan [78]. There have been several investigations proposing pico-hydro ASTs as an electrification
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solution [115,116] for the 2519 villages in Indonesia that do not have access to electricity because of
inaccessible locations [116]. However, only around 1.8% of micro-hydro potential (out of 400 MW
potential capacity) is currently exploited in Indonesia as a developing country [117]. Recent studies
have examined applying ASTs in small, micro, and even pico scales, and also considered methods
to simplify the application of these ASTs. A recent study in Aceh, Indonesia found that even a very
simple AST with just one blade (N = 1) with DO = S = 0.26 m, Di = 0.14 m, L = 1 m and β = 30

◦

could generate about 116 Watts of power with 1 m of head at a flowrate of 0.02 m3/s and 24.75 rad/s
rotation speed [118]. A commercial version of this idea has been developed: currently, the smallest
all-in-one portable AST generator from this project weighs just 17.5 kg, and is approximately 1 m long
and 0.28 m wide [70]. It could be installed in very shallow waters and can generate around 10 watts of
power in a flow of 0.01 m3/s and a head of 0.1 m [45]. Figure 16a shows a diagram of this all-in-one
AST generator. This generator could be installed easily, and a 0.15 m tall metal plate helps to provide
enough water head to generate power from even a very shallow water. It provides a wide range of
new suitable sites to generate electricity. The turbines have been tested in undeveloped regions of
Myanmar (Figure 16b) and in urban flows (Figure 16c). The generated power of each unit is very
low in comparison to larger plants; however, units could be used in series (Figure 7b) or in parallel
(Figure 16d,e) configured as a multi-AST powerplant almost everywhere alongside any flow.
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Therefore, other outlets as well as a fish ladder could be considered as the other components of this 

Figure 16. Ultra-small all-in-one Archimedes screw generator (PicoPica 10): (a) PicoPica 10’s system
Schematic [70]; (b) operational test in Myanmar [119]; (c) power Generation from unconventional
water resources [120]; (d) Multi-AST (two units) running since 2012 in Ibi-Cho, Gifu, Japan, to supply
electricity for the security lights and the electric fence [121]; (e) a multi-AST application for shallow
water resources [122].

Figure 17 represents the fixed and larger version of this small commercial AST generator that has
been installed in Nikko City, Japan, since 2017 [123]. It can generate about 500 W with a flow of 0.1 m3/s
and 0.7 m of head [45]. This AST has a net weight of 250 kg and it could generate enough power for
nighttime lighting, refrigerators for preserving food and medicine, telecommunication equipment such
as cellular phones, and televisions [45]. Systems like these could feasibly provide electricity for poor
communities to provide night-time lighting and charging their laptops or mobile phones. Pico-scale
ASTs present a flexible and reasonably practical option for improving local economies and welfare in
remote, developing communities.
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5. Design Archimedes Screw Hydro Powerplants Principles

Figure 18 shows the relationships between AST and the other parts of a simplified AST-based ROR
hydropower system. This figure indicates that an Archimedes Screw Turbine (AST) run-of-river (ROR)
hydroelectricity powerplant can be considered as a system with three major components: a reservoir,
a weir, and the AST (which is connected to the system by a control gate and trash rack). At most real
AST locations, the incoming flow must be divided between the AST and a parallel weir. Typically,
a minimum flow over the weir is mandated for the protection of the local environment. Therefore,
other outlets as well as a fish ladder could be considered as the other components of this system.
Therefore, in an AST hydropower plant system, incoming river flow is the input, and the weir overflow,
AST outlet flow, and other outlets (i.e., fish ladder flow) are the outputs.
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5.1. Archimedes Screw Hydro Powerplants Design Assessments

In order to design an Archimedes screw hydro powerplant, three important assessments should be
done: (1) electricity needs assessment and (2) site assessments. Then, the type of screw (fixed/variable
speed) should be determined in (3) plant design assessment.

For the electricity needs assessment, it is recommended to:

- Estimate the required power as well as predict the possible future changes in demand.



Sustainability 2020, 12, 7352 19 of 34

- Determine whether the powerplant will be connected to the grid or will be off-grid.
- If the AST powerplant is designed to be off-grid, it would be important to:

- Consider the comparison of the value of reliable baseload power versus maximizing the
annual production of the powerplant in making decisions for the design.

- Define and consider the needed voltages and/or currents.

For the site assessment:

- Permitting requirements, restrictions on access or water use should be determined.
- The flow duration curve of the river should be used to determine the baseload and other options

for the operation of the powerplant. This information also helps to make decisions in the plant
design step.

- Ecological assessments should be done, and the water needs of other users or ecological functions
should be determined. For example, the required flow for fish passage or installing a fish ladder
should be determined.

- The potential plant location should be selected based on the following considerations:

- Accessibility for construction, operation, and maintenance. This is important for civil works
and installation of the screw, especially for larger powerplants that have big and bulky
screw(s) that need cranes for installation

- Geotechnical concerns, particularly stability and suitability for plant foundations
- Supply channel and outlet channel routing
- Conflicts with other site use considerations.

In plant design assessment, the type of plant should be selected based on previous assessments:

- For steady flow, a single-speed plant could be considered as a simpler and more efficient option.
On average, the cost per watt of these systems is less than the variable-speed ones. Even if the
available flow is not sufficient to fill the screw at its operating speed, fixed speed screws can still
generate power in a partially full condition [30].

- For large surplus flow, variable-speed screws could be recommended to generate partial power at
low flow times. It would be particularly important if the powerplant will be off-grid, or other
power sources (like diesel generators) are not available or are expensive. Generally, variable-speed
screws are recommended when there is an excess flow that could be used to generate more power
from an available flow of when the flow varies. The main reason is that although operating ASTs at
the full capacity may be the most mechanically efficient operating condition, it will not definitely
lead to the highest overall energy generation. Therefore, it may not be the most economically
efficient operating condition [30].

For all plant designs:

- A sluice gate to control flow to the plant, and trash racks to prevent large debris from entering the
plant, must be planned upstream of the screw. Ease of trash rack cleaning is important.

- Provision to dry out the top and bottom of the screw for bearing inspection, maintenance should
be included in the plant design. The sluice gate should be able to shut off all flow. At the outlet,
build vertical grooves to hold stop logs to allow drying out of the screw outlet.

- Be sure to plan for flooding water levels, and be sure to protect electrical components from water
damage. This could be done by elevating the generator, sealing the powerhouse, and/or putting
control equipment on the bank at a higher level.
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5.2. Design of Archimedes Screws

The Archimedes screw itself is a central component in an Archimedes Screw Hydropower Plant.
Figure 19 shows a typical Archimedes screw configured as a hydropower plant and the most important
dimensions and parameters required to define the Archimedes screw. These are:[label=,labelsep=0mm]

Di: Inner diameter
DO: Outer diameter
L: Total length of the screw
β: Inclination Angle of the Screw
N: Number of helical planed surfaces
S: Screw pitch (Distance along the screw axis for one complete helical plane turn)
f : Fill Height of the bucket [30]
Gw: The gap between the trough and screw
hu: Upper (inlet) water level
hL: Lower (outlet) water level
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The geometry of an Archimedes screw is determined by external (DO, L, and β) and internal (Di,
N, and S) parameters. The external parameters are generally determines based on the location of the
screw and the passing flow rate. The internal parameters could be selected in a way that optimizes
the performance of the screw [26]. Typically, the screw manufacturer should be involved in detailed
design. The following process may be useful for initial planning and preliminary design of an AST site.

First, determine the overall size and inclination angle of the screw. The inclination angle should be
determined based on the site slope. If there are minimal constraints on angle (and installation space),
a value of β = 22

◦

could be considered since many current AST powerplants are installed at a similar
inclination angle unless there is a need for steeper slope. Be careful if considering β values in excess
of about 30◦ since screw capacity will decrease markedly, or less than about 20◦ due to longer screw
length. Determine the length (L) of the screw based on site specifications and technical limitations.
Use information from existing plants and Equations (10) or Equations (11) to select an overall diameter
Do to accommodate the available flow.

Check L/Do. If L/Do is less than about 2, expect efficiency to be somewhat reduced. If L/Do is
less than about 1.25, the screw will likely be too short for its diameter. Consider two or more smaller
diameter screws, particularly as L/Do gets smaller. Use Equation (10) for screw rotation speed ω,
let pitch S = Do and use Di = Do/2. These values will be reasonable for preliminary planning, but may
not be optimum values for the final design.

After determination of the geometry of the screw, the algorithm presented by Nuernbergk and
Rorres [62] can be used to determine the inlet water head required for optimal operation of the screw to
fill it to its optimum volume capacity without occurring overflow. This is needed to vertically position
the screw relative to the dam crest or expected reservoir level. The screw must be low enough to ensure
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it fills completely, but not so low that available head is not utilized. The Archimedes screw power
generation model that is introduced in Section 5.3 could be used to estimate the generated power of
the designed powerplant. Finally, the net generated power of the Archimedes screw is the difference
of the estimated generated power and the power losses introduced in Section 5.4. Finally, the reader
is cautioned that the process above, and in the following two sections, should only be used to check
feasibility of an AST at a site. Additional design work will be needed to properly optimize the screw
plant for a site.

5.3. Estimating the Generated Power of the Archimedes Screws

Despite the literature of using Archimedes screws as pumps, currently, there is little English
documentation in using them for extracting energy from flow, and a significant portion of it is about
the case studies of installations, many of which are qualitative [30]. Several researchers have worked
on developing mathematical models to predict the power output of an Archimedes screw. Early AST
power models assumed that the screw was driven by the weight of the water enclosed by the screw
blades [25,124]. Essentially, water contained within the buckets of the rotating screw produces a static
pressure distribution on all submerged surfaces, and this distribution of pressures results in a net force
in the direction of rotation.

Müller and Senior (2009) offered a model based on the hydrostatic pressure difference across the
screw surfaces. To consider the effect of gap leakage, they used Nagel’s (1968) empirical equation.
However, their model simplifies the screw geometry in a level that they concluded that, by ignoring
the bearing and friction losses, theoretically, there is no dependency between the rotation speed and
the efficiency of an AST [21,30].

The main assumption for almost all Archimedes screws models is that the water level in each
bucket is the highest level at which no water flows to the next bucket over the top of the inner cylinder.
There is little theory or data for when ASTs run at partially full conditions [30]. Lubitz et al. [30]
proposed a model to estimate the efficiency of screws for all range of possible fill levels. Based on
the idea of analyzing a single water bucket, Lubitz et al. [30] proposed several mathematical models
to estimate the flow and power of an ideal screw in a steady flow regime. This quasi-static model
calculates the volumes of water buckets and the resulting torque on the screw by assuming the screw
is not rotating and experiencing no internal water flows [30].

For an ideal screw operating under steady-state conditions (steady flow, constant rotational speed),
all the buckets will have the same shape and volumetric size. The shape and size of a bucket are
determined by the geometry of the screw, the screw rotation speed ω, and the volume flow rate of
water through the screw Q [30]. The model determines the forces and flows operating within a single
bucket for an idealized infinitely long screw. It is assumed that all buckets within the screw effectively
function identically to this idealized bucket. Forces, torques, and power then can be scaled up based
on the total length of the screw (L) to calculate total screw power [30].

5.3.1. Bucket Volume Theory

The Lubitz et al. [30] model requires defining the general positions on the helical plane surfaces
in cylindrical coordinates (Figure 20). A ‘w’ axis is aligned with the rotational axis of the central
cylindrical shaft and a vertically oriented Cartesian axis ‘z’ is also defined with positive z vertically
upwards. This vertical axis is used to calculate local water depths by projecting physical locations on
the helical plane surfaces onto the vertical axis. It is assumed that the first leading helical plane edge is
vertically oriented at the top of the screw. So, for any position along the w axis, the radial positions
(r(ω)) and angular positions (θ(ω)) on the leading plane are described by the geometry of a helicoid of
pitch length S. For any given position along the ‘w’ axis [30]:

r(w) = r (1)
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θ(w) = 2π
W
S

(2)

where r is the radial position, and θ is the angular position (Figure 20). For a screw with the number of
blades N, the vertical position on the leading helical plane surface (Z1) and the upstream helical plane
(Z2) at any point like X(r, θ) could be defined by [30]:

Z1 = r Cos(θ) Cos(β) −
Sθ
2π

Sin(β) (3)

Z2 = r Cos(θ) Cos(β) −
(Sθ

2π
−

S
N

)
Sin(β) (4)
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The minimum fill height can be approximated to occur at θ = π and r = Do/2 and the maximum
(100%) fill height occurs at approximately θ = 2π and r = Di/2. Therefore, the minimum bucket water
depth Zmin, maximum bucket depth without overflowing ZMax and the actual water depth within the
bucket Zwl can be defined and related to the nondimensional water fill height ( f ):

Zmin = −
Do

2
Cos(β) −

S
2

Sin(β) (5)

ZMax =
Di
2

Cos(β) − S.Sin(β) (6)

Zwl = Zmin +
Zwl −Zmin

Zmax −Zmin
(ZMax −Zmin) = Zmin + f .(ZMax −Zmin) (7)

An infinitesimal, cylindrical volume element (dV) can be defined parallel to the ‘w’ axis connecting
adjacent points on the helical planes on the upstream and downstream of the bucket. If only the portion
of this elemental volume that is submerged below the water line is considered part of the overall water
bucket volume, the overall volume of a bucket V can be determined as [30]:

dV =


0 Zl > Zwl and Zwl < Z2

Zwl−Z1
Z2−Z1

S
N r dr dθ Z1 ≤ Z2 and Zwl ≤ Z2

S
N r dr dθ Zl > Zwl and Zwl < Z2

V =
∫ r=

D0
2

r=
Di
2

∫ θ=2 π
θ=0 dV

(8)

5.3.2. Flow Rate and Leakage Models

Knowledge of how much water will enter an AST depending on the depth of the water at the inlet
is important, since to first order, the amount of power generated by an AST is proportional to the volume
flow rate of water through it. Developing a general relationship for the volume of flow passing through
an AST as a function of the inlet water level for all screw sizes is challenging because while most water
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flows through the screw within the buckets formed by the helical array of blades, there is a small gap
between the trough and screw which could be considered as free flow. Screw geometry and rotation
speed are also important factors that intensify the difficulties. Nuernbergk and Rorres [62] proposed
an analytical model for the optimal design of full-scale screws based on the water-inflow conditions
for screws running at a fixed speed near to the Muysken’s maximum recommended rotation speed
(ωM) for Archimedes screws (Equation (9)) [100]. Introducing the concept of effective cross-sectional
water area within the screw (AE) [125] and axial transport velocity (VT = Sω/2π), it can be shown that

ωM =
5π

3D2/3
o

(9)

Q = AEVT (10)

Based on a relatively similar concept and by defining the concept of effective area (AE), YoosefDoost
and Lubitz [125] developed a new equation for the volume of flow passing through an AST.
This nondimensional equation could estimate the total flow rate for different rotation speeds and inlet
water levels of the studied lab-scale (small) and full-scale ASTs [125].

Q
QMax

= a
(

AE

AMax

)b(
ω
ωM

)c

(11)

where AMax =
(
πD2

O/4
)
, QMax is determined from Equation (11) by setting AE = AMax. The constants

a, b, and c are related to the screw properties and optimum value may be different for each screw.
Preliminary investigations suggest that a = 1.242, b = 1.311, and c = 0.822 give reasonable predictions
of Q for a range of AST sizes [125].

In addition to the main flow within the buckets, and leakage flow through the gaps between
blade and trough, there are several other paths for flow through an AST. The total flow (Q) of an AST
can be divided into the following five components: (1) Main flow that is contained with the buckets
and causes torque generation (QM), (2) Gap leakage flow (QG), (3) Over filling flow leakage (QO),
when water levels within a bucket are so high that some water spills over the top of the central cylinder,
(4) Friction-leakage (QF), when water adheres to the flights and is flung out of the screw, and (5) No
guiding plate leakage (QP), which occurs when water levels are high enough that water spills out of
the top edge of the trough [62]. Total flow Q is the sum of all five of these flow components:

Q = QM + QG + QP + QO + QF (12)

It can be assumed that generally, only QM contributes to meaningful power generation, while the
other flow components do not contribute useful power and so are ideally minimized or eliminated.
In modern screws, QP is usually eliminated by using a guiding plate to extend the trough to enclose
more of the rotating screw. For screws running up to the optimal flow rate, QO is zero since overflow
only happens above the optimum flow rates. Finally, the effect of QF is usually negligible in ASTs [62].

The gap flow QG is of particular interest, since it is necessary to include a gap between the blades
and trough, and so it is not possible to eliminate this component of lost flow. Nagel [126] presented an
empirical equation for gap leakage flow in Archimedes screw pumps (not turbines), for the case of full
buckets (f = 1) at normal rotational speeds:

QG = 2.5 GW D1.5
o (13)

where the GW gap width (in meters) and the diameter (Do) must be entered in units of meters, to get a
resulting QG in m3/s. The gap width is not easy to measure in full-scale screws. Nagel also provided
an empirical relation to estimate GW based on the size of the screw:
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GW = 0.0045
√

DO (14)

Nagel’s model is necessarily an estimate only, as all physical and dynamic properties of the actual
flow regime, rotational mechanics of the screw, and the fluid mechanics of the flow are neglected [126].
Neurnbergk and Rorres proposed a more complex equation attributed to Muysken to estimate gap
flow leakage by including some additional parameters [62]:

QG = µAGW
DO
2

(1 +
GW

DO
)

√
1 +

(
S

πDO

)2

(
2
3
(α3 + α5) + α4)

√
2g∆h (15)

where µA is the contraction discharge coefficient which is dependent on the shape of the edge of the
blade and is typically in the range of between 0.65 and 1 for the minimum and maximum leakage,
respectively. The head difference ∆h = (S/N)Sinβ) and α3, α4, and α5 are wetted angles around the
gap (in radians) that can be determined from the algorithm proposed in Rorres (2000) [26,62].

Lubitz et al. [30] presented an equation for QG that is functionally equivalent to the Muysken
(1932) [100] and Nuernbergk and Rorres [62] leakage models, but cast in different geometric variables.
It assumed that the entire gap leakage is driven by the static pressure difference across the gap, which is
the result of the water height difference between adjacent buckets.

QG = CGw (lw +
le

1.5
)

√
2gS
N

sin β (16)

where C is a minor loss coefficient that is less than or equal to 1 and previously taken to be 0.89; g is
the gravitational constant (9.81 m/s2); and lw and le are wetted lengths along with a single turn of one
flight, with lw being the length of the gap that is submerged on both sides, and le being the length of
the gap that is submerged on one side and exposed to air on the other (Figure 21).
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When bucket fill level exceeds 100% (f > 1), rising the water above the center cylinder causes a
secondary flow that lets the water pour over the top of the center cylinder into the downstream bucket.
Aigner [62] presented a leakage model based on assuming that the overflow could be approximated
as weir flow through a triangular spillway [64]. The weir is approximated as a simple angled,
V-notch weir since this is approximately the shape that the central shaft and the planes make at the
overflow point [27].

QO =
4
15
µ
√

2g (tan β+
1

tan β
)

√
h5

ue (17)

where µ is a loss coefficient and hue is the overflow head, calculated as [27]

hue = Zwl −Zmax Zwl > Zmax (18)
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At optimum fill height and below, no spill across the central tube happens, and hue and also QO
will be zero.

5.3.3. Torque and Power Models

The torque on the screw is the result of water pressure on the helical planes. The Lubitz et al.
model determines the hydrostatic pressure p at any point on the plane surfaces at a depth z below the
water level by assuming static conditions within the buckets [30]:

p =

{
ρg(Zwl −Z) Z < Zwl

0 Z ≥ Zwl
(19)

The net pressure on the helical plane surfaces is the difference between the pressure on the up
and downstream surfaces of the blade. Therefore, if p1 and p2 are assumed as the pressures on each
side of the plane surface, the net torque on each element area of the helical plane surface (dT) and the
total torque from a single bucket (T) can be calculated by integrating torque over the entirety of the
submerged surfaces:

dT = (p1 − p2)
Sθ
2π

r dr dθ (20)

T =

∫ r=
D0
2

r=
Di
2

∫ θ=2 π

θ=0
dT (21)

The total torque in full length of screw is related to the total number of buckets and can be
calculated by:

TTotal = T(
NL
S

) (22)

Then, the total power will be:
Pout = TTotalω (23)

5.4. Archimedes Screw Power Loss Models

The discussion above has described the performance of an ideal screw, in which many loss
mechanisms are neglected. While overflow and gap leakage flow reduce the overall efficiency of an
AST [26,127] and power output can be limited by the amount of water that can enter the screw inlet [62],
a complete AST power loss model should consider all possible known head losses [27], which include:

- Inlet losses due to head loss through the screw entrance
- Internal hydraulic friction between water and moving screw surfaces
- Outlet losses due to exit effects, geometric head losses, and additional drag torque
- Friction of bearings
- Additional mechanical and electrical losses in gearboxes, generators, and electrical controls

The screw in an AST is supported at both ends by a bearing. Friction losses in bearings reduce
torque available at the AST shaft. The magnitude of these losses depends on mechanical properties of
the bearing, which may vary from one AST installation to another, and because bearing losses are both
relatively low in full-scale ASTs and difficult to predict a priori, there is little guidance in the literature
on this loss mechanism. While there are equations in the literature for predicting inlet and hydraulic
frictional power losses, most of the outlet power loss calculation attempts are based on adapting
equations from related problems [128,129] such as the Borda-Carnot equation for culvert outlet exit
power losses. Notably, Nuernbergk presents equations for non-optimal outlet water level loss [28] and
Kozyn and Lubitz developed an empirical equation for outlet drag torque power loss [130]. Methods of
accurately calculating all of these power losses is a current area of AST research.
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6. Conclusions

Archimedes Screws Turbines (ASTs) are a new form of turbines for small hydroelectric powerplants
that could be applied even in low head sites. ASTs offer a clean and renewable source of energy.
They are safer for wildlife and especially fish. The low rotation speed of ASTs reduces negative impacts
on aquatic life and fish.

It is important to note that ASTs are not a uniquely global solution for all energy generation
needs. ASTs have their own drawbacks just like any other technologies: using Archimedes screws as
generators is a relatively new technology, and in comparison with other hydropower technologies,
there are many not well-known things about ASTs. Currently, there are no standards for the design
of ASTs, and AST hydro powerplant designs are highly dependent on the experience of the engineer
who designs them. For very high flow rates or water heads, a single screw may not take advantage
of all available potential due to material, structural, technical, and physical limitations. However,
the increasing interest in ASTs, new advancements, and ideas such as multi-AST powerplants offer
some solutions to extend AST usability.

ASTs provide a range of practical advantages for generating electrical energy at suitable locations.
For supporting sustainable development, ASTs offer economic, social, and environmental advantages.
Considering the flexibility and advantages of ASTs, they could be considered as one of the most
practical options for a more sustainable electricity generation:

1. To increase the number of suitable sites for power generation even in sites with very low flow
rates and/or water head. ASTs can be designed to operate in a wide range of flow rates (currently
from 0.01–10 m3/s) and water heads (currently from 0.1–10 m), including at sites where other
types of turbines may not be feasible. This increases the number of potentially suitable sites
for hydropower.

2. To maximize hydropower generation even in rivers with high flow rate fluctuations. ASTs can
handle flow rates even of up to 20% more than optimal filling without a significant loss in
efficiency [63]. Even when the conditions are not perfect for a single screw, installing more than
one screw, and utilizing variable-speed ASTs, allows developers to fully utilize available flow at a
wider range of sites, including those with high seasonal variability.

3. To retrofit old dams or upgrade current dams or mills to make them economically (power
generation) and environmentally (renewable energy) reasonable. Using ASTs as an upgrade
for retrofitting old dams or upgrading operational dams makes it possible to add electrical
generation with extremely low incremental environmental impact, at reasonable costs and with
good potential for low social impacts while providing an incentive to maintain aging dams and
infrastructure. ASTs utilized in this manner could help to reduce fossil fuel usage and greenhouse
gas emissions by displacing electricity generated by more polluting methods.

4. To reduce the hydroelectricity major operational and/or maintenance costs: In addition to
retrofit/upgrade current dams advantages, at appropriate sites, the capital costs of AST hydropower
can be less than other hydropower technologies. The overall maintenance demands and costs of
ASTs are often lower than other turbines. Major maintenance is required after the 20 to 30 years.

5. To reduce the disturbance of natural erosion and sedimentation processes which could lead to
soil and land conservation.

6. To make hydropower generation safer for aquatic wildlife, especially for fish.
7. To generate electricity for small communities or regions that are hard to access or connect to

the power grid, especially because of the low operation and maintenance demands and costs of
ASTs. These characteristics make ASTs a potential candidate for providing electrical power in
undeveloped, remote regions, and small communities that currently lack energy infrastructure.

8. To improve the welfare of the developing countries and regions with limited access to the
power grid or other infrastructures. Despite many other technologies, ASTs do not require
high manufacturing capabilities and hi-tech technologies to design, implement, operate,
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or maintain. Simplicity, low operational demands, and moderate costs make ASTs a practical
environment-friendly and sustainable solution for supplying energy, especially in developing
countries. At remote locations with a low head water supply, ASTs may provide a possible
means of providing electricity that would otherwise be impractical in developing communities.
Improving the economy and welfare of such communities is a win-win futuristic sustainable
development approach that could be facilitated by using AST hydroelectric plants.
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Nomenclature

The following symbols are used in this paper:

AE Effective cross-sectional water area at the screw’s inlet (m2)
AMax Maximum cross-sectional water area at the screw’s inlet (m2)
a Coefficient of dimensionless flow rate (-)
b Coefficient of dimensionless area constant (-)
c Coefficient of dimensionless rotation speed constant (-)
Di The inner diameter of the Archimedes screw (m)
DO The outer diameter of the Archimedes screw (m)
f Fill height of water in a bucket of screw (-)
g Gravitational constant (9.81 m/s2)
hu Upper (inlet) water level of the screw (m)
hL Lower (outlet) water level of the screw (m)
Gw Gap width (The gap between the trough and screw) (m)
hue Overflow head (m)
L The total length of the screw (m)

le
The wetted gap length along with a single turn of one flight that is submerged on one
side and exposed to air on the other

(m)

lw
The wetted gap length along with a single turn of one flight that is submerged on
both sides

(m)

N Number of helical planed surfaces (-)

p
The hydrostatic pressure at any point on the plane surfaces at a depth z below the
water level

(Pa)

POut Output power/shaft power of screw (W)
Q Total flow rate passing through the screw (m3/s)
QF Friction-leakage (m3/s)
QG Gap leakage flow (m3/s)
QM The main flow that is contained with the buckets and causes torque generation (m3/s)
QMax The maximum flow rate that could pass through a screw when ω = ωM and AE = AMax (m3/s)
QO Overfilling flow leakage (m3/s)
QP No guiding plate leakage (m3/s)
r Radial position (m)
S Pitch of the screw (Distance along the screw axis for one complete helical plane turn) (m)
T The torque of a single bucket (Nm)
V The overall volume of a bucket (m3)
VT Axial transport velocity (m/s)
TTotal Total torque of the entire screw (Nm)
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w The location along screw centerline (m)
z Vertical location (m)
Zmin Minimum bucket water depth of the screw (m)
ZMax Maximum bucket depth of screw without overflowing (m)
Zwl The actual water depth within the bucket (m)
α3, α4, α5 Wetted angles around the gap (rad)
β The inclination angle of the screw (rad)
∆h The head difference (m)
θ Angular position (rad)
µ Coefficient of the loss
µA Contraction discharge coefficient
ρ Density of water (1000 kg/m3)
ω The rotation speed of the screw (rad/s)
ωM The maximum rotation speed of the screw (Muysken limit) (rad/s)
Subscripts
i inner
min minimum
Max Maximum
O Outer
Total Total
wl Water surface level
1 Surface 1 (downstream side of bucket)
2 Surface 2 (upstream side of bucket)
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