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Environmentally enhanced turbines (EETSs) have gained attention in the past two decades
in order to reduce environmental impacts of hydropower plants on fish communities and
on water quality. In this mini-review the main EETs are discussed, focusing on the Alden
and Minimum Gap Runner turbines to reduce fish injury and on self-aerating and self/
free-lubricant turbines to improve water quality. The review shows that EETs can be
efficiently adopted instead of traditional turbines: EETs are cost-effective, efficient in
terms of energy generation and have shown to reduce environmental impacts. Scientific
gaps are also highlighted and case studies reported to better support refurbishment and
new projects.
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INTRODUCTION

Hydropower, accounting for 1,308 GW of installed power (International Hydropower Association
(IHA), 2020), is the main renewable energy source. It provides renewable energy, flexibility of the
electric grid and ancillary services, water storage and flood control (Shuai et al., 2021). On the other
side, the alteration of aquatic ecosystems is perceived as the main cause of hydropower-related
impacts, with risks imposed on migrating fish and water quality. For example, the turbine may affect
water quality (oil pollution and oxygen content) and disrupt the natural pathways for fish migration.
(Nguyen et al., 2018; Geist, 2021). Therefore, it is essential to find the optimal trade-off between
benefits and impacts, and to implement those hydropower technologies with limited or no conflict
with the environmental objectives of water policies.

With the aim of reducing these impacts, environmentally enhanced turbines (EETs) have gained
attention in the past 2 decades to reduce fish mortality. EETs are herein classified into fish friendly
turbines, FFTs (although this term does not imply these facilities would have beneficial effects on
fish), and ecological turbines, ETs, in particular self-aerating turbines and self-lubricated turbines.

In addition to the improvement of the hydropower unit design to facilitate fish passage and
survival, another increasingly important strategy consists of interpreting fish-monitoring data for
steering turbine operations in order to achieve a specific environmental goal, namely, the reduction
of overall risks of mortal injury of fish through the hydropower station. The work of KlopriesElena-
Maria and Schiittrumpf (2020) implemented a procedure for evaluating risks of mortal injury of
European eels through turbines based on flow simulation and fish trajectory modeling. This is better
known as “fish friendly operations and management.” This strategy has been pursued in observance
to the migratory behavior of fishes and can be implemented as part of upgrading actions (Quaranta
et al., 2021) whenever stricter biological goals are set for the station in question (Schwevers and
Adam, 2020).
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FIGURE 1 | Injury and mortality probability versus the dimensionless time
T* for water wheels (Quaranta and Wolter, 2021).

Environmentally Enhanced Turbines: FFT
Type

The impacts of traditional turbines on fish migration have been
widely studied in literature, and strictly depend on turbine type
(Pracheil et al,, 2016). Some examples are: Ferguson et al. (2008)
for Francis and Kaplan turbines, Fu et al. (2016) for Francis
turbines and Deng et al. (2007) for Kaplan turbines. Pelton
turbines are not generally considered, due to their intrinsically
high-mortality behavior.

Amaral et al. (2011), Cada et al. (1997) and Cook et al.
(2003) defined some criteria to design FFTs. The main damage
mechanisms that fish may undergo while passing through a
turbine are: mechanical injury (strike, grinding), decreased
pressure and sudden pressure decrease, shear stresses and
turbulence, and cavitation, which can cause external and
internal injury (Mueller et al., 2020). The pressure-related
effects take precedence when a greater biodiversity is
considered, since most migratory fish are prone to mortality
due to barotrauma caused by the rapid decompression
affecting the size of the swimming bladder almost instantly.
Rapid change in barometric pressure, or barotrauma, is a
potential cause of injury and mortality for juvenile
salmonids passing through hydro turbines (Brown et al,
2012; Richmond et al., 2014). Richmond et al. (2014)
presented a literature review on barotrauma studies and a
method to estimate the biological performance of hydro
turbines (BioPA) to bridge the gap between field and
laboratory studies on fish injury and turbine engineering
design. Barotrauma can lead to rupture of the swim bladder
and exopthalmia (popped out eyes). In addition, gas bubbles
can form in the blood and internal organs, leading to emboli
(Brown et al, 2014). The quantification of low pressures
leading to barotrauma and its prevention by geometric
modifications of the runner constitute a major research
activity in academic institutions and industry.

Industry partners report a stronger drive in Europe for the
protection of the European eels (Anguilla anguilla), which has

Ecological Hydropower Turbines

TABLE 1 | Comparison of Various Turbines for Fish Survivability (based on a
13.6 MW unit, Nielson et al., 2015).

Alden Francis MGR
Hub diameter (m) 3.9 2.5 2.7
Rot. speed (rpm) 120 190 277
Runner blades 3 13 5
Guide vanes 14 20 24
Survival rate for a fish of 200 mm 98% <50% 86%
Max. efficiency 93.6% 95% 95%

prioritized the mitigation of collision-related effects.
Furthermore, mechanical injuries are considered dominant
and the main cause of fish mortality passing through a
turbine (Amaral et al., 2011). Mechanical injury depends on
fish dimensions, flow velocity and direction, and on turbine
characteristics. The relation between these factors can be
explained by the blade strike model (Deng et al., 2007), in
particular by a dimensionless time T*, that expresses the ratio
between the time employed by the fish to pass through the
turbine and the time of a blade passage : the higher T* is, and the
higher is the injury risk (Figure 1, Quaranta and Wolter, 2021).
To estimate the mortality probability P,, with respect to the
injury probability P, the regression equation of Turnpenny et al.
(2000), as in Ferguson et al. (2008), can be used, P,, = P (0.15 In
L + 0.0125), with L the fish length in cm. However, Deng et al.
(2007) found that predictions from stochastic models are
generally closer to experimental data than predictions from
the blade strike model, because the stochastic models consider
the aspects of fish approaching to the leading edges of turbine
runner blades.

In order to emphasize the novel strategies for fish
protection via the redesign of turbines, a review work
(Hogan et al, 2014) about the first generation of FFTs
thoroughly described the conceptual development and
implementation of two relevant technologies designed for
better fish passage conditions, namely the Minimum Gap
Runner (MGR) and the Alden turbine Table 1 shows a
comparison on the performances and dimensions. The
Alden and MGR turbines can be currently used between 10
and 40 m head, and for flow rates above 17 m’/s, but it is
expected that they will be able to work up to 50 m head up to
325 m’/s (Nielson et al., 2015; Twar6g, 2015). For hydropower
applications below 10 m head, in order to ensure a good
ecological behavior, the free surface hydraulic machines can
be used (typically below 2.5 m, Bozhinova et al., 2013). Due to
their large dimensions, free surface operation and low
rotational speed (<100 rpm), they intrinsically exhibit a
good environmental behavior in relation to fish passage.
FFTs used in the very low head context are, for example,
water wheels (Quaranta and Wolter, 2021), the Vortex turbine
(Muller et al., 2018), the Archimedes screw (Brackley, 2016;
Piper et al,, 2018), hydrokinetic turbines (Hammar et al.,
2013), and the Very Low Head (VLH) turbine (Bozhinova
etal., 2013). Further improvements in the latest decade seek to
accommodate a larger biodiversity of fish present in migratory
corridors, while at the same time enhancing the hydraulic
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performance of the machines. The Alden and MGR turbines
are the focus of this paper and better described below.

The Alden turbine is an evolution of the Francis turbine,
with three blades, wrapped around the shaft, to reduce fish
injury. The Alden turbine was initially conceptualized and
studied using Computational Fluid Dynamic (CFD)
simulations and experimental tests at a pilot scale in the
Alden research laboratory (EPRI and DOE, 2011). The
obtained results showed a maximum hydraulic efficiency of
93.6% and fish passage survival rates greater than 98% for fish
less than 20 cm long (Timothy et al., 2014). The current Alden
turbine design rotates at a slower speed than conventional
turbines in the same context. Table 1 shows a comparison
between an Alden turbine and a 13-blade Francis turbine that
rotates at 190 rpm. In a similar context, a five-blade Kaplan-
Bulb turbine that rotates at 267.9 rpm could be used. The cost
of the electro-mechanical equipment of the Alden turbine
costs 39% more than the analogous cost of a Francis
turbine, and 35% more than a MGR Kaplan-Bulb unit.
Nevertheless, the global cost of a power plant equipped
with the Alden turbine is lower than the cost of a Francis
turbine hydropower plant (Dixon and Hogan, 2015), because
the following cost reduction has to be considered: the
powerhouse excavation is reduced by about 17% than a
comparable Kaplan-Bulb turbine, and overall civil works are
reduced by approximately 12% with respect to those of a
comparable Kaplan-Bulb turbine; fishways for downstream
migrating fish may no longer be needed if the passage survival
through the turbine is high, making available more flows for
generation; finally, O&M and capital costs of downstream fish
bypass systems are reduced (Nielson et al., 2015). In order to
further improve the performance, the variable rotational speed
allows to maintain the blades always in their maximum
opening position reducing the strike probability with fish
and avoiding dangerous gaps between the blades and other
parts of the machine. The DIVE turbine is an example of this
application.

The Minimum Gap Runner turbine (MGR) is the
optimization of the Kaplan-Bulb turbine. The gaps between
the adjustable runner blade and the hub, and the gaps between
the blades and the discharge ring, are minimized, reducing fish
injury and mortality, and improving turbine efficiency
(Timothy et al., 2014). The first field test of the MGR was
done in Oregon at the Bonneville dam. The injury rate was
1.5%, smaller that the injury rate of 2.5% occurring at the
adjacent Kaplan-Bulb turbine. The design and manufacture of
the MGR is very similar to a standard Kaplan-Bulb turbine.
Therefore, both turbines exhibit the same operating range in
terms power output, flow capacity and hydraulic head, and the
same dimensions. However, the higher efficiency and survival
rate of a MGR turbine is compensated by a higher cost
(Nielson et al., 2015). The U.S. Army Corps of Engineers
(USACE) installed an optimized MGR turbine at the Ice
Harbor Lock and Dam, located in Washington State (27 m
head, power slightly above 100 MW, depending on the unit),
achieving a survival rate of more than 98% (Quaranta et al.,
2020).

Ecological Hydropower Turbines

As another example, a rehabilitation project at the Eddersheim
hydropower plant (km 15.55 in the River Main, Germany)
replaced the original Kaplan-type runner (4.1m diameter,
2 MW nominal capacity) with a new 3-blade machine with
thicker leading edges and minimized runner gaps. In addition
to an enhanced flow environment for fish passage, the hydraulic
performance of the new machine was in general 1-3% greater
than the original one over most of the operating range (near the
best efficiency point, the improvement is ~1%, and at part load
the new machine exhibits the greatest improvementsin the order
of 3% at 50% of best efficiency point). The direct survival testing
and validation of the design strategies are currently taking place
(early 2021) with deployments of live and sensor fish samples at
equivalent operating points between the two units. One of the
10 Kaplan-Bulb turbines of Wanapum Dam was replaced in 2005
with a new MGR Kaplan-Bulb turbine (Sale et al., 2006). After the
first 3,000 h of operation, the turbine generation increased by
14%, and a fish survival rate of 97% was achieved. Based on these
results, the Federal Energy Regulatory Commission (FERC) of the
United States approved the replacement of the remaining
9 Kaplan-Bulb turbines with MGR turbines. The upgrade
work finished in March 2020."

Environmentally Enhanced Turbines: ET
Type, Aeration and Lubrication

The water of many reservoirs at the lower reaches is often
oxygen deficient and the passage of this water causes damage
to the ecosystems downstream (Pleizier et al, 2020).
Hydropower plants that generally suffer of oxygen deficit
exhibit the following characteristics: reservoir depth greater
than 15m, installed power higher than 10 MW, reservoir
volume greater than 61 Mm °, densimetric Froude number
below 7, and a retention time greater than 10 days (EPRI,
1990). In order to minimize oxygen deficit problems, low
pressure regions below the runner can be utilized to draw
atmospheric air into the turbine during operation. Turbines
where this system is implemented are called auto-venting
turbines (AVT). AVTs allow distributed, central and
peripheral  aeration depending on the customer’s
requirements. This sustainable technology maximizes
bubble distribution in draft tube and tailrace while
minimizing the impact on the turbine. Air injection is also
an emerging technology for the flow control in the draft tube at
off-design conditions (Kougias et al., 2019).

The aeration solution can be implemented both for Francis
and for Kaplan and Pelton turbines. In March and Jacobson
(2015) a review was presented, along with a database, showing
that, in United States, the aerated turbines were 153 Francis
turbines, 11 Deriaz turbines, 10 Bulb-Propeller and 4 Kaplan
turbines.

Foust and Coulson (2011) described peripheral aeration
system for a Kaplan turbine, where the bottom of the
discharge ring was located up to 1.8 m below the tailwater

'https://www.grantpud.org/blog/final-unit-at-wanapum-dam-nears-full-rehab
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elevation, due to cavitation constraints. The peripheral aeration
system provided up to 3mg/l of dissolved oxygen uptake,
satisfying the water quality requirements at the plant. Dorena
Lake Plant is equipped with a 4.4 MW vertical Kaplan turbine and
a 1.2MW horizontal Francis turbine, both turbines with
peripheral aeration in the draft tubes, and additional diffusers
in the tailrace (Douglas and Tong, 2012). March (2011) reported
an efficiency increase of 2%/1% without/with aeration with an
aerating turbine with peripheral aeration, and of 3.8%/1%
without/with aeration with an aerating turbine with distributed
aeration, with respect to the original turbine. In another project,
March (2011) reported the same efficiency with a new aerating
turbine with central aeration, and a capacity increase of 21%/11%
without/with aeration. Both March and Fisher (1999) and March
(2011) showed some efficiency curves from which it is possible to
assess the efficiency difference at part load with respect to the
original turbine for different aerating turbine technologies. With
peripheral aeration, the efficiency at part load increased by 5%
with respect to the original turbine which had no aeration system.
McIntosh et al. (2010) presented the replacement of a Francis
turbine with central aeration, showing that the plant efficiency
improved by 3.7%, the power output increase by 14%, and over
1.5 mg/1 of dissolved oxygen could be provided.

The aeration inside the casing of Pelton turbines is also
very important in order to minimize oxygen deficit
downstream, to minimize the negative effects at the tail
race, e.g., corrosion and transport capacity (Kramer et al,
2017), especially when they have to be operated with a
backpressure. It is worth noting the installation of
Bieudron, the world’s largest Pelton turbines, with net
head of 1,869 m and 25 m®/s of flow. At full load, with a
maximum turbine discharge of 25 m’/s, the natural aeration
system delivers 6 m>/s of air to the turbine casing (Keck et al.,
2000). A case study worth mentioning on a Pelton turbine
working in pressurized conditions is that developed at the
Kopswerk II pumped storage hydropower plant in Austria,
with a 180 MW Pelton turbine and a gross head ranging from
737 to 804 m. The pump power is 155 MW. Based on the
lower reservoir water level, the Pelton turbine is below the
water level of the lower reservoir of 1-16 m. When the vertical
distance between the Pelton runner and the water level is
16 m, the casing was pressurized at 3 bar, and 1 bar when the
distance is 1 m Hirtenlehner (2008).

Another topic to be considered to make turbines more
environmentally acceptable is the lubrication. Adjustable
blade runner hubs are typically filled with pressurized oil.
This oil lubricates runner blade trunnion bearing and sliding
parts of the operating mechanism in the hub. However, as
explained by St. Germain (2018), oil leakage from hydraulic
turbines does not only have a negative impact on the
environment, but also causes some operational and
maintenance problems. For both Kaplan-Bulb and Francis
turbines (but especially for the former), there is thus a
challenge related to the oil leakage from the turbine bearings
and seals. Many of these turbines were designed, installed and
commissioned by using pressurized oil to lubricate the turbine
bearings. To date, several Kaplan-Bulb and Francis turbines

Ecological Hydropower Turbines

have been upgraded so as to make them work free from oil
(Virlind, 2002; Falkenhem et al., 2011; Auger and Ren, 2017),
and new materials and lubricants are being developed
(Quaranta and Davies, 2021). Ingram and Ray (2010) stated
that water-lubricated guide bearings contribute to increase the
overall plant efficiency by reducing friction losses by about 50%
and that their maintenance is limited in comparison to oil-
lubricated ones. Oil leakage can be an issue in hydropower
plants equipped with Pelton turbines as well. However, the
number of cases reported in the literature is very limited.
Zulovi¢ (2014) reported the case of Poatina hydropower
plant where 250 L of oil from the turbine guide bearing were
released to the river. Oguma et al. (2013) described the
performance of a water-lubricated guide bearing that was
specifically designed for a multi-nozzle vertical Pelton unit.
Kirejezyk et al. (2000) presented in turn the main technical
data of three oil-free Deriaz pump-turbines that were installed
at Naussac 2 pumped-storage power plant at the end of past
century. Oil-free hubs are a widely installed technology in
Europe, particularly in the Scandinavian countries.

CONCLUSION

Environmentally enhanced turbines are continuously
improving to yield greater improvements in fish survival
and water quality, and to accommodate a larger biodiversity
of fish present in the migratory corridor. However, the existing
FFTs are limited to the low head applications, and the
associated mortality risk is not totally reduced to zero, so
that fish passages for the downstream migration remain
essential. Self-aerating turbines allow to improve water
quality, but their internal fluid dynamic behavior
complicates due to the multiphase flow, while novel
materials and lubricant are being developed to minimize the
use of oil-based lubricant.

Therefore, further efforts should be spent in this context.
The more the turbine industry understands the environmental
goals set by environmental agencies, the more effective the
turbine design strategies at early stages of development will be.
The greater the willingness of environmental agencies and
operators to prioritize fish-related improvements, the greater
the improvement will be. While the scientific research in the
field of environmentally enhanced turbines has contributed
considerably to the development of the next generation of
Kaplan-type turbines to minimize turbine-passage mortality, a
considerable effort must be made for bringing Francis-type
machines at the same level of development. Furthermore,
valves may indirectly influence fish mortality. For instance,
valves can set the flows at part load conditions which give rise
to greater likelihood of collision-related injuries, but at the
same time reduce the likelihood of barotrauma (pressure-
related injury). Here the influence comes from the flows
deriving from the valve operation but not from the
structure itself. To the best of our knowledge, there is no
field evidence of effect of penstock/valve flows on fish
mortality and more studies should be performed.
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Additional research questions that should be addressed
are detailed performance and fluid dynamic analyses.
Research should also be carried out to improve numerical
models for predicting the decrease in turbine efficiency due to
fluid dynamic effects in the draft tube (e.g., vortex rope)
under non-aerating and aerating conditions, and for
predicting gas transfer and dissolved oxygen. Tools to
assess the biological performance of turbines are instead
already in place. More cost-effective and low maintenance
methods to measure dissolved oxygen in reservoirs and
reservoir releases should be studied.
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