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A B S T R A C T

Hydropower plays a critical role in global renewable energy production, yet its environmental impacts on aquatic 
ecosystems remain a concern. This study investigates the biological impacts of Shaft-Driven Variable-Speed 
Contra-Rotating Propeller Reversible Pump Turbines (SDCRRPTs) on fish populations, using Atlantic salmon 
(Salmo salar) and European eel (anguilla) as experimental models. These species present critical ecological and 
conservation traits, making them ideal models for assessing hydropower-induced stressors such as rapid 
decompression, shear, collision, and turbulence. Through Computational Fluid Dynamics (CFD) simulations and 
the Biological Performance Assessment (BioPA) tool, two SDCRRPT prototypes were evaluated under varying 
operating conditions. Results indicate that rapid decompression posed minimal risks, while shear stress was the 
primary cause of mortality for salmon, and collision effects were moderate but species-dependent. The optimized 
turbine design (Prototype 1) demonstrated improvements in adult fish passage safety compared to the initial 
design, particularly for eels, yet persistent vulnerabilities highlight the need for further refinements and pro
tective measures, such as physical, mechanical or sensory behavioral barriers combined with bypass systems, to 
mitigate unavoidable mortality risks during turbine passage. The findings highlight the potential for species- 
specific design optimization to balance ecological conservation with sustainable energy production. This work 
underscores the importance of integrating environmental considerations into hydropower technologies to sup
port the EU’s decarbonization goals while safeguarding aquatic biodiversity.

1. Introduction

Climate change effects, including rising temperatures, ocean acidi
fication and sea level rise, together with the EU policy concerning the 
decarbonization of the electric system, is fueling interest in the use of 
marine renewable energy devices. Of these, hydropower contributes a 
major fraction of the worldwide renewable effort, having increased by 
almost 70 TWh in 2022, reaching 4300 TWh [1], and presents a viable 
path for the sustainable production of electricity. Therefore, studies 
aimed at elucidating the actual impacts that Pumped Hydro System 
(PHS) plants impose on both the abiotic and biotic components of 

aquatic environments, are essential [2]. The eleven descriptors encom
passed within the 2008/56/EC Marine Strategy Framework Directive 
(MSFD) outlines a preliminary assessment of the physical damages and 
biological disturbance deriving from installation, operation and 
decommissioning of hydropower-related devices [3]: these include De
scriptors 1 (Biodiversity), 3 (Commercial Fish and shellfish), 6 (Sea-floor 
integrity), 7 (Hydrographical conditions), 8 (Contaminants) and 11 
(Energy including underwater noise). Fish communities fall under the 
umbrella of descriptors 1 and 3, with reference to the biological 
disturbance pressure from Annex III of the MSFD.

So far, research has mainly focused on examining fish injury and 
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mortality extent caused by traditional turbine designs such as Francis 
and Kaplan turbines. These investigations have clarified important 
variables influencing fish mortality including blade geometry (e.g. 
leading edge thickness, shape and velocity) and turbine operating con
ditions, which determine the major hydropower stress mechanisms (i.e. 
water pressure change, cavitation, fluid shear stress, turbulence and 
collision). The severity of such stressors is further determined by 
anatomical and behavioral traits of different fish species, which em
phasizes the necessity for species-specific evaluations or, when this is 
not a viable option, the exploitation of surrogate species based on 
evolutionary (e.g. [4]), morphological (i.e. body shape), anatomical (i.e. 
physostomes vs. physoclisti species), physiological or behavioral (i.e. 
acclimation depth) similarities. Ecological consequences to fish pop
ulations are particularly significant to both long- and short-distance 
migrators, as their feeding or reproductive processes as well as flood 
sheltering or wintering behaviors are disrupted.

To address these concerns, so called environmentally-enhanced 
turbines have been designed [5], particularly targeting low-head sites. 
Recommendations from Andritz Hydro emphasized variable turbine 
speed, optimization of operating schemes, reduced gap between hub and 
runner vanes, minimized turbulence and cavitation, blunt leading edges, 
and alignment of stay and guide vanes [6]. Within the Advanced Hy
dropower Turbine System Program launched in 1993, Voith Hydro’s 
Minimum Gap Runner (MGR) Kaplan turbine and Alden Research Lab
oratory’s Francis turbine concepts demonstrated remarkable improve
ments in survival rates of 38 - 175 mm body length (BL) rainbow trout 
Oncorhynchus mykiss, 102 mm BL coho salmon O. kisutch, 249 - 431 mm 
BL American eel Anguilla rostrata and 87 mm BL alewife Alosa pseudo
harengus [7–9]. The hydrokinetic turbine produced by Hydro Green 
Energy, the first surface-suspended, asymmetrically-ducted horizontal 
axis turbine to be installed in the U.S.A., resulted in recapture rates 
averaging 98 % and negligible impacts on 115–235 mm and 388–710 
mm BL of several fish species [10]. Recent innovations, including the 
Very Low Head (VLH) Kaplan turbine, Archimedes screw and Natel 
Energy’s Restoration Hydro Francis Turbines yielded low injury and 
mortality rates across diverse fish species and size classes [11–16].

Increased share of renewable energy sources of intermittent nature 
such as solar and wind requires compensatory measures for the fluctu
ations to maintain grid stability: energy storage systems are an effective 
solution for this problem [17]. Pumped Hydro Energy Storage (PHES) is 
a mature technology with many advantages such as long lifetime and 
high energy capacity, but the conventional technology is developed for 
sites with high head. To make it more suitable for low head areas, a high 
performing low-head pumped hydro energy storage (LH-PHES) tech
nology is to be developed. A reversible pump-turbine (RPT) is ideal for 
pumping the water by consuming excess power and generating the 
required power by turbining in a PHES plant. The traditional high head 
operation requires a Francis turbine type configuration while the low 
head operation with high flow rate requires an axial machine type such 
as a Kaplan or propeller turbine due to high specific speed. While a 
Kaplan type RPT can yield very high performances in turbine mode, 
their pump mode efficiencies are not great [18], the main reason being 
the compromised design of guide vanes to cater to flow in both di
rections for operating as a pump and a turbine [19]. A contra-rotating 
turbine concept is studied in many areas of power generation such as 
wind and tidal and their superior efficiency in tidal power applications is 
proven. A contra-rotating axial pump and turbine offer many advantages 
over conventional single rotor setups such as better efficiency and 
cavitation performance, wider operating ranges and a more compact 
size [20]. Besides these advantages, a variable speed operation of the 
rotors can offer additional benefits: it helps improving efficiency and 
stability, eliminating cavitation and thus extending the life of hydro
power units. In addition, a faster transition between pump and turbine 
mode can be achieved [21]. Due to all these benefits, a shaft-driven 
variable-speed contra-rotating propeller reversible pump turbine 
(SDCRRPT) was designed and its fish friendliness aspect analyzed and 

presented in this study.
This research modeled the hydraulic stressors and biological impacts 

generated by both an initial design and a scaled version of the optimized 
design of a shaft-driven variable-speed contra-rotating propeller 
reversible pump turbine (SDCRRPT) in terms of mortality and mortal 
injury for two model fish species, namely Atlantic salmon Salmo salar 
and European eel Anguilla anguilla, building upon the groundwork 
established within the EU H2020 project ALPHEUS (Augmenting grid 
stability through Low-head Pumped Hydro Energy Utilization & Stor
age). By providing a deeper understanding of the stressors leading to fish 
injury and mortality, the overarching aim of the study was to aid in 
improving the design and operation of hydropower units to reduce 
ecological impacts as well as suggest possible countermeasures that may 
be taken to protect aquatic environments.

2. Methods

2.1. Design of contra-rotating turbines

The ALPHEUS project investigated three promising Reversible Pump 
Turbine (RPT) technologies for a low to ultra-low head (i.e. 1 - 20 m) 
operating conditions, namely Shaft-Driven variable-speed Contra- 
Rotating propeller RPT (SDCRRPT), Rim-Driven variable-speed 
Contra-Rotating propeller RPT (RDCRRPT) and Positive displacement 
RPT.

Many advantages of a contra-rotating RPT are introduced in the 
previous section and this justifies the choice of SDCRRPT. RDCRRPT is 
similar to the shaft-driven concept with the main difference being the 
integration of motor/generator at the periphery of the rotor rather than 
at the shaft region. This helps avoiding the necessity of a large bulb 
structure housing electrical machines at the hub of the rotor, potentially 
reducing the hydraulic losses to it associated. Rim-driven marine pro
pulsors are a highly researched field and studies on rim driven turbines 
are also available [22]. Rim-driven marine propulsors offer many ad
vantages over shaft driven counterpart such as compact design, higher 
motor and hydraulic efficiency and reduced demand for lubrication and 
cooling systems [23], hence this configuration was also considered. 
Positive displacement RPT due to its lower specific speed could be a 
good fish-friendly technology and a lobe type configuration seems to 
handle fish and solid without extra mitigation measures [24]. This along 
with other advantages makes this configuration a worthwhile choice for 
this application. Details on the general characteristics and key features 
of the prototypes, machines performance characteristics, assessment of 
prototype performance impact on LH-PHES cost and operation simula
tion and optimization model are provided in [17].

The TURBOdesign Suite from Advanced Design Technology1 was 
used to develop an initial design of a SDCRRPT at prototype scale. This 
software generates the blade geometry of both the rotors based on an 
inverse design approach where blade loading (essentially, normalized 
static pressure distribution) is specified as an input and the 3D blade 
geometry is produced as the output. With this method the designer has a 
direct control over the flow field and high performing designs can be 
obtained quickly [25]. The rotor design was performed in pump mode 
and analyzed using Computational Fluid Dynamics (CFD) simulations in 
both pump and turbine modes. The chosen design point specifications 
included a head of 9 m, flow rate of 130 m3 s-1, rotor 1 rotational speed 
of 50 rev min-1 and a rotor 2:rotor 1 speed ratio of 0.9. The aim was a 
target power output of 10 MW in turbine mode at a head of around 9 m. 
A meanline design of the machine using TURBOdesign Pre software 
based on the above specifications suggested a machine diameter of 6.06 
m with blade numbers of 8 and 7 for rotor 1 and rotor 2 respectively. The 
meridional geometry, work coefficient blade number, thickness distri
bution and an appropriate blade loading was input in TURBOdesign 1 

1 http://www.adtechnology.com/products
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software to generate the blade design for each rotor. The initial design 
obtained was named as "Prototype 0″. The CFD analysis of the initial 
design showed that a power of 10 MW was achieved in turbine mode at a 
flow rate of 143 m3 s-1 and a head of 7.8 m with more than 91 % 
efficiency.

A multi-objective optimization was then performed to improve the 
hydraulic performance of the SDCRRPT [26]. The optimization process 
was based on a Design of Experiments (DoE) and Response Surface 
surrogate model approach [27]. The optimization was carried out using 
NSGA-II (Non-dominated Sorting Genetic Algorithm II) algorithm [28]. 
Twenty-one design parameters covering a wide range of geometry var
iations were screened in a sensitivity DoE study: they included 8 
meridional geometry parameters, 10 blade loading parameters, 2 blade 
stacking parameters and the speed ratio between rotors. A sensitivity 
study involving 36 designs with variation of all the mentioned param
eters was conducted to identify the 11 most influential design parame
ters. Then a DoE matrix consisting of ~100 designs with the variation of 
influential design parameters was generated for an optimization. All the 
designs were analyzed using CFD in both operating modes at 3 different 
operating points. The optimization objective was to maximize power in 
turbine mode and minimize power in pump mode head constrained in 
the required range. Dassault Systèmes Isight software was used for 
generating the surrogate model and optimization, and the best per
forming optimization solution was named “Prototype 1″ (Fig. 1, 
Table 1). Due to optimization the Prototype 1 design has become more 
compact with smaller tip and hub diameters and the rotational speed at 
design point in pump mode is higher. Both Prototype 0 and Prototype 1 
were then evaluated for fish mortality.

2.2. CFD modelling

Computational Fluid Dynamics (CFD) simulations for the fish 
friendliness analysis was performed using Siemens Star CCM+ software. 
The full wheel passage of the contra-rotating RPT with a straight hub 
was only modelled in CFD simulation. The CFD domain consisted of two 
stationary domains S1 and S2 and two rotating domains R1 and R2 
(Fig. 2).

Appropriate stressors were extracted from CFD simulations. They 
included scalar stressors such as nadir pressure, maximum strain, and 
maximum TKE (Turbulence Kinetic Energy) as well as the collision data. 
These were calculated for representative fish trajectories using particle 
tracking functionality in the CFD software. Individual particles were 
modelled by injecting them from specific seeding locations and tracking 
within the flow field till the exit boundary. This data was extracted for 
each particle modelled along with the particle ID for each configuration 
of the turbine simulated, and served as input for the Biological Perfor
mance Assessment (BioPA v3.0) software developed by Pacific North
west National Laboratory (USA).

The Lagrangian multiphase unsteady RANS CFD analysis with mul
tiple reference frame (MRF) approach was used instead of DEM (Discrete 
Element Method) as the former is relatively less computationally 
intensive. This approach models a centre of mass collision of the 

particles with the walls and hence surface contact forces are not accu
rately resolved. Meshing was performed in Star CCM+ with polyhedral 
elements and prism layers close to the walls, with a total of ~8 million 
mesh elements, chosen based on a grid independence study.

The k-ω SST turbulence model was used, and a y+ < 30 was ensured 
on most of the blade surfaces. A timestep of 0.01 s corresponding to less 
than 3◦ rotation of the blade was chosen. Velocity at the inlet, static 
pressure at the outlet and zero slip on the solid wall were applied as 
boundary conditions. All the above settings as well as the orientation of 
the rotors complied with technical documentation by Pacific Northwest 
National Laboratory [29,30]. A single point CFD solution with 12 s of 
physical simulated time took ~16 hours to complete.

Initially a steady CFD simulation was conducted to achieve steady 
state conditions. This solution served as the initial condition for the 
following unsteady simulation with particle injection. Passive tracer 
particles were injected from a specified injector plane. Injection loca
tions/cells on the plane were randomly assigned by the software based 
on a specified point inclusion probability parameter. Fourteen seeds 
were injected randomly over the inlet plane at a 0.1 s-interval for a total 
of 10 s, amounting to a total sample size of 1400 seeds. Such seed dis
tribution was chosen following an evidence-based approach [31,32]. 
Particles were modeled as neutrally buoyant spheres (i.e. with a specific 
gravity of 1). Particle diameters were calculated based on the fish mass, 
as per the modeling proposed by Romero-Gomez and Richmond [33]. 
Particle trajectories (regarded as equivalent to estimated fish trajec
tories) and collision boundary sampling data were extracted from the 
CFD model with the Lagrangian particle tracking method by means of 
custom post-processing Java scripts. Track data was calculated based on 
the following momentum equation: 

Mparticle
dUparticle

dt
= Fd + Fp + Fg + Fvm 

where Mparticle is the mass of the particle, Uparticle is the velocity, Fd is 
the drag force, Fp is the force due to pressure gradients, Fg is the gravity 
force and Fvm is the virtual mass force [33]. The Boundary sampling 
technique helped obtain data of particle collision with solid boundaries 
from the simulation. A sample plot record of collision events and particle 

Fig. 1. Prototype 0 (Orange) and Prototype 1 (Blue) designs of shaft-driven 
variable-speed contra-rotating propeller reversible pump turbine (SDCRRPT).

Table 1 
Comparison of the main design parameters between the initial and optimized 
prototypes.

Design Details Prototype 0 Prototype 1

Rotor 1 speed [rev min-1] @ design point 50 60.9
Speed ratio @ design point 0.9 0.75
Shroud diameter [mm] 6064 5680
Hub to shroud diameter ratio 0.58 0.45
Rotor 1 blade number 8 8
Rotor 2 blade number 7 7

Fig. 2. SDCRRPT CFD analysis domain.
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movement through turbines is shown in Fig. 3A-B. Based on the particle 
trajectory data and collision data, BioPA v.3 determines a fish friendli
ness score.

2.3. Biological performance assessment

The Biological Performance Assessment (BioPA) [34], (Battelle IPID 
31784, Battelle Memorial Institute, Pacific Northwest National Labora
tory, license agreement # 530469, 1-year license from June 23rd, 2021), 
is a tool developed within the framework of Hydropassage (www. 
hydropassage.org) to inform safer turbine designs. BioPA enables the 
comparative assessment of potential impact to fish populations based on 
CFD models of the hydraulic conditions of turbine designs, which can 
then be ranked based on the BioPA score, a proxy of fish friendliness.

The BioPA workflow was established using the initial SDCRRPT 
design, an operating point in the turbine mode with a volume flow rate 
of 143 m3 s-1 and an output power of 10 MW. The main advantage of 
BioPA v.3 over v.2.1 is the better prediction of collision events of par
ticles with solid structures of the turbine although volitional collision 
avoidance behavior of the fish is not captured [33]. Since blade striking 
is a probable strong hazard for a fish in a contra-rotating turbine, BioPA 
v.3 was preferred over v.2.1.

The turbine environmental performance assessment was compared 
between two designs, two operating conditions and two fish species. The 
two configurations chosen were the initial SDCRRPT design, called 
Prototype 0, and a scaled version of the optimized design, called Pro
totype 1. Both designs were CFD-simulated for an operating condition in 
turbine mode at a full load power output of approximately 10 MW. At 
such power output, rotors R2 and R1 of Prototype 0 operated at a 
rotational speeds of 45 rev min-1 and -50 rev min-1, respectively, at a 
flow rate of 143 m3 s-1. Rotors R2 and R1 of Prototype 1, instead, 
operated at a rotational speed of 34.6 rev min-1 -46 rev min-1, respec
tively, at 138 m3 s-1 flow rate. An additional simulation was conducted 

for the rotors of Prototype 0 at the same operating speeds but at a flow 
rate of 130 m3 s-1 at a partial load power output of approximately 5 MW 
(Table 2).

The fish species considered were Atlantic salmon Salmo salar of 15 
cm BL and European eel Anguilla anguilla of 30 cm BL. As per the 
modelling equation in [33], particle diameters were set at 0.053 m and 
0.086 m, respectively.

We specify that BioPA v.3 does not allow for the simultaneous 
modelling of contrarotating turbine elements, which had to be therefore 
herein considered individually with the underlying assumption that 
each rotor independently affects the investigated species because of the 
spacing between rotors being greater than the largest body length of the 
fish investigated. Both species were assessed for susceptibility to rapid 
decompression, shear and collision. Only S. salar was analyzed for sus
ceptibility to turbulence as no biological model was available in BioPA 
v.3 for European eel or its surrogate species. Based on surrogacy, bio
logical response models developed for Chinook or Rainbow trout and 
American eel were employed for estimating susceptibility of S. salar and 
A. Anguilla, respectively. Depth weighting was not applied to either 
Prototype 0 or 1 for any particle track. Blade thickness of 60 mm was 
input for collision analysis. The most severe endpoint of mortality was 
selected for all stressor response models, except for the estimation of the 
effects of rapid decompression on S. salar; in this case, the biological 
response model predicting the probability of mortal injury (i.e. injuries 
highly associated with and likely to predict mortality) was used. The 
probability of adverse passage was calculated by multiplying the prob
ability of exposure (Pe, obtained from the statistics file data for each 
stressor) by the probability of response (Pm, obtained from distribution 
data for each stressor at various stressor magnitudes) for the full range of 
stressor magnitudes based on the chosen response model. A Passage 
Quality Index (PQI) was then calculated as a function of both the 
probability of exposure (Pe) and the probability of adverse response at a 
given exposure (Pm) per contrast (design * stressor * species). PQI 
ranged from 0 to 500, with lower PQIs corresponding to lower estimates 
of survival rates (i.e., higher likelihood of injury). A PQI of 500 indicates 
no adverse effect estimated.

2.4. Experimental model selection justification

Atlantic salmon and European eel were selected as model species of 
the present desktop study due to their representativeness for distinct 
biological, ecological and conservation traits as well as extensive data 
availability within the BioPA toolset and SPOT (Swim Performance 
Online Tools) [35] (see [36]) tools.

In particular, the Atlantic salmon, classified as bentho-pelagic, uti
lizes demersal, mid-water, and surface water column habitats for 
swimming and feeding purposes, whereas the European eel, being 
benthic, exhibits strong bottom-dwelling behavior throughout its life 
stages particularly at the yellow (non-mature adult) and silver (migra
tory adult) stages.

Both species are migratory, but exhibit opposed migration patterns, 
i.e. anadromy in the Atlantic salmon vs. catadromy in the European eel. 
Riverine habitats serve as migration corridors for both, making them 
pertinent subjects for studying hydropower impacts, laying the basis for 

Fig. 3. A: A sample collision plot. B: A sample picture of particle movement 
through the turbine.

Table 2 
Summary of the two SDCRRPT design configurations employed in the BioPA- 
based fish friendliness analysis.

Prototype Rotor Rotational speed (rev 
min-1)

Flow rate (m3 

s-1)
Power output 
(MW)

P0 R1 -50 143 10
P0 R2 45 143 10
P1 R1 -46 138 10
P1 R2 34.6 138 10
P0 R1 -50 130 5
P0 R2 45 130 5
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estimating the extent of impact propagation to marine resources.
Lastly, a high fraction of dose-response equations available in the 

BioPA tool catalog was generated for fish species belonging to Salmo
nidae and Anguillidae families such as American and European eel 
(A. rostrata, A. anguilla) as well as for Chinook salmon (O. tshawytscha), 
rainbow/steelhead trout (O. mykiss) and Atlantic salmon (S. salar) (e.g. 
[16,37–44]. When necessary, family or genus surrogacy was exploited.

3. Results and discussion

BioPA-based fish friendliness performance of SDCRRPT designs was 
modelled for Atlantic salmon and European eel as follows: 

• Contrast 1: Prototype 0 vs Prototype 1 at 10 MW (comparing 2 de
signs at full load power output);

• Contrast 2: Prototype 0 – 10 MW vs 5 MW (comparing 2 operating 
conditions – full load vs part load for same design).

While seed sample size varied greatly across studies modelling fish 
sensitivity to simulated flow (e.g. [32,34]), seed sensitivity analyses 
demonstrated a certain extent of variability in the resulting BioPA score, 
and this aspect should consequently be approached with caution. 
Herein, we increased the seed sample size by a factor of 2.3 compared to 
Singh et al. [32] to ensure better coverage of the flow field and to cap
ture variability in particle trajectories, especially in zones near rotating 
components and for modeling rare or localized stressor exposures, hence 
to truthfully characterize hydraulic stressors in low head pumped hydro 
systems.

Table 3 summarizes the biological response models employed for 
estimating adverse effects per target species, while Table 4 reports the 
probability of adverse passage per mechanism per rotor per operating 
condition for Anguilla anguilla and Salmo salar.

Rapid decompression, or changes in ambient pressure, causes baro
trauma to fish that are not able to adjust to the sudden decrease in 
pressure prior to returning to near surface pressure in the downstream 
channel, the extent of which depends on the magnitude and rapidity of 
pressure reduction, on fish acclimation time to changing pressure con
ditions, and the acclimation pressure of fish when entering the turbine 
intake [49]. This stressor emerged as the least impactful stressor across 
all examined fish species, posing minimal risk of mortal injury or mor
tality. Both rotor designs in all operating conditions consistently pro
duced high nadir pressure values, resulting in a reduced likelihood of 
mortality and injury. Fish entering hydropower plants transition from 
deep to shallow waters and experience rapid pressure changes, espe
cially during turbine passage. Conventional hydropower turbines 
impose pressures ranging from 460 to 2 kPa [47], with the degree of 
decompression influenced by turbine design, operating conditions, and 

head of the plant [50,51]. Pressure-related injuries depend on the 
magnitude and rate of pressure drop, as well as fish acclimation time and 
initial pressure conditions [52]. While gradual acclimation can prevent 
harm, hydropower-induced pressure changes are often abrupt [53]. 
These changes occur in three stages: a pressure increase before the 
turbine runner, rapid decompression within less than a second during 
turbine passage, and a return to ambient pressures downstream [54]. 
Because of these steps, rapid decompression is regarded as the most 
serious hydropower mechanism of damage to fish biodiversity, as most 
migratory fish are lethally impacted by sudden swim bladder rupture 
[5]. The low probabilities of adverse passage may be explained by the 
fact that elevated nadir pressures herein simulated likely fell above 
critical thresholds for barotrauma, thus posing minimal risk for eel or 
salmon passage.

Due to the lack of dose-response models for Anguilla anguilla or 
suitable surrogates, analysis performed only on Salmo salar revealed 
negligible effects of turbulence. Turbulence kinetic energy (TKE), i.e. the 
mean kinetic energy per unit mass, ranged between 0 and 3 J Kg-1 for 
both turbine prototypes. According to the mortality response model by 
[48], this range was associated with a 0 % likelihood of mortality, 
affirming that turbulence in the observed operating regimes does not 
substantially impact salmonids survival. Turbulence in hydropower 
systems arises from small, strong directional changes in water flow [55] 
or the breakdown of shear zones [39]. It is typically confined to areas 
past the turbine hub and near draft tube piers, affecting only 2 % of the 
flow in conventional turbines [56,57]. Small-scale turbulence, found 
near runner blades, can cause injuries like body compression and 
disorientation [58], while large-scale turbulence in draft tubes generates 
vortices that may disorient fish, increasing predation risk [59]. While 
turbulence is linked to shear stress and remains poorly understood [60], 
only eddies matching fish size are deemed hazardous [61]. Accordingly, 
turbulence is not considered a significant injury source for 
downstream-migrating fish [62].

Shear stress was identified as the most concerning stressor, with 
pronounced effects depending on species. Shear is a mechanism that is 
generated when two masses of water moving in different directions or 
distinct velocities intersect, or where moving water slows near a solid 
structure, in both cases resulting in friction forces acting on the fish body 
[61]. The index of the physical force that fish experience when subjected 
to a shear environment is the strain rate, defined by equation: S = Δv

Δy, 
where Δv is the change of mean water velocity and Δy is the distance, 
perpendicular to the force, over which such velocity change occurs. 
Although shear is a naturally occurring stress mechanism, and fish have 
evolved several adaptations to counteract it [55], salmon displayed 
significant vulnerability, with mortality rates in simulated flows ranging 
from 42.74 % (P0 R2 at partial load power) to 56.32 % (P1 R1 at 
full-load power). These rates indicate that shear stress exceeded the 
tolerance limits of the species and thus presents a critical factor in 
injury/mortality risk during turbine passage. Worthy of note, the 
probabilities of adverse passage were comparable among rotor pairs of 
the initial SDCRRPT design operating at full load vs partial load 
(contrast 2): a possible explanation is that hub-to-tip and speed ratios (i. 
e. the most influential parameters determining shear, as per a sensitivity 
study) were constant in the two operating conditions. In contrast, 
A. anguilla exhibited negligible susceptibility to shear, similarly to what 
already observed during laboratory experiments on American eel [46]; 
such resilience underscores the importance of tailoring hydropower 
designs to account for diverse biological tolerances. Shear stress arises 
when water masses with differing velocities or directions intersect or 
when moving water slows near solid structures, generating friction on 
fish bodies [61]. While natural shear in the wild is minimal (~100 
N/m²) and rarely harmful to fish [63,64], hydropower plants can pro
duce shear levels of 500–5000 N/m² [65]. These forces are most pro
nounced near turbine blades, spillways, and draft tube boundaries, with 
extreme conditions at blade tips and hubs [59]. Turnpenny et al. [66], by 

Table 3 
Biological response models employed for estimating adverse effects per target 
species, with indication of the surrogate species for which the models were 
developed, when appropriate.

Stressor Adverse 
effect

Ref. Species Surrogate 
species

Rapid 
Decompression

Mortal 
injury

[45] S. 
salar

Chinook 
salmon

Mortality [46] A. 
anguilla

American eel

Fluid Shear Mortality [44] S. 
salar

Fall Chinook 
salmon

Mortality [46] A. 
anguilla

American eel

Collision Mortality [47] S. 
salar

Rainbow Trout

Mortality Not publicly 
available

A. 
anguilla

American eel

Turbulence Mortality [48] S. salar NA
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applying CFD simulations to identify the risk of injury from shear effects 
in small low-head (< 30 m) Francis and Kaplan turbines, revealed that 
shear was of minor importance in both turbine types based on the low 
occurrence probabilities. Due to the difficulty in truthfully recreating 
shear under controlled conditions, its actual effects on downstream 
passing fish are not well understood, and the development of 
dose-response equations was hindered. Nevertheless, from studies con
ducted under controlled conditions employing water jets, injuries such 
as scale losses, hemorrhaging, and eye, skin and skeletal damages, as 
well as mortality were reported as a consequence of shear [54]. Most 
importantly to what was herein observed, the authors highlighted 
species-specific sensitivity differences to shear (i.e. salmon of 85 mm BL 
did not suffer any minor or major injuries at strain rates of 517 and 688 
s-1, respectively, while American shad Alosa sapidissima was already 
susceptible at rates of 341 s-1).

Collision impacts were found to vary widely based on species, rotor 
design, and operating conditions. Collisions with physical structures of 
the hydropower plant, either fixed (e.g. stay or guide vanes) or moveable 
(e.g. turbine blades), are the predominant source of injury and death in 
fish [67] and result in abrasion, grinding and striking of organisms. For 
salmon, collision risks were notably higher for R1 than R2. At full-load 
power, adverse passage probabilities for R1 ranged from 8.13 % (P0) to 
15.54 % (P1), whereas R2 consistently demonstrated better performance 
(4.93 % for P0). At partial load conditions, collision probabilities 
increased further for R1, reaching 19.39 %, highlighting how the same 
rotational speed at reduced flow rates might elevate the probability of 
collision for salmonids. This may be explained by the higher relative 
blade speed versus water velocity occurring in this scenario, that ulti
mately causes an increased exposure time of fish to rotating blades and 
hence a higher probability of encountering a blade. Conversely, eel 
collision probabilities were significantly lower across all scenarios. At 
full load, collision risks ranged from 3.04 % to 8.34 %—approximately 
half of that observed for salmon. At 5 MW, R1 remained slightly more 
impactful for eel (5.71 %) than R2 (0 %). By assessing R1 biological 
performance across operating condition, collision appeared slightly 
more impactful at partial load power. These differences suggest that 
eels, and anguilliformes in general, are less sensitive to rotor-induced 
collision stress than salmon, with reduced exposure across operating 
conditions. The risk and severity of fish injuries or mortality from tur
bine blade strikes depend on turbine type, blade characteristics, 
fish-blade interaction, and biological factors. Francis turbines, with 
smaller inter-blades spaces and higher velocities, cause higher mortality 
(5–50 %) compared to Kaplan turbines (5–15 %) and Archimedes 
screws, which are the most fish-friendly due to low blade speed and the 
presence of fewer blades [68,69]. Blade thickness, velocity, and shape 
critically influence injury risk, with thinner, faster blades causing severe 
damage, while thicker, slower blades reduce mortality [39,70]. Strike 
outcomes vary by impact location, angle, and fish morphology, with 
mid-body and head impacts at steep angles being most lethal [16,51]. 
Some species were demonstrated to be inherently less sensitive than 
others. For instance, Saylor et al. [37] observed low mortality rates of 
American eel A. rostrata at the highest velocity tested (13.6 m s-1), while 
A. anguilla, a closely related species, did not experience mortality until 
velocity of > 8 m s-1 [71], suggesting that anguillids are more resistant to 
blade strike impact. Variations in species sensitivity highlight the need 

for species-specific assessments to mitigate turbine-related impacts 
effectively.

Notably, Rotor 1 of the optimized design (P1) consistently demon
strated higher adverse passage probabilities compared to its counterpart 
in the initial SDCRRPT design (P0), increasing collision-related risks by 
approximately 1.76-fold for salmon and 1.91-fold for eel. These results 
highlight the need for further refinements in P1’s rotor configuration to 
enhance fish-friendliness. The species- and configuration-specific risk 
profiles also highlight the need for adaptive strategies in turbine design 
to balance power generation with ecological conservation of aquatic 
communities.

The Passage Quality Index (PQI) scores further illustrated the inter
play of stressors, rotor design, and operating conditions (Fig. 4).

For A. anguilla, PQIs for decompression and shear stressors were 
consistently the maximum (500), indicating minimal risk. Collision 
PQIs, however, varied, reinforcing R2’s superiority, that is R2 may be 
inherently less hazardous for fish than R1 as it was consistently modelled 
to exhibit higher PQI values compared to R1 within the same operating 
condition, i.e. 485 vs. 478 for P0 at full load power, 500 vs. 458 for P1 at 
full load power, and 500 vs. 471 for P0 at partial load power. These 
results reaffirm the eel’s resilience to most stressors, with collision 
emerging as the primary area for optimization. For S. salar, PQIs were 
highest for decompression and turbulence but showed marked vari
ability for shear and collision. For Prototype 0 rotors, PQIs of shear 
exposure were comparable across both full-load and partial load power 
outputs (i.e. 265 vs. 286, and 250 vs. 286, respectively). However, the 
difference between PQI values resulting from R1 and R2 simulations of 
P1 was much more pronounced (i.e. 218 vs. 322). A significant vari
ability was also evident in PQI values related to collisions. The collision 
PQI of R2 ranged from 475 at 10 MW for P0 to 500 for both P1 at 10 MW 
and P0 at 5 MW; in contrast, the lowest R1 PQIs were found for P1 at 10 
MW (422) and for P0 at 5 MW (403).

In general, rotor 2 was identified as the more suitable choice for 
increasing fish passage safety due to the simulated mitigation of 
stressors in hydropower systems. The substantial variability in shear and 
collision PQIs, particularly for rotor 1, highlights that both operational 
adjustments and rotor configuration can markedly affect biological 
outcomes, underlining the importance of careful design considerations 
to enhance fish-friendliness in hydropower operations. Worthy of note, 
the use of particle tracking as proxy for fish trajectories in CFD model
ling cannot capture volitional avoidance behavior of fish during turbine 
passage. It is important to emphasize that these limitations are not 
unique to the present study, but are intrinsic to the CFD–BioPA frame
work itself, which has nevertheless become a widely adopted tool for 
biological performance assessment of hydropower turbines. While the 
method has been validated with respect to hydrodynamic accuracy and 
predictive capability using species-specific dose-response models 
derived from controlled laboratory studies, it does and cannot possibly 
incorporate fish behavioral traits such as volitional avoidance, orienta
tion, or learning. For these reasons, re-optimization of the turbine de
signs within this framework would not yield meaningful improvements 
given the conservative nature of the underlying assumptions. The lack of 
behavior modeling is a known shortcoming shared across all imple
mentations of the approach, and may lead to conservative -i.e., poten
tially overestimated- predictions of fish injury or mortality, particularly 

Table 4 
Probability of adverse passage for anguilla and Salmo salar, per mechanism per rotor per operating condition.

Species Mechanism P0 R1, 10 MW P0 R2, 10 MW P1 R1, 10 MW P1 R2, 10 MW P0 R1, 5 MW P0 R2, 5MW

A. anguilla Rapid decompression 0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 %
Fluid shear 0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 %
Collision 4.73 % 3.04 % 8.34 % 0.00 % 5.71 % 0.00 %

S. salar Rapid decompression 0.10 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 %
Fluid shear 47.01 % 42.82 % 56.32 % 35.69 % 49.97 % 42.74 %
Collision 8.13 % 4.93 % 15.54 % 0.12 % 19.39 % 0.00 %
Turbulence 0.01 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 %
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for species capable of evasive responses during turbine passage. As such, 
the results should be interpreted as upper-bound estimates of biological 
risk, rather than definitive real-world outcomes. Nevertheless, based on 
the resulting expected species-specific impact at prototype scale of the 
optimized SDCRRPT, the employment of either physical, mechanical or 
sensory behavioral barriers [72] combined with bypass systems is 
warranted.

Due to the possible uncertainty as to how exposure to multiple 
stressors in a hydropower facility may affect fish susceptibility, a syn
thetic PQI score per target species, operating condition and rotor was 
calculated by applying an equal weight to each stressor. This represents 
an overall performance score for fish passage safety evaluation enabling 
comparisons between different operating conditions or designs in hy
dropower plants.

The cumulative PQI scores for both salmon and eel (Fig. 5) reflected 
similar patterns to those of individual damage mechanisms both within 
and between operating conditions and contrasts tested.

Specifically, rotor R2 in the scaled-up version of the SDCRRPT 
optimized prototype design achieved the highest fish-friendliness scores 
at a full power output. This performance indicates that the design 
modifications resulting in Prototype 1, particularly at this higher load, 
were indeed efficacious for contributing to safer passage conditions for 
fish. Interestingly, similar high PQI values were observed for R2 in the 

original SDCRRPT design when operating at a reduced, partial load 
power output of 5 MW. Both lower power levels and optimized design 
are suggested to contribute positively to fish passage quality, although 
the optimized design at higher loads still offers the best performance.

The difference in fish-friendliness between rotors was particularly 
noticeable for salmon, which appeared more sensitive to variations in 
rotor design and operating conditions than eel. For example, in the P1 
configuration at 10 MW, PQI scores for salmon ranged from 413 to 447, 
whereas for P0 at 5 MW they ranged from 410 to 455. These scores 
indicate a substantial improvement in safety for salmon when rotor R2 is 
used, especially in the P1 prototype at higher power output.

As for eel, PQI scores remained consistently high, regardless of rotor 
type, power output, or prototype design. Eel PQI values across all con
ditions ranged from 486 to 500, reflecting a high resilience to the po
tential stressors simulated here. A similar lack of acute response was 
seen in terms of neuroendocrinological stress when the species was 
exposed to 30-min varying entrainment flow speeds, carefully chosen 
based on available swimming fatigue curves, near pump inlet fish 
screens [36]. This consistency suggests that eel may be less affected by 
rotor design and operational changes, as well as by diversion structures, 
perhaps due to their distinct body structure or behavior when passing 
through hydropower turbines.

Overall, the findings underscore the benefits of design optimization 
in promoting fish-friendly hydropower systems, particularly for species 
like salmon that are more vulnerable to stressors. We highlight that, 
although previous numerical modeling studies have assessed the relative 
biological performances of turbine runner designs, specifically Kaplan 
units, both for practical applications or evaluation of surrogacy appli
cability [29,31,32,34,43,73,74]), this work is, to the best of our 
knowledge, the first to assess the biological impacts of hydraulic 
stressors generated by CRPPT turbines designed for low head hydro
power purposes.

4. Conclusions

Two prototypes of a Shaft-Driven variable-speed Contra-Rotating 
propeller Reversible Pump Turbine (SDCRRPT) were evaluated for 
their impact on two target species, Anguilla anguilla (30 cm simulated 
body length) and Salmo salar (15 cm simulated body length). The two 
layouts, initial design (prototype 0) and optimized design (prototype 1), 
were simulated at full or partial load power output both comparatively 
and within design. Rapid decompression was found to be the least 
impacting stressor on both species in all simulated runs. Both prototypes 

Fig. 4. Passage Quality Indices per species, per stressor per experimental setting.

Fig. 5. Cumulative passage quality index per species per experimental setting. 
Each stressor was given an equal percentage weight in calculating the cumu
lative PQI.
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were associated to high values of nadir pressure, which was related to 
minimum risk of mortality and injuries (i.e. PQI of 500). Shear and 
turbulence were also found to have the lowest impact on eel and salmon, 
respectively, in all simulations. Eel of 30 cm BL were slightly impacted 
by collision, especially by the scaled version of the optimized design at 
full load. Fluid shear was the most concerning stressor for 15-cm BL 
salmon, with prototype 1 at 34.6 rev min-1 and full load being the most 
impactful. Such configuration did not produce any collision risk, even 
though collision is generally the second most severe injury mechanisms 
for this species in hydropower systems. For these reasons, the cumula
tive PQI shown at Fig. 5 reported a higher susceptibility for salmon than 
eel.

The holistic approach allowed by CFD computations and BioPA 
modeling demonstrated the persistence of shear and collision impacts, 
implying that fish mortality and injuries cannot be avoided during 
downstream passage through Pumped Hydroelectric Energy Storage 
infrastructures, warranting the employment of physical, mechanical or 
sensory behavioral barriers combined with bypass systems. These results 
emphasize the importance of adaptive, species-informed strategies in 
hydropower design to balance ecological conservation with energy 
production. In view of the expected fish mortality at prototype scale of 
the optimized SDCRRPT, the use of fish screens is strongly recom
mended for preventing mortality of adult specimens.
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