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Executive Summary 
Water levels in Lake Powell on the Colorado River in Utah and Arizona have declined to historically 
low levels due to extended drought in the western United States. With a reduced water surface 
elevation, the epilimnion approaches the penstock intake elevation at Glen Canyon Dam and the 
risk of fish entrainment through the dam increases, particularly for non-native fish species who 
primarily inhabit the epilimnion. Because non-native fish species threaten to compete with and/or 
prey on the downstream native fish community that includes threatened and endangered species, a 
strategy to prevent fish escapement through Glen Canyon Dam is desired. 

The 2022 report “Glen Canyon Dam Fish Escapement Options” explored various fish exclusion 
devices that may limit fish escapement from reservoirs (Svoboda 2022). The report examined 
options for physical and behavioral exclusion within the reservoir, along with alternatives to reduce 
downstream survival for fish that may pass through the dam. The report concluded that there is no 
clear alternative that can fully eliminate non-native fish escapement at Glen Canyon Dam, but a 
forebay barrier net or multi-stimulus barrier were most likely to minimize entrainment at the scale 
required for application to Lake Powell while limiting impacts to power production, operations, and 
recreation. 

Following the preliminary report, a multi-agency subject matter expert team was formed to discuss 
and evaluate the concepts presented in Svoboda (2022). Concepts were evaluated in greater detail in 
the context of project goals such as anticipated efficacy, layouts and design features, and 
implementation timeframe. The multi-stimulus barrier concept was not recommended for further 
development because efficacy of behavioral barriers is not fully understood for this application. The 
team determined that two different physical exclusion concepts, a fish exclusion net and a fish 
exclusion curtain, should be further developed into appraisal-level alternatives. A flexible fish 
exclusion net allows water to pass through while physically blocking the movement of fish larger 
than the net open area. Fish exclusion nets are typically made from polyethylene fiber or similar 
material. The exclusion net is attached to floating buoys and the net extends vertically in the water 
column. A fish exclusion curtain is similar to a fish exclusion net, but it is a solid flexible barrier 
where water flows under the curtain. A curtain may have the added benefit of reducing downstream 
release temperatures. 

Appraisal level designs for a fish exclusion net and curtain installed in the reservoir are presented. 
Site-specific conditions were considered when identifying possible installation locations and overall 
device sizing. Design considerations such as material type, depth, elevation range, floatation, and 
anchoring strategy are discussed. Although large-scale applications of nets and curtains have been 
deployed in other locations, a similar installation location with near-vertical canyon walls like Lake 
Powell was not identified. Because of the unique challenges associated with the installation location, 
there is considerable uncertainty in the engineering design of the anchoring system, mooring system, 
and canyon wall attachment requirements. Constructability of a net or curtain will need to be 
assessed, along with requirements for ongoing cleaning and maintenance. Potential impacts to dam 
safety must be evaluated in detail if a fish barrier net is recommended for installation upstream of 
Glen Canyon Dam. Preliminary level cost estimates from April 2023 are $22,000,000 for the fish 
exclusion net and $23,000,000 for the fish exclusion curtain.  
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Introduction 

Background 
Glen Canyon Dam is a concrete arch structure located on the Colorado River in the southwestern 
United States in northern Arizona, near the city of Page (Figure 1). The dam has a structural height 
of 710 ft, a hydraulic height of 583 ft, and a crest length of 1,560 ft. Glen Canyon Powerplant is 
located immediately downstream at the toe of the dam, consisting of eight Francis turbines and a 
total rated capacity of 1,320 Megawatts. Eight 15-ft-diameter steel penstocks are embedded in the 
dam for power production. The minimum water surface elevation for power operation is 3490 ft. 
The river outlet works, located near the left abutment, consist of two intake structures with 
trashracks, four 96-inch-diameter steel pipes, ring-follower guard gates, and hollow-jet valves for 
flow regulation. The centerline of each river outlet intake is 96 ft below the centerline of the 
penstock intakes (Figure 2 and 3). 
 

 
Figure 1. Glen Canyon Dam and powerplant location on the Colorado River. 



 

3 
 

 
Figure 2. Photograph of Glen Canyon Dam looking upstream with powerplant at the  
downstream toe of the dam and four outlet works discharging at river left. 

 

 
Figure 3. Photograph of Glen Canyon Dam looking downstream, showing the location of the  
8 penstocks and river outlet works. 

 
The 2016 Long-Term Experimental and Monitoring Plan Biological Opinion (U.S. Fish and Wildlife 
Service 2016) directed the Bureau of Reclamation (Reclamation) to pursue means of preventing the 
passage of invasive non-native fish through Glen Canyon Dam. Water levels in Lake Powell, the 
reservoir impounded by Glen Canyon Dam, have declined to historically low levels due to the 
extended drought in the western United States. With a reduced water surface elevation, the 
epilimnion approaches the penstock intake elevations at Glen Canyon Dam and the risk of fish 
entrainment increases, particularly for non-native species that inhabit the epilimnion (Figure 4).  
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Figure 4. – Schematic of thermally stratified reservoir at a hydropower facility (Peterson et al. 2003). 

 
Above Glen Canyon Dam, the fish assemblage consists of mostly non-native sport fish (e.g., 
Smallmouth Bass Micropterus dolomieu, Striped Bass Morone saxatilis, Walleye Sander vitreus, Green 
Sunfish Lepomis cyanellus, Black Crappie Pomoxis nigromaculatus, Bluegill Sunfish Lepomis macrochirus, 
Channel Catfish Ictalurus punctatus). Below Glen Canyon Dam in Glen, Marble, and Grand Canyons, 
the fish assemblage consists of mostly native fish including the threatened Humpback Chub Gila 
cypha and endangered species Razorback Sucker Xyrauchen texanus. There is a non-native Rainbow 
Trout Oncorhynchus mykiss fishery immediately below the dam that extends through Glen Canyon.  

Hydroacoustic and netting studies in 2022 and 2023 show that non-native fishes occupy the forebay 
throughout the epilimnion which was 82 ft (25 m) deep in 2022 and 115 ft (35 m) in 2023. The 
distribution of all fish extends slightly below the epilimnion. In 2022 and 2023, the vertical extent of 
the epilimnion coincided with the penstock elevation (Friesen et al. 2024). 

A 2007-2009 hydroacoustic survey demonstrated that non-native sport fish are present in the 
reservoir forebay, and those fishes could become entrained in the penstocks when water is 
withdrawn from the epilimnion. Fish were most abundant in the top 45.9 ft (14 m) of the water 
column for both light and dark periods with the first 13.1 ft (4 m) of water having the greatest 
density of fish (Bureau of Reclamation 2012). Forebay fish densities were highest during the spring 
and summer months when lake stratification occurs. Fish monitoring in 2023 revealed a much 
deeper epilimnion than the 2007-2009 surveys with fish occupying a deeper depth range. 

Between the dam and Lees Ferry, increased numbers of smallmouth bass and other non-native fish 
species have been detected during routine monitoring by the Grand Canyon Monitoring and 
Research Center (GCMRC) and Arizona Game and Fish Department (AZGFD). Due to the low 
elevation of Lake Powell, current water temperatures are warm enough below the dam that there is 
risk of successful spawning, recruitment, and establishment of populations of these fish. These non-
native fishes threaten to compete with and/or prey on the native fish community.  

Project Description 
The goal of this report is to document appraisal-level designs for two alternatives to prevent non-
native fish in Lake Powell from passing through Glen Canyon Dam into the downstream river. 
Preliminary concepts presented in a 2022 options report (Svoboda 2022) are summarized along with 
a discussion of how concepts were selected for further development to appraisal level. Appraisal 
level cost estimates for the two selected alternatives are provided in this report. Future phases would 
include a feasibility study and the final design process. 
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Concept Level Options 

Preliminary Assessment of Options 
The 2022 report “Glen Canyon Dam Fish Escapement Options” explored various fish exclusion 
devices and methods that may limit fish escapement at Glen Canyon Dam (Svoboda 2022). These 
preliminary options were examined in a broad sense and were not finely adjusted for site-specific 
conditions. Current applications were considered in the context of Glen Canyon Dam using readily 
available site data. 

The devices were grouped into three categories: 1) in-reservoir barrier options, 2) at dam options, 
and 3) downstream removal. Each device was evaluated for scalability to large lateral and vertical 
dimensions, large capacity withdrawal, effectiveness in excluding non-native fish populations 
(particularly mid-size fish with approximate lengths of 40-200 mm [1.5-8.0 inches]), operational 
impact or loss of power production, inspection and maintenance requirements including impacts by 
invasive species, and recreational impact.  

The concept-level report concluded there is no clear alternative that can fully eliminate non-native 
fish escapement from Glen Canyon Dam. A forebay barrier net or multi-stimulus barrier were most 
likely to minimize entrainment at the scale required for application to Lake Powell while limiting 
impacts to power production, operations, and recreation. A summary of each option presented in 
Svoboda (2022) is reviewed here. 

In-Reservoir Barriers 

Physical Barrier Screens 
Physical barrier screens prevent the movement of fish using a porous rigid structure that allows 
water to flow while preventing objects larger than the opening size from passing through. Screen 
material is typically a metal framework consisting of wedge wire, profile bar, or woven wire mesh, 
along with support members. 

Barrier Nets 
A flexible fish barrier net is installed to allow water to pass through while physically blocking the 
movement of fish larger than the net open area. Fish barrier nets are typically made from 
polyethylene fiber or similar material. Nets are deployed from a surface floatation system and may 
extend fully to the reservoir bottom or extend to a partial depth in the water column. Nets can be 
installed and removed seasonally or left in place year-round. 

Air Bubble Curtains and Underwater Acoustic Barriers 
Air bubble curtains are created when compressed air enters a linear air diffuser, releasing bubbles 
through holes in the tubing line. A continuous screen of bubbles in the water column creates an 
unnatural visual cue for fish to avoid along with ancillary acoustic and hydrodynamic fields that may 
also deter fish. Underwater acoustic barriers are sound-based behavioral deterrents. Fixed 
submerged sound projector arrays create sound waves at a certain frequency and amplitude to 
induce an avoidance response in fish.  
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Multi-Stimulus Barriers 
Multi-stimulus barriers use several types of behavioral deterrents in combination to create an 
avoidance response by fish. These multi-modal systems may incorporate an air bubble curtain, 
sound signals, and directional strobe light in a single barrier. 

Carbon Dioxide Barriers 
Infusion of carbon dioxide into water has shown promise as a chemical fish deterrent. Fish respond 
strongly to carbon dioxide by avoiding treated areas or becoming immobilized through narcosis. 
Carbon dioxide is nonselective to fish size and species.  

Floating Barriers/Curtains 
Floating barriers such as flexible curtains and rigid plates may be used to exclude fish or induce 
behavioral guidance. These barriers are attached to floating buoys and extend vertically in the water 
column. Curtains are also used for downstream temperature control. 

Electrical Barriers 
When electrical current passes between two or more metal electrodes, an electrical field is formed in 
the water. Fish in contact with an electrical field may experience various responses from avoidance 
to death depending on fish size and exposure time. Commercially available electric barriers can be 
installed with electrodes as vertical drops suspended from a cable, attached to pilings or buoys at the 
water surface, or flush-mounted on the river or reservoir bottom. 

Other In-Reservoir Barriers 
Other in-reservoir physical barriers include weirs, culverts, rock gabions, overshot and undershot 
gates, guide walls, and physical structures to create velocity barriers. Other in-reservoir non-physical 
barriers include underwater lights, seismic water guns arrays, submerged velocity jets, flow alteration, 
olfactory stimulus, turbulence, infrasound, spaced louvers, hanging chains, chemicals, ozone, and 
pheromones. 

At Dam Options 

Deeper Water Withdrawal 
The centerline of the river outlet works, located near the left abutment of Glen Canyon Dam, is 96 
ft below the centerline of the penstocks. Releasing water from deeper in the reservoir water column 
may prevent downstream passage of non-native fish that reside in the reservoir epilimnion, although 
the hydropower plant would be bypassed during releases from the river outlet works.  

Turbine Mortality 
Fish passing through turbines are susceptible to direct blade strikes, pressure changes that rupture 
the swim bladder, and shear stress that can result in descaling, stripping of the protective mucus 
coating, and tissue tearing. Mortality rates can depend on broad range of variables such as species, 
life stage, size, pressure differential, diameter of intake pipe and turbine, number of blades, size and 
shape of blades, speed of blades, fish passage location within turbine, intake velocity, and 
entrainment duration. 
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Energy Dissipating Valve 
Energy dissipating valves can be used on reservoir outlets for in-line pressure reduction, flow 
control, and energy dissipation of outflow water to minimize downstream scouring of the outlet 
structure and river bed. A sleeve valve model has been used to eliminate fish and fish embryo 
survival by passing fish through small holes at high pressure on a reservoir discharge pipe. 

Other At Dam Options 
Other options at the dam include application of carbon dioxide or electricity at lethal dose inside the 
penstocks. 

Downstream Removal 

Manual Collection and Removal 
Non-native fish that survive passage through Glen Canyon Dam could be continuously collected 
and manually removed from the Colorado River downstream of the dam. Methods include river-
spanning barriers that guide fish into a sorting facility or boat-based removal efforts through 
electrofishing or netting. 

Other Downstream Removal Options 
Other options for fish that have passed through the dam include nets installed in the stoplog slots 
directly at the penstock exit to collect fish, physical impact on blocks or grates to reduce survival, or 
engineered drop structures to prevent further downstream movement. 

Concept Option Evaluation 

Options Evaluated 
Several options presented in the concept report were further investigated by a subject matter expert 
panel, the appraisal design team, and project sponsors. The subject matter expert panel was formed 
in November 2022 to assist with evaluating the concepts presented in the options report and making 
recommendations on which options to carry forward for appraisal-level design. The panel consisted 
of biologists and engineers with specialized expertise in design and performance of fish exclusion 
devices, fish biology, civil design and construction, power operations, and adaptive management. A 
list of the panel members is included in Appendix A. Additional information gathered during 
concept option evaluation is also presented here.   

Barrier Nets 
The subject matter expert panel extensively discussed fish nets in the context of Glen Canyon Dam, 
including aperture sizing, depth of the net, anchoring, and biofouling considerations. Fish net 
technology is considered well developed and the time to implementation for a fish net was deemed 
to be faster than many of the other concepts. Similar barrier net installations were discussed by the 
panel along with a discussion of lessons learned that could be applied at Glen Canyon Dam. A fish 
net installation location approximately 1,000 feet upstream of Glen Canyon Dam, just downstream 
of the existing floating boom, was discussed in the most detail. 

Sizing of the net aperture should exclude the target fish size class while minimizing debris clogging. 
In Lake Powell, mid-size fish are of greatest concern due to the possibility of this size class surviving 
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passage through Francis turbines. Larger fish would likely be susceptible to turbine blade strikes and 
larval fish would likely be susceptible to pressure change and shear stress. Fish block nets at 
Highline and Elkhead Reservoirs in Colorado are constructed with 0.25-inch and 0.375-inch 
openings, respectively. Although smaller larval fish and eggs can pass through a 0.25-inch opening, 
finer mesh screens present significant debris clogging issues. 
 
The subject matter expert panel agreed that a pure Dyneema material, a high-tech sturdy 
polyethylene fiber well suited for nets due to its resistance to abrasion, light degradation, and fatigue 
(Martinez 2002), would be best suited for this application based on experience with several existing 
installations. Although the upfront cost is more expensive, nets made of pure Dyneema tend to be 
more durable and last longer than nets made of Dyneema blend. Full-depth exclusion barrier nets 
installed at Upper and Lower Baker Lake Dams in Washington in 2012 to guide downstream-
migrating juvenile salmon into a floating surface collector system are constructed of Dyneema. The 
net dimensions are approximately 500,000 ft2 with square mesh sizes of 0.25 in and 0.125 in, a length 
of about 2,000 ft, and an average depth of 300 ft. The nets are designed to accommodate pool 
fluctuations of up to 70 ft. The nets are secured with shoreline embedment anchors, weighed down 
with chains, and anchored to the reservoir bottom by ship anchors. The nets are deployed year-
round and require minimal maintenance with the debris protection provided by upstream booms. 
The anticipated lifespan of these Dyneema nets is approximately 10 years (Peters 2016).  
 
The Highline Lake barrier net in Colorado is 363 feet wide and 19 feet deep. The Dyneema net is 
replaced about every 7-8 years. One cause of deterioration of the Highline Reservoir barrier net is 
algal buildup that adds weight and causes sagging at the water surface. Anecdotal evidence also 
indicates shoreline degradation occurs due to wave action. The Elkhead Reservoir barrier net in 
Colorado is 575-feet long and 30-feet deep and constructed of Dyneema material. At Elkhead 
Reservoir, installation downstream from an 800-ft-long floating debris barrier protects the barrier 
net from large woody debris. At the shoreline, the net is laid on top of padding to minimize damage 
from shoreline abrasion. 

A barrier net can be installed as a full exclusion net from the water surface to the reservoir bottom 
or installed as a partial depth net to block fish in the top of the water column. A full exclusion net 
would provide the highest level of exclusion, but this may not be needed for much of the year in 
Lake Powell, since low dissolved oxygen at deeper depths in the reservoir prevent fish from residing 
deep in the water column. Results from hydroacoustic surveys in 2022-2023 show that species of 
concern are located throughout the epilimnion and the epilimnion was between 82-115 ft (25-35 m) 
deep. 

Anchoring and mooring a large exclusion net in a canyon would present an engineering design 
challenge. The design strategy would be dependent on anticipated velocity and geology and would 
need to consider additional loading due to biofouling. To prevent fish passage near the canyon walls, 
the net connection to the canyon wall would require tight tolerances to avoid openings. A metal 
panel or screen could be attached to the uneven canyon wall with a vertical face toward the reservoir 
that provides a flat attachment surface for the barrier net to raise and lower. Lake levels typically 
fluctuate up to 50 ft during spring runoff, so a net design would need to accommodate significant 
changes in lake level by either detaching and reattaching or traveling along a track. Another option 
to improve fish exclusion at the canyon walls could be localized installation of a non-physical barrier 
such as a bubble curtain or electric barrier.  
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Biofouling of the net is an important design consideration. Infrastructure installed near the dam face 
or in the reservoir forebay will be susceptible to biofouling by invasive quagga mussels Dreissena 
bugensis. The highest densities of mussels are found near existing infrastructure and canyon walls, 
rather than in the center of the reservoir. A 2019 study found rapid progression of mussel settlement 
on the penstock intake trashracks since a previous survey in 2017 (Kubitschek and Vermeyen 2019). 
Colonial hydroid Cordylophora caspia were found on settlement plates in Lake Powell in 2015 
(Pucherelli et al. 2016). A 2023 study at Lake Powell examining ultrasound as a mussel control 
strategy showed significant biofouling by mussels and Colonial hydroid on settlement plates 
(Pucherelli et al. 2024, in draft).  

Biofouling adds weight to barrier nets and subsequent loading on the floatation system and anchors. 
At Highline and Elkhead Reservoirs, sagging of the nets may allow fish to pass over the top of the 
nets. An effective design in Lake Powell would oversize the floatation system to minimize sagging at 
the water surface and thereby prevent water from overtopping the net. Nets must be inspected 
regularly for integrity. Elkhead Reservoir net is typically cleaned about four times per year between 
April and October due to algal growth. 

Reclamation has been testing anti-foul and foul-resistant coatings for 15 years and has not identified 
any coatings that would be suitable for net or curtain material. Application of commercially available 
silicone foul release coatings can be used on hard surfaces to limit mussel attachment. Copper ions 
can help to resist mussel attachment, but it may not be feasible to infuse copper in with the 
Dyneema fabric as a long-term solution. Pacific Northwest National Laboratory is investigating 
additional types of coatings that may be applied to fibers to reduce biofouling. Reclamation is 
currently conducting a research study to examine the effectiveness of various coatings in limiting 
mussel attachment on nets and curtains.  

Another possible installation location for a fish net is closer to the penstock intakes. A barrier net 
could be constructed in a vee shape upstream of the penstocks with a rigid support column 
extending to the reservoir bottom at the upstream apex of the vee. The ends of the net would be 
affixed directly to the upstream dam face which would provide easier vertical travel when the water 
level changes. Installing a net closer to the penstock intakes increases dam safety concerns about the 
risk associated with net failure. Biofouling or debris clogging of the net would increase head loss and 
nonuniform high velocities entering the penstock pipes which could produce adverse flow 
conditions into the penstocks. 

Other options discussed were the possibility of having two in-line nets, so that one remains in place 
when the other is removed for cleaning. Implementation of more than one deterrent technology in 
series was also discussed.  

Air Bubble Curtains 
Air bubble curtains use compressed air (typically atmospheric) in a linear air diffuser. The inner 
pressure releases bubbles through holes in the tubing line which forms a curtain of dispersed 
bubbles. Air bubble curtains can act as a visual deterrent for fish and can also create ancillary 
acoustic and hydrodynamic fields that may deter fish. 

An air bubble curtain is an attractive option in that the time to implementation could be faster than 
other alternatives, the device may increase dissolved oxygen levels in the forebay, and the operation 
would not impact hydropower. However, exclusion rates are uncertain for species of concern and an 
air bubble curtain is likely to be less effective than a physical barrier at overall exclusion. 
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Performance of air bubble barriers is impacted by installation depth, flow velocity, turbidity, and the 
spacing of the bubble manifolds and air pressure (Noatch and Suski 2012).  

Air bubble curtains are typically used in shallow waters. In deep water columns, air bubble curtains 
tend to disperse by the time the bubbles reach the water surface. Another challenge would be 
maintaining equal pressure across varying depths. Large-scale air bubble curtains require large 
volumes of air supplied by substantial onshore equipment and annual operational costs could be 
significant. Anchoring and mooring a large air bubble curtain in a canyon would be challenging to 
design. The upwelling of an air bubble curtain installed in the forebay has the potential to pull cooler 
hypolimnetic water closer to the reservoir water surface; however, an air bubble curtain installed 
near the reservoir bed may circulate nutrients with unintended consequences.  

An air bubble curtain could be used in combination with a physical device such as a barrier net to 
provide better overall exclusion by deterring fish in locations where a net cannot provide full 
exclusion, e.g., along the canyon walls or between the bottom of the net and the reservoir bottom. 

Floating Barriers/Curtains 
Installation of a flexible impervious curtain was discussed to limit fish entrainment while providing 
the added benefit of passing cooler water downstream. Temperature curtains are typically suspended 
in the water column by floating buoys and anchored or tethered to the reservoir bottom. They are 
made from various types of synthetic fabrics including polyethylene. Unlike an exclusion net, which 
would fail to exclude fish smaller than the net open area, a curtain may provide better exclusion, 
assuming it extends deep enough in the water column. Hydrodynamic modeling is needed to 
determine if a curtain could reduce downstream temperatures below 16 degrees C at the reservoir 
release location to prevent spawning of smallmouth bass downstream of Glen Canyon Dam. 
Installation of a curtain could result in water quality issues related to increasing total dissolved solids 
above the salinity target in the release flow and/or reducing dissolved oxygen. A fish barrier curtain 
would experience higher overall loads and would require more substantial anchoring than a barrier 
net. Like a barrier net, a curtain would be difficult to seal along the canyon wall while allowing for 
vertical travel with changes in water surface elevation. 

Reclamation has experience in installing thermal curtains at Whiskeytown Reservoir in California 
(Gee et al. 2012). The intent of this curtain is to lower the downstream release temperature rather 
than preventing fish movement. The first curtain was installed in 1993, and subsequently replaced in 
2011 with additional repairs in 2017. The Whiskeytown curtain is approximately 2,400 ft long, 100 ft 
deep, and constructed of polypropylene. There is a 30 ft gap between bottom of curtain and 
reservoir bottom. Reclamation has also installed two temperature curtains at Lewiston Reservoir in 
California. An 830-ft-long, 35-ft-deep fixed temperature control curtain was installed in 1992 to 
reduce downstream temperatures at the Clear Creek tunnel and an 1,100-ft-long, 13-ft-deep semi-
adjustable temperature curtain was installed to provide desirable water temperature to the Trinity 
River Hatchery (National Marine Fisheries Service 2020, Vermeyen 1997). 

Energy Dissipating Valve 
Installation of energy dissipating valves in the penstocks at Glen Canyon Dam would likely eliminate 
most fish survival, however, this option has significant drawbacks and uncertainties. While energy 
dissipating valves have been successfully used at Ridges Basin Dam in Colorado to reduce fish 
survival, there is no precedent for installation of a sleeve valve at a hydropower facility for fish 
mortality (Bark et al. 2014). If the valve is installed upstream of the turbines, there would be 
significant impacts on power generation due to increased head loss in the penstock. If the head loss 
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is too high, power production would no longer be feasible without the risk of damage to the turbine 
runners. There is also the potential for cavitation damage at the valve itself, as flow (approximately 
3,000 cfs) passing through the valve openings would be at high velocity and low pressure. If located 
downstream of the turbines, the flow would be at low pressure with a draft tube velocity of about 5 
ft/s, reducing the effectiveness of the valve for fish mortality. Pressure could also back up between 
the outlet and the power unit to a pressure above the design capacity of the draft tubes. This type of 
technology has unknown maintenance and cleaning requirements for this application. There could 
also be challenges with installing the valve and taking it offline in emergency situations or for regular 
maintenance without major disruptions to dam operations and power production.   

Options Not Evaluated 
The following concepts were discussed briefly by the subject matter expert panel and design team 
but were not evaluated in detail. 

• Physical Barrier Screen in Reservoir – An exclusion screen in the reservoir made from wedge 
wire or profile bar would be difficult to design and construct due to the size of the screen 
and required attachment points at the canyon walls. A floatation system to support the 
weight of semi-fixed hanging panels would be complex to design. A rigid support structure 
may need to extend to the reservoir bottom to support the weight of the screen. Gaps would 
need to be sealed. Cleaning with automated traveling brushes, air burst, or other systems 
would be required to clean the screen underwater and in place. Due to the lack of sweeping 
velocity (the velocity vector parallel with the face of the screen), cleaned debris may not 
move far from the screen, and quickly be pushed back against the screen.  

• Physical Barrier Screen at Penstock Intake – A fixed screen located at or upstream of the 
eight penstock intake trashracks would eliminate some design complexities related to 
installation in the reservoir. A screen could be constructed in a vee shape upstream of each 
penstock with a rigid support column extending to the reservoir bottom at the upstream 
apex of the vee. Alternately, the penstock intake trashracks could be modified from the 
current 12-inch bar spacing to a smaller opening size to exclude a target fish size class. 
Upstream of fixed-wheel hydraulically operated gates, guides and seats for stoplogs were 
installed to provide a means for inspecting and maintaining the gate frame and guides. The 
stoplog guides and seats could be used to install some type of screen for the same purpose. 
Installing screens at or near the penstock intakes may result in adverse flow conditions that 
impact power production. Debris clogging of a fine screen would produce increased head 
loss and nonuniform high velocities entering the penstock pipes. In addition to maintenance 
considerations related to debris clogging and removal, higher velocities could result in fish 
becoming impinged on the screen. Failure to keep the screens unclogged could also result in 
the penstock intakes becoming inoperable. Due to maintenance and operational difficulties, 
this concept was not advanced to appraisal level. 

• Underwater Acoustic Barriers – Underwater acoustic barriers have uncertain effectiveness as 
a standalone deterrence system for the fish species present in Lake Powell. The U.S. Army 
Corps of Engineers has been extensively testing sound deterrence, including seismic 
technologies, for invasive carp species since they have specialized hearing abilities (Popper 
1972), but the effectiveness of these types of systems on species of concern in a large open 
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water body needs to be studied prior to pursuing this type of barrier as an option for Glen 
Canyon Dam. 

• Carbon Dioxide Barriers – The efficacy of a carbon dioxide barrier in a large reservoir 
setting is unknown. Carbon dioxide has been used as a deterrent in confined water bodies 
such as ponds and locks. It is possible that a large volume application would require 
significant land-based infrastructure with high ongoing operational costs and water quality 
impacts would need to be studied.  

• Multi-Stimulus Barriers – A multi-faceted behavioral barrier deterrent (e.g., acoustic, light, air 
bubbles) would likely be more effective than individual behavioral deterrents, but efficacy is 
not fully understood for this application. Large-scale gas injection and sound modulation 
requires land-based infrastructure and continuous energy along with dive inspections and 
cleaning. 

• Submerged Pump with Draft Tube – This option uses a submerged pump to move water 
from deep in the reservoir through a vertical draft tube toward the penstock intakes to 
reduce fish entrainment and reduce downstream release temperatures. The effectiveness of 
this type of system in deep-water reservoirs was deemed uncertain with no precedents at 
large-scale and water quality issues would also need to be addressed. 

• Electrical Barriers – A large electrical barrier installation in the reservoir may not have high 
enough exclusion rates for the target size class of mid-sized fish. Other considerations 
include ongoing operating costs and safety concerns. There was some interest in 
investigating the use of lethal electricity inside the penstock pipes or downstream of the draft 
tube at the stop log slots. Proximity of the electric field within the penstocks to the turbines 
would require consideration during the design process to ensure that the power units are not 
negatively impacted. This type of installation has unknown efficacy, and no similar types of 
installations could be found. This concept could be a good candidate for future investigation 
due small scale, ease of access, and potential for on-site fabrication. 

• Deeper Water Withdrawal – Releasing water from deeper in the reservoir has significant 
impacts to hydropower production because no power is generated with this option. Use of 
river outlet works for extended operational periods is being considered in separate studies. 

• Turbine Mortality – With the existing Francis turbines, it is unlikely that turbine mortality is 
high enough to eliminate passage of all fish. Modifying or replacing the turbines in Glen 
Canyon Powerplant is not a feasible option. 

• Manual Collection and Removal – Installation of a downstream collection facility is not 
practical in the Glen Canyon tailrace, however, electrofishing downstream of the dam could 
occur on an as-needed basis to manually collect fish. 

• Downstream Netting at Draft Tubes – The existing stop log slots at the draft tube exit could 
be used to install a physical screen or net to block downstream passage of fish. In the draft 
tubes, flow velocities are approximately 5 ft/s, so it is unlikely that fish would experience 
impact mortality. The screen or mesh would have similar drawbacks and hazards as the 
sleeve valve installation, namely the risk of back pressuring the draft tubes and affecting 
turbine efficiency. A screen installed within the draft tube would also have cleaning 
requirements to prevent blockage and further back-pressuring. 

• Flow Modifications – Options such as reducing flows during spawning periods, using 
flushing flows and/or releasing colder water to disrupt spawning, or increasing turbidity of 
release flows could reduce establishment of non-native fish downstream of the dam. 
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Appraisal Level Alternatives 

Options Recommended for Appraisal Level 
The subject matter expert panel determined that two of the conceptual design options, the fish 
exclusion net and the fish exclusion curtain, should advance to appraisal level design due to their 
likely effectiveness and potential for rapid implementation. Other concepts may merit an appraisal 
level design and evaluation in the future, either as standalone options or for use in conjunction with 
a fish exclusion net or curtain to improve the overall effectiveness of the project.  

Alternative 1 – Fish Exclusion Net 

Description  
Alternative 1 includes a 1,050-ft-long, 100-ft-deep fish barrier net with ¼-inch openings, installed in 
modular 100-ft sections to allow for replacement of individual sections. The netting material should 
be pure Dyneema polyethylene fiber. A foul resistant coating is not included in the appraisal design. 
The fish barrier net would be installed in the dam forebay from canyon wall to canyon wall 
downstream of the existing debris boom to protect the net from impact by large debris (Figures 5 
and 6). Embedment anchors would need to be installed on each canyon wall to anchor the net in 
place. The appraisal design includes an 18-inch-diameter co-extrusion high-visibility high density 
polyethylene floatation system with connections based on standard boom designs, with a 
submersible boat gate built in to allow for boat travel. 

In similar projects, fish exclusion nets have been installed and left in place. Due to the extensive 
length of the net barrier and no icing concern in Lake Powell, the net can stay installed if biofouling 
can be managed, and invasive mussels do not occlude the openings. Nets installed in other locations 
are inspected and cleaned by divers several times per year to maintain effectiveness. Barrier nets can 
also be cleaned by removing the net, pressure washing, drying, and reinstalling the net. Depending 
on debris impacts and ultraviolet radiation, the lifespan of the net is estimated to be approximately 
10-15 years. 

Installation of a net upstream of a dam creates infrastructure safety concerns. If the net dislodges, it 
could block spillways or outlets or become entrained into penstocks. A Dam Safety Risk Analysis 
would be required to identify potential impacts to dam safety and operations if a fish barrier net 
were installed upstream of Glen Canyon Dam. 
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Figure 5. Approximate installation location of fish barrier net or curtain at Glen  
Canyon Dam in plan view.  
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Figure 6. Example of fish barrier net or curtain placement at Glen Canyon Dam showing 
how the net or curtain would encompass the top 100 ft of the water column at a reservoir  
elevation of 3,525 ft. 

Design Considerations 

Mesh size 
To achieve exclusion for mid-sized fish species of interest, a small mesh size is required.  In general, 
the smaller the mesh size, the greater the fish exclusion. However, a smaller mesh size also leads to 
increased debris clogging, biofouling, and cost. For appraisal-level design, the subject matter expert 
panel recommended a square mesh with a clear opening (the space between parallel strands) of 0.25 
inch. 

Net depth 
For installation upstream of Glen Canyon Dam, the depth of the net would need to be sized to 
block the maximum depth of the epilimnion layer. The location of the epilimnion varies based on 
water year, reservoir elevation, and time of the year. Although the net will move with changing 
reservoir elevation, the net depth will be fixed.  

The net depth should be determined by fisheries experts using emerging data on fish abundance and 
location and water surface trends. The design team recommends that the net depth be revisited 
during final design. To prepare an appraisal design and cost estimate, a net depth of 100 ft was 
selected by the subject matter expert panel and project sponsor. 

Elevation range  
The net could either be fixed or dynamically attached to the canyon walls. A fixed attachment would 
be the simpler design of the two, with a net securely anchored to a fixed position on the wall. 
However, as the water surface drops, the net would become visible and remain suspended at the 
same elevation above the water. Additionally, it would only be effective under a set range of 
reservoir levels and would be less effective if reservoir elevations decline since some of the height of 
the net would be above the water. A dynamic attachment would allow the net to lower along with 
the water surface with the full net depth under the water surface. For the appraisal design and cost 
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estimate, the subject matter expert panel and project sponsor selected a total vertical elevation range 
of 300 ft, with 100 ft as the net depth. The estimated elevation range should also be reassessed 
during final design. 

Anchoring and canyon wall attachments  
There is considerable uncertainty in the anchoring system, mooring system, canyon wall attachment 
requirements, and vertical adjustment mechanism in the appraisal level design. To achieve a high 
level of exclusion, there must be a tight connection between the fish net and the canyon wall. The 
irregularity and steepness of the canyon walls do not allow for traditional reservoir net shore 
anchoring systems. Most nets contain sandbags under the nets along the shoreline so that as the 
water surface declines, the sandbags rest on the ground and maintain exclusion. A similar type of 
sandbag design would not work on a near-vertical face. The connection to the canyon wall would 
need to allow for movement, and some transfer of load from the net. It is assumed that there will 
need to be grouted anchors installed in the canyon wall to support such a connection. Assumptions 
about anchoring requirements at the appraisal level are included in the Basis of Cost Memo 
(Appendix B) and the Estimate Worksheet (Appendix C). These anchoring requirements should be 
verified with structural analysis in subsequent design phases and must consider additional loading 
anticipated due to biofouling of the net. To accommodate a 300 ft elevation range, on either side of 
the canyon, a 300-ft-high scribed, tracked, or otherwise improved connection to the canyon wall 
would be required. For appraisal design, this was assumed to include grouted anchor bars, expansion 
anchors, banding bars, and netting material (Figure 7). 

Installation of the canyon wall attachments would consist of work above the water, and work below 
the water. For the appraisal level cost estimate, it was assumed that the work would be divided 
between 50 feet of work above the water and 250 feet of work below the water. Any work done 
below 100 feet depth increases difficulty, as it becomes full saturation diving where the divers must 
remain pressurized and at depth for significant amounts of time. Deep dive work also becomes 
costly due to these same requirements.  

The specifics of the dynamic connection to the canyon wall would need to be designed by a netting 
specialist, and would need to satisfy the following constraints: 

• Maximum opening area same as net (0.25 inch maximum gap) 
• Allow for minimal operation and maintenance involvement and adjustment 
• Minimize aquatic growth on attachment or can operate in the presence of mussels and 

aquatic vegetation 
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Figure 7. Appraisal level design drawing of fish exclusion net. 
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Cost Estimate 
Table 1 presents a summary of the appraisal level cost estimate for the partial depth fish exclusion 
net. Appendix B includes the Basis of Cost Memo that describes the appraisal level cost estimate and 
Appendix C includes the Estimate Worksheet for the cost estimate. The appraisal level field cost for 
the fish exclusion net was $22,000,000 in April 2023. Escalation to Notice to Proceed and non-
contract costs have not been included in the cost estimate and need to be considered for budgetary 
purposes. 
 
The cost estimate is based on a preliminary design with limited or no details for some components. 
Estimates on access and mobilization areas were made. The rock hillside attachment and anchoring 
system, canyon wall scribed net, vertical adjustment mechanism, and mooring system and anchors 
are more costly than the netting material and require additional design to reduce uncertainty in cost 
and constructability. 
 
Table 1. Appraisal level cost estimate for partial depth exclusion net based on an estimate created in April 2023. 

Description Appraisal Alternative 1 – Fish 
Exclusion Net (April 2023) 

Subtotal $14,125,000.00 
 Mobilization Included in Pay Items 
Subtotal with Mobilization $14,125,000.00 
 Contract Cost Allowances (+/-25%) $3,375,000.00 
Contract Cost1 $17,500,000.00 
 Construction Contingencies (+/-25%) $4,500,000.00 
Field Cost2 (Apr-23) $22,000,000.00 
 Escalation to NTP N/A 
Field Cost with Escalation N/A 
 Non-Contract Costs3 To be determined by the 

appropriate responsible office 
Feature Construction Cost4 To be determined by the 

appropriate responsible office 
1)  Contract Cost – The estimated cost of the contract(s) at the time of award at this Unit Price Level 
2)  Field Cost – Value established to accommodate construction and contract closeout 
3)  Non-Contract Costs – The estimated costs for Reclamation and/or service contractors to implement the work 
4)  Feature Construction Cost – The sum of Field Cost and Non-Contract Costs; the estimated budget value 

Alternative 2 – Fish Exclusion Curtain 

Description  
Alterative 2 includes a 1,050-ft-long, 100-ft-deep fish exclusion curtain, installed in modular 100-ft 
sections to allow for replacement of individual sections. The curtain material would be vinyl sheet at 
a thickness of 1/8 inch. A foul resistant coating would not be included with the curtain because 
there are no fibers for the coating to adhere to. The curtain could be furnished with various 
connection options to the floats, weights, or between curtain sections such as zippers or grommets. 
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The curtain would be installed at the same location as Alternative 1, from canyon wall to canyon 
wall in the dam forebay downstream of the existing debris boom (Figures 5 and 6). Embedment 
anchors will need to be installed on each canyon wall to anchor the net in place like Alternative 1. 
The appraisal design includes an 18-inch-diameter co-extrusion high-visibility high density 
polyethylene floatation system with connections based on standard boom designs, with a 
submersible boat gate built in to allow for boat travel. 

Since the fish exclusion curtain is an impervious physical barrier that blocks flow of water near the 
surface and forces deeper water underneath of the curtain, the barrier would act as a temperature 
curtain. Colder water would pass downstream of the curtain in a stratified reservoir with the 
potential of reducing outflow temperatures through the dam. Hydrodynamic evaluations are needed 
to better understand the expected reduction in downstream temperatures during various hydrologic 
scenarios to determine if the cooler release temperature provides added project benefits. 

Like the fish exclusion net alternative, the curtain alternative assumes that the curtain will be left in 
place throughout the year and maintenance would be performed in place by divers. Curtain lifespan 
is expected to be about 10-15 years depending on debris impacts and ultraviolet radiation. Concerns 
about infrastructure safety exist for a curtain, and a Dam Safety Risk Analysis would be required to 
identify potential impacts to dam safety and if a fish barrier curtain were installed upstream of Glen 
Canyon Dam. 

Design Considerations 

Curtain depth 
A curtain depth of 100 ft deep was selected by the subject matter expert panel and project sponsor 
as a basis for preparing an appraisal design and cost estimate. In addition to blocking movement of 
fish species of interest, the depth of the curtain could also be optimized through hydrodynamic 
modeling to reduce the temperature of the water released through the dam which could disrupt 
spawning of Smallmouth Bass and other warmwater non-native fishes. 

Elevation range 
For the appraisal level design and cost estimate for the curtain, the subject matter expert panel and 
project sponsor selected a total vertical elevation range of 300 ft, with 100 ft as the curtain depth. 
The estimated elevation range should be reassessed during final design. 

Anchoring and canyon wall attachments 
There is considerable uncertainty in the anchoring system, mooring system, canyon wall attachment 
requirements, and vertical adjustment mechanism in the appraisal level design for the curtain. To 
achieve a high level of exclusion, there must be a tight connection between the fish exclusion curtain 
and the canyon wall (Figure 8). Considerations for the canyon wall attachments for Alternative 1 
also apply to Alternative 2. 
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Figure 8. Appraisal level design drawing of fish exclusion curtain. 
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Cost Estimate 

  

Table 2 presents a summary of the appraisal level cost estimate for the partial depth fish exclusion 
curtain. Appendix B includes the Basis of Cost Memo that describes the appraisal level cost estimate 
and Appendix D includes the Estimate Worksheet for the cost estimate. The appraisal level field 
cost for the fish exclusion curtain was $23,000,000 in April 2023. Escalation to Notice to Proceed 
and non-contract costs have not been included in the cost estimate and need to be considered for 
budgetary purposes.  
 
The cost estimate is based on a preliminary design with limited or no details for some components. 
The cost of the curtain material was slightly higher than the netting material. A biofouling resistant 
coating was not included in the cost estimate. The floatation system was estimated as almost double 
that of a net due to additional loading on the curtain and the vertical adjustment mechanism cost 
was slightly higher. Estimates on access and mobilization areas were made. The rock hillside 
attachment and anchoring system, canyon wall scribed curtain, vertical adjustment mechanism, and 
mooring system and anchors are more costly than the curtain material and require additional design 
to reduce uncertainty in cost and constructability.  
 
Table 2. Appraisal level cost estimate for a partial depth fish exclusion curtain based on an estimate created in April 
2023. 

Description Appraisal Alternative 2 – Fish 
Exclusion Curtain (April 2023) 

Subtotal $14,935,000.00 
 Mobilization Included in Pay Items 
Subtotal with Mobilization $14,935,000.00 
 Contract Cost Allowances (+/-25%) $3,565,000.00 
Contract Cost1 $18,500,000.00 
 Construction Contingencies (+/-25%) $4,500,000.00 
Field Cost2 (Apr-23) $23,000,000.00 
 Escalation to NTP N/A 
Field Cost with Escalation N/A 
 Non-Contract Costs3 To be determined by the 

appropriate responsible office 
Feature Construction Cost4 To be determined by the 

appropriate responsible office 
1)  Contract Cost – The estimated cost of the contract(s) at the time of award at this Unit Price Level 
2)  Field Cost – Value established to accommodate construction and contract closeout 
3)  Non-Contract Costs – The estimated costs for Reclamation and/or service contractors to implement the work 
4)  Feature Construction Cost – The sum of Field Cost and Non-Contract Costs; the estimated budget value 
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APPENDIX B – Basis of Cost Estimate Memo 
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APPENDIX C – Fish Exclusion Net Appraisal 
Cost Estimate 
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APPENDIX D – Fish Exclusion Curtain Appraisal 
Cost Estimate  
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