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ABSTRACT

Hydroelectric power contributes about 10 percent of the electrical energy generated in the United
States, and nearly 20 percent of the world’'s electrical energy. It is a renewable energy source that
can contribute significantly to reduction of greenhouse gases by offsetting conventional carbon-
based electricity generation. However, rather than growing in importance, hydroelectric
generation has actually declined in recent years, often as a consequence of environmental
concerns centering around (1) restriction of upstream and downstream fish passage by the dam,
and (2) alteration of water quality and river flows by the impoundment. The Advanced Hydropower
Turbine System (AHTS) Program of the U.S. Department of Energy is developing turbine
technology which would help to maximize global hydropower resources while minimizing adverse
environmental effects. Major technical goals for the Program are (1) the reduction of mortality
among turbine-passed fish to 2 percent or less, compared to current levels ranging up to 30
percent or greater; and (2) development of aerating turbines that would ensure that water
discharged from reservoirs has a dissolved oxygen concentration of at least 6 mg/L. These
advanced, ‘environmentally friendly’ turbines would be suitable both for new hydropower
installations and for retrofitting at existing dams. Several new turbine designs that have been
developed in the initial phases of the AHTS program are described.

INTRODUCTION

Hydroelectric power plants can provide a multitude of benefits to society, including electricity,
flood control, reservoir fisheries and recreation, and a reliable water supply for human
consumption and irrigation, Hydropower provides nearly 20 percent of the world's electricity, and
it is by far the most important source of renewable energy. As a renewable energy source it can
contribute to reduction of greenhouse gases by offsetting conventional carbon-based electricity
generation.

However, the potential adverse impacts of hydropower plants are well known (Ackermann et al.
1973; Mattice, 1991; Petts, 1984; Rosenberg et al. 1997). Reservoirs associated with large dams
can flood large amounts of terrestrial and river habitat and displace human populations. Dams
of all sizes can block fish movements and alter water quality and streamflows. It is necessary to
minimize these adverse environmental effects in order to maintain the renewable energy
production potential and wiater supply benefits of hydropower. A recent survey of the hydropower




industry and its regulators in the United States found that the most important environmental
issues limiting hydropower production are (1) obstruction of both upstream and downstream fish
passage and (2) water quality degradation, particularly as manifested as low dissolved oxygen
concentrations in water released from the turbines. It is likely that these two issues are also of
considerable importance to hydroelectric power development in many other parts of the world.

The U.S. Department of Energy’s (DOE) Advanced Hydropower Turbine System (AHTS) Program
was initiated in 1994 to develop “environmentally friendly” hydroelectric turbines, i.e, turbine
systems in which environmental attributes such as fish passage survival and water quality
improvements are emphasized (Brookshier et al. 1995). The AHTS Program was instituted to
explore the possibility that advanced turbines could be used to (1) improve water quality by
aerating hydropower discharges, and (2) eliminate the need for intake screens and other exclusion
measures by creating turbine passage conditions that are not damaging to fish. It is intended that
such turbines could be employed either at new hydropower sites or to replace aging turbines at
existing sites. The AHTS Program is being cost shared with the hydropower industry and relies
on a Technical Committee with representatives from various federal agencies and industry. This
Committee conducts peer reviews of the technology and criteria being developed. The first phase
of the AHTS Program was completed in 1997 with the development of preliminary designs for new,
environmentally friendly turbines. The characteristics of these turbines, and the subsequent
efforts to advance these preliminary designs, are described in this paper.

TURBINES THAT INCREASE THE SURVIVAL OF ENTRAINED FISH
Downstream-moving fish may be drawn into the power plant intake flow (entrained) and pass
through the turbine. Entrained fish are exposed to physical stresses (pressure changes, cavitation,
shear, turbulence, strike) that may cause disorientation, physiological stress, injury, or mortality.
Five percent or more of the turbine-passed fish may be killed in the best existing turbines, and
mortality in some turbines may exceed 30 percent. A variety of intake screens, spill flows, and
other mitigative measures have been employed to reduce the numbers of fish that are entrained
and killed by turbine passage (Sale et al. 1991), but such measures have had only mixed success
(Francfort et al. 1994).

Even effective, well-designed intake screening and bypass systems may protect only a portion of
the fish entrained in intake flows; the remainder will pass through the turbines. Hence, the DOE
AHTS Program recognized the need to develop advanced, “fish-friendly” turbines that would
increase the survival of entrained fish. One of the initial goals of the AHTS Program was
conceptual designs for a fish-friendly turbine that would reduce mortality among turbine-passed
fish to 2 percent or less. Contracts were awarded to two design teams, Alden Research Laboratory,
Inc./Northern Research and Engineering Corporation (ARL/NREC) and Voith Hydro, Inc. (Voith),
to develop these conceptual designs.

ARL/NREC developed a completely new turbine runner, based on a redesign of a pump impeller
that is widely used to transport fish and vegetables with minimal damage (Cook et al. 1997).
Computational Fluid Dynamics (CFD) modeling was used to investigate flow characteristics within
the turbine and to refine the runner design (Fig. 1). Based on the CFD modeling, ARL/NREC
predicts that the full-sized runner would provide safe fish passage (0.0 to 0.5 percent mortality)
with an overall turbine power efficiency of about 90 percent. Although the ARL/NREC runner is
very different from existing runners, it can be used to upgrade (retrofit) existing power plants. As
a next step, the DOE AHTS Program plans to support a phased program of further design,
construction, and testing of the ARL/NREC runner.

The Voith team, on the other hand, took the approach of modifying existing turbine types (Kaplan
and Francis runner) to make them more fish-friendly (Franke et al. 1997). Through a detailed
examination of the sources of injury to turbine-passed fish and CFD modeling of the effects of
design changes on these injury sources, the Voith team produced a conceptual design for a Kaplan
turbine that included the following features: 1) high efficiency over a wide operating range with
reduced cavitation potential; 2) a gapless design for the runner hub, discharge ring, and blades;
3) a non-overhanging design for wicket gates; 4) environmentally compatible hydraulic fluid and
lubricants; 5) greaseless wicket gate bushings; and 6) smooth surface finishes (Fisher et al. 1998).
An environmentally enhanced Francis turbine was also developed which includes many of the same
features. Although Voith’s conceptual designs have not yet been constructed and tested, some
elements of the new Kaplan design have been incorporated into replacement turbines at
hydroelectric projects in the United States, and fish survival testing will soon be performed.




Fig. 1. ARL/NREC turbine runner. From Cook et al. (1997).

There are many physical stresses that can injury fish as they pass through turbines: rapid
pressure changes, cavitation, striking a structure within the turbine (e.g., runner blade, wicket
gate, walls, draft tube pier), shear forces, and turbulence. Instrumentation of turbines and the
increasing use of CFD modeling can provide information about the levels of each of these potential
injury mechanisms that can be expected within existing and advanced turbines. However, data
on the responses of fish to these levels of stress are frequently lacking. As a result, the DOE AHTS
Program is also supporting laboratory studies of pressure, shear, and turbulence on fish. The goal
of these studies is to provide the turbine designers with numbers (biological criteria) that define
a safety zone for fish within which these fluid stresses are at acceptable levels for survival.

TURBINES THAT INCREASE THE CONCENTRATIONS OF DISSOLVED OXYGEN

Water quality problems in the discharges of hydroelectric power plants can result from the
seasonal warming and thermal stratification of waters impounded by the dam. Decomposition
of organic matter under chemically reducing conditions, brought on by an absence of dissolved
oxygen (DO) in the hypolimnion, may result in the buildup of toxic hydrogen sulfide and ammonia,
and may mobilize iron, manganese, and some heavy metals from the reservoir sediments.
Discharges from hydroelectric power plants that have low DO concentrations and elevated levels
of contaminants may seriously affect other downstream water uses.

Numerous techniques for increasing DO concentrations in reservoir releases have been explored
(Table 1). These have been categorized by Franke et al. (1997) as methods for increasing DO when
the water is still in the reservoir (Reservoir Techniques), aerating the water as it passes through
the intake, turbine, or draft tube (Powerhouse Techniques), aerating the water after it has left the
draft tube (Tailwater Techniques), and assorted operational measures (Operational Techniques).
Sale et al. (1991) provide a description of these measures and the frequency of their use in the
u.s.

Aerating turbines are an attractive option for increasing DO concentrations in hydropower
discharges because such advanced turbines can improve water quality while generating power,
with few additional costs and structures. In its development of conceptual designs for the DOE
AHTS Program, the Voith team (Franke et al. 1997) relied on the considerable experience of the
Tennessee Valley Authority (TVA) in developing aerating turbines during the decade of the 90s.
For example, under a five-year program aimed at improving water quality in the Tennessee River
basin, TVA actively developed many of the techniques listed in Table 1, including self-aerating




(auto-venting) designs for Francis turbines. TVA and Voith Hydro, Inc. modeled these designs at
various scales and tested auto-venting replacement turbines at the Norris Project (Fisher et al.
1998; March and Fisher, 1999). Results from the Norris Project were encouraging; initial tests
showed that up to 5.5 mg/L of DO could be added to the turbine discharge (starting with a
concentration of incoming DO of zero). Compared to the original turbines at Norris, these
advanced auto-venting turbines also provided overall efficiency and capacity improvements of 3.7
and 10 percent, respectively (March and Fisher, 1999). As with the fish-friendly turbines, the new
auto-venting turbines could be used to replace conventional turbines at existing power plants.

TABLE 1 Techniques for Increasing Dissolved Oxygen Concentrations in Hydropower Releases.
Modified from Sale et al. (1991) and Franke et al. (1997).

Reservoir Techniques Powerhouse Techniques
Epilimnetic pumps Intake aeration
Hypolimnetic air or oxygen diffusers Penstock air or oxygen diffusers
Forebay destratification Turbine aeration

Draft tube venting

Tailwater Techniques Operational Techniques
Submerged tailrace diffusers Sluice or spillway aeration
Surface aerators Selective withdrawal
Side-stream aeration Special turbine operations

Aerating weirs

CONCLUSIONS

Recent developments in the design of advanced, environmentally friendly turbines indicate that
there is a real potential for reducing some of the most common adverse impacts of hydropower.
For example, as a result of its success in developing dissolved oxygen enhancing techniques, TVA
plans to install 26 auto-venting turbines at 13 hydroelectric projects that presently experience
dissolved oxygen deficiencies in the tailwaters (Hopping et al. 1997). The efficiency improvements
of these new turbines, combined with online performance monitoring systems and multi-unit
optimization software, are expected to increase the electrical generation of the TVA system while
improving water quality in the basin (March and Fisher, 1999).

The DOE AHTS Program has produced conceptual designs for advanced turbines that have a
potential to increase the survival of turbine-passed fish. Based on mathematical modeling of these
designs and a consideration of biological performance criteria, we expect that the environmental
performance of hydroelectric turbines can be improved. The next step is to construct and test
prototypes of these new environmentally friendly turbine designs. If the performance of the new
turbines is proven, these advanced designs can be added to the suite of mitigative measures that
can be considered at hydroelectric projects to ensure reliable, environmentally sound generation
of renewable energy.

ACKNOWLEDGMENTS
We thank Steve Bao and Mike Ryon for their reviews of this manuscript. This research is sponsored
by the Office of Geothermal Technologies, U.S. Department of Energy under contract DE-ACO5-
960R22464 with Lockheed Martin Energy Research Corporation and under contract DE-AC0O7-
941013223 with Lockheed Martin Idaho Technologies, Inc. This is ESD Publication No. 4896.

REFERENCES
Ackermann, W.C., G.F. White, E.B. Worthington, and J.L. Ivens (1973). Man-Made Lakes: Their
Problems and Environmental Effects. Geophysical Monograph 17. American Geophysical
Union, Washington, DC.
Brookshier, P.A., J.V. Flynn, and R.R. Loose (1995). 21* century advanced hydropower turbine
system. In J.J. Cassidy (Ed.), Waterpower ‘95 - Proceedings of the International Conference
on Hydropower. American Society of Civil Engineers, New York, NY. pp. 2003-2008.




Cook, T.C., G. E. Hecker, H.B. Faulkner, and W. Jansen (1997). Development of 8 More Fish
Tolerant Runner - Advanced Hydropower Turbine Project. Alden Research Laboratory,
Inc./Northern Research and Engineering Corporation, Holden, MA.

Fisher, R.K., P.A. March, D. Mathur, F. Sotiropoulos, and G. Franke (1998). Innovative
environmental technologies brighten hydro's future. In Proceedings of the X/X [AHR
Symposium on Hydraulic Machinery and Cavitation. World Scientific Publishing Co. Pte. Ltd.,
Singapore.

Francfort, J.E., G.F. Cada, D.D. Dauble, R.T. Hunt, D.W. Jones., B.N. Rinehart, G.L. Sommers,
and R.J. Costello (1994). Environmental Mitigation at Hydroelectric Projects. Volume /I,
Benefits and Costs of Fish Passage and Protection. DOE/ID-10360(V2), U.S. Department of
Energy, Idaho Operations Office, Idaho Falls, ID.

Franke, G.F., D.R. Webb, R.K. Fisher, D. Mathur, P.N. Hopping, P.A. March, M.R. Headrick,

I.T. Lasczo, Y. Ventikos, and F. Sotiropoulos (1997). Development of Environmentally
Advanced Hydropower Turbine System Design Concepts. Voith Hydro, Inc. Report No. 2677-
0141 for the U.S. Department of Energy, Idaho Operations Office, Idaho Falls, ID.

Hopping, P., P. March, T. Brice, and J. Cybularz (1997). Update on development of auto-venting

turbine technology. In D.J. Mahoney(Ed.), Waterpower ‘97 - Proceedings of the International

Conference on Hydropower. American Society of Civil Engineers, New York, NY. pp. 2020-
2027

March, P.A. and R.K..Fisher (1999). It's not easy being green: Environmental technologies
enhance conventional hydropower’s role in sustainable development. Annual Review of
Energy and the Environment, 24, (November 1999).

Mattice, J.S. (1991). Ecological effects of hydropower facilities. Chapter 8 In J.S. Gulliver and
R.E.A. Arndt (Eds.). Hydropower Engineering Handbook. McGraw-Hill, Inc., New York, NY.

Petts, G.E. (1984). Impounded Rivers: Perspectives for Ecological Management. John Wiley & Sons,
New York, NY.

Rosenberg, D.M., F. Berkes, R.A. Bodaly, R.E. Hecky, C.A. Kelly, and J.W.M. Rudd (1997).
Large-scale impacts of hydroelectric development. Environmental Review, 5,27-54.

Sale, M.J., G.F. Cada, L.H. Chang, S.W. Christensen, S.F. Railsback, J.E. Francfort, B.N. Rinehart,
and G.L. Sommers (1991). Environmental Mitigation at Hydroelectric Projects. Volume /.
Current Practices for Instream Now Needs, Dissolved Oxygen, and Fish Passage. DOE/ID-
10360, U.S. Department of Energy, Idaho Operations Office, Idaho Falls, ID.

“The submitted manuscript has been authored by a
contractor of the U.S. Government under contract No. DE-
AC05-960R22484. Accordingly, the U.S. Government
retains a non-exclusive, royalty-free license to publish or
reproduce the published form of the contribution, or allow
others to do so, for U.S. Government purposes.”




