Mekong River Commission
Initiative for Sustainable Hydropower

Review of Existing Knowledge on the Effectiveness
and Economics of Fiskhriendly Turbines

MRC Technical Paper
No.57
2015

Authors:

Niels M. Nielseh
Richard S. Brovin
Z. Daniel Derfg

Date: July 2015

'Kator Research Services, Adelaide, SA, Australia
% Pacific Northwest National Laboratory Richland, WA, USA



Mekong River Commission Initiative for Sustainable Hydropower

This document should be cited as:

Nielsen N.M.,R.S Brown, & Z.D. Deng. 205. Review of Existing Knowledge on the

Effectiveness and the Economics of Histendly TurbinesPhnom PenhiMekong River
Commission75pp.

Theopinions and interpretations expressed within are those of the aatitbd® not necessarily
reflect the views of the Mekong River Commission.

Office of the Secretariat in Phnom Penh (OSP)
576 National Road # 2, Chak Angre Krom,
P.O. Box 623,
Phnom Penh, Cambodia
Tel: (855-23) 425 353
Fax: (85523) 425 363

Office of the Secretariat in Vientiane (OSV)
Office of the Chief Executive Officer
184 Fa Ngoum RoadR.O. Box:6101,
Vientiane, Lao PDR,
Tel. (856:21) 263263
Fax. (85621) 263 264

O Mekong River Commission
E-mail: mrcs@mrcmekong.org
Website www.mrcmekong.org

Review ofExisting Knowledge on the Effectiveness and Economics efitéstdly Turbines


mailto:mrcs@mrcmekong.org

Mekong River Commission Initiative for Sustainable Hydropower

Acknowledgements

This report was prepared with financial assistance from the government of Germany (through
the MRC - GIZ Cooperation Programmeinder thelnitiative for Sustainable Hydropower
(ISH).

The authors thanBradly Trumbo and Martin Ahmanof the United States Army Corps of
Engineers, Walla Walla District, WA, USA for their contribution to the information on fish
friendly turbines at th&ce HarborHydropowerProject

The authors thank Glermh | Rriecently retired from Oak Ridge Nationahloratories, Oak
Ridge, TN, USA for his contribution ahe TraitsBased AssessmentBR) process

The authors also thank Lori Nielsen of Kator Research Services for her contributions to the
literature review including information gathered from equipment suppliers and research
groups and for correlating and editing the references

Finally, the authors thank Simon Krohn from the ISH program at the MRC for his support
andinput tothe drafts of this Review

Review ofExisting Knowledge on the Effectiveness and Economics efitéstdly Turbines



Mekong River Commission Initiative for Sustainable Hydropower

Table of Contents

EXECULIVE SUMIMIALY. ...ttt e e e e e e e e e e e aeaaaaaeeeaeaeeaee st s aessaasaaannnssnnesaresrensenseneeenes 8
R 7= (o (o | {0 U T T Nt 12
1.1 Overview of Fislirriendly TUrDINES............oooiiiiiii e 12
1.2  ODbJectives Of tNE REVIEWL........uuuiiiiiiiiiiiiiiiiiiiieeeee e e e e e e e e e e e e e e e 13
1.3 Methodological APProacCh...........cooiiiiiiiii e 13
1.4 OUtpULS Of the REVIEW........eiiiiiiieiiit e e e 13
2 Mekong River Hydropower DEVEIOPMENL.........coiuiiiiiieeei it e e 14
P2 R | 011 (0T [Tt i (o] o PP P PP PPRPPP I PPUPPPPRPPN 14
2.2 Hydropower on the Mekong River Mainstream............ccccoocvviiereeeiiiiiiiieee e, 15
2.3 Hydropower on Mekong RiVer TriDULANES..........cooiiiiiiiiiiiiniiieeeee e 17
3 Mekong RiVer FiSh MIQration...........c.uuvieeiiiiiiiiiieee et e s 18
% R | 011 0T U Tt i[o] o P PP P PP PPRPPP P PPPPPPRPPN 18
3.2 FISN MIQIatiOn........ceeiiiiieiie ettt e e s e et e e e e 18
3.3 Migratory FiISN SPECIES.......cooiiiiiiiiiee e 19
3.4  Hydropower Impacts on Fish MigratiQn............cceeviiiiiiiiiieeiieeeeeeeeen, 20
1 78 T Y U | 010 1 = T Y 2 20
4 Downstream FiSh PaSSAQE........cccovviiiiiiiiiiie e 22
N 1 1 o o (V7% i o o FO PSSP PP P PPRPP PP 22
4.2  Alternative Downstream Fish Passage OptianS..........ueevvevveiiieiiiiiiiiiiieeeeeeeee, 22
G T V14 ol (ol o= 1T Y= (o TR 23
4.4  General Impacts of Hydropower Turbines on Eish................co oo, 23
4.5  HydrodynamiC FACIOLS.......uuuuiiiiiiiiiiieeicee e ee e 25
4.6 MeChaniCal FACIOIS.........cciiiiiiiiiiie et 26
4.7  OPeratioNal FACIOIS. ......oiiiiiiiiee ettt e s e e e e s s rr e e e e e s ane 27
N 10 111 0 1 =T ST PP TTPPRPPPPON 27
5 Experiences from other Regions and River SYyStemsS...........cooeeeeeeeiii s 29
ST R | 011 0T Ui o o P OO PPUPP R OPPPPPPRRP 29
5.2  Experience from France (Baran 2011)...........ccooeriiiiimieieeniiiiiiiee e essiireee e 29
5.3  Experience from Canada (Manitoba Hydro 2012)............cooocuiiiiieeiiiiiiiieiiee e 30
5.4 SUMIMIAIY . . ettt ettt e et e e oo e a e bbbt e e e e e e e e e e e e e e e e e e aaeaeas 30
6  Fish Passage through Hydraulic TUrbIines.............cooooiiociiieeereeer e 31
6.1 Introduction to Hydraulic TUIDINES..........coooiiiiiiiiie e 31
6.2  Development of Fisfrriendly TUrDINES.........cccccciiiiiieeeer e, 32

Review ofExisting Knowledge on the Effectiveness and Economics efitéstdly Turbines



Mekong River Commission Initiative for Sustainable Hydropower

6.3  Physical and Biological ConSIiderations..............ccuviiiieeriiiiiieieee e 33
oI SN 0 010 4 T= 1Y TR 35

7 Minimum Gap RUNNET (MGR).......uiiiiiiiiiiiiieee ettt e e 37
7.1  Introduction and Development HiStOLY...........ccuuriirieiiiiiiiiiee e 37
7.2  Description and Physical CharaCteristiCS...........couiurrririerriiiiiieee e 37
7.3  Generation PerfOrManCe..........cccoiiiiiiiiiiie et 38
7.4 ECONOMIC PArameterS........oviiiiiiiiiiiiiie ittt 38
7.5 Biological PerformancCe..............oooiiiiiii i a e 38
A ST 0% 1T o 111 (o) Y SR PR RPN 39
7.6.1 Case History #4 Bonneville Dam (Normandeau Associates 2000, Fisher 200039
7.6.2  Case History #2 Rock Island Columbia River (Grafenberger 20Q6).................. 39
7.6.3  Case History #8 Wanapum Dang Columbia River (Normandeau 2005)............. 40

7.7  Summary of MGR TUIMDINE. ...t 40

8 Ice Harbor Turbine (MGROIfiCAtiON)...........uuuiiiiiiiiiiiiieiciecceee e 41
8.1 Introduction and Development HISOLY........ccccciuiiiiiiiiiiiiiiiiiieriererer e ee e e e e e e aa e 41
8.2 PrOJECT DESCIIPLION. ....ceiiieiiiiiee ettt e e e e e e e e s s s e e e e e e e e aan 41
8.3  Biological PerformanCe.........cc.uevviiiiiiiiiiiiieee e A2
8.4 DEeSIgN APPIOACKL......eiii ittt 42
8.5  Turbine Model Studies and TEeSHNG........cooiiiuiiiiie e 43
8.6  Generation Parameters............ccuveiiiiiiiiiieieeeiiiiiiie e erirnree e snnneeeeee e A4
8.7  ECONOMIC CONSIHEIALIONS. .. ...ueiiiiiieeeiiiiieee et e e ettt e e et e e e et e e e e eeeae s 44
8.8  Summary of Ice Harbor TUMDINe..........ooo i 45

O BUID TUIDINES. ...t e e e s snrnn e e e e e nnnnnneeeee e O
LS R | 011 0T [Tt i (o] o PP P PP PPUPP I UPPPPPPRRP 46
9.2  Generation Performance ConSIderations.............uuviveeeriiiieeeeeee e eeesnneeeee e 46
9.3  Biological Performance............ccccooii it ennan e neea e B AT

S B OF - 1T o 111 o) Y U 47
9.4.1  Case History #4 Rock Island HydroplagtColumbia River (624 MW).................. a7
9.4.2  Case History #2Beaucaire Power StaticrtRhone River (210MW)............ccoeeee.... 47

9.5 Summary of BUlb tUrDINES......ccoiiieece e 48
10 AlEN TUIDING ... e e e e e e e 49
10.1 Introduction and Development HiSTOLY.........oooeiiiierr i 49
10.2 Description and Physical CharacteriStiCS............uuuuuuuiiiiimiiiiiiiiiiiiieiee e 49
10.3  Performance ParamMeters..........coouiiimiiiiiiiiiiiiiiee et e e 50
10.4 ECONOMIC CONSIAEIALIONS ... .eciiiiiiiiiiiieieeeee ettt e e e s e e e e s e r e e e s s snrn e e e e e e eanes 50
O O 1Y I 113 (0] o P PPPRPP 51

Review ofExisting Knowledge on the Effectiveness and Economics efitéstdly Turbines



Mekong River Commission Initiative for Sustainable Hydropower

10.5.1 Case #& Brookfield Renewable PowerSchool Street...........ccviciiiiiiiinenceeenns 51
10.5.2 Case History #2 Columbia RIVEL...........oooiiiiiiiiiiie e 51
10.6  Summary of Alden TUIDINE........coi i 51
11 Applicability of FistFriendly Turbines for Mekong River Hydropower plant.................. 53
5 0 R 1 1 £ To (U T £ (o] PSP EPP PP 53
11.2 Research needs on Mekong River fish SpeCies.......cccccuvireeiiieiiiiiiiiiiiii, 53
11.2.1 Fish Ecology and Behaviour Research.................cc.oooeei e 54
11.2.2 Research in the Pressures Fish are Exposed to when passing through the TusBine.
11.3 Sdecting FFTs for the Mekong River developments.........ccvvveeveeiieeiieiiieeieeeeeeeeeel 57
11.4 Selecting FFTs for Hydropower plant on Mekong River Tributaries...........ccccveee.... 57
L0.5  SUMIMIAIY et e et e e e e e e e e e ettt e e e e e et b s e e e e et e e e e e et e e e eern e aaeeres 58
12 YU = LY o T o 1 o L PR 60
12.1  Overall fINAINGS.......cooooiiiiii e e e e e e e e e e e e e e e s e e e e e e e e s e e eeann 60
12.2  MeKoNg RIVEI FiSh. ... 60
12.2.1 Section 3: Mekong River Fish Migration................ccoooeiieeiiiiiiiiieeveeeeeee 60
12.2.2  Section 4: Downstream FiSh PaSSAge..........ccoueiiiiiimiiiieeiiiiiiiiee e e esiieneeee e 60
12.2.3 Section 5: Experiences from other Regions and River Systems....................... 60
12.3 Comparativd Yy I £ € A A.4....2.F...CCE.QAa oo 6.1
12.3.1 Section 6: Fish Passage through Hydraulic Turbines.............cccovvviiiiiiiinnn 61
12.3.2 Section 7: Minimum Gap Runner TUrbiNeS..........ccccviiiiiieeee e 62
12.3.3 Section 8: 1ce Harbor TUIDINES.......ccoiiiiiiiiiieie e 62
12.3.4  Section 9: BUID TUIDINES........oiiiiiiiiiiiiee e 62
12.3.5 Section 10: Alden TUIDINES........cooiiiiiiie e 63
12.4 Economic Hydropower DeVEIOPMENL...........uuiiiiiiiiiiiieeiee et 63
12.5 Applicability of Fislriendly Turbines for Mekonguer Hydropower plants................. 63
13 I LS (=T o= 65
13.1 Identification of Knoledge Gaps and Uncertainties..........ccccvvvveeeeeeieeeenceeen 4 65
13.2 Research, Testing and MONITONNG. ......cooc e e e e e e e e e e e a5
13.3  Study and ANAIYSIS.....couuuiiiiii e a e e e e e aernnn 66
RS 1 (o ] (0= £ SRR 66
13.5 Classification System for Fistendly TUrbiNes..............uuuiiiiiiiiiiiiiiiiieeeeeeeeee e 67
13.6 Alternatives to TUrbiNg PaSSA0E......ccioveeiiiiiieeeiiiiie e e e e e e e s 67
13.7 Guidelines for Downstream Fish PasSage.......ccccoovviviiiiiiiiiiiiiiii e 67
REIEIEINCES.....ceee ettt e e e e e e e e e e e e e e e an i r e e e e e e as 69

Review ofExisting Knowledge on the Effectiveness and Economics efitéstdly Turbines



Mekong River Commission Initiative for Sustainable Hydropower

List of Figures

Figure 1:MeKONQ SUDIEGION. .......euiiiiiiiiiiiiii et e e e e s e e e e e e e eeeas 14
Figure 2: Locations of the 11 Proposed Hydropower Dams on the Mekong.River................ 16
Figure 3: A SchematRepresentation of Potential Fish Migrations among Critical Habitats (Halls
120 [0 T PO PP SPPPPPPI 19
Figure 4: Estimated Reduction in Fish Productivity under different Mekengl@pment Scenarios
(IMRC 2001 etttk e e e ab e e ekt e e ettt e e enb e e e e e b e e e e annbe e e e anteeee s 20
Figure 5: Turbine Passage Injury Mechanisms (Cada 200L1)..........ccccouriimmrreeeeriiiiinnieeeennnns 24

Figure 6: Stay VandVicket Gate Alignment Design Analysis for Mechanical Strike and Shear (Voith)

Figure 7: Range of Application of Turbine Type; Hydraulic head (H) m. vs. Flow (Q).cms....31

Figure8: Crosssection of a Kaplan TUrbiNE............cccoviiii e 32
Figure 9: Fisffriendly Turbine Application Ranges (Voith 2012)............ccccccceeiiiiiiiiiiiiccece, 35
Figure 10Voith Hydro's Minimum Gap Runner with gaps...............coo oo 37
Figure 11 Comparison of Injury Rates for MGR and Kaplan units.............ccccccvvvvvvivevieeeeeenne.. 39

Figure 12 Turbine pressuréime profile experienced by fish passing through a Kaplan turbine
(S]] ol g L=T Yo T2 0 1 0 ) P 43

Figure 13The Ice Harbor turbine 1:25 scale model used to evaluate fish passage conditiong4

Figure 14 Schematic of a Bulb turbine..............ooooiii e, 46
Figure 15Photograph of the Alden Turbine used in Physical Model...........................l 50
Figure 16 A recommended Barotrauma Research Framework (Brown 2014)........................ 55
List of Tables:
Table 1 Ke¥eatures of the 11 Proposed Mainstream Hydropower Dams in the LMB. (Halls.2509)
Table 2:Project Status of Hydropower in LMB (MRC 2009a)...........cuvviiiiiiieieeiiieiiieeieeeeeeeeeenn, 17
Table 3: Various Traits that can Influence the Susceptibility of Fish to Barotrauma along with Example
SpPeCies. (BroOWN 20L4).......oooiii i a e e e e e e e e e e e e e e e 26
Table 4: Survival rates in large tUrbINeS. ..o 30
Table 5: Turbine COMPANISOMS......coiiiiiiiiiieee et e e e e e e eeeas 33
Table 6: Comparison of Various Turbines for Fish Survivgbdited on a 13.6MW unit)............ 34
Table 7: Comparison of Various Turbines for Fish Survivability (Rock Island Dam)............... 34
Table 8: Turbine Survival Estimates for Chinook Salmon at existing Ice Harbor. Units.......... 42
Table 9: Range of Alden TurbIDEVEIOPMENT.........coiiiiiiiiiiie e 50

Review ofExisting Knowledge on the Effectiveness and Economics efitéstdly Turbines



Mekong River Commission Initiative for Sustainable Hydropower

Executive Summary

This document reviews existing knowledge on the effectiveness and economics -bfefisiy
turbines (FFT) by providingrecent information on:
1 FFT technologies and research at different scales, deploying different designs and

approaches.

1 Ways that FFTs influence fish injury and survival under different riverine environments and
in systems with varying fish biodiversity.

1 Economic tradeoffs for different types and scales of turbines at different hydropower
projects.

1 Applicability of FFT technologies and the tradés for deploying different designs and
approaches at hydropower projects on the main stem of the Lower MeRiver

Mekong River Environment

Continued hydropower development is planned for the Lower Mekong Basin (LMB). Eleven
hydropower projects are proposed for the main stem of the river, with seven in Lao PDR, two in
Cambodia, and two shared between Lao PDR and Thailand.

The LMB supportsthgd 2 N RQa fF NBSad AyflryR FAaAKSNEX SaaSyi
security for a large population. Indigenous fish species are numerous, variable and part of an
important bio-diversity. Migratory behaviour is complex, with three distinotit inter-connected,

general fish migration life histories evident, each involving multiple species and movements
between the main river, tributaries and floodplains. Downstream fish passage will need to address

these system characteristics as well aswhde diversity of fish species, ranging from the very large

fish, like the iconic giant Mekong catfish to very small fish eggs and larvae

Creating barriers to flow on the Mekong River will cause disruptions to fish migration behaviours and
could serioushimpact the associated ecosystem. Establishing facilities that enable the upstream
and downstream passage of fish past hydropower projects is important in order to manage the
overall migration effectively. Historically, much research has been undertakempstream fish
passage and many such facilities are in place globally, but there is much less understanding of the
effects on fish passing downstream. This report is focused primariljoamstreamfish passage
through hydraulic turbines. Upstream fishgsage is the subject of a related report for the MRC by
Schmutz (2014, in press)

Downstream Fish Passage

Downstream passage of fish, over, around or through a barrier to flow (dam, weir or diversion),
poses challenges as hydrologic, hydraulic and geonwmopfc conditions vary considerably from
natural river systems. Even when alternate routes are available, some fish will likely pass through
the turbines and be subject to potential injury mechanisms such as rapid pressure decreases, strike,
cavitation, ad turbulence.

A holistic approach to the downstream passage of fish should be a component of the environmental
assessment for any new hydropower projects on the Mekong River, with the outcomes being part of
the mitigation strategy for the identified impacThe approach should cover all relevant fish species,
all temporal variations in migration and flow characteristics and all reasonable means to pass fish
downstream through the structure, including, but not necessarily limited to the turbines.

Howeve, because of the wide diversity and number of fish species in the LMB, it will be challenging
to identify particular species of interest for turbine design. In other words, it may be difficult to
design a turbine that will provide improved fish passagedib species. A design that will provide
improved fish passage for a few key species or functional group(s) may be more attainable.

Review ofExisting Knowledge on the Effectiveness and Economics efitéstdly Turbines
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Experiences from other Regions and River Systems

Much of the research to date on downstream fish passage has been foondddrth American and
European fish species. On this basis significant research and testing would be required to support
the specification and design of FFTs that would minimize damage to fish in the LMB. This is
compounded by the LMB supporting such awéarge number of species, most of which are
dissimilar to species that have been studied to date in these other locations.

Fish Passage through Hydraulic Turbines

Nearly all the significant research to date covering turbine design to improve fish pdssapeen
undertaken based on juvenile salmon in the USA. This has led to the development of sophisticated
equipment and methodologies, as well as extensive field and laboratory experience to understand
fish behaviour. It has also provided the impetus ifoproved materials and technology in turbine
engineering and manufacture. These advancements will be most useful in studying the issues and
improving the performance of fish passage through hydraulic turbines in the LMB.

Effectiveness of Fish Friendlrbines¢ Minimum Gap Runner (MGR) Turbines

Four projects on the Columbia River and its tributaries with large MGR turbines have shown
improved survival rates for juvenile salmon and improved power output compared to conventional
designs. The majority dhe proposed hydropower projects along the Lower Mekong River include
Kaplan turbines and these could be modified as MGR units or the more advanced Ice Harbor designs.

Effectiveness of Fish Friendly Turbinglse Harbor Turbines

The Ice Harbor HydropoweProject is undergoing refurbishment and provided an excellent
opportunity to design and test large turbine runners with an emphasis on fish passage. The entire
water passageway has been investigated for fish passage improvement.

The technical results tdate have advanced understanding of the relationship between strike and
flow quality and how leadingdge strike probability is governed by blade number, rotational speed
and fish length. Considerable testing has already been undertaken, and is contiouixgmine the
performance of these turbines in regards to fish passage. Results from turbine physical modelling to
date suggest that a collaborative approach, between research scientists and engineers, and between
the project owner and the equipment amufacturer, is effective in the design of turbine runners for
safer fish passage and increased efficiency.

Effectiveness of Fish Friendly TurbineBulb Turbines

A few of the units presently proposed for the hydropower projects on the Lower Mekong &éever

or could incorporate Bulb turbine technology. Bulb units are considered to be intrinsicaly fish
friendly, having a horizontal axis arrangement providing reasonably linear flow, low turbine
rotational speed and a minimum number of turbine blades. &digected that modifications derived
from studies for the MGR or Ice Harbor turbine designs to improve theifrieshdly attributes
would generally be transferrable to Bulb units.

Effectiveness of Fish Friendly Turbine&lden Turbines

The Alden turbindias not been yet been proven at a prototype level and is not ready for commercial
deployment. Presently, the unit is only applicable for small scale hydro.

Significant levels of research indicate that fish survivability rates for the Alden Turbine &t%ed
due to improvement in strike and shear forces under certain conditions. However, it is unclear what
the level of barotrauma may be expected in a-idhle deployment.

Economic Considerations

There is little published information on costs of thefeliént types and scales of FFTs.

Review ofExisting Knowledge on the Effectiveness and Economics efitéstdly Turbines
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The supply and installation costs of large MGR Kaplan turbines and the Ice Harbor designs for new
powerplants on the Lower Mekong River would be expected to be similar to those of a conventional
design. However, there mdye extra costs during the study, design and testing phases. A significant
economic benefit has been found as they are generally more efficient than conventional designs.

While there are no examples of Bulb turbine units being specifically designed tovienireir fish
friendly attributes, cost and performance outcomes are expected to be similar to standard designs.

The supply and installation costs of an Alden turbine are reportedly significantly higher than for
Kaplan and Bulb turbine units, however, teesould be balanced with consideration of a-lifecle
cost analysis.

Applicability of FishFriendly Turbines for Hydropower Projects in the Lower Mekong River

Global studies have shown that FFTs can improve fish passage survivability rates, maingnfler ju
salmonid of about 200mm length. These studies have been supported by detailed analysis,
sophisticated model testing and major monitoring programs, over a number of years, costing many
millions of dollars. Focused research work is required befordyamp lessons learned from this
significantlevels of global investment in turbine technology and fish passage research, study and
testing, to the LMB environment.

Kaplan or Bulb turbines are currently proposed for the hydropower projects on the mainswéa
the Lower Mekong River. To enhance {isbndly attributes, their application would need to
incorporate appropriate design parameters based on migrating fish and site conditions. These
designs would need to include the full water passage from intakéailwater and be based on
laboratory studies, computational fluid dynamic (CFD) analysis and possibly physical model testing.

Selecting fisHriendly attributes to incorporate into the turbine designs for hydropower projects on
the Lower Mekong Riverilvbe a challenge. Designs will have to take into account the large variety
of species and their respective migratory life histories, leading to improved performance with
respect to survivability rates.

Research Requirements

Knowledge gaps and uncertaigs around the need and potential for installing FFTs in hydropower
units on the Lower Mekong River have been identified and suggestions made to address these
issues.

The knowledge gaps and uncertainties relating to migrating fish species in the Litiincl

1 Baseline information on the fish species that would be affected at each proposed
hydropower plant during their migration, together with their characteristics and behaviours.
(Obtained through field programs, monitoring and laborattasting/research)

1 Baseline information on the migration cycles of the fish species that would be affected at
each proposed hydroplant. (Obtained through field programs and monitoring)

1 Understanding the potential impacts on these fish species as a respiassing through
turbines. (Obtained through laboratory testing/research)

Closing these gaps and reducing uncertainties will be a very significant task, requiring both
considerable study and research effort. The MRC could play a role in scoping and isgotigsr
research on behalf of all Member Countries.

The key to selecting FFTs for the Lower Mekong River hydropower plant is to prove their
performance with respect to survivability rates for the respective migratory fish species. In terms of
research, isluding the barotrauma effect of the turbines, the main areas to study cover:

9 Applications of Sensor Fish technology at dams currently present within the region to

characterize turbine passage conditions

Review ofExisting Knowledge on the Effectiveness and Economics efitéstdly Turbines 10
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9 Laboratory studies investigating the influence afttine passage conditions on fish. This
includes examining damage such as barotrauma, strike and shear forces from:
0 Fish ecology and behaviour;
0 Pressures (rate and range) fish are exposed to when passing through the turbines
0 The rate of injury and mortd#y and the range and rate of exposures to rapid pressure
changes, turbine strike, exposure to shear and turbulence for different species
1 CFD and hydraulic modelling to improve turbine and water passage design

In general it is not feasible to measure theliine-passage survival of every species of fish in every
hydroelectric turbine design. To support the research activities two analytical approaches should be
considered:

1 Research that relates the traits and physiology of fish to the conditions they dmuld
exposed to during turbine passage. An example of this is the Traits Based Assessment (TBA)
process.

1 The use of models that include input from several sources. An example of this is the Hydro
Turbine Biological Performance Assessment (BioPA) Tool

Howe\er, because of the complexity, costs and timelines required to undertake research and
studies, considerations should also be given to a process that focuses on key issues, and prioritizes
them based on their importance to both environmental and socialdieccand to biediversity.

Other Downstream Passage Options

FFT are not the only way to help fish pass downstream. Other facilities that can be used in
combination with, or as viable alternatives to, passage through turbines. The proven ofatibns
into three main categories:
9 Passing fish through or over discharge facilities, such as outlets, sluices, locks and spillways.
9 Diverting fish to surface collection devices with physical transfer downstream via trucks or
barges.
9 Diverting fish to bypass channelspipes.

All alternatives should be considered for Lower Mekong River migrating fish species, and it is equally
important that estimates of survival rates be considered for each.

Guidelines

Guidelines are an important means to help hydropower develomamsply with environmental
standards and, in the Mekong and MRC context, with the agreed Preliminary Design Guidance (PDG)
for mainstream dams. A Guide covering fish friendly turbine would support the PDG by providing
considerations thatlevelopers and Memdr Countries may need to take into account when striving

for sustainable hydropower.

Review ofExisting Knowledge on the Effectiveness and Economics efitéstdly Turbines 11
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1 Background

1.1 Overviewof FishFriendly Turbines

Dams and other barriers to river flow catfter the natural migration of fish. Wherbydropower
plantare associated with dams, migrating fistaypass downstream through the hydraulic turbines,
unless prevented by intake screens or similar devices, although these may not be effective for
guiding larval fish. As fish pass through operating turbines abwsitypes, the complexity dhe
structures, flows and pressure change can result in injuryraadality. Providing safe passader
downstream migrating fishs an importantconsideration in the study, design, construction and
operation ofhydropower pént.

There are alternative ways to pass fish downstrelrat avoid the hydraulic turbines and these
should be investigated as part of the project environmental studiéshcan often be routed away
from the turbines bypassingwater over spillwaysor diversion through bypass systemdHowever,
these methods may not be effectiveif the spillway design is inappropriater ¢he hydroplant
operates near continuouslyDuring peak migration periodalternative fish passage methods may be
used to pass fish downstam

In response to concern about the effects on fish passing through turbsmse countries have
funded special programs to identify options for passing fish with minimal negative inipatie
USA the Department of Energy (USDO&Jvanced HydropoweTurbine Systems (AHTS) program
was funded froml995 to 2005and restarted ashe Water Power Program in 200%ogether with

the US Army Corps of EngineeldSACETurbine Survival Programhe focus was on better
understandng turbine hydraulic conditions and the mechanical and hydrodynamic factorscthat
cause injury and mortalityo fish. ThisR&D was primarily focused gavenile salmon in the NW of
the USA, andh turn led to new turbine designs thaare likely toimprove fish survival rate2( R |
2 | ROO1L Dauble 200y, The starting of similar programs in the Mekong region could provide
similar insight into the expected damage that Mekong species may incur when exposed to passage
through hydro projects, and specificallydraulicturbines. This may help guidelection,design and
operation of turbines that would be fistiendly to Mekong specific species.

Research efforts in the USA have been exploring modifications to axial flow turbines, such as the
Kaplan turbine, hat are prevalent irhydropower dams on the Columbia and Snake Rivers. This
NEA&ASEFNOK KIFIa FARSYRf ¢ TRHAMIVNSEK GdzNDAYS dzyAdaxz
(MGR), being deployed as part of equipment refurbishment programs. Research @ NM@&R

turbines hasshown an improvegassage environment tmethe units they replaced (Dauble 2007).

Design modifications are continuingn units toreplae agang Kaplan turbinesover the next few

years. However, to date, no turbigg A (1 K & LISIKUA § KX ©f & &F Ak deeNiRstltni £33 K|
part of a newhydroplantdevelopment.

While research into new, more fisfiiendly turbine designs contims information on the
vulnerability of nomsalmonid fish species to turbine passagedsy limited Research islsoneeded

to ensure minimal damage to fish during the entire passage from intake to tgileank not just
through the turbine, asvell as coveringlifferent species of fisland the full range ofife stages.
Improvements in turbine design ammperation, as well as the techniques used to understand the
turbine environment and the damage to fish during turbine passagkall contribute towardfish
passagesurvival during downstreammigration However, as this reviealearly indicatesthere 5 an
urgent need for a better understanding of how Mekong basin fish species will be influendbd by
construction of hydropower dams
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1.2 Objectivesof the Review

This review was designed to addréise objectivegprovided in theMRC Terms of Reference (JoR

1 Provide documentation of available fish friendly turbine (FFT) technologies and research at
different scaleandtypes.

1 Provide an understanding of theossible influence of FFT on fish injury and survival under
different riverine environments anith systems with varyinfish biodiversity.

1 Document case studies on economic trewfés for differenttypes andscalesof turbines at
different types of hydrgrojects.

1 Provide documentation, with clear graphics, BFTtechnologies and the tradeffs for
deploying different designs and approaches

1.3 Methodological Approach
The methodological approach followed to meet thigiectivesof this review included:
T /2ttSO0GAYy3 yR Ftyrteaary3a SEAalGAy3d 1y26tft SR3S
econanics.
1 Analysis of the applicability of internationally gathered experience to the fish fauna of the
Mekong River Basin and the economic situation of hydropower development.
Identifying knowledge gaps and uncertainties concerning FFTs in the Mekong River Ba

Engaging witiMekong River CommissioMRQ staff and stakeholderand discussing the
findings of the study.

T
1

1.4 Outputsof the Review
This ReviewPaperprovidesthe following outputs:

1 A iterature review including information gathered from equipmesuppliers and research
groups.

1 Documents and information from interviews with project owner/operators and research
groups.

1 Information from regions similar to the Mekomjver Basin to determine if information from
those regions may bapplicalle.

1 Case hiwries and comparative analysis of the biological and economic effectiveness of FFTs
for different scalesandtypes.

1 The results of the review, with graphical presentatiarfdiological and economic traeeffs
for different scales of the FFTs

1 A presentatdn to line agencies and consultants and developers/operdtos designated
MRC workshop or event (as required by MRC)
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2 Mekong River Hydropower Development

2.1 Introduction

The Mekong River rises in China and flows through Yunnan Province iR B&amlmdia and the
Delta in Vietnam. The Mekong is tiwelfth longest river in the world (4,35km) and the seventh
longest in Asia, and is reported to have a biological diversity comparable to that the Ankégome (
1). The Mekong River and its tributaries play a very important role in terms of water resa@mndes
fisheries source for rural people of the Mekong River Basin
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It is well documented that dams and barriers to natural river flow affect river ecosystems, which in

Initiative for Sustainable Hydropower

turn will affect fish species and fisheries. For the Mekong River this will include:

= =4 =4 =8 -4 =9

2.2 Hydropower onthe Mekong RiveMainstream

Continued hydropower development is planned for the Mekong River Basin (MRB). China completed

Creating barriers to fish migrations, which could threatpades and fisheries.
Interrupting natural flood cycles
Impounding sediments behind the dams
Changing water temperatures throughout the water column, and that of released water
Changing the total dissoldegyas contentas well as oxygen levalsthe rivers.
Changing compositions of river bed materials, which affects habitat

the first dam across the magtreamin 1995 followed by two others completed in 2003 and 2008
China also plans to build further five hydro plants in the future Downstream, more than one
hundred new projects are proposed ihe lower basinincludingLaoPDR Thailand, Cambodia and
Vietnam. Of hese, eleven are planned for the maiream of the river {fablel), with sevenin Lao
PDR two in Cambodiaand two shared between LaBDRand Thailand. Themainstream of the
Lower Mekong Basii.iB has a potential to produce over 13,000 MW of hydropower.

The potential of hydropower in the MRB is about 53 GW consisting of 23 GW in the Upper Mekong
Basin (China) and 30 GW in Lower Mekong Basin (Lao PDR, Thailand, Cambodiaaanyl Viet

Project name | Installed Capacity| Dam Live Storage| Inundated Rated Head | Turbine Type
(MW) Height (m) | (106m3) Area (km2) | (m) (number)
Pak Beng 1230 62 442 110 31 Kaplan (10)
Luang Prabang| 1410 68 734 110 40 Kaplan (10)
Xayabouri 1260 53 224 30 24 Kaplan (10)
Pak Lay 1320 54 385 110 26 Kaplan (10)
Sanakham 1200 38 106 N/A 25 Kaplan (6)
Pak Chom 1079 55 12 N/A 22
Ban Koum 1872 53 0 158 19 Kaplan (20)
Lat Sua 800 27 NA N/A 10
Don Sahong 360 10.6 115 1.6 N/A Bulb (4)
Stung Treng 980 22 70 N/A 15 Kaplan (16)
Sambor 3300 35 2000 880 33 Kaplan (26)

Tablel Key Features of the 11ProposedMainstreamHydropower Dams in the LMB.Halls2009)
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Existing and planned hydropower projects
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Figure2: Locations of the 11 Proposed Hydropower Dams on the Mekong River
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2.3 Hydropower onMekong RiverTributaries

Some hydropower has already been developed along thmittries in the LMBand a significant
constructionprogram is underwayThailandis reported to havedeveloped all of itdhydropower
potential and Viemam has built or is currently constructing most of its potential along the
tributaries. Lao PDR has the largest remaining potential for hydropaseelopmentalong the
Mekong Rivetributaries, with manyprojects under construction alreadylicensel.

HYDROPOWER ProjectUpdate Status 2014

COUNTR PROJECTS SUMMARY [ OPERATIO ggﬁg? LICENSE PLANNED| TOTAL
Project 1 1 0 18 20
Cambodi Capacity (MW) 1 400 0 4,739 5,140
Annual Energy (GWh) 3 1,954 0 22,400 24,356
Investment (Million US$ 2014 7 943 0 17,106 18,056
Project 21 25 16 38 100
Lao PDR Capacity (MW) 2,970 4,765 2,885 6,760 17,380
Annual Energy (GWh) 14,282 19,564 14,870 31,159 79,875
Investment (Million US$ 2014 3,869 7,967 7,288 18,692 37,816
Project 7 0 0 0 7
Thailand Capacity (MW) 745 0 0 0 745
Annual Energy (GWh 904 0 0 0 904
Investment (Million US$ 2014 1,940 0 0 0 1,940
Project 13 1 0 1 15
Viet Nam Capacity (MW) 2,357 250 0 58 2,665
Annual Energy (GWh) 11,184 1,056 0 181 12,422
Investment (Million US$ 2014 2,948 304 0 97 3,349
Project 0 0 1 1 2
LaoThai Capacity (MW) 0 0 660 1,079 1,739
Annual Energy (GWh) 0 0 5,015 5,318 10,333
Investment (Million US$ 2014 0 0 1,788 2,452 4,240
Project 42 27 17 58 144
Total Capacity (MW) 6,072 5,415 3,545 12,636 27,668
Annual Energy (GWh) 26,373 22,574 19,885 59,057 127,890
Investment (Million US$ 2014 8,764 9,213 9,076 38,347 65,401

Table2: Project Status of Hydropower in LMB (MRC 28p9
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3 Mekong River Fish Migration

3.1 Introduction

Hydropower schemsg and the selection of plant type should be designed to facilitate as far as
possible the upstream and downstream migration of relevant fish species in order to avoid, minimise

2N YAGAIF OGS AYLI Oda 2y TFAaKoPririfagDediga Guidanae2for I NB |j
Mainstream DamgMRC20Mb). A sound understanding of the fish migration patterns is needed to

best determine these design criteria.

There have been several studis fish migration along the Mekong Riyeonfirmingthat many fish
species in the basin are migratorPqulsen2002). Many migrate long distances on a seasonal basis,
often across international borders. Throughout the basin, the local population depends on migrating
fish for food and livelihood. Water management projectstsas hydroelectric dams could adversely
impact migrations and negatively affect the livelihoods of a large number of people.2069D
identifies key features of the Mekong River ecosystem that are important foststainabilityof
migratory fish populéions and their habitats, as well as ways in which available information about
migratory fish can be incorporated into planning and environmental assessments.

3.2 Fish Migration

Three distinct, but inteconnected generalmigratory life historieshave been identified in theower
MekongRiver Basin, each involving multiple specRsulsen2002). Thesehave been described as
the lower (LMS), middIgMMS) and upper (UMS) Mekong migration systegach ofwhich have
evolvedin response tovariationsin hydrologicabnd morphologicatharacteristicsWithin complex,
multi-species ecosystesnsuch as the Mekong River Basimanagement based on singleor small
number ofspecieswould not be sufficient Instead, a more holistic ecosystem approacteagiired
for management and planning.

Poulsen(2002 details the important ecological, or ecosystem, attributes of migratory fish for each
migration system There is alsan emphasis on maintaining critical habitats, the connectivity
between them and the anral hydrological pattern responsible for the creation of seasonal
floodplain habitats

As part of the ecological system of the Mekong River, Singhanouvong (2012) describes the life cycle
of many migrating fish as spawning, feeding, refuge and back to spgwhiter spawning and early

life, juveniles travel down into the Mekong Riv@nce within the maistream juveniles and adult

fish migrate to find feeding and refuge habitat (deep pools). In due course, adult fish migrate back to
the spawning areas. Alsematic representation of potential fish migrations between critical habitats

is shownon Figure3 (Halls2009)

Life cycles and the use of different critical habitats are oftetmongly associated with the
hydrological cycle within the Mekorigasin Migrating fishes respond to hydrologicehanges and

use hydrological events as triggers for the initiation of their migrations. Many species initiate their
migrations at the start of annual flooding and later initiate return migrations at the end of the flood,
thus producing two peakéPoulser2002).The spawning season is also tuned to river hydrology, with
many species spawning at the onset of the monsoon season.

Appropriate esign of hydropower facilities and fighendly turbines will be critical to maintaining
fish species having these wed life history characteristicsWhile thisreview focusesprimarily on
fish-friendly turbine evaluation,details of fish migratory behaviours and habitatsthe Mekong
River Basin can be found in other repo®®(lser?002 Stimutz 2014)
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Figure3: A Schematic Representation of Potential Fish Migrations among Critical Habitats (Halls 2009)

3.3 Migratory FishSpecies

Mekong River fish speciesVebeen broadly classified into blafishes and whitdishes Poulsen
2002 Schmutz 2014, in presdased on their different life history strategies

Blackfishes spend most of their life in lakes andletlands on the floodplains adjacent to river
channels andmove into seasonallyflooded areas. They are physiologically adaptedntthstand
adverse environmental conditions, such as ldigsolvedoxygen levels, which enable them to
survivein wetlandsand small floodplain lakes during the dry season. They are normally referred to
as nonmigratory, although they perform short seasdnamovements between permanent and
seasondV availablehabitats

White-fishes on the other hand, depend on habitats withime mainriver channels for the majay
of the year. In the Mekondasin most whitefish speciesnove into flooded areas during the
monsoon season, returning to thetrainsream river habitatswhen floodwaters retreat

An additional intermediategroup has recently beermlassifiedas grey-fishes Species of this group
undertake only short migrations betwae floodplains and adjacent rivers and/or between
permanent and seasonal water bodies within the floodplain
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3.4 Hydropower Impacts on Fish Migration

Due tothe importance of migratory fish in the Mekong River Ba#iieye have been a number of
assessments madef the potential impact of hydropower development on theh @ iBaiEr@am
(Dugan 2010MRC 2011ICEM 201p These assessmentsere based on ecological and population
characteristicof important fish species in the Mekong and comparable rivers, asasakperience
designing and operating hydroelectric dams to minimize impacts on migratory fish populations.

Dugan (2010koncludedthat dams currently planned for the Mekorfgiverwould likely have a
major impact on the fisheries of the basin, primarilyrdugh disruption of upstream spawning
migrations. Downstream drift of fish eggs and lamvthat sustain fisheries recruitmentauld also be
compromised.Dugan (2010kuggested that dms in the middle and lower reaches of thewer
MekongBasin,andin the major tributariesvould disruptthe longest migrations and recruitment to

the lower reaches of the river. Although the impacts of dams higher in the basin and on individual
tributaries would be restrictve to fish populations that use these reachdkese populations
contribute substantially to fish production along large stretches of the (iigure4).
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There are a number of examples of tpetential impacts of hydropower on the Mekong River
environment,which haveconcluded thattheir effect on migratory fish stdks could be significant
(Poulser2002).Conditions that could change include:

1 Hydrology and water levels forsignificantdistance upstream and downstream of proposed
dam sites, includinganydeep pool stretchsthat would likelyfill with sediment.

1 Migration corridors between floodplaiand refugehabitats

1 PassagewayBor larval drift, causing increased direct and indirect mortality.

To maintain fish diversity and limit social and economic impacts, research is needed to guide the
design and manageemt of hydropower facilities and other water infrastructure in thielB.

3.5 Summary

¢tKS aS12y3 WAGSNI . lFaAy adzZllR2NIia G§KS ¢2NI RQa f I
nutrition, and food security for its large population. In addition, the indigenous fish species are
numerous, variable and part of important bitiversity. Mgratory behaviour among many species is

complex. Creating barriers to flow on the Mekong River would cause disruptions to fish migration
behaviours and could seriously impact the associated ecosystem. Establishing structures, systems
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and facilities that wuld enable successful downstream migration of fish is considessédntial for
maintainingthe ecosystem andisheries resources

There are three relatively distinct fish migrating systems in the LMB, anprdpsedhydropower

plant will each influenceat least one of these systemseduirements for downstream fish passage

will need to consider these system characteristics as well as the wide diversity of fish species,
ranging fromthe very large fishlike the iconic giant Mekong catfish to very smaédhfeggs and
larvae. Guidelines and ekign criteriadhat coverdownstream fish passageith minimum damage to
fishare necessary, and these should include considerationfsstefriendly turbines
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4 DownstreamFish Passage

4.1 Introduction

The downstream pssage of fish, ovearound or through aarrier to flow (e.g., dam, weir, water
diversion structure) pose challengess hydrologic,hydraulic andgeomorphologicconditions vary
considerablyrom natural river systera Keyeffectsinclude:

1 Reservoirgreate storagesvith slow moving water

1 Spawningand feeding areasan beinundatedby reservoirs

91 Discharge$rom damsare drawn from varying depthgptentially affecting temperature and
water quality.

1 Areasupstream and downstrearof barriershost numepus predatorsvhichtarget the fish
entering and exiting bypass channels, discharge facilities and powerhouses

2 | R20129) notes the need for an improved understanding of the relative importance of causative
factors that contribute to turbine passage mortality, so that turbine design efforts can focus on
mitigating the most damaging components.is further notedthat presen knowledge is based on
studies of only a few species (mainly salmon and American shad) and that these data may not be
representative of turbine passage effects for the hundreds of other fish species that are susceptible
to downstream passage at hydroelectprojects. Tests of advanced hydropower turbines have been
limited to seven species Chinook andccohosalmon, rainbow trout, alewife, eel, smallmouth bass,

and white sturgeonlt is also noted that thirty species of fish have also bessted in convetional
turbines in the USA2(I R012). This should be taken into perspective with the approximately 900
species of freshwater fish in the USA and over 14,000 globally.

4.2 Alternative Downstream Fish &sageOptions

While FFTsre the prime focus of thigeview paper, it is important to appreciate that there are
other fish passageptionsthat have been developed to minimize the impachgtiropower planton
fish populations These should be considered in any study and tlesign and operatiorshould
speciftally accommodate the characteristics difie fish specigsincludng their life-cycle form
physiology and hardines$he various alternativapproacheghat have been desloped, tested and
implementedfall into the main categories of:

9 Passing fislthrough or over discharge facilities, such as outlets, sluloeksand spillways

1 Diverting fish to surface collection devices with physical transfer downstrgartrucks or
barges

1 Diverting fish to bypass channels or pipes

Spillways, gates and othedischarge facilities:During operation of the discharge facilities, flows
pass over the spillway crestnder the gates, or through pipes, conduits or other outlets. This allows
fish to pass downstream, but cagsult in detrimentalimpacts similarin nature to those hat can
affect fish passing through turbingge., fish may be exposed to a rapid decrease in pressure,
collisions with structures, turbulence, and shear forces)addition, discharge flows can increase
levels of total dissolved gas leseh the tailraceand river segment far downstream from dam.
Exposure to these elevated gas levels can lead to gas bubble disease)

Surface water collectordocated in the reservoir, ideallyreate flow conditions that attradhe fish,
which in turncan betransferred to holding tanks on shore. Following monitoringsofne fish to
determine species and sizmetrics the fishcan then betrucked or bargeddownstream, often past
the final barrier toriver flow. This method is considered expensive as it requires significagoiog
operation costs.
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Fish diversion screensome ina number of érms, including some patented device&some are
external to the powehnouseintake, while others are within #gawater passages. Typically, they divert
fish into a bypass channel. Where predominately raafface swimming fish are to be diverted,
partial screens may be installeihese are only effective for fish in the upper levalshe water
columnand somefish may pass under the screeand throughthe turbines.Screening of intakes

can result in both head loss for power generation and unsteady flow conditions through the water
passagesas well as considerablaortality to species which can become impingedtba screens
(Moursund 2003 Screen systems also require significant ongoing maintenance costs.

Thesealternativeapproachesnay requirestructural enablers such as physical barriers (screens), and
structural and behavioural guidance systeasspart of tle design, howevelt is noted that

9 There is no optimum solution for downstream fish passage. The approach needs to be site
and species specific, based ancepted goodpractice developed by engineers and fish
biologists.

9 Physical barriers (screens) aoéten used to keep fish away from powerhouse intakes
Howevertheseare expensive, neekgularmaintenance and affect power productiohey
may also not bdully effectiveespecially for drifting eggs and larvaefish that are deep in
the water column Many fish can also be impinged on the screens, for example, this is
common among juvenile lamprey.

9 Structural guidance has been shown to work well in some applications, though the science is
not well understoodor many species and regians

1 Behavioural guidance systems (sound, lighectricaletc.) have been shown to be effective
for some species, butot all.

Overall, while there are alternative means of passing fish downstrather than through turbines
it is not uncommorfor somefishto be unguided anghas®d through operating turbines. Among the
different downstream passage routes available at hydropower danes, gpillways turbines and
bypass systems), estimates of survival through turbines are tjjpitb@ lowest (Trumbo 2013).

4.3 Turbine Passage

It has long been the assumption that mortality rates for fish passing through turbines are greater
than thosetaking other routesfor downstream passage. While this may be justified for sstlle

hydro or prgects with high hydraulic headfavingFrancis and Pelton units, mortality rates are
typically lower for highly efficient, medium to largeale axial flow units. Improved survival rates are
now beingachievedthrough modifications to existing turbine tgs, such as Kaplan and Bulb units
Recent studies have shown that survival estimates of juvenile salmonids that pass downstream
through the lower eight dams on the lower Snake and Columbia rivers in the Pacific Northwest of
the United States can be greatidran 93% (Weiland 2012, Skalski 2013).

Meanwhile, dgher turbine designs such as the Alden, and advanced modifications suchles at

Harbor may also lead to better passage conditiol@®@ y i A Y dzA y 3 RS @ SHNALIWSR/E(@ € 2 -
turbines and criteria fothe designand operationof such turbines is critical for sustaining fisheries
resources.

4.4 Generallmpacts ofHydropower Turbineson Hsh

The impacts of fish passing through hydropower waterways and turbines have long been recognized,
but it was theAdvanced Hydropower Turbine Systems (AHTS) Progrdhe USA, funded by the
USDOEthat initiated significant levels ofesearch and development in this are@his R&D was
specificallyfocused towards turbine designs that could lead to radgaegative mpacts in this area

of fish passage2(l RD01). Over the years, this has led to a better understanding of turbine
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hydraulic conditions, as well as the mechanical, hydrodynamic and operational factors that cause
fish injury and mortality.

To optimize the ih passage environment through the turbines, the flow characteristics and
potential damage mechanisms within the water passage must be underskagarés). As fistpass
through hydropower intakes and approach the turbines, the hydrostatic pressures increase and the
presence of stay vanes and wicket gates can obstruct the flow path and cause fishgsinéiangor
pinching(Deng 201B). As the fish reach theunner, several potential damage mechanisms exist,
including blade strike, grinding, and shefarces, turbulence and rapid decompression (Brown
2012b) Within the draft tube, fish can also be influenced by #hear forces and turbulencevhich

can disoient fish, increasng the potential for predation in the tailracddeng2017).

Impactson fish arising fromthe operation ofhydropower plantare discussed in the following
sectionsas dependanton mechanical hydrodynamicand operational factors. Theseimpacts are
affected by theturbine featureshydraulic conditionsand the characteristicaand physioloyg of the
fish, such asthe species, lifestage, size state of buoyancyand behaviour(Brown 2014) For
example,it is generally understood thatrbine mortality associated with strikéincrease with fish
length.

This understanding of the general impacts of the operatiohyafropower planton fish has led to
important research into the ways that fish injury and mortality can be reduced (Katogodi3).
Modifying the number of turbine blades, eliminating gaps, sharp edges and rough surfaces in the
turbine and throughout the entire water passage can help to reduce fish injury and mortality.
Selecting a higher number of blades may in some caseddeatbwer likelihood of barotrauma but

may also increase the occurrence of blade strike. It is also important to minimize shear and
turbulence throughout the entire water passage from the intake to the tailrace under the full unit
operating range (Dengd®7hb). Keeping the lowest pressure that fish may experience (nadir) close to
or above surface pressure (101 kPa) may also help to reduce the likelihood of barotrauma (Brown
2014). Reducing the rate of pressure change may also decrease the likelihoodwéalmraa, but

more research is needed to understand this phenomenon (Brown 2012).
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Figures: Turbine Passage Injury Mechanisms (Cada 2001)
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4.5 HydrodynamicFactors

The hydrodynamic conditiortkat fish encounteduringturbine passagenay involve (Katopodis
2013):

1 Shearforces turbulence caused by high velocity gradiemisrvilinearflow and eddies

1 Rapiddecompressionrapid pressure fluctuationacross theurbine blades

9 Cavitation bubbleformation and implosion associated witlapid pressure changes
vapourpressure (0 kPayhen all gases are brought out of solution in the watelumn

Shearstresses are compounded by astyucturalgaps within thewater passages, such hstween
stay vane trailing edges and wicket gatedie edgesas well as between turbine blade extremities
andthe hub andthe discharge ringTurbulenceincluding vortices, wakes and backflows, tead to
fish strikingfixed objects obecoming disoriented,and shouldoe minimized Recent improvements
in testing and design can deliviechnolodes that meet these challeng€Erumbo 2013

Fish passinghrough turbinesare exposel to rapid decompression and barotraumBarotraumas

that result from exposure to rapid changes in pressures can include swim bladder rupture,
haemorrhaging and emboli in the fins, gills, eyes and blood vessels. These injuries can result in
immediate or delayednortality, and may also contribute® other sources of indirect mortality (i.e.,
predation). The severity of barotrauma is dependent on the ratio of pressure change that fish
experience as they pass through a turbine (Brown 2012b). This ratio is simply the pressure that a fish
is acclimatedneutrally buoyant prior to entering the turbinajivided by the minimum pressure a

fish experiences. The higher the ratio, theeater the likelihood that a fish will die as a resolt
exposure Turbine designcanincorporate modifications thatincreasethe minimum pressure &ish
experiencegTrumbo 2013). However,the depth of fishacclimaton, prior to passing through the
turbine isveryimportant and mustlsobe considered.

Recentstudies suggest thahe turbine pressure cyclingatio is very usail in predicting the effect

on smolt survivalThe USACE and thacific Northwest National LaboratofyNNI. releasedSnsor

Fsh (the latest generation @legreeof-freedom version of this device is an autonomous sensor
package, consisting of three rateyrgs, three acceleration sensors, a pressure sensor, and a
temperature sensor [Deng 208]J into turbine passageways along thewer Snake and Columbia
Rvers to determine the magnitudand rate of pressure change fish might experience (Trumbo
2013). Recorded pressures were applied to simulated turbine passage in laboratory studies to
determine the effect of rapid decompression on juvenile Chinook sal(@sawn 2012) It was
concluded that dsigning new turbines with higher nadir pressure critésitkely to provide safer
passage fosalmonid passing throughurbines.

Physiological, behavioural or life history trait Presence or absence  Susceptibility to ~ Example species or
affecting susceptibility to barotrauma barotrauma project

The amount of fregundissolved) gas in the body

Presence of a swim bladder

Yes High Chinook salmon
No Low Pacific lamprey
Type of swim bladder
Open (physostomous) Low Chinook salmon
Closed (physoclistous High Bluegill
Ability to expel gas out @he swim bladder through pneumatic duct
Better Low Large rainbow trout
Poorer High Small rainbow trout
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Physiological, behavioural or life history trait Presence or absence  Susceptibility to =~ Example species or
affecting susceptibility to barotrauma barotrauma project

Ability to fill the swim bladder with vasculature (rete)

Better High Bluegill
Poorer Low Chinook salmon
Acclimation depth ability
Better High Burbot, rainbow trout
Poorer Low Chinook salmon
Pressure exposure
Acclimation depth
Deeper High Burbot
Shallower Low Chinook salmon
Exposure pressure
Higher Low Irrigation
weirs/spillways
Lower High High head dams
Ratio of pressure change (acclimation pressure/exposure pressure)
Higher High Hydroturbine
Lower Low Bypass system
Rate of ratio pressure
change
Higher High Hydroturbine
Lower Low Angling
Life history
Migration patterns
More migratory High Murray cod, salmonids
More sedentary Low Trout perch Percopsis

omiscomaycus)

Larval or juvenile drift stage

Yes High Sturgeon, Murray cod
No Low Salmonids
Structural integrity
High Low Adult fish
Low High Larval ofjuvenile fish or
eggs

Table3: VariousTraitsthat canInfluence theSusceptibility of Hsh to Barotrauma along withExample
Species(Brown2014)

4.6 Mechanical Factors
The mechanical conditions that fish encounter during turipassage may involve (- R001):

a) Strike: hitting stationary or moving mechanical components such as the leading edges of
runner blades, stay vanes, wicket gates, and draft tube piers

b) Grinding: squeezinginching and trapping inarrow spaceggaps)oetween fixed and

moving components
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c) Abrasion physical damage through impact withughsurfaces

Fish passing through the turbine waterways can strike obstacles such as the leading edges of stay
vanes, wickets gates and runner bladgeswell 3 draft tube pies. The number of structures in the
turbine wetted passage that are exposed to flow should be minimizedssay vane and runner

blade leading edgesounded During fish passage, unit operation should have wigjet leading

edges positioad in the shadow of the stay vane trailiagge(Figureo).

Strike probabilityduring fish passagthrough the runner is related to several factors, including the
rotational speed of the runner, number of blades, fish lendjitww angleand velocity through the
blades.Over the years, researchers have studied the influence of fish strike on mortality and found
that obstacle geometry and the relative velocity of théafiefluences injuryassociate withstrike. To
optimize the fish passage environment within the turbine, geometry and velocity criteria should be
considered when defining modifications to turbinemponents that may strike passing fish.

Figure6: Stay Vane Wicket Gate Alignment Design Analysis for Mechanical Strike and Shear (Voith)

In regard toshear, gaps found within the water passages are hazardous in termsndfng or
pinching AxiaHlow turbines have gaps béween the bladetip and the discharge ringAdjustable
blade Kaplarturbines also have gags between the blade inner periphery and the huBapsalso
occur between the stay vanes and wicket gatescdnventional designs, these gaps can become
quite large representing locations where fish can tseppedor pinched.

4.7 Operational Factors

Hydrodynamic conditions within the entingater passagappear to be smoother and less turbulent

at discharges near theptimum operating poinbf the turbine In this rangepeakturbine efficiency
coincides with optimum hydraulic conditions wherein the stay vanes and wicket gates are aligned
and flow is streamlined throughout the passage, without regions of turbulence, reverse flow and
flow separation.On the other hand, Ibws are notably more turbulent at lower discharges,
suggestinghat there is a higher risk of injury to fish wheassing through the turbine passages at
flowsless tharthe optimum operating range

4.8 Summary

The downstream passage of fish, over, aroundiwough a barrier to flow (e.g., dam, weir, water
diversion structure), pose challenges as hydrologic, hydraulic and geomorphologic conditions vary
considerably from natural river system&ven when alternate routes are available, it is likely that
some fsh will pass through turbines and be affectedhygrodynamic, mechanical and operational
factors
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Fish passing through the turbine water passages are subjespeoific sources of potential injury
such as rapid decreases in pressure, strike, cavitatiow trbulence. Despite these risks
information from laboratory and field studies has provided guidancevways toimprove turbine
designand operation. This has the purposeminimiang potential sources of injury that fish may be
exposed to during dowitieeam passage-However, much more research is needed, especially among
fish types found in the Mekong drainage.

While much of the study and research to date on downstream fish passage has been focused on
North American and European fish species, there will be significant challémgegcifying and
designingurbines that could minimize damage to fish in the Mekd@agin This icompounded by

the MekongBasin contaiing such a very large number of spegia®ost of which aredissimilar to
species that have been studied to date.
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5 Experiences from other Regions and River Systems

5.1 Introduction

Information from regions siilar to the Mekond@asinwas gathered, based on its applicability to the
Mekong River Basin. Specifically, this focused on fish passage through turbines, the development of
anypotentiallyfish-friendly devices and the impacts of hydropower on fish spgeai®d fisheries. The
review identified that:

I The USA, and to adserextent some countries in Europbave undertaken research and
developed facilities tdmprove downstreami$h passage lrough turbines.However, his
hasbeen limited toonly a few fishspecies.

1 Within most countries in the worldhydro plantsdo not include facilities for either upstream
or downstream fish passage. In many instantes barriers to flowas well ather factors,
have led to a severe depletion of festies resources.

1 Where fish passage facilities have been built, they are primarily aimed atupstream
passageln many caseslesigns are ineffective and the facilitiase poorly maintained.

1 Where downstream fish passage is considered, it is usually based on avoiding passage
through the turbines.

Fishpassageén the PacificNorthwestof North America tendto be focused on passing pepawning
salmonidadults upstream to spawning habitard successfully passingveniles downstreanto the
ocean Driven by legislation, resear@imed at developing and deploying structures and techniques
to improve passage survivahrough turbines hae been actively pursued for over decade at
significant ost.

However, to put this into context, it is estimated that while there are over 900 species of fish in the
United States, Brazil has an estimated 3,000 freshwater species, of which 30% are believed to be
migratory and worldwide there are some 14,0@8shwater species2( R012) of which significant
numbers are reported as susceptible to hydropower impa&yg.contrast, the Lower Mekong Basin
hasover 850known fish speciesbut is home to thehighest fish biodiversity in the world after the
Amazon Rer. The Mekong@reais also characterised by vemtensive fish migrations. At least a

third of Mekong fish species need to migrate between downstrélawdplains where they feed and
upstream tributaries where they breqtiCEM2010, Schmutz 2014

In general, very little information is published specifically on-fiindly turbines in parts of the
world other than North AmericaA more modest effort has been underway in some European
countries and Australia, and has included alternative downstrpassage option€One case history

will be summarized covering downstream migration of eels in France through Kaplan and Bulb units.
Another case history will cover the selection process for turbines in Manitoba, Canada to minimize
the risk of injury and rmrtality to fish passing downstream.

5.2 Exeriencefrom France(Baran 2011)

A study was undertaken in France (2009 and 2010) on survival rates for eels migrating downstream
through large Kaplan and Bulb turbine units, the type used extensively on the RidnRt&ne

rivers. The Kaplan turbines, one with four blades, and one with five, are installed on EDF projects
along the Rhine. The Bulb turbine, with four blades, is installed on a CNR project along the Rhéne.

A group of 350 large eels (600 to 900 mm) weleased at different points just upstream of the
turbines and a control group of 50 was injected downstreanZ kHigging techniques using inflatable
balloons allowed fish to be captured downstream, where they were examined and held for 48 hours
to checkfor any delayed mortalities. High recapture rates (over 95% on each of the three sites)
allowed a strong degree of confidence in the results noted in Table
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At the two sites with fowbladed Kaplan and Bulb turbines, survival rates weported higherthan
expected given similar tests carried out in North America and other countries in Europe. However,
the survival rates for the fivbladed Kaplan wereeported as ginificantly lower. It is possible that

the particular shape and profile of the runnerdablades may be responsible for this result, but this
has not been confirmed.

Hydroplant Type| Runner Rotational Hydraulic | Survival Rate| Survival Rate
Diameter (m) | Speed (rpm) | Head (m) | (1 hour) (48 hour)

Kaplan 4 blade | 6.66 88.2 15.7 93.2 92.4

Kaplan Slade | 6.25 93.7 15.5 82.6 78.6

Bulb 4 blade 6.24 94 16 95.6 92.3

Tabled: Survivdrates in large turbines.

Based on the high expense and time to undertake tests such as this on a broad scale, other ways to
estimate survival rates were investigatett. was noted that pproximate estimates auld be
obtained through extrapolation of test results from similar tumbs, and it is believed that more
accurate estimates can be achieved by using predictive models with input of results obtained at
other sites.Following analysis, the research team produced equations to predict survivability as a
function of eel size, rotodiameter, the nominal flow rate and the rotational spe@hran 2011)

5.3 Exeriencefrom Canada (Manitoba Hydro 2012)

In a supporting document to the Keeya&S Environmental Impact Statement, Manitoba Hydro
identified the parameters considerefbr the selection and development of turbines to increase fish
passage survival (Manitoba Hydro 201Zhe general objective of selection was to achieve a
minimum survival rate of 90% for fish as large as 50mm. To achieve this targaizer of
variables wee considered including

1 Number, alignment and shape of wicket gates and guide vanes
1 Number, size and geometry of runner blades

1 Rate of turbine rotation

9 Absolute lowest pressure (nadir)

Many variables were considered beyond those specifically relevantfifh passage survival,
particularly efficiency, performance and coétfixedblade verticalaxis turbine unit (propeller) was
selected as having sevéaveralladvantages compared to other types

5.4 Summary

Most research to date mdownstream fish passage through turbiness focused on juvenile salmon

in the Pacific NW of the USAhis is summarized in Sections 7 throughTliere are other major
river systems in the world supporting a diverse range of species and life histaggssthat
undertake migrations and are therefore at risk if dams or barriers have been constritdactver,

in general, little research has been undertaken or documented relating to project design that could
be considered fish friendly.

The present statef technologydevelopment wouldallow the initiation of research ordownstream
passagethrough turbines for a range dflekongspecies using standardized approaches. Such an
approach could provide a more rapatlvancement of science and engineering whilaimizing
duplication ofeffort (Brown2014).

Review ofExisting Knowledge on the Effectiveness and Economics efitéstdly Turbines 30



Mekong River Commission Initiative for Sustainable Hydropower

6 Fish Passage throughydraulic Turbines

6.1 Introduction to HydraulicTurbines

The choice ohydraulic turbines for any hydropower projeignormally determined by optimizing
their expected performance against cost. Tiishnicaldetermination has to take into consideration
the operating range of the equipment for thepecific site in terms of hydraulic head and flow
characteristics as well as requiregberational flexibility. Figure7 shows the generally accepted
operatingranges for themost commontypes of turbines, with axial comprising Kaplan, Bulb and
Alden unis
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Figure7: Range of Application of Turbine Type; Hydraulic head (H) m. vs. Flow (Q) cms

The types of hydraulic turbines presently envisioned for the eleven projects on thestnezim of

the Mekong Rivehave been identifiedTable 1 in Section 2.2) as eight Kaplan and one Bulb, with
two not presently specified. Of these, one would likely have Kaplan units, while the other could have
either Kaplan or Bulb equipment. TieoposedMekong Rivemproject with the highest hydraulic
head across the units noted to beabout 40m and theone with the lowest hydraulic headess

than 10m.A section of a typical Kaplan unit is shownFagures.

However, in addition to hydraulic turbine and water passage designs based on technical and
operational performance, there will benvironmental performance criteria that need to be
considered, including those relating to fish passaldese aspects will be covered in greater depth

in Section 11 and summarized in Section 12.
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Figures: Crosssection of a Kaplan Turbine.

6.2 Development of Fiskrriendly Turbines

As set out in the preceding sections) anportantissue for the hydroelectric industry is to ensure
safe downstream passage of migrating filso it is important to understanithe link betweenfish
injuries andhydrauliccharacteristicsassociated with turbine passagls noted in Section 1.1, the
USDOHunded the AHTStarting in 1995 b better understand the link between turbine flow
characteristics and fish surviygrimarily forjuvenile salmon.Two concepts emergedor further
development; the Minimum Gap Runner (MGRIirbine designand the Alden tirbine design Voith

Pty Ltd, an International Turbine Manufacturer (Voitleveloped and patented the Minimum Gap
Runner (MGRKaplanturbine and soon after Alden Research Laboratory developed and patented
the Alden Turbine.

MGRKaplanturbines havebeen installedat the Wanapum and Bonnevilldamson the Columbia
River.Within the last few yearsyoith and USACE haaksoundertaken significant researdb create

two improved MGRtype turbinesfor installation at thelce Harborproject on the Snake i%er.

Installationand testing of these turbines (one fixed blade and one adjustable bladexheslgled

over thenextfew years.While the Alden turbine has been tested as a scale mdagieR( and) SDOE
2011)it has not been deployed in@ower plant

Passage of fish through axitipe turbines, (Kaplarfixed blade propellerMGR Kaplan and Bulb) is
normally considered toresult inless damagéo fishthan passage through Francis turbin€sr this
reason and becauseFrancis turbines are not presentlyrsidered for any of theproposed
hydropower projects on the Mekong Rivand they will not be considered in this reviewhe
following sections of this review willfocus onaxiakflow turbine types as follows:

1 Minimum Gap Runner (MGR)modifed Kaplan uniwith fish-friendly credentials

1 Bulb turbine.

9 Ice Harboturbine, a further improvement of the MGa&hd the fixedblade propeller runner.
1 Alden turbine.
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