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EXECUTIVE SUMMARY

Natural Resources Canada (NRCan) has identifiecterl io assess Canada’s hydrokinetic
potential as a national renewable resource. Tohrdéais objective a three-phase project was
commissioned:

Phase | Methodology Review and Data Review — a review lbé tmethodologies,
techniqgues and available data for conducting aoregi hydrokinetic power
assessment as well as a selection of proposed dudtigies and validation
datasets and locations.

Phase Il Methodology Validation — the implementation of acemmended set of
methodologies against the validation datasets dmnaty sensitivity/uncertainty
analysis.

Phase Il Assessment Determination — the application ofrdfe®mmended methodologies

to conduct a nation-wide assessment on the hydzb&ipotential for theoretical
energy extraction.

The National Research Council — Canadian Hydrauestre (NRC-CHC) was asked to
contribute the first two phases of this projechisireport constitutes the findings of Phase I.

Section 1 provides an introduction and outlines goals and structure of this study of

hydrokinetic potential, of which this document ipart. The project goals are to ultimately

characterize and quantify the hydrokinetic poweteptal in Canada. Section 2 of this report
identifies the need to estimate a number of hydjoland physical characteristics at ungauged
channel reaches to provide an estimate of hydrakieaergy potential:

* Flow characteristics as flow duration curves (FDCs)
» Channel geometry

* Channel slope; and

* Channel roughness.

Section 3 presents the findings from a literatengaw investigating methodologies for regional
estimation of flow, geometry slope and roughnesaratdteristics in ungauged basins. The
investigation identified many techniques for flowgionalization but primarily for extreme
value estimations. The use of regionalization negies for FDC estimation, as required for
this study, was much less common but some studiested and a few studies have been
recently published with applications in Canada.

The investigation discovered few studies employihgnnel geometry estimation techniques at
a regional scale. Most of the studies related ggompredictions to a channel-forming

discharge, which is not a desirable technique fos study with flows being one of the

estimated variables. Other more promising appreschkere identified which relate channel
geometries to physiographic watershed charactsisir digital maps that include channel
widths for larger rivers. The regional estimatiohslope showed a predominance of digital
elevation model (DEM) use in the studies investdatlthough limitations and cautions in their
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use for channel slope estimation were identifiednigny. Some of the limitations of DEMSs,
including precision issues in low-relief basins revehown to be surmountable through the use
of fitted equations relating channel slope to wslted drainage area. No appropriate
regionalization techniques for the estimation wérichannel roughness were identified.

In addition to regional estimation techniques foif and channel characteristics in ungauged
basins, uncertainty and error propagation techsiguere investigated.

Section 4 presents the results of a data souréeweand resource investigation. The section
identifies a number of national databases thatbmaemployed to act as inputs and validation
datasets for the regionalization routines emplapethis study. The data sets include measured
or calculated properties at a national scale inolydegional climate data, hydrometric data,
digital soil and land use maps, hydro network mapg digital elevation data. Of particular
utility is the Water Survey of Canada measuremeatalthse, which includes at-site
measurements of velocities and cross sections Housands of water survey hydrometric
stations across Canada. This particular datalsaseen as invaluable in the validation of the
various flow and channel geometry regionalizatiechhiques. No databases were discovered
that included information that could be used fargleness or slope validation.

Section 5 presents the findings of an investigatainprevious hydrokinetic and small
hydropower resource assessment studies conducéeckgional or national scale. Many studies
were discovered that assessed hydropower resowsgl]y requiring an average annual flow
and an estimated penstock height, and not requgewnetry, slope or roughness estimates.
Fewer studies have investigated regional hydrokireztergy potential, and none at the scale or
as inclusive as suggested in this study. Methapol@lidation of regionalization techniques
was rarely performed in the studies examined.

Sections 6 and 7 outline the recommended approachPliase 1l and the associated tasks,
respectively. It is recommended that a numbeta¥ fegionalization techniques be employed
and validated in this study including some concalbfusimple methods (e.g. Area-Ratio),
commonly employed and endorsed methods (e.g. REESLand methods recently developed
and employed by the academic community (e.g. CCA ghiaphical FDC). The recommended
approaches for geometry estimation include the afsdigital maps of river edges where
available, and the use of physiographic and climalkdta to drive regression analysis. Channel
slope estimation is recommended to be estimatedgusivailable DEM data with the
investigation of functional smoothing in low-gradiechannels. Finally, lacking any regional
data or regionalization techniques, roughness iset@stimated as a potential range of values
based on published roughness estimates. Validatiwh uncertainty estimates are to be
employed using jack-knife and bootstrap techniguesre applicable.
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LIST OF ACRONYMS

AAFC
AFDC
CanSlIS
CCA
DEM
DFO
DHR
EC
FDC
GIS
GML
HYDAT
MAD
MAF
MAP
MAR
MAT
NASA
NHN
NIMBY

NRCan
NRC-CHC
PET

PMF

RBLI
REEEP
REM
RETScreen

RHAM
RMSE
ROI
RPM
SLC
TSM
UNEP
UPGMA
US-DOE
USGS
VDC
WSC

Agriculture and Agri-food Canada
Annualized Flow Duration Curve
Canadian Soil Information System — Agriceltand Agri-Food Canada
Canonical Correlation Analysis
Digital Elevation Model
Fisheries and Oceans Canada
Determination of Homogeneous Regions
Environment Canada
Flow Duration Curve
Geographic Information System
Geography Mark-up Language
Hydrometric Database — Environment CanadateiV&urvey of Canada
Mean Annual Discharge
Mean Annual Flow
Mean Annual Precipitation
Mean Annual Runoff
Mean Annual Temperature
North American Space Agency
National Hydro Network
“Not in my back yard”; an expression of opjto@n by citizens to local public
works or civic projects
Natural Resources Canada
National Research Council — Canadian HyadrsCentre
Potential Evapotranspiration
Probable Maximum Flood
Regression Based Logarithmic Interpolation
Renewable Energy and Energy Efficiency Peste
Regional Estimation Methods
Renewable-energy and Energy-efficienhii@ogies Screening tool — Natural
Resources Canada
Rapid Hydropower Assessment Model
Root Mean Square Error
Region of Influence regionalization approach.
Rotations Per Minute
Soil Landscapes of Canada
Taylor Series Method
United Nations Environment Programme
Unweighted Pair Group Method with Arithmetiean
United States Department of Energy
United States Geological Survey
Velocity Duration Curve
Water Survey of Canada
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ASSESSMENT OF CANADA'S HYDROKINETIC POWER POTENTIA 1

1 INTRODUCTION

There is significant interest in hydrokinetic or-stieam river potential in Canada and
internationally for power production using ‘zeroakeé turbines, which require no dams or
barrages. Canada has a vast network of rivershidnag been harnessed for over 100 years to
generate electricity from hydropower. These riva@so likely contain significant potential for
power production from hydrokinetic resources.

Currently, the market potential for this technology Canada is unknown. A number of
Canadian companies invested in hydrokinetic tedgies have attempted to quantify the
Canadian potential, but estimates vary widely.rigonally, few studies have been conducted
to assess the potential within individual countriegh little effort invested in developing
adequate methodologies specific to this type céssaent.

Natural Resources Canada (NRCan) has identifiecterl o assess Canada’s hydrokinetic
potential as a national renewable resource. Th#ertye is to determine an accurate method of
assessment of the hydrokinetic potential of riesrches at a regional scale (k& to 10 km?)
using hydrometric and physiographic datasets ctiyramailable.

This fundamental research provides support to dpuay the hydrokinetic market in Canada.
Assessment of resource potential has long-termfiteé building non-commercial knowledge
to support both government and industry and assidtse development of hydrokinetic current
resources. For industry, knowledge of the potéraiad where it is located, are key pieces of
information for early market entry by technologydasite developers. Government requires this
information for policy and decision-making. It wilhlso benefit remote regions where
decentralized power production from renewable gnsogirces is an economically viable option
in offsetting the high cost of diesel power prodiuct

The study has been divided into three phases:

Phase | Methodology Review and Data Review — a review lbé tmethodologies,
techniqgues and available data for conducting aoregi hydrokinetic power
assessment as well as a selection of proposed dudtigies and validation
datasets and locations.

Phase Il Methodology Validation — the implementation of acemmended set of
methodologies against the validation datasets dnety sensitivity/uncertainty
analysis.

Phase Il Assessment Determination — the application ofrffe®mmended methodologies

to conduct a nation-wide assessment on the hydzb&ipotential for theoretical
energy extraction.

The final reports of all three phases will be mastailable to stakeholders in the industry and
the general public via website access. The prirdatierable following Phase Il will include
a comprehensive national assessment of hydrokipetential.
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ASSESSMENT OF CANADA'S HYDROKINETIC POWER POTENTIA 2

This report address&hase lof the study. The main objectives of this phasetar

Review the literature to determine the state ofatien methodologies applicable for
hydrokinetic resource assessment at the regioas;sc

Review the available data for use in estimatingrblkuhetic resource potential at a
regional scale and the data available for methapol@lidation; and

Recommend a short list of applicable methodologwsjdation datasets and
locations for Phase II.

The report provides a review of available techn@sgesearch and data available to conduct
the nation-wide assessment:

a)

b)

d)

Flow Estimation Techniques — examine other posgdataniques relating to flow in
ungauged basins, and transposition of flow duratiowes (FDCs).

Channel Geometry and Slope Estimation Techniquesewiew of available
techniques applicable to a regional study.

Data Uncertainty and Uncertainty Analysis Techngjaeexamine data uncertainty
and uncertainty analysis methodologies in using Dda¥a, flow records, roughness
estimations, channel geometries etc., applicableataegional analysis, and
considering the quantity and character of dateeterbployed in Phase I

Regional Channel Current Estimation Studies — itigagon of other studies that
have attempted to estimate channel currents agian@ scale or techniques that
have been developed that could be used to thisteffe
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ASSESSMENT OF CANADA'S HYDROKINETIC POWER POTENTIA 3

2 BACKGROUND

This section provides background and contextuabrinétion on hydrokinetic power

nomenclature, hydrokinetic power, sometimes terfneér current,” in relation to other types

of hydroelectric energy extraction, such as snedles hydro, and general hydraulic and
hydrologic considerations relating to hydrokingi@mver assessment.

2.1 Nomenclature

Although not a young science, hydrokinetic powed amall-scale hydropower both have an
imprecise and varied nomenclature, with similarjgebtypes often characterized by different
names or descriptors. This section will attemplibriefly summarise the types of classification
that will serve as a touchstone throughout thisudzent.

2.1.1 Small Hydro Systems

Hydropower projects are often classified by thewpr generation potential although there is
no universally accepted approach for classifyiregéhsystems. The following classifications of
hydropower by size have been employed by NRCan [73]

Table 1 - Hydropower Classification by Power Generon

Classification Size in kW
Large >50,000
Small 1,000-50,000
Mini 100-1,000
Micro <100

Although other published classifications vary stiglirom this definition [66, 96, 101] this list
remains a useful delineation of the various hydvegroproject types. It is important to know
that the classification type relates to the powesrggation capacity of the project. For instance,
some “small hydro” projects require large turbiifabey have a low-head and large volumes of
water to operate [66].

Projects can also be defined by the degree of mjidrhead required for operation. Low head
hydro has been defined as less than about 15 mneitmal or “high head” hydro operations
generally having hydraulic head greater than thlse/[39].

Further to the power generation and the hydraudiadhrequirements, the way in which the
deployments control the flow of water in a rivendze used to define the project type. Run-of-
river systems refer to hydro projects that do nghificantly alter the natural elevation of the
water in the river system and the hydraulic heath@se systems will fluctuate with changes in
the stream flow [66]. Often run-of-river hydro prots will employ a penstock to gain hydraulic
head by keeping diverted water at a high elevaéind then capturing the potential energy
further downstream. Figure 1 illustrates a rumieér hydropower configuration with a
penstock [107].
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Figure 1 - Run-of-river Hydro project employing a penstock [107]

2.1.2 Hydrokinetic Systems

Hydrokinetic systems convert kinetic energy fromafing water into electricity, or other forms

of energy [103]. The resource assessment beingucted in this study is designed to
characterize and quantify the energy resource ety for hydrokinetic systems. There are a
number of characteristics that make hydrokineticergm systems distinct from other

hydropower systems [50, 103] in that they:

Rely on existing kinetic energy in the water stream

Do not rely on artificial water-head from impoundnte or barrages;

Do not require large civil works for implementatj@and

May operate in the water stream’s natural pathway @ not require a stream flow
diversion.

Figure 2 presents an illustration of a submergettdiinetic turbine.
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ASSESSMENT OF CANADA'S HYDROKINETIC POWER POTENTIA 5

Figure 2 - Kinetic Energy Turbine (verdantpower.con)

Hydrokinetic systems offer a number of advantages aun-of-river and water storage options,
particularly with regards to environmental impaotiacapital cost. For example, civil works
required for the development of run-of-river andtevastorage hydropower often represent the
most significant portion of the project developmantd can often render a project financially
unviable [66]. Works not requiring a barrage amitr have a much lower capital cost.
However, the efficiencies and power production cépaf hydrokinetic turbines is also lower
than run-of-river or water storage hydropower. Hyihetic turbines have other ancillary
advantages. They may be deployed on an increingsdés, as a single unit or in a clustered
configuration. Additionally they remain below theater surface and not as predisposed to
NIMBY issues, and have a lower RPM and fewer naise vibration issues than conventional
turbines.

2.2 Resource Assessment Levels

When considering this study it is important to eefl on the degree of investigation that is
involved. When considering a location for hydrogover water resource assessment one can
divide the developmental into five basic stages §&j:

pre-reconnaissance,
reconnaissance,
pre- feasibility,
feasibility, and

final design.

agrnNpE

The primary difference among them is the degreeoaofidence one has in the results obtained.
The first level, pre-reconnaissance, can be coresida low confidence analysis, but also a low
cost and low effort analysis for the results oledin It involves desk studies, map analysis,
drainage area delineation, and is used for nar@wdown sites for investigation.
Reconnaissance involves site visits, assessmerdsramkings. The pre-feasibility and

C H C'TR'O?O I*I Cot;ncil 6anada dc:':':gi'llarch.es Canada




ASSESSMENT OF CANADA'S HYDROKINETIC POWER POTENTIA 6

feasibility stages involve study investigation efexted sites and then detailed physical studies
of the selected site. The final design stage e high confidence analysis suitable for
ultimate deployment and requires a much greatartefind time commitment to obtain the
required confidence sought in a design.

This study is designed to quantify the nationaleptial and assist in the pre-reconnaissance
stage or screening stage of assessing water resofoc hydrokinetic power potential. This
study will assist in the identification or screamiof promising locations for hydrokinetic power
extraction and help focus further efforts of recamseance and feasibility level analysis on areas
with a high resource potential.

2.3 Hydrokinetic Power

2.3.1 Instantaneous Hydrokinetic Power

The kinetic energy of a flowing fluid can be detered from the density of the fluid, the
velocity at which the fluid travels and the croestonal area at which the energy will be
extracted.

Ro=% AV? (1)

WherePx is the available kinetic powep; is the fluid densityA is the cross sectional area of
extraction andy is the flow velocity. Hydrokinetic power is ofteaported as a power density
which is the power normalized to a unit area.

i =£V3 (2)
A 2

When considering flows in rivers, one can make rimesonable assumption that the density
remains essentially constant, even with changasmperature. The velocity and area remain
the only variables required to determine the kinptbwer. Consequently the determination of
the velocity in a river, specifically the time asged velocity frequency distribution, is the
essential and the primary factor in assessing Wadable kinetic energy available in a river.
The calculation of the kinetic power depends of ¢chess section area which is either the river
cross-sectional area for an assessment of thedogay in the river, or the area of the device
that will be used to extract the kinetic energyor the purposes of this study and to generalize
the power potential over such a large land massiitler cross sectional area will be used.

2.3.2 Time-averaged Hydrokinetic Energy

In fact, the velocity in a river is rarely constamtd will be expected to vary significantly on a
daily or monthly basis. Determining the averagergy at a location requires the integration of
the kinetic energy over a period of time. Assumniimg velocity will change with time but the
area for extraction is unchanged then the follovgggation applies.
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ASSESSMENT OF CANADA'S HYDROKINETIC POWER POTENTIA 7

[t _] 2 AV )t
j dt j dt

If one is interested in the entire average kinetiergy available in a river then the area will also
change with time, as the flow changes.

P« (3)

[Pt fg AV (1) dt
o fa [t
Consequently, the total energy available at a roress section is also strongly influenced by

the velocity and the temporal flow variability ptag significant role when assessing the total
available energy.

P« (4)

2.3.3 Representative Flow Velocity

The above equations represent the energy with anage flow velocity across the cross-
sectional area of interest, that being the entirer rcross-sectional area or the cross-sectional
area of the turbine device. In fact the velocitgynvary within the cross-sectional area itself.
This is particularly the case in natural channélhe turbine cross-sectional area is not small
compared to the cross-sectional area of the chaon#lthe area considered is the entire cross-
sectional area of the channel.

Velocity within a channel at a given cross sectiat vary substantial both in the vertical and
the horizontal directions. Figure 3 illustratege tlype of variability that may exist, with zero
velocities at the bank edges and maximum velocitess the top of the water column and near
the thalweg of the channel (although flow condigicand approach geometry will impact the
velocity distributions substantially).

NATURAL IRREGULAR CHANNEL

Figure 3 - Velocity Contours in an Irregular Channd [2]

Velocity profiles along the vertical axis are geallgr required for any type of hydrokinetic
device. As power is a function of the velocity edbit is necessary to have a complete vertical
velocity profile and knowledge of where the deviEanchored.

In this study, the total hydrokinetic energy in tsteeam will be assessed using the predicted
average flow velocity across the river cross sacthverage velocity of a cross section does not
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represent the average kinetic energy flux acrossoas section, as the relationship between
velocity and power is non-linear. The power aafali will likely be some value greater than
that calculated with the average velocity, depemdin the nature of the velocity distribution.
While the spatial velocity variability across aarvwcross section is expected to have an impact
on hydrokinetic energy assessment, the complexasssciated with predicting that variability
at a regional scale across Canada, preclude isd=ration in this phase of the study. As this
upcoming phase of the study involves the validatbénegionalization techniques, it will be
sufficient to evaluate the techniques based om Higlity to predict flow and average velocity.
For the final phase of this study, involving a gtiffzation of the hydrokinetic energy resources,
investigations will be made into the impact of \a#y distribution across a river cross section in
terms of total hydrokinetic energy assessment aadhtification.

2.3.4 Integration of Power Potential Over River Len  gth

The evaluation of the available hydrokinetic eneaga cross section within a flowing channel
is evaluated by integrating the power over the £iectional area. To asses the hydrokinetic
power potential along a river requires the longiadlintegration of the available hydrokinetic
power over the entire length of the river. Integma of this type will require assumptions as to
energy extraction by installed turbines, and ed@s&or the allowable spacing between
installed turbines along a river length. Phasef khis study will not attempt to integrate power
potential longitudinally as part of the final dednable. However, Phase Il may require the
integration of the power potential along the rivemgth. As part of Phase I, techniques for
determining longitudinal integration of power pdiahwill be proposed, if not evaluated.

2.4 Hydrokinetic Turbines

Hydrokinetic turbines are designed to extract threetic energy of flowing water, driving a
generator to produce electricity. Hydrokinetichine systems differ from other “run-of-river”
or “small hydro” turbine systems in that they aretually zero-head turbines and are not
constrained in a confined, pressurized flow envitent. Small hydro turbines, by contrast,
tend to be confined in a penstock or other conthat conveys pressurized water from an
elevated hydraulic head through a turbine. Asiasequence of the confined flow and the
associated turbine designs, the efficiency of simadro turbines can be very high, approaching
90%.

Turbines that operate in open channels harvestiegkinetic energy of the water with no
pressurized flow are hydrokinetic turbines. Theneaclature for this type of turbine is varied,
with this turbine type being sometimes called atéwecurrent turbine”, “free flow turbine”,
“stream turbine” or “zero-head turbine” [50]. a&fl cases these describe turbines which:

a) Extract only kinetic energy from the flowing water

b) Operate in an unconfined, open channel environmedtdo not require a hydraulic
head differential; and

C) Do not require a dam or barrage for operation.

Most hydrokinetic turbine designs can take a nundfgorms, but most are of the vertical or
horizontal axis variety. Each has its own engimgeand performance advantages, but all
operate on the same principle of kinetic energyaexion. The turbines can be anchored in a
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number of ways either as bottom mounted, line-arethor from the surface using a flotation
device [103]. Figure 4 illustrates the variousaymf hydrokinetic turbines, in the three major
groups: horizontal axis, vertical axis and crossvfturbines.

| Hydrokinetic Turbine |
|

I ]
| Horizontal Axis l | Cross Flow | |‘-.-'mjc;1[ Axis

| SC-Darrieus (Straight Blade )

| Straight Axis | Inchined A‘!.i.!'i|
| H-Darricus (Straight H];ldc]l—
|Solid Muoring| IBlluyunt Mooring | | Darrieus {Curved Blade) I—
|hm1-5uh1ncrt__rcd Generator | Gorlov (Helical Blade) |—
| Submerged Generalor | Savonius [S[l'uight-‘.‘ikcwcrl:||—

Figure 4 - Turbine Classifications [50]

Hydrokinetic turbines operate at much lower enexglyaction efficiency than their pressurized
counterparts. Betz derived a theoretical efficjelmmit of 59.3% for propeller type turbines in

free flow. In practice water current turbines @erwith efficiencies between 16% and 42%,
depending on the turbine type, make and hydrawiuditions [30, 36]. For turbine energy

extraction the calculation must consider the efficly of the turbine

R =" AV ©)

wherey is the efficiency of the turbine am&s is the swept rotor area of the turbine. In fact,
turbine efficiency is not a constant and will vavigh device design and flow conditions [36].

Re=n(v) 5 AV? ®)

Considering the Betz limit on turbine rotor efficey the maximum power extractable from a
turbine is

Pr-uec = 05930 AV? ™

wherePk.vax IS the theoretical maximum power extractable frotarine as per the Betz limit
(n = 0.593).

2.5 Hydrological Considerations

Hydrologic conditions upstream of a given locatiplay a critical role in determining the
available kinetic energy at that location. Theeveblogical inputs, climactic conditions as well
as the hydrological characteristics of a waterdtetérmine the flow in a river, and these flow
rates, when constrained by channel geometriese slad roughness, dictate the flow velocities
in the channels.
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Specific flow time-series are not required for #ssessment of a long-term hydrokinetic power
potential at a location. However, the frequencthwyhich a specific flow rate is expected to be
observed at a location is important. That is i sa accurate description of the expected flow
frequency would provide enough information to qifgrthe river power potential at a given
site. In hydrological terms, the flow duration eei(FDC) is typically employed to describe the
flow frequency at a location and provide a graphrepresentation of stream flow variability
[55, 83]. Figure 5 illustrates a typical flow dtica curve.

20

—=*— Flow used
—o— Available flow

Residual flow

Firm flow

T

1} 10 20 30 40 50 60 70 80 90 100
Percent time flow equalled or excesded (%)

Figure 5 - Typical Flow Duration Curve (FDC) identifying firm flow at Q 9o[67]

Other hydrological considerations are important wizensidering kinetic energy extraction,
particularly regarding probable maximum floods (FYl&nd the design limits of the turbines
themselves. The employment of these techniquésaik little impact or utility in calculating
the time-averaged kinetic energy available at a. siAlthough very large, PMF values are
inherently infrequent and will not contribute meagfully to energy calculations, but could
have an influence on turbine design and deployroemsiderations.

The estimation of the flow duration curve at a tamacan be conducted by a number of means
including transposition from other locations, engal or regression methods, and hydrologic
modelling. These techniques are further discuss&ections 3.2 and 3.3.

2.6 Hydraulic Considerations

Hydraulic characteristics of a site must be comeidevhen transforming the hydrologic flow
data to velocity data. The channel velocity canekémated a number of ways, the most
common being the use of a hydraulic open-chanoel 8quation such at the Manning equation.

1

V==
n

R2/3sl/2 (8)

The Manning equation and equations like it rela average flow velocity, to a hydraulic
radiusR, with a known roughness, and water surface sloffor uniform flow conditions.
Consider the continuity equation
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Q=VA 9

which relates flow rat€) to the average velocity and the cross sectional arka The area and
the hydraulic radius, which is the channel areadéi by the wetted perimeter, are dictated by
the channel geometry and the depth of flow. If geemetry is known and the water depth is
known then botiA andR are also known:

A= f(D) (10)
R=g(D) (11)

whereD is the flow depth andl and g are function describing the relationship betweenvfl
depth D, and A and R respectively. This provides a system of four eiquat and four
unknowns, which can be solved to provide the floglogity and cross sectional area, both
important in determining the total kinetic energyai river system.

With the average velocity known, the hydrokinetmmer can be determined. Figure 6 shows
the flow duration curve alongside a velocity dwatcurve (VDC) and power duration curve
(PDC) for a sample Water Survey of Canada gaugBK0Q9) from a small drainage basin.
This figure illustrates the relationship among fltmwv, the velocity and the kinetic power
frequencies. The exponential relationship amormgttiiee characteristics adds weight to the
higher flows, with most of the total power avaikabh a stream presenting itself during the
highest of flows. In this particular case nearllych the available energy in the river occurs
within only 2% of the time. This highlights theetefor accurate estimation of flow velocities
over the complete range of return frequencies églpeconsidering that design requirements
may be tied to a frequency of exceedence of aqodati flow velocity.

Conseil |
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Figure 6 - Flow, Velocity and Hydrokinetic Power Dstribution Curves - WSC Station
02BF009

The total time averaged energy available is angmnatéon of the power as represented by the
area under the specific kinetic power duration eurv

2.7 Study Scope
The scope of this study has the following limitago

1. The objective of this study is to provide natioredional level hydrokinetic power
potential estimates. It is not intended for site€sfic assessment.

2. The study will examine technique to predict flowsuinregulated rivers. Predicting the
flows in regulated rivers will not be attemptedconsidered.

3. Impacts of river ice, ice jams or ice cover willt e explicitly considered in this study.

4. This study will consider only average flow veloegiwithin a river cross section and will
not consider the impacts of irregular velocity disitions in terms of hydrokinetic
power assessment.

5. The study has precluded the use of hydrological elsoth the estimation of flow at
ungauged locations. Although potentially a usefyproach for this study the necessity
to reduce the scope to a computationally and resoeificient techniques has excluded
the use of hydrological models at this time.
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3 HYDROLOGIC AND HYDRAULIC REGIONALIZATION
TECHNIQUES

This section provides a review of published scfenliterature that was found to relate to one of
the following fields of research:

Estimation of Flow Duration Curves at Ungauged Bsisi
Regional Channel Geometry Estimation;

Regional Slope Estimation;

Regional Roughness Estimation; and

Uncertainty Estimation and Error Propagation Teghes.

agrwnNpE

Recommendations for this study based on the lussateviewed in this section are presented
subsequently in Section 6.

3.1 Estimation of Flow Duration Curves at Ungauged Basins

One of the challenges in determining the river pop&ential at a regional or national scale
occurs in making a reasonable estimation of thev fonditions at all channel reaches.
Considering the quantity of data to be processeda foational hydrokinetic energy assessment,
the flow estimates need to be acquired in an efiiicivay with a minimal manual effort. This
sub-section examines some of the techniques engloydow estimation at ungauged sites
with special attention paid to Canadian studiessindies that examine FDC regionalization.

Some published studies were found to be partigutasteworthy in terms of the analysis flow
duration curves and their use in water resourc®¥agel and Fennessey [105] provide an
excellent review of the development of the FDChtegues for development and interpretation
as well as common applications in water resour@@g][ Vogel and Fennessey [105] also
examined the utility of the flow duration curve aswtjgested an annualized interpretation of the
FDC to characterize the flow duration for a typigahr in what they called the annualized flow
duration curves (AFDC). AFDC represents the medigpothetical year not affected by
observation of abnormally wet or dry periods. Tihierpretation allows for the development of
confidence intervals around a median flow duratarve based on the distribution around the
period of record. The AFDCs are less sensitivéheorecord length than are the period-of-
record FDCs. It should also be emphasized that &Rf2 generally more resilient and
insensitive to outlying extreme events, as theipaot on the shape of the FDC is typically
minor and limited to extreme percentiles. Sthanges in climate could alter the shape of an
FDC. House [43] authored a literature review fog Ontario Ministry of Natural Resources,
Waterpower project. In it the author examineduenber of topics relating to hydropower and
the ecological impacts associated with it. Thelenwwvincluded topics such as water level
fluctuations in reservoirs, ecological effects gfifopeaking. Also reviewed were advances in
regional flow estimation techniques, although thgpbkasis was not specifically related to FDC
regionalization. As part of a review of contaminhdaransport estimation techniques for
Environment Canada, Durand et al. [26] examinedirabrer of flow transposition techniques,
but they were largely restricted to area ratio mdttechniques (see Section 3.2). Bobee et al.
[8, 9] conducted a review of regional flood freqagmmethods and performed a detailed
intercomparison of a number of methods of delimeatf homogenous regions and regional
estimation methods using data from Quebec and @ntar
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When estimating flow at ungauged basins therevaogptimary considerations:

1. The nature of the flow characteristics that needbéo known at the target
locations, e.g. maximum annual flood, flow duratamve, low flow values.

2. The technique employed in regionalizing the flovargcteristics from locations
with data, to locations without data.

This second consideration, the regionalizationniépke can be considered as two separate sub-
techniques [8]:

1. The determination of homogenous regions (DHR), tiitassifies or groups
similar source data sites, and

2. The regional estimation method (REM) which transfitre data from the source
data sites to the target ungauged sites.

3.2 Regional Estimation Methods

This section reviews a number of techniques from literature that have shown some
connection or promise with regard to FDC estimaiiorungauged basins. Castellarin et al.
suggested FDC transposition to ungauged basinbeaonducted in one of three ways [15].

1. By determining a statistical function and then deiaing estimates of the shape
parameters through regressive means.

2. By parametric means, by which a number of parameijuations are used to describe
the shape of the FDC and the parameters are rdigiethdoy some regression function,
or

3. By graphical methods, which do not employ fittinguave to the FDC.

Although not all techniques fit neatly into thekeeke categories it is a useful way to segment the
various approaches. In all cases, regardless adsification made by Castellarin et al.,
assumptions are made about the FDC shape or hosh#pe is to be captured mathematically
and then parameters that describe the shape aomabged to allow for FDC prediction at an
ungauged location.

The remainder of this section summarizes some @fnlore commonly employed regional
estimation methods.

3.2.1 Index flood method

The index flood method was one of the first regioil@od frequency assessment methods,
originally proposed by Dalrymple [23]. The prinlgps that the flood frequency curves in a

homogenous hydrologic region are identical, varyinty by a scale factor that can be described
by watershed characteristics. It requires firstittentification of homogenous regions and then
determining a standardized (or normalized) floodgérency curve. The original method

proposed the delineation of physical geographicoregand the employment of the Gumbel

distribution.

Q.(T) =1 Q' (T) (12)

whereQ* is the normalized flood frequency curve as a fumctf return frequency, ux is the
scale factor an€) is the flow duration curve at the target basireveal studies employed an
index-flood method or similar type method for traosition of flow duration curves. Acres
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Consulting [2] employed the index flood method dahd FDC was normalized to the 2-year

return flow, which needed to be predicted in thgetbasin. The technique employed by the
RETScreen [66, 67] application employs a variatadrthis approach. In this application a

representative FDC was determined for a region abzed to the mean annual flow. The mean
annual flow is then estimated at the target bagierbploying a published specific runoff map

and calculating the drainage area of the basin.

A number of techniques for using the index floodtimd and FDCs have been considered.
Shmakhtin [91] employed the method using FDC cuives gauges closest to the ungauged
site within a homogenous region. Other approabhgs used a number of curves are averaged
to determine a combined representative curve fagan as described in Smakhtin and Masse
[89]. In both cases are normalized to the meamaniiow, or some other flow metric, and
expanded based on an estimated mean annual flowr)M#Athe site of interest. That is often
done by determining a mean annual flow in a regiommalized to drainage area and then
multiplying by the calculated drainage area atuhgauged location.

3.2.2 Drainage Area Ratio Methods

One of the simplest methods employed to estimate fh ungauged basins is a drainage area
ratio method. This method scales the discharga fidknown location to an unknown location
by a ratio of the drainage areas. The drainageai® method would likely be classed as a
“graphical” method based on the categorization bgt€llarin et al. [15] because no underlying
representative function is prescribed that dessribe FDC. In principle the drainage area ratio
method is very similar to the index flood methodthwthe index being a drainage area ratio
value rather than a flood index value.

The general area ratio equation is

_(AY
Q, =Q | 2 (13)
{Agj

whereQ, and Qg are the ungauged and gauged flow rates, respgctwvel A, and Ay are the
ungauged and gauged upstream drainage areas, treslyeand m is a calibration factor to
account for the non-linearity of the relationshipThe exponential parameter m requires
calibration, but is often left as unity for simpticor from lack of calibration data [72, 84]. A
complete FDC curve could be generated at an ungdasite using this method by translating a
percentile flow on the source FDC to a target FDSthg the above equation. Caution is
generally warranted when using the drainage arga meethods as the relationship between
runoff and drainage area is affected by a numbéaatbrs, drainage area being merely one, and
the strength of the relationship drops off quicklythe drainage area ratio diverges significantly
from unity [19, 56]. The Sauer Weighting functiorethod is a variation of the drainage area
ratio method that uses a combination of drainagm aatios and the predicted flow rates
determined from USGS state regression equationstfeamflow. Drainage area differences of
more than 25 - 50% have been considered limitspplieability for this method by some
authors [26, 56]. A number of FDC transpositiondgts have employed this method [61, 63,
71].

Mohamoud and Parman [61] also employed modifiethdgge area ratio methods in a study of
the US Mid-Atlantic region
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_ A,
Q, =Q, tan — (14)
{Ag]

_ A
Q, =Q, arcta (15)
'E Ay J

3.2.3 Parametric FDC Characterization

When parametric methods are used to predict themalgFDCs at ungauged sites the FDC is
assumed to be represented by analytical equatidimese equations could be polynomial or

exponential equations, the parameters of whicleatienated through regional analysis. One of
the first FDC regionalization and transpositiondé#s was conducted by Quimpo [79]. In this

study, conducted in the Philippines, regionalizatid FDCs was conducted by presenting each
FDC as an exponential function of the followingrfor

Q=Q.e™® (16)

whereD is the percent of time a flo® will be exceededQ, andc being calibrated positive
parameters. A power equation was also considéngdthe natural logarithm decay equation
was found to match the observed data better. oB8tatvere selected that had 8 to 21 years of
data and point values f@, andc for each gauge were determined. The values, @fhich
controlled the slope or shape of the FDC were retlized and a contour map of the values for
c was developed for the region. TR values were scaled based on the drainage area of th
ungauged basin using the equation

Q. = pA™ (17)

whereA is the drainage area apdandm are positive constants. A curve was developedgusin
available data for all drainage areas in exces06f knf, as smaller basins showed a high
degree of variability.

Franchini and Suppo [34] proposed a parametricnigcie for estimating the flow duration
curve by fitting a curve to three quantiles of tABC. The authors proposed two possible
equations for describing the lower portion of tlev duration curve

a
Q=c+e™? (19)

whereD is the frequency of exceedence & the corresponding flow rate. Parameters,

andc are calibrated using ordinary least squares metto@®ints on the FDC. The authors
provide a number of regional regression models dtimate the quantile information as a
function of watershed characteristics. Interggdyi, this method regionalizes flow quantile
values rather than parameters based on watershedcbéristics. Castellarin et al. [15]
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expanded on this method to employ four percentilestead of three and found it improved
FDC representation.

3.2.4 Statistical FDC Characterization

Statistical FDC Transposition involves charactegzihe source FDC curve as a probability
distribution. This is not strictly appropriate, th& auto-correlation inherent in the data used to
generate an FDC precludes the data themselves heng described as a pure probability
distribution. However the shape of the distribatean be representative and transposition of a
properly calibrated distribution can produce meghihresults at ungauged stations.

Leboutillier [52] conducted a flow regionalizati@tudy in British Columbia by fitting a two-
component, two-parameter lognormal mixture distrdyuto the flow duration curve data. This
distribution is a weighted combination of two logmal distributions each with a position and
shape parameter. The result is a 5 parametenrfé@dch flow duration curve.

The values of each of the parameters were clustated’ regional clusters using a two-stage
density linkage cluster analysis technique. Theegsted clusters showed distinct contiguous
regions within the province of BC. The averageapaster values were then determined and
representative flow duration curves were generétecach of the prescribed cluster regions.
The predictive capabilities of the generated FD&vesi were not investigated.

3.2.5 Graphical FDC Characterization

Castellarin et al. [15] characterized the technigeseloped by Smakhtin [91] as being a
“graphical” FDC transposition method. In this medhFDCs at gauge sites were normalized or
standardized to a prescribed index flow and a redid-DC was determined by averaging
percentiles of the FDC within the a region. Thedex flow values at the ungauged sites were
estimated using a linear regression technique. &t Ouarda [84] concluded that the
distinctive characteristic of this technique waattthe method made no assumptions about the
shape of the FDC, it being derived entirely frore tibserved site FDCs. This has inherent
advantages if the entire FDC is required, or acre@f the FDC is required that is not easily or
consistently represented by a statistical or céimatytical function

Mohamoud [60] employed a percentile flow predictissing step-wise regression by grouping
15 percentile flows into low, median, and high rasgwith five percentile flows in each, and

determining unique predictors for each range. Jdwace site selection was based on grouping
by pre-defined landscape classifications.

Shu and Ouarda [60] expanded on the techniquesmaik&in [91] and Mohamoud [60] by
employing a regression based logarithmic technitmenterpolate between measured or
predicted percentile values on the FDC to geneatentinuous curve. A stepwise regression
analysis was performed for each of 17 percentde$l and the FDC data were transferred to
ungauged basins using various distance weightilngrses employing area, positional and
physiographic data from multiple sites. In a studyQuebec the authors found the FDC
technique outperformed area ratio methods and tthatinclusion of multiple source sites
consistently improved predictive performance.

3.3 Determination of Homogeneous Regions

At their essence, regionalization techniques fowflestimation in ungauged basins involve
procedures for deciding which sites with data wilhtribute to the estimation of a site with no
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data. The principle is that sites with data tiratthe most hydrologically similar to those of the
ungauged site will be the best predictors of flewdviour at that site and should be included in
the estimate calculations. Conversely, sites d@inatdissimilar to the ungauged site should be
excluded. = When considering the prediction of FDstsne difficulty arises because the
processes that influence the low flow portion & tlow duration curve may not be the same as
those that influence the high-flow portion. Forstamce Dingman [24] and Searcy [83]
suggested that the lower flows of a FDC are colettloless by climactic drivers than by basin
geology and physiography, whereas in a runoff-dateitt watershed, the local climate would
have a very significant impact on the higher floarsd would impact the FDC accordingly.
Regionally, precipitation, temperature and evapomnatvill affect river flows but locally flows
can be controlled by basin physical propertiesudiclg geology, land use, the presence and
position of surface water bodies [42].

There are many possible approaches to determiromgdata are regionalized; one of the most
popular and easiest to interpret is the geografphicantiguous region. If an ungauged site falls
within a geographic region (on a map) then the attaristics of the region as a whole (or sites
within the region) are used to predict the flowrelueristics and data from other regions are not
included. One of the only studies to identify hgldgic regions nationwide was conducted by
Acres Engineering [2] in which 12 Hydrologic regsowere identified. This was done by first
identifying a number of predefined physiographigioas within Canada and then sub-dividing
by the presence or absence of permafrost and r@gibmactic differences [3].

Gingras provided regionalization studies in Ontamal Quebec, determining nine independent
regions with similar flooding characteristics [35The regions were delineated using a
parametric frequency analysis and relationshipsvéen the magnitude of the flood and the
drainage area of the basin at the ungauged locedioldl be estimated.

The Ontario Ministry of the Environment delineatélde provincial regions differently,
depending on the flow characteristics that hadet@tedicted as described in the Ontario Flow
Assessment Techniques (OFAT) manual [17]. Foraims#, to predict low flows six regions
were delineated within the province, but usingititex flood method 12 different regions were
delineated.

Leboutillier and Waylen [52] conducted a regionatian study to develop flow duration curves
for the province of British Columbia. A distanceeighting technique was employed for
statistical parameters that described FDC shaperaghitudes to develop a surface over the
province. These were combined in a cluster amatpsdescribe seven hydrological regions on a
map of the province.

3.3.1 Delineated Homogeneous Regions

Hydrologically homogenous regions are identifiedaar that behave in a hydrologically similar
manner. This approach has been widely used asovides a conceptually straightforward
mapping of regions to facilitate the predictionbahavior in sites that are ungauged or lacking
data [52, 66, 67, 75, 92]. This approach can @naoblematic; however, as regions that are
hydrologically similar may not necessarily be geqgdncally contiguous [1] and a more robust
method would be to determine the statistical gnagpibased on influential parameters and then
examine the fit of an ungauged basin within thelakbe groupings.

A commonly employed technique for hydrologic regelineation is cluster analysis [52, 65,
92], which is a technique to assign observationgrtmps or clusters based on parametric
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similarity. In the case of FDC estimation in ungad basins this clustering is based on
similarity of watershed characteristics of a gaugedngauged site. The goal of clustering is to
establish similarity within a cluster and establisgsimilarity between clusters. The results of
the clustering analysis will depend on the selectb the similarity measure (e.g. Euclidean
distance, absolute differences) and the methodlitiiet data to a cluster (e.g. Ward’s method,
UPGMA). An ungauged site can then be associateddioister using discriminant analysis or
similar statistical approach [65].

The problem of ungauged sites being not well plestadstically within any one cluster can be

overcome by weighting the contributions from a nemtf clusters on the target site. Tasker et
al. [93] employed multivariate cluster analysis whaetermining 50-year floods in ungauged
basins in Arkansas, USA. The authors also emplaydtscriminant analysis to determine the
probability that a site existed within a delineattdster. The final prediction of the 50-year

flood value was determined by employing weighte@rages of predicted values for each
cluster, the weights being dictated by the prolissl derived from the discriminant analysis.

This technique has also been called fractional nessiop [1].

The use of hydrological regions, especially as ggiohlly contiguous regions seems to be the
most popular approach based on the number of stedmeducted that employ the technique [2,
52, 66, 67, 75, 92].

3.3.2 Region of Influence (ROI)

The region of influence (ROI) method identifies haganous sites based on hydrologic or
physiographic characteristics and not necessariphysical boundary between basins. The
technique was originally suggested by Acreman airitskife who suggested dispensing with
physical or contiguous geographical regions [1kgigns are identified based on a watershed’s
proximity to other watersheds (Euclidian distana®)ch can be a determined by a combination
of differences in station attributes including plogsaphical, climatological or hydrologic
information. A weighting function is defined toségn the importance of each catchment
characteristic in calculating the Euclidean distanc

ROI is generally used to generate larger datasetsllow for more accurate generation of
extreme value estimate techniques [12, 13]. Taskat. [93] reviewed various regionalization
methods for 50-year flood estimation for a studyAikansas and found ROI gave the best
results for that region when compared to varioggore subdivisions and a cluster/discriminant
analysis for region delineation. ROI has also based to estimate flow characteristics at
ungauged sites [109], naturally excluding the usehymrologic predictor variables in the

approach.

It appears that up to now only one attempt to egen-DCs at ungauged locations using the
ROI approach has been conducted. In that studdumed by Holmes et al. [42] the ROI
approach was used to predict thg @ow value in the ungauged basin. The FDC cusatethe
ungauged sites were generated by comparing thecteddQs value with Qs values of
standardized FDCs developed in the region. A timg@rpolation between these standardized
curves was used to generate the resulting targét FD

3.3.3 Canonical Correlation Analysis

Canonical Correlation Analysis (CCA) is a multiag statistical technique that permits the
establishment of interrelations between two growdsvariables by determining linear
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combinations of one group that are most correlatdthear combinations of the second group.
The technique has been employed as a regionalizatiethod in flood frequency analysis,
where one group of variables represents the fldwdacteristics and the second represents the
physical and climatological characteristics of Hasin, the principle being that by knowing the
second the first can be predicted [9]. Regionstban be defined by examining the proximity
of a gauge to other gauges in the parametric ordhygical space. A Chi-Squared distance is
defined and based on judiciously defined confidetme=l a region influencing each an
ungauged basin can be defined.

The procedure has been employed for flood frequaneyysis in Quebec [80] and Ontario [76].
Although there appears to be no reason why the @gfonalization approach could not be
applied to a FDC transposition to ungauged badmsany of a parametric, statistical or
graphical context, none of those techniques wasdan the literature.

3.3.4 Non-Linear Spatial Interpolation Technique

Hughes and Smakhtin [44] developed a non-lineahrigcie for infilling missing data at
proximal gauges, and re-building flow time seriesng flow duration curves as a transfer
function. Although this technique was developeithprily to reconstruct time series data, it is
relevant in this current work considering the teghas employed to apply and transfer flow
duration curves between gauges. The technique ogregbl monthly 1-day FDCs for each
calendar month for both the target and sourceostsitand allowed for time series transfer on a
monthly basis. Smakhtin et al [89, 90] developed axtended a technique for ungauged
stations where the FDC at the target site was umknoThe authors suggested normalizing
FDCs using an index flow, and then determiningtéinget FDC and determining the index flow
at the target location. The source FDC is repteseas a discharge table for fixed percentage
points and data between points was interpolatetusiogarithmic interpolation function.

Source gauges are used to estimate the target gedydDC by a weighted interpolation based
on the similarity of the source gauges to the tal@mation. The authors recommended that up
to five gauges be used as source sites. The sthreld FDCs created for ungauged basins were
then standardized with index flows determined lgyaeal regression analysis. The authors also
suggested avoiding the direct use of catchmentardareferred the use of mean annual runoff
or mean daily flow values at the site of interesthie regression analysis. This information was
readily available in the South African case studgds The authors also suggested 20 to 25
years of data being adequate for the applicaticdh@imethod. This method has been reviewed
favourably by Metcalfe et al. [57] for inclusion agool for establishing flow regimes in Ontario
and is considered a reasonable ungauged basimaéstintechnique.

3.3.5 Regression Based Logarithmic Interpolation

Shu and Ouarda suggested a method — Regressiod Bagarithmic Interpolation (RBLI) —
similar to Smakhtin et al. [89, 90] in that it empéd the transposition of a number of
percentiles on known FDC curves to ungauged logstim construct FDCs at these target
locations. Like the Smakhtin technique the FDGrearwere interpolated between points using
a logarithmic interpolation technique but unlike tBmakhtin technique the regional regression
was performed on the FDC percentiles without noizirag to an index flow value.

The authors investigated a number of regionalinagpproaches and looked at single and
multiple source FDC estimation, and also companed=DC transposition to drainage-area ratio
methods. The authors also experimented with thebeun of source gauges and the distance
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weighting scheme used to regionalize the FDCse HIDC transposition methods outperformed
the area ratio methods in this study, conducteQuebec. Multiple source sites were found to
show substantial improvement over using singlessite most cases, and of the distance
weighting schemes examined (area, geographic distaphysiographic differences) a

geographic distance weighting scheme was founcttopn best. A method adapted from the
above is being employed by Ouarda in the investigaif ungauged basins for the International
Joint Commission (Prof. Taha Ouarda, Personal Camuation)

3.4 Notable FDC Transposition Studies

This section examines a number of studies that hewked at FDC transposition studies
conducted to compare various techniques used eg@m and to determine their predictive
capabilities.

Yu et. al. [108] studied 15 watersheds in Taiwam a@xamined parametric (polynomial
equation) and area ratio methods for FDC trangpaosit The authors used bootstrap resampling
to determine the variance around the estimatedesafar both methods. The polynomial
method described the FDCs based on regressioni@ggidhat included drainage area, mean
altitude of the basin, and average annual rairdatl predictive variables. The polynomial
representation of the FDCs showed less error, hbigad by tighter confidence intervals, than
did the area ratio method.

Castellarin et al [15] examined a number of techegfor regionalization of flow duration
curves, particularly for low flow (g to Qg) transposition. The study examined statistical
techniques proposed by Fennessey and Vogel [3ljarametric technique presented by
Franchini and Suppo [34] and a graphical technigescribed by Smakhtin [91]. The
regionalization methods employed drainage areangale portion of the basin, maximum,
mean and minimum elevations, and elevation rar@énactic variables employed were mean
annual temperature, mean annual precipitation, naessual potential evaporation, and mean
annual net precipitation. The models were compared 52 station study with a jack-knife
cross validation quality assessment. The authmred that all three methods produced results
of similar quality, but the techniques producedstattory results (based on authors evaluation
metric) only 60% of the time. Interestingly, itaw discovered that five years of flow data
records was enough to produce adequate flow daratioves which was better than any of the
regionalization methods. This aspect of the sthiylighted the importance of employing
observed data whenever possible or practicable.

3.5 Channel Geometry Estimation

An estimate of the channel geometry at the ungalagadions is an essential component in the
estimation of the hydrokinetic energy in a riveRiver geometry prediction generally attempts

to relate the channel geometry to some other mablsuguantity. The channel geometry is

largely dictated by the sediment and water disahaages to the reach and constrained by the
channel geological characteristics.

River geometry pattern prediction advanced sigaifity with the relationships developed in a
landmark paper by Leopold and Maddock [53] who idiexd a power law relationship between
the width, depth and mean velocity and a corresipgndischarge. Their work was based on
the examination of 20 natural river cross sectiohise relationships are:
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w=aQ’ (20)
d=cQf (21)
v=kQ" (22)

whereQ is the channel-forming discharge amdd, andv, represent channel width at the water
surface, mean depth and average flow velocity @by, and where, b, c, f, kandm are
numerical constants. The characteristic dischaegaployed in the downstream geometric
analysis have varied from study to study and th@cehremains controversial [48], however
most use either a mean or bank full flow. Meagaastr flow geometry equations have been used
for flow requirement determinations and bank fldif geometry equations have been employed
in channel restoration studies [61]. There ar&rict®ns on what values the constants can take
as described by the equation of continuity.

Q =wdv (23)

By combining the continuity equation (23) with egjaas (20) (21) and (22) the following
relationship is developed:

Q=ackd@” ™™ (24)

which provides two functional restrictions appli¢al the scalar coefficients (25) and the
exponential coefficients (26).

ack=1 (25)
b+f+m=1 (26)

Further to the above, Singh et al. [87] also idesdiin their analysis the variation of roughness
and slope with flow rate, shown in equations (2¥J é€28) respectively.

n=NQ" (27)
S=sQ’ (28)

Analysis of the relationships between geometry i is generally divided into two types,
both of which employ the same set of equations:ia*atation” and “downstream” geometry
relations [48]. The at-a-station geometry relaiaescribe the change in hydraulic geometry
with discharge at a particular reach. Downstre@ongetry relations describe the variation of
hydraulic geometry between rivers at a particukaracteristic discharge. The exponents of the
equations (20) (21) and (22) were found to varyehjdy Park [77] when examining the results
of a number of available studies conducted worlégwahd differently for at-a-station and
downstream relationships. This is illustrated iguire 7.
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Figure 7 - Variability in Channel Geometry Coefficients [77]

Many studies have been conducted to estimate tfzaneders of the above power relationships
for rivers in various regions. The literature mwviby NRC-CHC [26] collated and summarized
a large number of these published studies. Itrtegaon finding difficulty in employing these
relationships primarily because of the limited sfnability to regions, river types or
characteristics other than those employed in theies themselves.

Allen et al. [5] conducted an analysis of data fréif stations across the United States to
develop parameters for equations (20) (21) and. (Z®)rough linear regression analysis the
authors determined the following as the best fihtvavailable data

w = 122Q % (29)
d = 034Q (30)
V= 242Q 0% (31)

where flowrate (Q) is in units of‘fs at bankfull flow, width (w) and depth (d) areunits of ft
and velocity (v) are in ft/s. The coefficients aétermination were found to be acceptable for
the equations for width @0.88) and depth (0.75), however the variation in velocity was
not as well explained (R0.14). The authors validated the width and depdulels against a
smaller, 41-station dataset and found the modeldommeed well with a Nash-Sutcliffe
efficiency of 0.87 or higher.

Jowett [48] developed estimates of channel hydragdometries in New Zealand using the
Maddock and Leopold power equations and mean amstu@mflow using reach-averaged
geometry. Both the at-a-station and downstreaomg¢ric relations were found to fall within

the survey conducted by Park [77].

Booker and Dunbar [10] performed a study that dgwed a channel geometry prediction
technique using multi-level models for reaches initthe United Kingdom. The authors
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employed a set of gauges within the UK to provibevfestimation and measured geometry
looked at both at-a-station and downstream pre@iactharacteristics. The authors noted that the
stations employed were not strictly random, and Ieeh chosen preferentially for their utility
as flow gauging sites. This study looked at adtier approach to examine the variability
associated with the geometric parameters: reachr, rand region. Booker showed that the
greatest variability in terms of geometric chargsties in the UK study sample existed at the
scale of the river and that the individual reacsteswed and the regions showed least variability
on average.

Singh et al. [86, 85] performed a number a simierdel studies of the downstream channel
geometry model development. In it, the authorsrerad a theoretical model development that
considered changes in downstream geometry, slopeughness based on the principles that
adjustments to stream power will result in adjustteén stream geometry to accommodate, and
that a principle of maximum entropy will be obsetveThe theory considered a number of
possibilities for channel adjustment with changestream power. That is, a change in stream
power could be accomplished by changes in rougharesgsvidth, or depth and width, or depth
and roughness, etc. such that the new stream pmwelition is balanced. The authors applied
the technique to datasets available from a numbeountries including Canada and the models
showed reasonable estimation of channel geometrya related study, Singh and Zhang [88,
87] applied a geometric estimation technique tomnera at-a-station geometric model
development and validation. The principles applieate the same as those of the downstream
geometry study by Singh et. al. [85, 86] but agplie at-a-station geometry changes. The
authors examined an international dataset and shos@sonable predictive capabilities.

Mohamoud and Parmar [61] estimated channel geonag¢tiyngauged stations, employing the
power equations developed by Leopold and Maddaut tlaey calibrated the coefficients based
on a USGS database of known geometry and flow fdatdne US Mid-Atlantic region. In this
study the mean flow was employed as the represemttow and the calibrated relationships
were validated against an independent dataset.

Schulze et al. [82] in a study simulating riverwloelocity on a global scale employed the
equations developed by Allen et al. [5] to caloalathydraulic radius. Assuming the channels
had a rectangular shape and that the width to degitb remained unchanged for all flow
regimes the authors calculated velocities baseti@Manning equation. This approach did not
account for a change in width to depth ratios witthange in flow regime and as a consequence
overestimated flow velocity.

Other studies have used relationships other thasetdescribed by Leopold and Maddock, and
instead used relations to watershed parameters ttha a characteristic flow. Numerical
hydrologic models including BASINS [6] and WATFLOOI[®1] employ default channel
geometries as a function of drainage area. Amak ] conducted a study in Idaho attempting
to estimate channel geometries (width and depthjl@ying readily available GIS data. The
study was designed to evaluate regression equdtiatgely on multiple input parameters as
compared to single drainage area parameters comgreamployed in modelling software. The
argument against employing drainage area exclyswas that the correlation between drainage
area and the flow rate of the channel-forming disgh is not necessarily strong. Other
parameters including annual precipitation, elevatiand basin slope were selected based on
stepwise linear regression analysis. Using bagssampling the authors compared the
predictive power of single variable relationshipsttiat of multiple variable relationships. The
multiple variable equations outperformed the singigriable equation. The strongest
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explanatory variable remained drainage area, aadtation was the next strongest followed
by elevation and slope variables.

3.6 Channel Slope Estimation

Without extensive slope surveys, channel slopenastis are generally made with topographic
data either in the form of elevation maps [97] monf digital elevation data [49, 68, 71].
Although commonly employed, data obtained from ¢h&surces can produce misleading results
when the geometry at the channel scale is notreptesented [54].

Lunetta et al. [54] employed GIS data in the charéation of salmon habitat in the Pacific

north-west and performed slope calculations usihg @Gata. The authors found best results
when the finest available DEM resolution producsveanployed (30m) and used 150m reach
lengths for slope calculations (or 5 DEM cells) heTauthors sited a trade-off with changing
reach length because shorter reach lengths were meadily subject to local DEM errors while

longer reach lengths would mask local changesoipes|

Neeson et al. [68] compared GIS-calculated chaslogples with measured surface water slopes
on a study reach in Ohio, USA. These slopes wateulated with the assistance of river
channel shape files, with the GIS elevations engioy the calculations determined from the
shape file reach locations. The authors foundgaifstant correlation between measured and
GIS-derived slopes. The accuracy increased wighréach length. The authors found the
inability of GIS data to capture river sinuosityntéied to produce higher estimated slopes in
those areas. Also it was observed that GIS datartierent minimum slope calculation limits
based on the numerical resolution of the DEM dater @ reach length. Some studies (eg.
Schulze et al. [82]) have corrected for the ernae tb river sinuosity by introducing meander
factors which effectively increase the channel teregtimate and reduce the slope estimate.

An NRC-CHC [71] study examining an automated hydreic estimation technique,
calculated slope using DEM data and employed ard®8ach length (200 m upstream and 200
m downstream from a channel location) using a 9DEM horizontal resolution.

Peckham [78] presented a technique that accoumtedEM elevation resolution issues in
regions with gentle slopes. It applied a profieesthing algorithm based on Flint's Law.
Flint's Law suggests that the slope is a functibthe drainage area in a watershed based on a
power function relationship. Peckham found that &fgorithm produced more accurate slope
estimates, but that it did not accurately represtaations.

3.7 Roughness Estimation

No studies have been found that provide insighte&iimating of roughness characteristics in
Canada in the absence of a site visit or similaratterization. A number of hydraulics texts

and reports provide some means for estimatingretreaghness coefficients based on matching
gualitative descriptions [18, 40], estimates based grain size distributions and other

measurable quantities in a river bed [21] and basedestimates made by comparison to
photographed reaches where roughness studies bamegbeviously conducted [7].

Schulze et al. [82], in attempting to develop mdthof velocity estimation at a global scale,
concluded that there were three ways to estimaarai roughness in the absence of a regional
study:

1. Use aroughness tuning factor relating flow to e#odata without validation;
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2. Use a constant river roughness; or
3. Use topographic of geologic information to estinrater roughness locally.

In their study Schulze et al. either tuned the hmass to available data or set the value to an
assumed constant value. In most hydrokinetic etutkviewed in this document the roughness
is estimated and assumed to be constant [58, T1, 97

Mohamoud and Parmman [61] estimated roughnessinrigionalization study at sites where
all channel geometry was estimated, including latannel slope, and the Manning equation
was then used to calculate the roughness. Thaastl roughness values were then compared
against published ranges.

Considering the uncertainty in roughness estimatsmme authors suggest a range of values.
For instance Henderson 1966 suggests 0.025 to @ad3ean and straight reaches, 0.033 to
0.040 for winding reaches with pools and shoals @0d5 to 0.150 for very weedy, winding
and overgrown reaches [40].

3.8 Uncertainty Estimation

In this study the estimates of hydrokinetic eneagy determined based on a number of other
parameters, and the measurement or determinatieachf of those parameters contains a degree
of uncertainty. Many other studies have examinstiimations of the power with assumed
values of roughness or channel geometry, etc. @irnyia very precise estimate of the
hydrokinetic energy and power potential. Stilerdnis a great degree of uncertainty in all of the
input parameters which may translate into a sigaift uncertainty in the hydrokinetic energy
estimate. To add confidence to the reported hydedic energy values, Phase Il of this study is
to include an uncertainty analysis in hydrokinegizergy estimation. This section examines
techniques for propagating uncertainty as well abliphed studies that have estimated
uncertainty for some of the important estimatedpueaters.

3.8.1 Error Propagation Techniques

Error propagation occurs when errors in the ingua anodel or a calculation influence the
errors in the output of that calculation [41]. the review of the literature it was found that two
general approaches were commonly used for promagadf error through a model or
calculation: Taylor Series Methods and the MonteldCMethod and its variants. These
methods and their use in hydrologic applicatiomseapanded upon below.

Taylor Series Methods

The Taylor Series Method (TSM) involves representime model variable as a Taylor series
and then combining the series with a predictiveatiqu [11, 95]. The expanded Taylor series
for the model variable, either as & @r 2'* order series, can then be combined with the
derivatives of a predictive equation for the modsmiiable. The result is an analytical equation
that describes mean and variance of the model.intite variability of the input parameters is
known the error associated with the input pararsetan be propagated to the estimate value.
For instance, consider the Manning equation.
1

V - R2/331/2 (32)
n
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A first-order Taylor series expansion of channeloegy, combined with derivatives of the
Manning equation predicts the following equatiosa#ing the propagation of the error in the
estimate:

AV _2AR _An N AS

— (33)

Y 3R n 28

where the delta terms represent the variabilityaoge of values in the input parameters. This
analysis shows the relative sensitivities to chamgeput parameters. With relative errors
being equal, the roughness is the most sensitollawed by hydraulic radius and slope. It
should be noted that one may expect much more lbvaraability in the hydraulic radius in an
ungauged basin than in the roughness or slope. ngikod has the advantage of providing a
clear analytical solution that describes the pragiag of error in the system, but requires an
analytical representation of the predictive model a clear quantification of the error ranges.

Monte Carlo Methods

Monte Carlo methods of uncertainty estimation drle & account for uncertainty propagation
by randomly sampling input variables from a knowm{j distribution to determine the resulting
probabilities of the modelled variable. = The Mor@arlo Method is a generic method and
involves few assumptions about input distributiongelationships and it is limited largely by
the computational time required to execute the irequnumber of simulations [11]. As with
the TSM, some information is required about thésteal distribution of the input parameters.

3.8.2 Error Propagation with Distributed Data

When considering GIS or distributed data, the spadlistribution of the associated uncertainty
needs to be considered. In general the error gedjgam approach depends on the type of
operation being conducted using the GIS data. dperations can be classed into two types
[41]: Neighbourhood operations, which involve cédtions in close or immediate proximity;
and Global Operations, which involve calculatiomsttemploy GIS data over an area.

Neighbourhood operations in GIS processing argype that employ only data in the near or

immediate vicinity of the location at which the @alhtion is being made [41] and can be call
constrained operations [74]. For example, theutalon of a local slope magnitude and

direction using a DEM is a neighbourhood operati@iobal operations, by contrast, are based
on far-reaching spatial interactions in distribudata [41] and can be called unconstrained
operations [74]. For example, the delineation ofatershed would be considered a global
operation.

Propagation of error with distributed data can aotdor errors in the spatial data by perturbing
the spatial data-point values using a random peoce®wever, many disturbed data sets show a
high degree of autocorrelation, and the incorporatf autocorrelation into the error field can
be important when determining the error range & tlerived values obtained from GIS
operations [41, 74].

3.8.3 Error Estimates using Hydrometric and Geograp  hic Data

This section outlines studies that have examinegtiBpally the use of techniques estimate
uncertainty in stream flow estimates, the estimatesiatershed characteristics derived from
DEM data and channel geometry estimates.
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Flow Duration Curve and Stream flow Uncertainty

Estimation of uncertainty in FDC determination leen conducted in relatively few studies.

The work by Vogel et al. [105] and the developm&inan annualized FDC provides a means to
asses the degree of variability that can be obdeaveund an annual median FDC at a given
location. No other errors associated with FDCnestion have been discovered in this literature
review. This is likely due to the fact that thaditional means of producing an FDC for a site is
rather robust and random errors in measured flowladvproduce a similar FDC curve provided

that a long enough data record would be available.is believed that propagating the

uncertainty associated with the underlying stagekdirge rating curves at a given gauge
location to the development of a FDC would prodowee meaningful results regarding FDC

uncertainty, but no study of this type was disceder

Murdock and Gulliver [63] examined the uncertaiagsociated with FDC transposition based
on an area ratio method. The authors fit an aaga curve to the available drainage area and
flow data, and the residuals of the resulting cieee used to estimate the errors in the FDC at
the ungauged site. Yu et al. [108] in their stadlyrDC transposition in 15 basins in Taiwan
employed a bootstrap cross-validation techniqudet@rmine the confidence intervals for the
estimated FDCs.

Harmel et al [38] examined error propagation inewajuality data for small watersheds and
looked at a number of sources of error includirrgashflow. The authors surveyed estimated
errors associated with each stage of data or sacofilEction and measurement, and combined
the errors by using the Topping Method [95] byraating the total error from the square root of
the sum of the squares of the contributing error3his provided a useful survey of error

estimates for streamflow measurements, stage-dipehaelationships and continuous stage
measurement and their contributions to total @rr@treamflow measurement and pollutant load
estimates.

Watershed Area and Slope Uncertainty

DEMs are used to calculate slope, drainage areatied topography-related parameters. They
are often employed as error-free data sources thgherrors associated with their accuracy
ignored in modelling and analysis. There are @ibycpublished RMSE estimates with respect
to vertical accuracy on most modern DEM productseddaon validation tests with known
elevation points. This RMSE data provides an egtnof the vertical accuracy at any particular
point. However, there exists a high degree of na&tgpatial autocorrelation in DEM data, and
errors associated with the DEM may also be coedlat short distances. This autocorrelation
relationship can be important in estimating errorsalculations made with DEMs, although the
relationship is rarely known [41].

A number of studies have investigated the impd@s uncertainty in DEM datasets have on the
calculation of derived properties such as sloppgets viewshed and watershed drainage area.
Early work by Fisher [32, 33] examined the effeofsintroducing errors to a DEM on the
calculation of the viewshed area, or the area odl Isurface visible from a point on the DEM
surface. Fisher identified significant increasediability in viewshed area calculations with an
increase in the RMSE employed in a Monte Carlorggropagation applied to the DEM. The
inclusion of an autocorrelation field had less jm&ble results when compared to the RMSE
applied randomly at DEM grid points, but the resgihow convergence with the original DEM
with increased autocorrelation.
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Huevelink [41] published a manuscript on the prati@ym of errors in GIS data and examined
error propagation in slope and aspect calculat{total GIS operations) using DEM data both
theoretically and in a case study. The authoméxed slope and aspect of a DEM employing a
number of functions for calculating the variabl€d®(and & order finite difference) and
employed an exponential autocorrelation functiothvd range of correlation parameters. A
Monte Carlo method was employed to determine theltiag variances with the original DEM.

It was found that the zero correlation scenariogdpced the highest variance and were
considered a reasonable “worst-case” scenariddpesand aspect calculations.

Hunter and Goodchild [45] published a study exangnihe uncertainty in slope and aspect
calculations from DEMs and investigated the effgfcan spatial autocorrelation function on the
error field. An autocorrelation function was emydd when generating the error field with

varying degrees of correlation. The authors discevehat the variance of the errors were
greatest with no correlation and remained neanthgimum error at lower correlations. As the
correlations increased and approached unity thenae or error, would decline precipitously.

The authors suggested a worst-case scenario bbeagemployment of an autocorrelation
function that produced a near-maximum variance amakimum autocorrelation (i.e. an

autocorrelation value less than the point at wiiehvariance begins to drop rapidly).

Oksanen and Sarjokoski [74] examined the effecérafr propagation on slope and drainage
area delineation using DEM data. The authors exednihe effect of varying the random error
filed by adjusting the RMSE values of a DEM of artish island, and the autocorrelation range
for an exponential and Gaussian spatial autocdiwalausing a Monte Carlo method. The
authors discovered that the maximum varianceseo$tinface slopes were greatest not with zero
autocorrelation but at some value 2.34 to 2.72 gitie DEM mesh size depending on the
autocorrelation function employed. This representieparture from the previous understanding
that the worst-case scenario was created by a mafietd with zero autocorrelation. The slope
and watershed delineations were most sensitiveadRMSE values and constrained operations
(slope) proved to be more sensitive to autocoimelaparameters than were unconstrained
operations (watershed delineations).

Channel Geometry Uncertainty

Very few studies have examined uncertainty in hytitageometry estimation and the

guantification of the associated errors. Harmaal.ef37] evaluated the uncertainty in channel
hydraulic geometry for a number of rivers in Aubta The authors provided regression
estimates of channel geometry and velocity using-tlansformed geometry and flow

parameters. The errors were propagated usingreath®est estimate of the error ranges or
through the employment of bootstrap methods taonedé the error in derived parameters. The
errors were combined using Monte Carlo simulations.

Roughness Uncertainty

No studies have been found that consider the rahgeors associated with regional roughness
approximations in the estimation of stream velesiti
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4 DATA AND RESOURCE REVIEW

This section summarizes the datasets availabledioducting the validation study in Phase Il of
this project, as well as available tools to faatkt this phase of the study. Recommendations for
how the data identified here will be included iraBé Il are presented subsequently in Section 6.

4.1 National Hydro Network (NHN)

The National Hydro Network (NHN) is a GIS produlcéat includes a geometric description and
a set of basic attributes describing Canada's dnsamface waters. It provides geospatial vector
data describing hydrographic features such as laksesrvoirs, rivers, streams, canals, islands,
obstacles (e.g. waterfalls, rapids, rocks in waae) constructions (e.g. dams, wharves, dikes),
as well as a linear drainage network and the topamyinformation (geographical names)
associated to hydrography. NHN datasets are almilalisML (Geography Mark-up Language)
and ESRI shape file formats [14].

It is anticipated that the NHN database will beduge this study in the estimation of river
widths at gauge locations in Phase II.

4.2 HYDAT

Environment Canada (EC) maintains HYDAT, an archidatabase that contains all water
information collected through the National HydrormeProgram. These data include: daily and
monthly means of flow, water levels and sedimemicentrations for over 2500 active and 5500
discontinued hydrometric monitoring stations acit@asada [28]. The data are available online,
and also through the Environment Canada Data Eep(&CDE) desktop application developed
by NRC-CHC for EC as illustrated in Figure 8.

In Phase Il of this study, HYDAT data will be recpd to select and acquire station data to
generate FDCs for gauge locations at the validatitms. The FDC curves generated from this
data set will be used for calibration and validatid the regionalization techniques.
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I3 Environment Canada HYDAT Data Explorer :1 - ECDataExplorer.
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Figure 8 - Environment Canada Data Explorer (ECDE)

4.3 Canada Water Survey Measurement Database

The Canada Water Survey Measurement Database MSaAccess database developed for
internal use by Environment Canada and is a regry<ior hydrometric field measurement data.
Data include cross-sectional information on changebmetry and velocity for conducted
surveys. The database originally included no dedenfQuebec or Manitoba stations but was
updated recently to include contributed data frben province of Manitoba. Currently, no data
for the province of Quebec are found in the Meawserg Database.

This database will be employed as a calibrationvatidation dataset for regional estimation of
channel geometry and may also be employed in dktgaactual velocity measurements and
velocity duration curves for gauge locations atwhkdation sites in Phase Il

4.4 Canadian Digital Elevation Data

The Canadian Digital Elevation Data (CDED) consistsan array of ground elevations or
digital elevation model (DEM) extracted from thetidaal Topographic Database and other
data sources from the provinces and territorieq. [1&8he geographic resolution is 0.0001
decimal seconds (maximum 93m pixel resolution) @novides information for the entire

nation.

The CDED database will provide necessary inforrmatar watershed delineation upstream of
measured gauges including drainage areas, deltheateributing areas, slopes, etc. which be
employed in the flow regionalisation and sloperaation in Phase Il.

4.5 Physiographic Datasets

Agriculture and Agri-Food Canada (AAFC), througtfioefs of the Soil Landscapes of Canada
Working Group and the Canadian Soil Information t8ys (CanSIS), has created a series of
GIS coverage maps that show the major charactyisfi soil and land for the whole country.
Soil Landscapes of Canada (SLCs) were compiledsaabe of 1:1 million, and information is
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organized according to a uniform national set af a&ad landscape criteria based on permanent
natural attributes [94]].

4.6 Canadian Climate Data

The incorporation of regional climate data is intpat for driving the regionalization effort to
estimate flows and channel geometries at ungaugsithdwhich will be conducted in Phase I
of this project. A collection of available dataséhat include regional climate data across
Canada are described below.

The Canadian Daily Climate CD-ROM contains datanfr&nvironment Canada’s National
Climate Data and Information Archive [29]. CDCD tains daily temperature, precipitation,
and snow depth data recorded at over 6900 activenamtive meteorological observation
stations across Canada between the years of 183®@®i/. This data is currently fully
integrated with the GreenKenUksoftware package.

Agriculture and Agri-Food Canada (AAFC) has produeenational ecological framework for
Canada and introduced national ecodistricts widoeated climate normals based on 1961 to
1990 data [4]. The ecodistricts are delineateArtView shape files and include information
for mean annual rainfall, mean annual snowfallamannual precipitation, average, minimum
and maximum average daily temperature, potentiapetvranspiration, growing degree days,
and growing season start and end dates.

AAFC, in collaboration with NRCan, EC and the Aadian National University, has developed
a Daily 10 km Raster-Gridded Climate Dataset fon&ka south of 60° North (1961- 2003)
[94]. The dataset contains grids of daily maxime@mperature (°C), minimum temperature (°C)
and precipitation (mm) for the Canadian landmasstrs@f 60°N. These grids, which are
available in two file formats (text and GeoTIFF)ene interpolated from daily EC climate
station observations using a thin plate smoothplghe surface fitting method implemented
within ANUSPLIN V4.3 [46].

A national Mean Annual Runoff (MAR) was produced the Department of Fisheries and
Oceans (DFO) and the Environment Canada’s InlantekRirectorate in 1978 as part of they
Hydrology Atlas of Canada. The map is availableirmlthrough NRCan’s National Atlas
website. AAFC, in collaboration with EC, StatsCamdaNRCan, is currently developing a
National Unit Runoff Database and associated m@&ps. final product will characterize the
spatial and temporal characteristics of the surfeater resources in Canada and is expected to
be completed early in 2010.

EC has produced a map of the annual mean totabpeton over the time period from 1971 to
2000 that represents average conditions acrosd@ana

4.7 RETScreen

RETScreen is a decision-support system developedNRZan and designed to support
assessments of clean energy project viability. RES Screen Online Hydrologic Database
includes representative FDC data for each of tldrdiggical regions delineated as part of that
study. Additionally, the RETScreen applicationlutes two maps: one of hydrologic regions
and one of the MAR for all of Canada. These désasél be evaluated in Phase Il for potential
application in the national assessment of hydrdkinpotential. More details regarding the
RETScreen application are presented in Section 5.2.
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4.8 GreenKenue™

GreenKenue is a Microsoft windows-based softwarekgge that provides an integrated
numerical modelling environment for hydrologicalpépations [69]. The application is based
on the EnSim core libraries which, in addition tpgorting the GreenKenue software, supports
the BlueKenue software for hydraulic and hydrodyitamodelling [70], the EC Data Explorer
(see Section 4.2), the NRC-CHC hydrokinetic methoglp investigation [71] and other
graphical decision support systems.

The GreenKenue software library includes routirsifatershed delineation, parsing shape file
and raster data and other GIS operations that eaautbmated to facilitate and expedite the
Phase Il investigation.

C H C'TR'O?O I*I Cm;ncil 6anada dcgr::guerch.es Canada




ASSESSMENT OF CANADA'S HYDROKINETIC POWER POTENTIA 34

5 PREVIOUS HYDROKINETIC AND HYDROPOWER
RESOURCE ASSESSMENT STUDIES

Hydropower resource assessment studies seek toasstithe availability of a hydropower
resource regionally. This can be done for hydrogroprojects of various sizes and types but
most often it has been conducted for large or nmediydropower, low-head and run-of-river
type hydropower systems. These systems involveahstruction of a barrage or penstock to
generate an artificial hydraulic head which drieepressurized turbine. For these systems the
necessary inputs required for assessment are the amnual flow or the flow frequency at the
location and the hydraulic head that can be pradiac¢he study site. With these two variables,
as well as assumptions about diversion or turbffieiency, an estimate of the resource at each
location can be made.

Regional hydrokinetic energy resource assessmeqtsre information about flow velocities
and the frequency with which they occur (velocityration curve) to assess the resource
potential. However, the estimation of the veloaan be difficult in river systems, because it
requires flow, channel geometry, roughness, angestlata at each location. By comparison, in
coastal systems the flow patterns are more reg@uidrpredictable and the geometry is more
easily acquired and less variable than in rivetesys, making the velocity predictions more
readily and accurately obtainable [20].

This section reviews previously-published studiesl &xamines both the hydrokinetic and
hydropower studies in river systems. This secttso summarizes the findings of each of the
studies and discusses the approaches taken toasstihe important pre-requisites in resource
assessment, including flow, geometry, roughnesspesl etc. A table summarizing the
characteristics of the studies reviewed here isged at the end of this section (Table 2, page
44).

5.1 Hydrokinetic Energy Assessment Studies

There have been only a small number of regionatdkydetic assessment studies that have been
conducted in Canada. This section highlights abemof prominent or comprehensive studies
found in the literature and it describes their teghes and findings.

5.1.1 UMA Group (1980)

The only known Canada-wide study of current-powaeptial was conducted by UMA Group
for NRC in 1980 [97]. In addition to hydrokinetiotential in certain rivers, it examined tidal
power potential at some Canadian coastal locatioms.large domain assessment of stream-
power potential across Canada was undertaken vath that were available at the time:
HYDAT monthly data records and topographic map data

The scale of the study and the limited data avdifabrequired some assumptions and

simplifications in the hydrokinetic power assessmemethodology. These included the

assumption of uniformity of reach over large arée30s of kilometres), assumed roughness
values and channel geometry, and assumed univerbate efficiency (40%). Average reach

widths were determined manually from national tappgic maps, as were channel slopes.

The study was restricted to a small number of siMghe largest in Canada) and river reach
inclusion was limited by threshold flow (> 458s), velocity (> 1.5 m/s), width (> 50 m) and
depth (> 3m) values. Flow was based on HYDAT datards having a minimum 20 years of
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data. Monthly mean flows (or “firm flow”) were engyed in power estimation, and reach flow
rates were pro-rated to flow recorded at HYDAT istad by contributing drainage area.

The study provided a coarse assessment of hydtakipetential across Canada. Figure 9
presents a representative map from the report iglging the current potential in the
Mackenzie, Fraser, Slave, Churchill, Nelson andL&wrence rivers. The width of the cross-
sectional bars indicates the degree of energydaigntial for each analyzed reach.

The UMA Group study did not examine a large nundfesmall to medium rivers that, although
possibly providing less available energy than thesamined, could still offer hydrokinetic
power potential. And because the study was lintibetéchniques and data available circa 1980,
it limited the spatial resolution of the analysisviery large reaches and manual techniques for
channel property estimation. Advances in the typad quality of the data as well as
computational power available today would allow gformuch more thorough and detailed
investigation.

%% 9%° rRasErR RIVER S %% | °P sT LAWRENCE RIVER
W wind

UL B MACKENZIE RIVER
W mE

R ————— SUMMARY OF RIVER ENERGY FLUX
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i e A EXHIBIT 5.2

Figure 9 - UMA Group - River Energy Flux [97]

5.1.2 NYU Study (1986)

Miller et al. [58] conducted a study for the US Rement of Energy to estimate the
hydrokinetic resource potential in the United Stat&he methodology involved first dividing
up the continental US into 16 physiographic/hydgatoregions. Hydrometric data from the
USGS were examined and analysis was restrictei/éo reaches with greater than 118/sn

(4000 cfs) mean flow rate and 1.3 m/s (4.3 ft/spvflvelocity. Flow rates were determined for
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each river developing a relationship between trenobkl distance to the mouth of the river and
the mean flow rate. This was done by developihgear relationship between channel distance
to the river mouth and the drainage area, and teseloping a relationship between drainage
area and flow rate and combining the two to provite desired channel distance — flow rate
relationship. Channel slope and geometry welenagtd from USGS topographic maps and a
rectangular cross section was assumed. The fldocities were estimated using the Manning
equation as per the UMA Group study [97]. Milleraé estimated the total resource potential
by making the following assumptions about turbinafguration:

* Only 25% of each cross section width is usable

» Only 25% of the length of any reach is accessible

» Each turbine installed has a diameter equal to 80ffte mean depth

» Turbines are spaced across the river cross sewitbna gap of %2 the turbine diameter
between them

» A 5-diameter downstream distance is allowed betveeeays of turbines

» Turbine efficiency is assumed to be 40%

This approach was considered to provide a conseevatsource estimate and the total US
hydrokinetic energy resource was thus estimatedodo12,500 MW, with the Western,
Northwest and Alaskan areas exhibiting the greatestall resource contributions.

5.1.3 NRC-CHC (2008)

A study commissioned by Natural Resources Canadaceaducted by NRC-CHC in 2008, to
develop a methodology to assess the hydraulicikieeergy contained in Canadian rivers [71].
This study provided a technique to identify potainsgites where hydraulic kinetic turbines could
be installed using digital data available at théenshed scale. The analysis was based solely on
GIS information and measured flow information pd®d by Environment Canada - Water
Survey (WSC). GreenKenll$ a software package developed by NRC-CHC, was@yaglas

a platform to prepare the methodology.

This techniqgue employed DEM data to estimate cHaslopes and to delineate drainage areas.
Channel widths were determined from published dim@® in digital topographic map data
provided by Natural Resources Canada. Flows wetermhined using a pro-rated method by
drainage area from HYDAT hydrometric data, and memmthly flows only were considered.
Channel roughness was estimated using a single vatithe study area. Flow velocities were
calculated using the Manning equation. A samplé® graphical output of this analysis within
the GreenKenu&' framework is shown in Figure 10.

The study represented a proof-of-concept, antlitiated the feasibility and potential utility of
the method, particularly when integrated into theeaKenu&” hydrologic software package.
This methodology was not validated or compared witier methods.
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Figure 10 - Stream kinetic energy assessment in ti@reenKenué" platform [71]

5.2 Hydropower Assessment Studies

There have been a number of regional hydropowesassent studies that have been conducted
over the last several decades. This section lgigtslia number of prominent or comprehensive
studies found in the literature and it describes ttechniques and findings.

5.2.1 ACRES (1984)

Acres conducted a study for Environment CanadagnthlWaters Directorate, in 1984 to
develop a pre-feasibility methodology for assessipgropower resources in Canada [2]. The
study was initiated by an “off-oil” initiative oht National Energy Policy to explore renewable
energy sources, and the need to assess locatidhssmiall hydro (<20 MW) potential at
ungauged locations. The report was designed duige a methodology that required little
judgement to execute and could provide an acceptabtimate of power potential at an
ungauged location.

The study identified 12 hydrologic regions in Camad which 11 were included in analysis (the
arctic islands region was excluded). For each digdic region a representative flow duration
curve was created, which was normalized to a metbad flow rate. The Index Flood Method
(see Section 3.2) was employed to apply the regielD€ to a local site, although an integration
of the FDC was used to produce a “turbinable” flawvve for each ungauged site. That in turn
related a design discharge to a “turbinable” disghaor a discharge that would be passed
through a turbine, rather than bypassed. The @i of the turbinable flow curve to each
location was done with an estimate of the mean @mumoff at the location (from MAR maps)
and a series of regression equations that chamedethe shape of the turbinable flow curve for
each hydrologic region.
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Figure 11 shows a relationship between the turlienibw curve ant the flow duration curve.
The shape of the turbinable flow curve is derivgdriiegrating the FDC over the normalized
discharge from zero to the design discharge. Beeofithe turbinable flow curve seems to have
been done in large part because the shape of thimdble flow curve can be approximated
reasonably by a simple polynomial relationship, ckhiacilitated the development of regional
regression equations to describe them.
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Figure 11 - Flow Duration Curve to Turbinable Flow Curve Conversion [2]

Special considerations in the Acres study were ntadeecount for regulated rivers. This was
done by re-visiting the flow duration curve at adtion by cutting off the FDC at a prescribed
maximum flow and adding an equivalent area to teflow area of the FDC. This adjustment
would add a substantial turbinable flow quantitytie reach.

A different technique was identified for locatiotiat included another gauge in the basin. The
guidelines suggested if the drainage area differdretween the ungauged site and the gauge
location was less than 30% then a simple lineas/BtAR pro-ration could be used to
translocate the FDC from the gauge site. If treaatifference was between 30 and 70% then a
judicious decision (depending on the similaritytiodé physiography etc.) was recommended. If
the area difference was greater than 70% thenrtgauged method was recommended.
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This study focused primarily on small hydro fae#lg relating hydropower generation to
turbinable flow and hydraulic head estimations. h&drokinetic power generation was
addressed in this report, but it required data éocbllected in the field to characterise the
location to be investigated. The method recommeéhgehe study was as follows:

1. Establish local FDC (from Index method);

2. Determine a relationship between cross sectionah @nd hydraulic radius for the
channel using field data;

estimate the friction slope;

estimate the Manning roughness value (using Ch@&Jdd.similar);

employ the Manning equation to relate flow to depth

employ the continuity equation to estimate velqgcityd

generate a velocity duration curve (VDC)

NoOhA®

Also discussed was the importance of velocity \mlitg across the stream, but no means of
accounting for this in the method was explicitlgalissed.

This method was validated against a simulated fémalysis and showed an average of 5%
absolute error in turbinable flow estimations asrals 11 regions. The standard deviation of the
percent error was found to vary from 5 to 20%. #dlabic regions 7 and 8 presented the

largest errors. Region 8 represented the Cand&tiaines and region 7 represented the eastern
Northwest Territories (today including Nunavut) aMdrthern Manitoba.

5.2.2 Tudor Engineering (1984)

A study was conducted by Tudor Engineering in 19&published in 1991) for the World

Bank, Industry and Energy Department, to providmethodology for the rapid and accurate
assessment of the number, size, cost and econeasibility of small hydro projects [96]. The

study provided a means for assessing the numbeewf potential sites in a region through
statistical extrapolation in hydrologically similasreas (or hydropotenial zones). This
methodology required some knowledge of the numbeotential sites in a small sub-area of a
hydropotential zone to match a Poisson distributrdmch was then applied to the entire
hydropotential zone.

The hydrology of new sites was assessed throughdémevation of a representative flow
duration curve, based on regional hydrologic studsgquiring precipitation, runoff and
evaporation data regionally and at the new sita.ar€he study used a common approach of
developing a regional FDC but considered the audfjest of the FDC based on drainage area
with the understanding that the shape of the FDICawange. Larger watersheds have much
slower response and relatively attenuated flowsrmdmempared to headwater catchments which
would produce a more gradually-sloped FDC. Thigléscy is illustrated in Figure 12. the
Tudor study recommends the analysis of a numbé&Dd& curves in a region and generating a
modified normalized FDC for the target site.
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Figure 12 - Drainage Area Adjustment of FDCs [96]

The steps identified for developing the local fldaration curve are as follows:

1. Perform a regional study to derive the regional ehisionless flow duration curve
parameters;

Determine the drainage area of the new site;

Determine a local dimensionless flow duration curve

Determine the local annual runoff;

Determine the local flow duration curve;

ablrwn

The local annual runoff was determined using aalinproration method that considered
precipitation, evaporation and drainage areas a&gsdcwith both the new site and existing
gauged sites. If multiple sites were present tvanes derived for each should be considered
and deviation from the calculated mean of the ahnumeff analyzed.

This study examined data from a Malaysian studgemonstrate the efficacy of the statistical
extrapolation routine but the techniques for hyolggl assessment of new sites were not
validated against existing data in the report.

5.2.3 RETScreen - Natural Resources Canada (2004)

The RETScreen clean energy project was developedNatural Resources Canada in
partnership with National Aeronautics and Space istration (NASA), the Renewable
Energy and Energy Efficiency Partnership (REEERe tUnited Nations Environment
Programme (UNEP) and the Global Environment Fgc(BEF). RETScreen is a decision-
support system designed to support assessmenisaof @nergy project viability and is used in
many countries as a small hydro prefeasibility sigssessment tool. Included within the
RETScreen product is a hydrology and energy praglmotomponent that is used for the
estimation of flow-duration curves and other hydgit prediction components. Although not
a study itself, the RETScreen resource providearadgwork and set of techniques for the study
of small-hydro resources. The hydrology requii@danalysis is either taken as a user input, or
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if within Canada, can be estimated by selectingtterorepresentative WSC gauge, or a
representative FDC from a prescribed hydrologicdomgand applying it to the un-gauged
location by estimating the specific run-off (from @anadian specific runoff map) and
multiplying it by the calculated drainage area.

The FDC Hydrologic Region Map in Figure 13 was gatexl by identifying ecozones
identified by Environment Canada and then seledingronment Canada water survey gauges
within each ecozone that had extended periods adrde(30 years). FDCs for each gauge
within an ecozone were normalized to mean meadiwved then plotted together and visually
inspected. If a representative gauge could betifdshby producing something approximating
a mean FDC, it was selected as the representativgeg If by visual inspection it was clear that
the FDC populations required sub-division this wase and sub-divided ecozones were created
and representative gauges were again assigned tiasgslial inspection [75].

RETScreen
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Figure 13 - RETScreen - Flow Duration Curve Map [6T

The representative normalized FDC for a particutegauged location (after being identified by
ecozone or sub-ecozone) was reapplied, correctedhe ungauged location by taking the
specific runoff at that location based on a progidational specific runoff map (shown in
Figure 14). The drainage area upstream of the weghwas also required.
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Figure 14 - RETScreen Specific Run-off Map [67]

5.2.4 U.S Department of Energy (2004, 2006)

The U.S. Department of Energy (USDOE) conductedeasibility study to examine the

hydropower energy resources across the United sStatesmall- and low-power hydro [102,

101]. This study focused on employing geographiformation tools and digital elevation

model data to determine the assessment, and thes feas on low-head and low-power
resources. This nation-wide study was preceded tymber of regional studies that examined
the feasibility of the technique in Arkansas, thaciRc Northwest and the North Atlantic

regions [99, 98, 100].

The principal determination of available hydropoweas conducted by determining a mean
annual flow at a location and estimating the pa#émtydraulic head that could be developed at
that location. It used GIS data to determine stréacations, delineate stream segments and
power potential, or possible penstock height. @atons of hydraulic head were based on
elevation drop using DEM data. Only natural wateurses were considered, and estuaries or
tidal areas were not examined. The study idedtifipecific power generation types including
conventional turbines, unconventional systems aiwdofmydro. Kinetic energy extraction was
identified as a constituent of microhydro, howether analysis did not consider the estimation
of stream velocities. Mean annual stream flow watermined using a regional regression
models for the United States [106], so no varigbiin flow over the year was considered.
Required data included temperature, precipitatoil, drainage area.

The study suggested some uncertainty in the estimaf the power potential, but the error
sources were not identified or quantified. Theultssdentified 98,700 MW as potential feasible
untapped potential hydropower projects with a catghational resource of 297,436 MW of
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hydropower potential. Additionally hydropower resces were reported on a per-area basis,
identifying states with high power density, partacly Hawaii and Washington.

5.2.5 KWL (2007)

In 2007, Kerr Wood Leidel Associates (KWL) develd@eGIS assisted hydropower assessment
system for BC Hydro and the BC Transmission Corpamacalled the Rapid Hydropower
Assessment Model (RHAM) [49, 62]. RHAM was usedctmduct an inventory of potential
run-of-river hydroelectric sites across British @obia. In this study run-of-river referred to
low-head hydropower with a constructed penstocke 3$tudy identified over 8,000 potential
hydroelectric opportunities with over 12 GW of powgeneration potential in total.

The study by KWL used DEM data to determine dragnageas and slopes along delineated
channels. Mean annual discharge was determined MAR maps and multiplying the result
for a location by the calculated drainage area.te@l for power generation was not
determined considering hydrokinetic energy extaactn this study. Rather, a penstock length
was estimated for each potential location, and drdstatic potential was determined by
examining the elevation drop over the penstock ttenging the DEM data. With flow and
static head estimated, a run-of-river power germaratstimate could be calculated. This study
also made use of distance-to-road data to devalepastimates for implementing run-of-river
facilities at the various locations automaticalgng GIS systems.

This study showed an interesting use of distrib @8 data for assessment of power potential,
but did not consider hydrokinetic power assessmélifie mean annual streamflow estimates
were reportedly validated against WSC gauge datéhleuwalidation results were not presented.

5.2.6 Rojanamon, et. al. (2009)

A relatively recent study to assess river poweeptél was conducted in Thailand [81]. This
study was perhaps the first automatic power assggstonducted in that country and combined
a combination of hydrology, economic, environmeriadl social factors when considering the
location and potential run-of-river resource acfielocations. Like the KWL study, this one
employed DEM data to determine the hydraulic he@his study differed from others in that it
did not employ a mean annual flow averaging teamiout, due to the run-of-river focus of the
study, required the development of flow durationves at all the various locations. The
authors employed an FDC normalization and averaggagnique by mean annual flow to
develop a normalized FDC curve for the study regidhe de-normalized FDC curves at each
location were developed by calculating the mearuahflow using regression methods. The
Q30 was employed as a design flow. The study allofeecevaluation of potential sites as a
combination of power potential and a number of ooeio-environmental factors.
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Table 2 — Hydrokinetic and Hydropower Resource Asssment Studies

Author Year | Flow Estimation Regionalization Regionalization Hydrokinetic Channel Roughness Published Sensitivity /
Technique (Domain) Technique Energy Geometry Estimation Methodology Uncertainty
Assessment Estimation Technique Validation Analysis
Technique
UMA [97] 1980 | MAF, Qs/ Regression | Yes (National — River basin-specific Yes Slope / Estimated No No
from WSC Gauges / Canada, but regression equations Geometry from | global, static
Flow — Area — Distance | restricted to major topographic value
rivers) maps
Tudor 1984 | FDC — MAD Indexed Regional Hydropotential zones 4 No N/A N/A No No
Engineering and corrected for local MAD determined
[96] drainage area by pro-ration to Area,
Precip., Evay
NYU [58] 1986 | MAF — watershed-based Watershed-based | Development of Yes Slope / As per UMA No No
regression to channel linear regression | hydrologic/ geometry from | [97]
distance to river mouth | (US — National) physiographic regions topographic
maps
Acres [2, 3] 1984 | FDC as turbinable flow-Yes (National — Contiguous Hydrologic | No** No** No** Yes No
MAR indexed Canada) regions — regional
regression for turbinablg
flow curve parameters /
Area-MAR proration for
nearby gauge
NRCan 2004 | 21-Point Representativg Yes (National - Contiguous Hydrologic | No N/A N/A No No
(RETScreen) FDC - MAR Indexed Canada) Regions with
[66, 75] representative MAR-
indexed FDC / Target
MAR Derived from
regional maps and
drainage area
US-DOE [101, | 2004 | MAF, Regression Yes (National — National (USA) - 20 No* N/A N/A No (for flow No
102] Equations based on area, USA) hydrologic regions. estimates)
precip. and temperature
KWL [49, 62] 2007 | MAF - MAR Maps and | Yes (Provincial — | N/A No N/A N/A No*** No
Drainage Area British Columbia)
Calculations
NRC-CHC [71] | 2008 | Mean monthly flow fromp No N/A Yes NHN Database| Estimated No No
Area Ratio for width, global, static
Assumed value
Depth,
Rectangular
Channel
Rojanamon, et. | 2009 | FDC, @ — Parametric, | Yes (Single Regional regressionto | No N/A N/A No No
al. [81] Indexed to MAD drainage basin, estimate MAD from
Nan River) drainage area.

* - The US-DOE study identifies hydrokinetic eneag/a resource, but the calculation channel védsaitr hydrokinetic energy was not conducted.

**- The Acres study proposed methodology for estingahydrokinetic potential but the methodology waé regionalized and required site field data &itjon

*** . KWL reported validating streamflow estimatésit the validation results were not presented inparblicly available documents.
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6 RECOMMENDED APPROACH

The recommended approach for Phase Il of this grageoutlined in this section. Here
the technological scope is defined including theety of regionalization and estimation
techniques recommended considering the availalbéteshairces.

Upon reviewing the literature, no one study hashgsn employed that accounts for all
the required components to estimate hydrokinetigvoregionally across Canada.
However, a number of studies have examined indalidwmponents of the required
approach that, when integrated, could lead to aesstul regional hydrokinetic potential
estimate in Canada.

The regionalization approaches listed below will be evaluated against stream gauges
on regulated rivers. Regionalization techniqguesume natural conditions and
adjustments for regulation require some knowledfy¢he regulation rules applied at
control structures within the river network. Timepact of regulation may be considered
in Phase ll1.

Average channel flow velocities will be consideredPhase Il, meaning that spatial
variability of flow velocities over a river croseaion will not be considered in the
regionalization approaches. However, as part efahalysis of the EC Water Survey
Measurement Database, the hydrokinetic power atstaéons will be determined

considering the velocity profiles as well as therage velocity. These data will not play
a role in the technique validation but could infatme resource quantification conducted
in Phase ll1.

The regionalization methodology of choice in thisidy is Canonical Correlation

Analysis (CCA) and will be applied in a number bé tregionalization methods outlined
below. It is a preferred method considering thdtinariate approach implicit in CCA

that allows for the prediction of multiple variabléending itself to graphical FDC
regionalization analysis. For the regionalisatiamumber of validation regions will be
selected based on physiographic and hydrologionsgiand the regionalisation will be
applied within each of these regions.

A point worth noting is the consideration of noatginarity in this era of climate change.
Stationarity is the principle that natural procaesssperate within static bounds of
variability that can be determined using historicadords. With mounting evidence of
the effects of climate change and a general s@ientbnsensus, the principle of
stationarity as a design guideline is believed orgyér to be tenable [59]. Nevertheless
all the FDC regionalization studies in the literatuhat were identified as part of this
report did not account for pattern changes in floequency distribution in predicting
FDC curves. Some considerations made for changetimactic patterns have been
accounted for in some studies of flood frequen@},[and techniques such as these could
be considered in future investigations.

It should be mentioned that Phase Il involves aeaesh-based approaches into
hydrokinetic estimation techniques and it is recanded that during the course of the
investigation techniques other than those listddvibde considered as necessary. For
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example, the Region of Influence (ROI) FCD regimalon approach may be
considered should the CCA approach prove to betisfesztory early in the investigation.

6.1 Flow Duration Curve Estimation at Ungauged Basins

The selection of a suite of suitable methods folCREstimation for this study requires

that we examine a number of factors. The methodst ime applicable using available

data, easily automated, and with evidence of sametipal success in previous studies or
in the literature.

It is recommended that the following techniquessh®loyed to estimate flow duration
curves:

1. Mean Annual Flow (RETScreen and CCA)
The first method will be employed to estimate Méamual Flow (MAF) and use it to
estimate the kinetic energy at a location. Thdusion of MAF represents a relatively
easy flow rate to estimate when compared to a ceimdDC and has been used in a
number of national scale studies [49, 102, 97]s tecommended that two approaches be
applied to estimate MAF at ungauged basins: the RRiEgen MAF approach (see item 2
below) and estimation through CCA.

2. Area Index Method with Defined Contiguous Hydrologt Regions
(RETScreen)

This method, developed by NRCan, is a simple buk-egtablished and fairly widely -
used technique for flow estimation. Its inclusionthis study is recommended. The
delineations are available, as are the represeatitiw duration curves. This method
has been in use for several years, it accompaniestablished national energy planning
and cost estimation tool, and it was designed §palty for FDC estimation at ungauged
sites. Its inclusion in the analysis will be imgaot in validating this established method
and it will act as a benchmark for comparison leoimethods.

This method will not require any data for prepamatother than what is already provided
by the RETScreen procedure. The method may beatatl against established WSC
gauges within the selected study regions.

3. Area Ratio Method with CCA
The area ratio method represents a very simplecantmonly-employed approach for
estimating streamflow at ungauged basins. It wagl@yead in a large number of studies
in FDC transposition, including the method emplopgdNRC-CHC [71]. This method,
unlike some other parametric and statistical tegpnes, can regenerate the entire FDC
curve.

The CCA approach as described by Shu and Ouardasi8écommended for use with
the area ratio method. This method has been emglalyeady in Quebec and the Upper
Great Lakes by Environment Canada as part of hdJidper Great Lakes study for flow
determination in ungauged basins.

To validate the method, a jack-knife validation my@eh is recommended for each region
of study.
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4. Graphical FDC Transposition with CCA

The graphical FDC transposition method was develdpe Hughes and Smakhtin [44]

for flow time series transposition in ungauged bhssiand then adapted for FDC
transposition use in Canada by Metcalfe [57], ané&bu and Ouarda [84]. This method
takes advantage of the complete FDC curve, whereasy parametric and statistical
methods of FDC representation tend to focus onracptar section of the FDC. The

CCA regionalization approach is recommended fos thethod as well, based on the
reasons described above.

To validate the method, a jack-knife validation my@eh is recommended for each region
of study.

6.2 Slope Estimation

Of particular interest in this study is the usé&M to calculate the channel slope, which
in turn is employed directly in the velocity estimoa equation and the calculation of the
drainage area (which may be used tangentially terohéne channel characteristics using
empirical equations).

All of the methods listed in Section 3.6 employ DEldta to estimate the slope. They
tend to vary primarily based on the techniquesiféerpolation. Two techniques are
recommended; one is to use a local slope calculabased on the upstream and
downstream slope as derived from the calculated Dfthnel as identified by NRC-

CHC [71] and Lunetta et al. [54]. The other isrteestigate fitting the curve outlined by

Peckham [78], because it is suspected to haveyutlithe Canadian prairies, or in other
areas of low relief.

No slope data database has been found to valitlate tapproaches. As such, the
methods will be employed as they are, and the atenvelocity calculations that derive
from the estimated slope can be compared with nmedstalues.

6.3 Channel Geometry Estimation

For channel geometry it is recommended that theomgh by Ames et al. [6] be
employed. This method uses a stepwise regressialysss for estimating the channel
geometry from known watershed parameters and itused to estimate bank full widths
and depths.

There are two recommended approaches to geomeirgaéisn for channel widths.
Widths may be calculated by extracting a channeltiwifrom the NHN database if
mapped channel widths are available. Alternatitkb approach employed by Ames et
al. [6], relating the width to known physiograpleitaracteristics, will be employed.

A channel geometric shape must be assumed for pgemeration calculations. It is
recommended for this study that a rectangular sh@peassumed. This can be a
reasonable estimate for larger rivers, and assomgpgsuch as this are often used in other
studies.

Geometry estimates may be validated through compasi with the WSC database
widths and depths via a jack-knife validation tegoe.
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6.4 Roughness Estimation

No regional estimates of channel roughness weradfon the literature for Canadian
streams, nor were any databases discovered thial calidate estimates or be used in a
regional regression analysis. A study by MohamawtiRarmar [61] estimated roughness
by back-calculating (through use of the Manning aggun) all other values in the
equation either known or estimated. Some empiecalations have been developed by
Dingman and Sharma [25] that relate an estimat®uwghness to drainage area, channel
slope, and hydraulic radius.

It is recommended that roughness estimation be umtad as an estimated published
range based on standard physical descriptors @nenedes like Barnes [7] or Chow [18]
and the Dingman and Sharma regression equation.roblghness measurements were
discovered and as such no direct validation oftlughness estimates will be possible in
Phase Il. However, as with slope estimates, thelting flow velocity estimates may be
compared.

6.5 Hydrokinetic Energy Calculation

The energy resource calculation will require thieisan of the Manning equation for the
entire FDC curve at each ungauged location, sindlavhat was conducted by both the
UMA Group [97] and NRC-CHC [71] in their resourcesassment studies. For the
validation study (Phase IlI) this will be conductgdceach WSC gauge location within the
selected study sites. It is recommended that wmifeelocity be assumed in the
calculation and errors associated with variablevfielocity not be considered. This is
largely because the characterization of the inastrerelocity profiles is impractical to

characterize at a regional scale. However, thaioglships between hydrokinetic energy
calculations based on average and distributed Mesavill be considered through the
examination of the EC Water Survey Measurementliasta (see Section 6.7).

It is proposed that flows only up to bank-full flove considered when performing the
energy calculations. That is, any flow in excesdank-full will be considered at the

bankfull level both in terms of flow and cross sawctfor the purposes of velocity

calculations. Flows above bank-full will be chasaided by inundation of the flood plain

and average velocities across the section woulgd drdhese circumstances, not being
representative of the flow velocities in the maiawnel.

6.6 Uncertainty Considerations

In order to assess the degree of uncertainty ireshienates, a number of approaches will
be considered. For the FDC estimation techniqagee( than the RETScreen method) a
bootstrap approach could be considered when agplyia methods that will generate
confidence limits on the estimates being conductEdr channel geometry estimates a
similar bootstrap approach could be consideredhferegional regression approach. For
the NHN estimate of channel width a standard eoould be employed based on

consultation with the NHN developers. Roughnessettainty must be judiciously

selected as a possible range for a region. Slopertanty estimates could be estimated
using a localized Monte Carlo analysis using theS&Bverror published with the DEM

data. Implementing spatial auto-correlation is metommended considering the
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relatively greater importance assigned to the RM8Br as compared to auto-correlation
errors.

Considering the effort possibly required developingcertainty estimates, the
implementation of a bootstrap technique for FDC ahdnnel geometry estimates is
recommended if time permits at the end of Phase II.

6.7 Cross-sectional Velocity Distribution Considerations

Although cross-sectional velocity distribution isto be considered in the evaluation of
the regional estimation techniques conducted ins€H§ it is seen as an important
consideration when assessing the total hydrokimesource in Canada. Consequently
some investigation will be conducted into the asiglyof the EC Water Survey
Measurement Database to investigate the relatipasigtween hydrokinetic power based
on average velocity and the measured velocity lerofit is hoped that this investigation
will provide some insight into the impact of veltyciariability on hydrokinetic energy
relationships in natural streams.
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7 PROPOSED PHASE Il TASKS

The tasks of the second phase of this projectviofimm the recommendations in the
previous section. This section provides a sumrpétiie anticipated tasks to complete a
validation study.

7.1 Study Region Selection

Region selection will be finalized at the outsetlt# second phase of this study and will
involve the selection of a particular region in Qee, Ontario, BC, Manitoba and in one

of the Territories for analysis. The regions mayas large as the province itself, but may
be restricted to a sub-region of the province. f@ggons will be selected in collaboration

with EC, NRCan and other researchers familiar vité data and the regionalization

methods.

Our review of the various techniques has identifene regions that have been
investigated previously, including the province @fiebec and the areas of the Upper
Great Lakes as part of other studies. It is gdted that data gleaned from these studies
will prove advantageous in judicious region setatti At the time of writing, detailed
geometry data for the Quebec region was unavailable

7.2 Dataset Preparation

The dataset preparation will follow the study regselection stage and will involve the
processing of the validation dataset. The ultingdal of this dataset preparation is to
identify a number of characteristics associatedh wach station. This will include flow
data (FDC percentiles), channel geometry, and aeuwf physiographic characteristics.
The ultimate product will be a flat table linkingstation to a number of these quantifiable
parameters which will be used to drive and valid&predictive models.

7.2.1 EC Measurement Database
The following data will be obtained from the EC Masement database:

1. Channel Width (estimated at bank full)
2. Channel Depth (estimated at bank full)
3. Channel Flow — Mean Velocity — Hydrokinetic Relaiships

The EC Measurement database is in Microsoft Actmssat which will lend itself to a
degree of automation.

The width and depth data for each station in thdysvalidation regions will be extracted
form the WSC database. This will be done by ftetermining the channel forming
discharge from the flow history at the gauge (2ryaw). Establishment of bank full
flow will be calculated by determining the minimumdth-depth ratio as a function of
channel water depth [19]. This may require someuakimvestigation to determine this
value, although an automated technique may belgessi

Hydrokinetic power calculations will be performea feach station in two ways: using
the average flow velocity reported, and by usirgdloss sectional velocity data. In this
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way the difference between the average and actuabkinetic power estimates can be
evaluated.

7.2.2 HYDAT

The HYDAT database will also have to be processEdr each station required in the
model, the flow duration curves need to be idesdifi A software routine will be
constructed to automatically process a list ofi@tat and output the flow duration curve
values at prescribed percentiles. The routinebeilcoded to calculate the standard FDC
as well as the annualized FDC and a prescribedd=rde interval. Additionally, the
published drainage areas for each station in th®AI database will be extracted for
comparison with the calculated drainage area vakess below).

7.2.3 Digital Elevation Data Processing

From the CDED digital elevation data the followidgta will be required for each
station:

Drainage Area

Centroid of Drainage Area

Local channel slope at the gauge location
Mean/Median Elevation of Watershed
Watershed Elevation Range

Watershed Perimeter

Main Channel Length

Average Channel Slope

NGO~ WNE

For each station location, the upstream drainage iarto be calculated by delineating the
contributing area using the available digital et models. GreenKenllé can
generate and store the watershed delineationshéostations as polygons, and will be
augmented to calculate the centroid of the drairerga polygons. The local channel
slope at the gauge location will be estimated hglifig the nearest estimated channel and
calculating the local slope using a prescribed tlerwgith which to estimate the slope
(slope calculation at the pixel resolution may betrepresentative). The GreenKeftlie
application has the Jenson and Dominique [47] aht¥dBaeger [27] algorithms for
watershed delineation already included in the EnSaoftware library. The remaining
parameters will require development to extract ftoenDEM data.

7.2.4 Watershed Characteristics Processing

In order to characterise the basins a number oh lwdimracteristics require identification.
Most of the important parameters will be acquirgedatly from pixel-counting or shape-
file parsing techniques. The list below summarites likely input parameters for
regionalization, including the probable data source

Fraction of drainage areas occupied/influencechkgs — CANSIS

Fraction of drainage areas occupied/influencedvetyands— CANSIS

Fraction of drainage areas occupied by forest - GFSN

Mean annual precipitation (MAP) — AAFC, Canadianodstrict Climate
Normals

PwbhE
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5. Mean annual runoff (MAR) - RETScreen or DFO/EC

6. Mean annual temperature (MAT) - AAFC, Canadian Estodt Climate Normals

7. Potential Evapotranspiration (PET) - AAFC, Canadiacodistrict Climate
Normals

8. Soil Surface Conductivity / Runoff Coefficients ANSIS

7.2.5 Channel Widths from NHN

The National Hydro Network (NHN) provides mappecarchel boundaries for large
rivers throughout Canada and also includes charemdelines. An automated process
will be developed to map channel centrelines tonnkawidths if available. This method
can be conducted only if a programmatic link exisedween the channel centreline
segments and the width segments in the NHN shégse fiThis will be investigated as
part of Phase Il. The validity of the NHN datasetl be evaluated even if the
programmatic automation is not possible, as thehsidnay be extracted in a manual or
semi-automatic fashion for the validation exercis¢éowever, should this programmatic
link not be available then this technique for estimg channel widths will not be useful
for the Phase Il national hydrokinetic resourctneste.

7.2.6 RETScreen Map Processing

The inclusion of the RETScreen approach will regtive determination of the MAR and
hydrologic region for all gauges employed in theoswl stage of Phase Il. These maps
have not been found in any geo-corrected formatthab some manual effort will be
needed to identify hydrologic regions of the seddcttations.

7.3 FDC Estimation and Validation

With the dataset fully developed, the estimate DCE will be conducted using the three
proposed methods in each study region. Validabbrthe FDC estimates against
measured data will be conducted using a jack-krafelation approach for each method
(except the RETScreen method). For the RETScreethad all study site HYDAT
stations will be used in the validation, unlessdetare found that indicate which stations
were used in the development of the hydrologicarsjiin which case those stations may
be excluded. The two other methods will require development of regional regression
equations and will employ watershed parametersdastified above to develop a
reasonable predictive dataset.

It is recommended that the validation metrics ewpgdbin comparing the methods be
taken from Castellarin et al. [15]. In particyl#ne authors employed a mean relative
error calculation for all estimated sites and atipalar duration, and also suggested a
performance index modelled after the Nash-Sutcljfd] efficiency criterion. The
various methods will be compared and the prefemethod identified.

7.4 Channel Geometry Estimation and Validation

The channel geometry estimation will be conductethgitwo methods. The first will
involve extracting channel widths from the NHN destse. The second will involve
determining channel bank full width and depths frarstep-wise regression analysis as
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described by Ames et al. [6]. Performance of bo#thods will be evaluated using a
RMSE difference between the two methods.

7.5 Channel Roughness and Slope Estimation

The channel slope will be generated using the D&t dor the study site locations as
well as the power-law equation described by Pecki@has described in Section 6.2

The range of roughness values for each site wilaggigned approximately, based on
data from published hydraulics texts as well aseapirical equation developed by
Mohamoud and Parmar [61] for bank-full flow levals described in Section 6.4.

Both of these methods will require the developmeftsome custom code for
GreenKenuB” to expedite the estimates. No slope or roughdesasets have been
found, so no validation of these techniques appé¢arde possible. The various
approaches will be evaluated in the actual calmraof the calculated velocity and
kinetic energy as compared to measured values.

7.6 Channel Velocity and Hydrokinetic Energy Validation

The final task will be to take the estimates ofgimess, slope, geometry and flow and
estimate the velocity duration curves for each. sitBhese will be compared to the
measured velocity duration curves calculated uthiegeC measurement database. The
best-performing results from the FDC estimate amahoel geometry estimates will be
employed and the roughness and slope estimatidmockeivill also be employed.

7.7 Uncertainty Calculations

Time permitting, the inclusion of an uncertaintyimsite may be conducted for several of
the FDC estimation techniques and the channel gegrtechniques using a bootstrap
approach. This will provide uncertainty boundstfoe percentile predictions of the FDC
curves and the geometry estimates as predictethédoynethod outlined by Ames et al.
[6]. Uncertainty estimates of the RETScreen FD@hedion method and the channel
width error estimate may not be easily determinedl may have to be estimated (should
those methods provide the best results).

Uncertainty in the slope could be estimated frolente Carlo method by adjusting
DEM values based on the published RMSE value ®®@DXEM. The calculated degree of
variability in the slope calculations could be nete. Errors in the roughness estimate
would require some judicious estimation to detesvan appropriate range.

With the uncertainty in the estimates of the patanseknown, the errors in the estimated
velocities could be calculated using the Monte €anethod described in Section 3.8.
This study would provide bounds on the estimatsaah location.

Should uncertainty estimates be difficult to obtaim the input parameters a simple
sensitivity analysis may be conducted to estabhisimodel’s sensitivity to input variable
estimation.
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7.8 Reporting of Results

Phase Il will conclude with a summary report outighthe findings of Phase Il and
suggesting recommendations for the Phase 11 inyason.
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8 SUMMARY

This report summarizes the findings of Phase Ihi$ study initiated by NRCan to
investigate Canada’s hydrokinetic power potentitihe goal of this report was to report
on available methodologies that could be employedhe determination of Canada’s
hydrokinetic potential, the available data sourees recommendations for Phase I,
which includes a methodology validation.

The general approach to estimating the hydrokinptwer suggested in the report
involves the solution of the Manning equation tdimeate velocity, based in turn on
estimates of channel geometry, flow (as flow doratcurves), slope and roughness.
Each of these four input variables will require iundual regionalization and/or

approximation methods.

Many techniques were identified in the scientifiderature relating to flow
regionalization for extreme events, however fewligsi examined FDC regionalization.
Some promising approaches using graphical FDC ctaization and employing
canonical correlation were identified. Few regiomhannel geometry and slope
estimation techniques were discovered in the lieea Although discharge-based
estimates were quite common, other approaches \wketified relating channel
geometry to drainage area and other physiograph@t eimatological watershed
characteristics. Channel slope calculations ageanal scale are generally accomplished
using DEM data, sometimes with power-function srhow in low-gradient streams.
Regional roughness estimation techniques were isob¥ered and typically roughness
values were assumed in the studies examined.

A number of national datasets were identified tmatld be employed in the next phase of
this study. The data sets include measured oruleédd physiographic and

climatological properties including climate datydrometric data, digital soil and land

use maps, hydro network maps and digital elevatiata. Of particular interest is an

internal-use database maintained by WSC for stowater station survey data, which

includes cross section, flow and velocity informati This database will be invaluable
for validation of the estimation techniques fomiland channel geometry.

The recommended approach for Phase Il is to exwmluatumber of flow characterization
and regionalization techniques including some cptuzdly simple methods (e.g. Area-
Ratio), commonly employed and endorsed methods @ETScreen) and methods
recently developed and employed by the academicruority (e.g. CCA with graphical
FDC). The recommended approaches for geometmatstin include the use of digital
maps of river edges where available, and the usghydiographic and climactic data to
drive regression analysis. Channel slope estimagsorecommended to be estimated
using available DEM data with the investigationfurictional smoothing in low-gradient
channels. Finally, lacking any regional data @ioralization techniques, roughness is
to be estimated as a potential range of valuesdbasepublished roughness estimates.
Validation and uncertainty estimates are to be eyga using jack-knife and bootstrap
techniques where applicable.
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