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Assessments of available riverine hydrokinetic energy: a review
Katelyn Kirby, Sean Ferguson, Colin Rennie, Ioan Nistor, and Julien Cousineau

Abstract: Methods of estimating riverine hydrokinetic (HK) power for localized and regional studies are reviewed, evaluated,
and compared. It was found that localized HK studies were not entirely consistent, with the most common discrepancies being
discharge variability characterization, uncertainty analysis, and the amount of data used to derive the results. The issues associ-
ated with localized assessments were amplified for regional assessments. Regional HK assessments were less common, the meth-
ods were less consistent across studies, and the amount and type of data available varied widely across regions. New techniques
and technologies, developed in Canada and globally, were evaluated for their usefulness to improve regional HK assessments.
Emphasis was put on satellite remote sensing methods to estimate discharge and channel dimensions, as well as regionalized
curve fitting to estimate channel roughness. The review of new techniques suggests that accuracy of the results is dependent on
the amount and quality of the data available.

Key words: satellite remote sensing, resource assessment, river hydraulics, hydrology regionalization, bathymetry estimation.

Résumé : Les méthodes d’estimation de la puissance hydrocinétique (HC) fluviale pour les études localisées et régionales sont
examinées, évaluées et comparées. On a constaté que les études localisées de l’HC n’étaient pas entièrement cohérentes, les écarts
les plus courants étant la caractérisation de la variabilité du débit, l’analyse de l’incertitude et la quantité de données utilisées pour
obtenir les résultats. Les problèmes associés aux évaluations localisées ont été amplifiés dans le cas des évaluations régionales. Les
évaluations régionales de l’HC étaient moins fréquentes, les méthodes étaient moins cohérentes entre les études, et la quantité et
le type de données disponibles variaient considérablement d’une région à l’autre. Les nouvelles techniques et technologies mises
au point au Canada et à l’échelle mondiale ont été évaluées pour leur utilité afin d’améliorer les évaluations régionales de l’HC.
L’accent a été mis sur les méthodes de télédétection par satellite pour estimer les dimensions du chenal et les débits, ainsi que sur
l’ajustement des courbes régionalisées pour estimer la rugosité du chenal. L’examen des nouvelles techniques suggère que
l’exactitude des résultats dépend de la quantité et de la qualité des données disponibles. [Traduit par la Rédaction]

Mots-clés : télédétection par satellite, évaluation des ressources, hydraulique fluviale, régionalisation de l’hydrologie, estimation
bathymétrique.

1. Introduction
The extraction of hydrokinetic (HK) power involves utilizing

tidal or wave energy of the ocean or velocity energy of a river to
turn a turbine to generate electricity. HK technology is referred
to as “run-of-river”, because it does not greatly impact the dis-
charge of the river, as compared to conventional hydroelectric
dams, which alter a river’s natural discharge and bathymetry.
However, the caveat of HK power is that it is reliant on the condi-
tions of the river environment that it is introduced into. This
includes seasonal discharge variation, depth and width limita-
tions, accessibility issues, and even blockages due to vegetation,
large woody debris, or ice. Additionally, HK power is not as effi-
cient as conventional hydropower with an efficiency limit of
59.3%, defined as the Betz limit (Yuce and Muratoglu 2015). HK
energy may provide a promising alternative to conventional elec-
tricity generation in Canada and globally, and thus it has been gain-
ing attention over the past two decades. Particularly in Canada,

emphasis has been put upon exploring power generation methods
that do not create greenhouse gases (GHGs), which are the leading
cause of global climate change. Canada entered the Paris agree-
ment in an attempt to keep the earth’s temperature rise under 2 °C
due to global climate change (Environment and Climate Change
Canada 2016). To do this, Canada pledged to transition to 90% non-
GHG-emitting electricity by 2030 (Government of Canada 2019).
Another initiative that Canada has created is the Off-Diesel Chal-
lenge from the Clean Energy for Rural and Remote Communities
program by Natural Resources Canada, which aims to reduce
reliance on diesel fuel for rural and remote communities (Natural
Resources Canada 2019). Other notable initiatives are the Low
Carbon Economy Fund (Government of Canada 2020b), the Clean
Growth Hub (Government of Canada 2020a), and the Powering
Past Coal Alliance (Government of Canada 2019). Other countries
around the globe have such initiatives as well. To bolster this
increased interest in non-GHG-emitting electricity sources, HK
energy potential should be thoroughly explored to understand if
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it is a feasible alternative, and, if so, where would it be most suit-
able. This review only covers riverine HK potential.
To understand if HK power is feasible, local and regional stud-

ies have been conducted in various areas across the globe to
quantify the amount of HK potential in rivers. Regional types of
studies are usually completed on the national or provincial/state
scale. Their intents are to locate areas of high HK potential to fur-
ther investigate on a smaller or local scale, to quantify the total pos-
sible amount of HK energy to decide if investment is wise, and to
make the information readily available for potential investors.
Some common factors that may be barriers to a feasible HK instal-
lation in an area are depth limitations (usually not feasible for less
than 2 m) preventing the physical installation of a turbine unit or
array, low velocity (approximately less than 1.5 m/s) indicating that
there is low power extraction potential and poor return on invest-
ment, and other technical, societal, environmental, and economic
considerations that will not be discussed in this paper. The cost of
in-depth, site-specific hydrologic studies can be restrictive, as most
local hydro developments cannot afford these types of studies;
therefore, regional HK assessments are employed to evaluate if a
location may be profitable before significant investment is made
(Judge et al. 1988). The objectives of this review are to understand
whereHK resource assessment research is at and how it has evolved,
to evaluate possible areas of improvement or advancements in HK
power estimation (i.e., new technology or tools available), and to
draw conclusions about research gaps and methodological require-
ments in HK assessments. To this end, this study will evaluate both
local (i.e., single location or single reach) and regional (i.e., regional,
provincial, or national) HK assessments in Canada and globally to
understand the methods that currently exist, to explore new tech-
nologies or advancements that may improve the assessments previ-
ously evaluated, and finally to make recommendations on further
research based on itsfindings.

2. Local hydrokinetic energy resource assessments
To begin, the methods of local HK potential assessments will be

evaluated, because these types of assessments are more numerous,
and they have been conductedmore recently compared to regional
assessments (Table 1). Therefore, they will provide more insight
into the current state of HK assessments. Also, they will provide an
idea of the limitations that arise when attempting to duplicate
local HK assessment methods on a regional scale. Local HK assess-
ments refer to either single deployment location, single reach with
multiple deployment locations, or multiple (two or three) reach
assessments. In general, because the size of the study area is small
for local assessments,more effort is placed into ensuring high qual-
ity data are available to begin the assessment (e.g., spatially intense
field data, LiDAR or other high-resolution imagery, etc.), and this
contributes to more accurate results. One of the aims in assessing
these local studies, separately from regional studies, is to under-
stand if and how the methods can be applied to regional assess-
ments and to define the limitations of assessments at the local
scale. More local assessments exist, and it is more state-of-the-art
than regional assessments (i.e., the most recent local studies are
2011 to 2020 compared to 1984 to 2020 for regional). As such, it was
useful to evaluate local studies first separately to understand the
methods used and if those methods were scalable. In tandem with
this objective, the state-of-the-art in local HK resource assessments
will be explored and any caveats to themethods will be discussed.
The International Electrotechnical Commission (IEC) published

standards for local HK assessments under technical specification
62600-301 Marine Energy – Wave, Tidal and Other Water Current
Converters, Part 301: River Energy Resource Assessment in 2019.
This document will be evaluated first in this review paper because
it is the most comprehensive, and all other studies will be com-
pared to its methodologies. Essentially, the specification provides
required steps and suggested methods to process available gauged

data and (or) field data into an estimate of riverine HK potential. It
provides other requirements on top of themethodological require-
ments, such as documentation, model calibration, result valida-
tion, and acceptable model error. Overall, the goal is to generate a
velocity duration curve (VDC), fromwhich the potential HK power,
or annual energy production (AEP), can be calculated. The first step
is to generate a 15-point flow duration curve (FDC), as this will
account for the empirical variation of the river discharge. The FDC
can be generated from ten years of discharge data for the location
if available. If ten years of data are not available, a hydrological
model should be employed to generate ten years of synthetic dis-
charge data. That generated data should be validated with one year
of available discharge data for the location. Therefore, as per the
IEC standards, at least one year of discharge data are required for
any potential HK development location. The next step is to create a
curve fit for the velocity–discharge measurement, and this step
also depends on the amount of data readily available for the
location. VDCs can be developed directly at locations with 5 velocity–
discharge measurements at the specific renewable energy conver-
tor (REC) location (i.e., at the particular location within the cross
section of the channel) for “small” projects. The IEC defines a small
project as projects which have a project blockage ratio (ratio of
moving and non-moving area of all RECs to average channel cross-
sectional area) of less than 5%, projects in which each REC has at
least ten equivalent diameters spacing from each other. This also
includes projects that have not introduced any flow modification
to increase the available power. If there are not five velocity–
discharge measurements available for the REC location or if the
project is “large” (any projects which do not meet the small project
requirements), a model shall be used to estimate this relationship.
To be able to use a model, three different stage-discharge condi-
tions are needed for the model input, two channel transects of
velocity for three different discharge conditions are needed for the
model calibration, and velocity–discharge measurements at two
REC locations for three different discharge conditions are needed
for verification. The IEC standards reference the International
Hydrographic Organization’s Standards for Hydrographic Surveys
for information on how to properly collect field data (IHO 2020).
The standards also indicate that the effects of the turbine being
introduced into the river need to be considered and estimated for
projects deemed to be large. When the velocity data are available,
either from modelling or measurements, a curve should be fit to
the velocity–discharge relationship for each REC location within
the river. From that, the VDC can be generated, and the AEP can be
calculated for each REC. The document describes types of models
that can be used for the assessments and their calibration and vali-
dation requirements, as well as the benefits or drawbacks of each
type of model. Overall, the standards leave the choice of model to
be used up to the team conducting the study, as long as the model
meets the accuracy requirements of the HK assessment. The assess-
ment can either be based on an REC with known parameters (i.e.,
provided by a manufacturer) or from a generic REC with generic
parameters. When comparing the output of the model to measure-
ments, the relative mean squared difference between the two
should not be greater than 10% (IEC 2019).
Neary et al. (2011) developed a best practice manual for the col-

lection of field measurement data required for the assessment of
potential HK at identified deployment sites. The document was
published by the Oak Ridge National Laboratory. The purpose of
the guideline was to increase accuracy of HK assessments with
the goal of comparison to conventional electricity generation
and other renewables. When the document was published in
2011, assessments of the time had power densities averaged over
grid cells of 300 m to 500 m resolution. Neary et al. (2011) argued
thatmodels needed to bemore refined, such as those created with
spatially intense field data using ADCP, ADV, or other such meas-
uring device, for development to take place. The complexities of esti-
mating HK power in a streamwere recognized by Neary et al. (2011),
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Table 1. Local hydrokinetic energy resource assessments.

Study # Authors
Assessment
approach

Flow variation
consideration

Estimation
method(s)

Error analysis
method(s)

Quantified error
result(s)

Standard IEC (2019) Hydrokinetic 15-point FDC and VDC VDC and AEP estimation via
15-point FDC based on
10 years of available or
synthetic, modelled
discharge data

Model calibration using
agreement between depth-
averaged velocity and
validation using agreement
between depth-averaged
velocity and vertical velocity
variation

5% or less for calibration
and 10% or less for
depth-averaged velocity
validation and 25% or
less for vertical velocity
validation

1) Arango (2011) Hydrokinetic 5 percentile,
50 percentile, and
95 percentile

Cumulative probability
distribution functions of
discharge and physical and
computational fluid
dynamic models

None None

2) Duvoy and Toniolo (2012) Hydrokinetic Not considered Hydrodynamic model using
data collected in field
campaign

None None

3) Petrie et al. (2014) Hydrokinetic Not considered Velocity data collected in
field campaign

Data expected to contain error
over threshold limit was
discarded

None

4) Kalnacs et al. (2014) Hydrokinetic Not considered Velocity data collected in
field campaign

Visual comparison between
collected data and available
statistical data

None

5) Punys et al. (2015) Hydrokinetic Mean annual, bankfull,
and low discharge

HEC-RAS hydraulic model to
estimate discharge, channel
geometry, and velocity
using historical data

Visual comparison between
hydraulic model parameters
and hydrologic model
parameters

None

6) Cornett and Faure (2015) Hydrokinetic Variation over a typical
year

Hydrograph estimation and
TELEMAC-2D hydrodynamic
model using historical data

Validation using historical
discharge and water level for
several gauging stations

No information available

7) Filizola et al. (2015) Hydrokinetic Not considered Velocity flow field data used
to calculate theoretical
hydrokinetic power

None None

8) Montoya Ramírez, et al.
(2016)

Hydrokinetic Joint probability curves
and duration curves
using 100 h of data

HEC-RAS hydraulic model
with hourly discharge data
to simulate mean velocity

None None

9) Nordino (2016) Hydrokinetic VDC from five years of
historical data

VDC generation from
historical data

None None

10) Nhabetse et al. (2017) Hydrokinetic VDC from five years of
historical data

VDC generation from
historical data

None None

11) Holanda et al. (2017) Hydrokinetic Maximum, minimum,
andmean discharge

Hydrodynamic model to
simulate velocity

Validation against field
measurements using average
error

Average error of 8.77%
andmaximum error of
22.00% in simulated
velocity

12) Saupi et al. (2018) Hydrokinetic 120 days of data used to
develop regression

Best fit regression equations Validation against field
measurements using R2

R2 of 87.4% and 87.9% for
water level and velocity,
respectively
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as it was mentioned that the following variables could change con-
ditions along the length of the river reach: bed sediment, grain, and
form roughness; secondary circulation caused by channel form;
wind shear on thewater surface; and the presence of structures that
could create surface wakes, vortex shedding, and increased turbu-
lence in the wake. Therefore, various measurements are required
to properly characterize the complexities of velocity in the reach,
which include reach bathymetry, bed substrates, in-stream flow
structures, properties of the fluid, andflowfield. For reach bathym-
etry, Neary et al. (2011) recommends the use of single andmulti-beam
depth echosounders (SBE, MBE) coupled with GPS. Particularly,
it is important to capture the bed form at the location of interest,
such as the wavelength and height of dunes, ripples, or antidunes.
For bed substrate, samples should be taken at the location of inter-
est to characterize the particle size, specific gravity, shape factor,
and fall size of the bed and bank materials. To properly model the
effect of in-stream structures on the AEP available and the effects
of introducing a turbine into the river environment, measure-
ments of the structures present should be available. Properties of
the fluid that should be measured are temperature, density, kine-
matic viscosity, and salinity. The turbidity of the fluid can cause
changes to the flow field, so it should bemeasured as well. Finally,
one should attempt to understand the turbulence and how it
effects the flow field velocity. In general, the flow field velocity is
time averaged because of temporal variability induced by turbu-
lence effects (Neary et al. 2011).
Local studies are reviewed to evaluate their methodology and

their conformance to the previously reviewed standards and
guidelines ofHK assessments. Also, reviewing local studies will pro-
vide insight to the limitations of regional studies and may suggest
possible techniques of overcoming these limitations. Arango (2011)
conducted a study of four potential identified HK extraction sites
on the Columbia River downstream ofWanapum and Priest Rapids
Dams, both at channel constrictions. 15 years of discharge infor-
mation were provided in the Columbia River Data Access data
bank and from Grant PUD operational records. Cumulative proba-
bility functions were generated from the available discharge data.
Bathymetry data at each dam tailrace were available via fieldmeas-
urements from the Iowa Institute of Hydraulic Research (IIHR). The
vertical velocity profile and bathymetry data used in the study
were simulated by physical and computation fluid dynamicmodels
of the two dam tailraces. The modelled data were developed and
provided by the IIHR. Time-averaged, three-dimensional velocity
profiles were generated for low, mean, and high discharge condi-
tions (5% percentile, 50% percentile, and 95% percentile, respec-
tively) at each channel transect. HK power density was calculated
through the water column at each site using the simulated velocity
profiles, discharge probability distribution, and the parameters
of the turbines under consideration. Arango (2011) mentioned
that there is not sufficient information provided by the IIHR to
validate the data provided by the IIHR models. As such, the error
in the data utilized in the study and final results were not quanti-
fied (Arango 2011).
Duvoy and Toniolo (2012) studied the HK potential at a location

on the Tanana River at Nenana, Alaska. Discharge data were
obtained from a United States Geological Survey (USGS) gauging
station in the area and bathymetric surveys were conducted on
August 8, 9, 12, and 13, 2010. During the bathymetric survey cam-
paign, acoustic doppler current profiler (ADCP) measurements
were taken for velocity profiles and slope data were collected.
This study employed HYDROKAL, an external module for the
CCHE2D hydrodynamic model which utilizes velocity estimates
from CCHE2D to calculate instantaneous power density in the
channel. Seasonal variation of the discharge was not considered
in this study, as the stream power was only simulated for the du-
ration of the field data collection. Although Duvoy and Toniolo
(2012) stated that the purpose of the study was to test the capabil-
ities of the HYDROKAL model rather than to conduct a full HKT

ab
le

1
(c
on
cl
ud

ed
).

St
u
d
y
#

A
u
th
or
s

A
ss
es
sm

en
t

ap
p
ro
ac
h

Fl
ow

va
ri
at
io
n

co
n
si
d
er
at
io
n

E
st
im

at
io
n

m
et
h
od

(s
)

E
rr
or

an
al
ys
is

m
et
h
od

(s
)

Q
u
an

ti
fi
ed

er
ro
r

re
su

lt
(s
)

13
)

La
ta
-G
ar
ci
a
et

al
.(
20

18
)

H
yd

ro
k
in
et
ic

N
ot

co
n
si
d
er
ed

H
E
C
-R
A
S
h
yd

ra
u
li
c
m
od

el
to

si
m
u
la
te

ve
lo
ci
ty

p
ro
fi
le

N
on

e
N
on

e

14
)

K
as
m
an

et
al
.(
20

19
)

H
yd

ro
k
in
et
ic

Fi
ve

ye
ar
s
of

d
at
a
u
se
d

to
d
ev

el
op

si
m
u
la
ti
on

C
om

p
u
ta
ti
on

al
fl
u
id

d
yn

am
ic
s
si
m
u
la
ti
on

V
al
id
at
ed

ag
ai
n
st

fi
el
d

m
ea

su
re
m
en

ts
u
si
n
g
av

er
ag

e
er
ro
r

A
ve

ra
ge

er
ro
r
of

2.
9%

an
d

0.
6%

fo
r
ei
th
er

cr
os
s

se
ct
io
n
va

li
d
at
ed

15
)

Si
lv
a
d
os

Sa
n
to
s
et

al
.

(2
01
9)

H
yd

ro
k
in
et
ic

R
el
at
io
n
sh

ip
s
b
as
ed

on
3
to

25
ye

ar
s
of

d
at
a,

d
ep

en
d
in
g
on

th
e

lo
ca
ti
on

H
yd

ra
u
li
c
ge

om
et
ry

ap
p
ro
ac
h

an
d
n
u
m
er
ic
al

m
od

el
to

si
m
u
la
te

ve
lo
ci
ty

p
ro
fi
le
s

C
om

p
ar
is
on

b
et
w
ee

n
fi
el
d

m
ea

su
re
m
en

ts
u
si
n
g
av

er
ag

e
er
ro
r

A
ve

ra
ge

er
ro
r
of

11
.0
%
an

d
13
.2
5%

fo
r
ei
th
er

lo
ca
ti
on

16
)

A
d
eo

gu
n
et

al
.(
20

20
)

H
yd

ro
p
ow

er
N
ot

co
n
si
d
er
ed

SW
A
T
m
od

el
an

d
G
IS

te
ch

n
iq
u
es

to
si
m
u
la
te

fl
ow

an
d
h
yd

ro
lo
gi
ca
l

p
ar
am

et
er
s
to

es
ti
m
at
e

d
is
ch

ar
ge

an
d
h
yd

ra
u
li
c

h
ea

d
,r
es
p
ec
ti
ve

ly

N
as
h
–
Su

tc
li
ff
e
E
ffi
ci
en

cy
an

d
R
2

0.
70

fo
r
N
SE

an
d
0.
74

fo
r

R
2

17
)

A
li
et

al
.(
20

20
)

H
yd

ro
p
ow

er
N
ot

co
n
si
d
er
ed

SW
A
T
m
od

el
an

d
G
IS

te
ch

n
iq
u
es

to
si
m
u
la
te

fl
ow

an
d
h
yd

ro
lo
gi
ca
l

p
ar
am

et
er
s
to

es
ti
m
at
e

d
is
ch

ar
ge

an
d
h
yd

ra
u
li
c

h
ea

d
,r
es
p
ec
ti
ve

ly

N
as
h
–
Su

tc
li
ff
e
E
ffi
ci
en

cy
an

d
R
2

0.
65

fo
r
N
SE

an
d
0.
68

fo
r

R
2

842 Can. J. Civ. Eng. Vol. 49, 2022

Published by Canadian Science Publishing

C
an

. J
. C

iv
. E

ng
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

B
A

T
T

E
L

L
E

 P
A

C
IF

IC
 N

W
 N

A
T

L
 L

A
B

 o
n 

05
/0

3/
23



assessment study to estimate the AEP, it is useful to review the
inputs that were needed for the hydrokinetic energy assessment
model and the caveats of the research. For validation of themodel’s
velocity estimates, the model output was compared to ADCPmeas-
urements visually. The visual comparison showed good correlation
between the model output and the measured velocity. Because the
model output is averaged in the vertical direction and the ADCP
provides vertical velocity profiles along the transect, Duvoy and
Toniolo (2012) argued that strict validation of the results was not
possible.
Petrie et al. (2014) utilized ADCPmeasurements to identify loca-

tions within a reach with fast-moving water and thus high HK
energy potential. The ADCP data used in the study were collected
on two cross sections of the lower Roanoke River, USA and was
processed to extract channel depth, depth-averaged velocity, flow
direction, and mean three-dimensional velocity profiles. The data
was collected at each location within the reach for a minimum of
1200 s at a single discharge condition. As such, the influence of
the discharge condition on the velocity flow field and the associ-
ated locations with high HK energy potential was not considered
in this study. The error associated with the ADCP measurements
was not addressed in this study; however, the authors comment
on directional errors that were observed in the measurements
close to the riverbank. As such, measurements that were expected
to contain error over a specified threshold were automatically
removed from the record to reduce overall inaccuracy in the results
(Petrie et al. 2014).
A study conducted by Kalnacs et al. (2014) used direct in-river ve-

locity measurements to investigate optimal locations for turbine
deployment within Daugava River, Latvia. The researchers referred to
Chapter 6 of the Manual on Stream Gauging (World Meteorological
Organization 2010) for field measurement procedures, but it is not
clear what equipment the velocitymeasurements were takenwith.
The validation of the velocity field data was completed by visually
comparing the available statistical data from the Latvia State-
financed observation station network against themeasured data’s
calculated flow rate. Kalnacs et al. (2014) state that the results of
the comparison imply that the measured data comply and could
be used to calculate estimates of HK power in the reach.
Punys et al. (2015) conducted a study of the Neris River in Lith-

uania where between 9 and 52 years of gauging station discharge
data were available, depending on the study area. Stage, velocity,
and cross-sectional area data were also available at these gauged
locations. From these data, discharge–stage, discharge–velocity,
and discharge–area relationships were developed as the hydro-
logical models for the study area. The HEC-RAS hydraulic model
was used to simulate mean annual, bankfull, and low discharges
from which velocity, bathymetry, and stream power were also
estimated. The model was calibrated using field measurements
at 27 sites along the river, from themouth to the border of Lithua-
nia. Validation of the model was completed with stage, velocity,
discharge, and cross-sectional area data from three gauging sta-
tions. The resulting simulated velocity was used to calculate HK
power density in three discharge conditions. The parameters gen-
erated by the hydraulic model were compared to those provided
by the hydrologic model and good correlation in the stage data-
sets were observed. However, scattering was present when visu-
ally comparing the velocities and cross-sectional area plots.
Cornett and Faure (2015) conducted a study on the St. Lawrence

River at two locations: the first one between Cornwall and Mon-
treal (80 km long reach) and the second one downstream of Mon-
treal from Sorel into the Gulf of St. Lawrence (800 km long reach).
The second location presented a challenge, as flow is both tidal and
fluvial. Historical discharge information was used to develop a
hydrograph, and bathymetry data were obtained from the Mete-
orological Services Branch of Environment Canada as well as
additional survey data from the Seaway International Bridge
Corporation and Verdant Power Canada. TELEMAC-2D was the

model used to simulate variation in discharge and water level
over a typical year by solving the vertically averaged shallow
water equations (i.e., Saint-Venant) in two dimensions. The avail-
able HK power was calculated from the simulated velocity val-
ues. The model was validated using historical discharge values
and water levels (Cornett and Faure 2015).
Filizola et al. (2015) estimated the HK potential at eight locations

in the Brazilian Amazon River Basin. Originally, 54 sites were con-
sidered in the analysis; however, with data availability and desira-
ble hydrological characteristic constraints applied, only eight were
suitable for further analysis. Data availability included velocity
flow fields which were measured with ADCP apart from this study.
The velocity flow fields were used to determine the optimum loca-
tion within the reach for HK energy extraction as well as calcula-
tion of the extractable HK energy. The available extractable area for
each river cross section was assumed to be 1000m3. No error analy-
sis was conducted on the ADCP data used in the evaluation (Filizola
et al. 2015).
Montoya Ramírez et al. (2016) studied the feasibility of deploy-

ing HK turbines in the tailrace of dams at two hydropower plant
locations in Columbia. To obtain time series of mean flow veloc-
ity, stream velocity, and water depth, the non-stationary one-
dimensional HEC-RAS hydraulic model Version 4.1 was used with
hourly flow discharge input data provided by the hydropower
plants. The measured geometries of the tailraces were also avail-
able from the hydropower plants. Montoya Ramírez et al. (2016)
then compared hydraulic performance data from HK turbine
manufacturers with the flow velocity and water depth present in
the tailrace to determine if the installation was feasible. Because
the study was intended to satisfy a preliminary evaluation of fea-
sibility, no validation or error analysis of the generated data was
conducted (Montoya Ramírez et al. 2016).
Nordino (2016) and Nhabetse et al. (2017) employed similar meth-

ods to generate VDCs for theMaputo River, Mozambique and Umbe-
luzi River, Mozambique, respectively, from which potential HK
energy could be calculated. To generate the VDCs, five years of his-
torical velocity data was used, and the flow velocities of the rivers
were compared to the required design velocities of five HK turbines.
This, and consideration of the required channel depths for the tur-
bines, constituted the feasibility analysis of the study, and potential
HKwas calculated for both rivers from the VDC.
Holanda et al. (2017) studied the HK potential in the Tocantins

River in Brazil. Discharge data were available for the location from
2007 to 2014 and bathymetry data were provided by the Eletro-
norte/Eletrobras Company who collected it in September 2004.
Three discharge conditions were considered in the analysis: maxi-
mum, minimum, and mean. For simulation of the velocity, a 2D
longitudinal-transverse hydrodynamicmodel and the Saint-Venant
equation were used. Power was calculated using the kinetic instan-
taneous power equation. Validation of the model results was com-
pleted using ADCP field measurements conducted in 2012 and
2013. The comparison resulted in an average velocity error of 8.77%
and amaximum error in the dataset of 22.00% (Holanda et al. 2017).
In a study conducted by Saupi et al. (2018) on the Batang Belleh

River in Malaysia, regression equations were generated to estimate
both water level and velocity at an ungauged location. To develop
the regression equations, the Pearson Correlation Analysis techni-
ques were used to determine the variables’ correlation strengths,
optimize parameters, and determine best fit. The regression mod-
els were validated against water level and water velocity data col-
lected during different time periods than those used to generate
the regression models. Among linear, logarithmic, quadratic, cubic,
and exponential regression model types, the most suitable model
was selected based on the highest R2 value. The regression was con-
ducted between water level data at a gauge station and 120 days of
water level data collected at the remote location as well as between
water level and 105 samples of ADCP velocity data. To validate the
regression equations, 90 days of water level data were used, and the
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velocity data used for the validation were measured from March
2015 to May 2015. The validation resulted in R2 of 87.4% and 87.9% for
the water level and water velocity respectively. Saupi et al. (2018)
state that these regression equations can be used to generate
water velocity time series for remote, type-C, unregulated rivers.
Lata-Garcia et al. (2018) conducted their study on the Guayas

River in Ecuador where one discharge of 3500 m3/s was incorpo-
rated to find the best possible location for the turbine formaximum
HK power extraction. The channel bathymetry was available, and
the velocities used for validation in the study were provided by the
Ecuadorian Navy over one year where measurements were taken
three times per day. The model used to simulate the velocity profile
at the area of interest was HEC-RAS. To calculate the potential HK
power available, the HOMER simulation tool was used to estimate
HK power with velocity and the turbine parameters as inputs. No
validation results were presented in the paper (Lata-Garcia et al.
2018).
In a study conducted by Kasman et al. (2019) downstream of the

Balambano hydropower plant on the Balambano River in Indone-
sia, a computational fluid dynamics simulation is used to develop
ten years of daily flow fluctuation data and the associated average
flow velocity to estimate the available HK power. Inputs to the
simulation are the river bathymetry collected via echo sounding
equipment and flow data from 2012 to 2017 provided by the hydro-
power plant. To validate the output of the simulation, point veloc-
ity measurements were taken in the river at two cross sections
with each cross section divided into ninemeasurement points. The
type and model of the equipment used to measure the velocity
were not specified. The simulation’s output was averaged and com-
pared to the averaged measured velocity and resulted in errors of
2.9% and 0.6% for the two cross sections (Kasman et al. 2019).
Silva dos Santos et al. (2019) studied the HK potential on the

Amazon River at two locations downstream of hydropower
plants in Northern Brazil. Discharge data were available for 2014
and historical discharge–area (wet area) and discharge–velocity
curves were provided by the hydropower plant management. The
hydraulic geometry (HG) relationships were based on either
3 years or 25 years of data, depending on the location. Bathymetry
studies were conducted and included the use of a multi-frequency
echo sounder as well as an ADCP for velocity measurements. The
length of the river segment studied was 5 km long with 61 meas-
ured cross sections at one location and 64 measured cross sections
at the other. A numerical model was used for the simulation of ve-
locity profiles at locations that were expected to have high veloc-
ities. Experimental results were compared against the numerical
model velocity results. Average deviations were 11.0% and 13.2% for
each location. The simulated velocities were used to calculate the
HK potential, and the deviations found in the velocity results were
not carried forward into the power calculations. Seasonal variabili-
ty of discharge was accounted for by presenting monthly potential
HK power results rather than a yearly total (Silva dos Santos et al.
2019).
Adeogun et al. (2020) and Ali et al. (2020) conducted similar

studies where GIS techniques and the Soil andWater Assessment
Tool (SWAT) model were employed to predict flow and hydrologi-
cal parameters for estimation of HK energy. Adeogun et al. (2020)
estimated HK potential on the Asa, the Awun, and the Oyun Riv-
ers in Nigeria, whereas the Ali et al. (2020) study was conducted on
the U-Tapao River in Thailand. HK power was estimated using the
hydropower equation with flow and hydraulic head as inputs. Hy-
draulic headwas calculated using the difference between the eleva-
tion, provided by digital elevationmodels (DEMs), at the beginning
of the river segment to the end of the river segment. When vali-
dated, the SWATmodel showed a Nash–Sutcliffe Efficiency (NSE) of
0.70 and an R2 of 0.74 for Adeogun et al. (2020). The validation for
the study conducted by Ali et al. (2020) resulted in an NSE of 0.65
and an R2 of 0.68.

There are many similarities present in the methods examined
above as well as inconsistencies which is what the IEC standards
are attempting to avoid. Primarily, a great majority of the meth-
ods utilize some variation of the kinetic instantaneous power
equation shown below:

ð1Þ PK ¼ 1
2
rAv3

where PK is the potential HK power, r is the density of the fluid,
A is the wetted area, and v is the velocity. Some other variations
include power density and the addition of the power coefficient
(a variable that converts the HK power estimate from theoretical
to technical), respectively:

ð2Þ PK=A ¼ 1
2
rv3

ð3Þ PK=A ¼ 1
2
rv3Cp

where PK/A is the power density and Cp is the power coefficient
(Duvoy and Toniolo 2012). Overall, none of the studies investi-
gated met the standards of the IEC; however, this is likely due to
the time in which they were published. The studies were pub-
lished from 2011 to 2020 and the IEC standards were published in
2019. The two most common aspects of the studies that did not
meet the IEC standards were capturing the variability of flow and
calibration and validation of the model used. For proper repre-
sentation of the variability of discharge, either the discharge
data used were not available for ten or more years, or when the
proper amount of data were available, FDCs were not developed
to characterize the variability of discharge. When the discharge
data were not available for ten of more years, few studies attempted
to simulate ten years of discharge data using numerical modelling
to develop an FDC. However, most of the locations considered in the
studies were either directly at a tailrace of a dam or on a river that
was regulated. Therefore, inaccuracies caused by not properly con-
sidering the seasonal and annual variability of discharge may be
less pronounced in these types of regulated watersheds or even in
watersheds of a particular hydrology (e.g., glacially fed channels
are generally less impacted by annual variability (Ashmore and
Church 2011)). Most of the studies used some type of modelling to
simulate velocity within the channel. It was found that there was
insufficient calibration and (or) validation of most of the models,
that the calibration and (or) validation of the models were not
described in enough detail to assess if the methods were suitable,
or that themeasure of success inwhich themodels predicted veloc-
ity was not consistent across the studies. However, for all of these
findings, the IEC standards provide a solution.

3. Regional hydrokinetic energy resource
assessments
Dissimilar from local HK assessments, there are no published

standards, specifications, or rules-of-thumb for regional types of
HK assessments (Table 2). This section will explore and evaluate
seven regional HK assessments from 1980 to 2014 to discover sim-
ilarities between the studies, evaluate the methodologies and
accuracies of the assessments, and attempt to draw conclusions
about what is needed (e.g., data requirements, techniques, stand-
ards, etc.) to improve such assessments.
The first known HK assessment of this type was completed by

the UMA Group (1980) for the National Research Council (NRC) in
1980. The goal of the study was to evaluate the total amount of
HK power potentially available in Canadian rivers and streams.
The study was limited to the largest rivers in Canada with dis-
charges greater than 450 m3/s, velocities greater than 1.5 m/s,
channel widths greater than 50 m, and channel depths greater
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Table 2. Regional hydrokinetic energy resource assessments.

Study
# Authors Assessment approach

Flow variation
consideration

Estimation
method(s)

Error analysis
method(s) Quantified error result(s)

1) UMA Group (1980)
for NRC

Hydrokinetic power No information available Manning’s equation No information
available

No information available

2) Acres Consulting
Services Limited
(1984)

Hydropower Maximum, mean,
minimum

Multiple regression technique for
development of characteristic
relationships of region using
turbinable curve

R2 0.81, 0.66, 0.44 for
maximum, mean, and
minimum, respectively

3) Miller et al. (1986) Hydrokinetic power No information available Relationships between (1) discharge
and drainage area and (2) drainage
area and distance upstream from
mouth of river and use of
Manning’s equation

No information
available

No information available

4) USDOE (2004) Hydropower No information available Drainage area, precipitation, and
temperature relationships to
estimate discharge using GIS tools

Standard error for
discharge and RMSE
for hydraulic head

69% to696% for
discharge,63m for
hydraulic head

5) Kerr Wood Leidal
Associates (2008)

Hydropower Normal year, low-
discharge year, and a
high demand period

Hydropower assessment model No information
available

No information available

6) Jacobson (2012) for
EPRI

Hydrokinetic power
and hydropower

5, 25, 50, 75, and
95 percentiles

HEC-RASmodel and application of
estimated recovery factor

Percent deviation 77% average deviation
for discharge between
estimated and gauge
station

7) NRC or the National
Academies (National
Research Council
2013)

N/A, critique of Jacobson (2012) for EPRI

8) Jakimavi�cius et al.
(2014)

Hydropower Average multiannual Hydraulic geometry approach Average relative error
of depth, width, and
velocity

14.0%, 17.9%, and 19.0%
for depth, width, and
velocity, respectively

9) Jenkinson and Bomhof
(2014)

Hydrokinetic power
and hydropower

17-point FDC Multiple linear regression coupled
with canonical correlation
analysis and hydraulic geometry
approach

Monte Carlo technique
used to determine
confidence
percentages in the
results

97.5% confidence in
433 GW hydropower
estimation and 97.5%
confidence in 29 GW
hydrokinetic power
estimate

10) Cruz et al. (2020) Hydrokinetic power Daily average Numerical model to estimate daily
average cross-sectional velocity

Average error 3.07% and 3.13% for flow
and velocity, respectively
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than 3 m. The study was also limited to reaches for which there
were 20 ormore years of gauged data. Manning’s equation was used
for discharge velocity estimation in this case. Limited information is
available on the actual techniques used in this assessment. Geo-
graphic information system (GIS) techniques were limited at the
time (UMAGroup 1980).
The next HK assessment of this type was conducted in 1984 by

Acres Consulting Services Limited (1984). The intent of this Canada-
wide study was to decide whether additional funds should be
invested to further investigate specific sites. This study divided
Canada into 11 regions with similar climatological and physio-
graphic characteristics, within which data from between 11 to
23 gauging stations and the characteristics of the areas were used
to develop hydrologic relationships. The hydrologic relationships,
called turbinable curves, characterized the dependence of the tur-
binable discharge (the flow that can be passed through a turbine
at a particular design discharge) on the design discharge in each
of the eleven regions. Physiographic characteristics were deter-
mined from 1:250000 and 1:500000 scale maps, and the following
characteristics were considered in the regional analysis from vari-
ous government maps: drainage age, basin perimeter, on-channel
lake area, off-channel lake area, swamp area, mean annual runoff,
mean annual temperature, longitude. A multiple regression tech-
nique was used to develop the relationships between characteris-
tics of the regions and the turbinable curve fitting variables. The
following equation is the regression model of the turbinable flow
curve used for all 11 regions:

ð4Þ QT ¼ f þ uQD þ aðQDÞ2 þ b ðQDÞ3 þ gðQDÞ4 þ kðQDÞ5

where f, b, g, and k are described with the following equations:

ð5Þ f ¼ 0

ð6Þ b ¼ C2 Z� 6að Þ � 12Cu þ 20
2C3

ð7Þ g ¼ C2 3a� Zð Þ þ 8Cu � 15
C4

ð8Þ k ¼ C2 Z� 2að Þ � 6Cu þ 12
2C5

The best curves from the regression analysis were chosen based
on statistical (i.e., R2 values) and physical significance, and the
prior five-degree polynomial equations were fit to the curves. As
shown by eqs. 4 to 8, only Z, C, u , and a were to be determined for
each region to develop the turbinable curves. These values depend
on the aforementioned physiographic characteristics of the regions.
The intent of this study’s technique was to be able to estimate
potential hydropower, using the following equation, rather than
equations eq. 1 or eq. 2:

ð9Þ PH ¼ gHQ

where PH is the potential hydropower, g is the fluid’s specific
weight, H is the hydraulic head, and Q is the river discharge. The
errors in this method arise from the curve fitting method where
R2 ranged from 0.81, 0.66, and 0.44 for the maximum, mean, and
minimum and from the physiographic and climatic data used in
the assessment (Acres Consulting Services Limited 1984; Judge
et al. 1988).
Miller et al. (1986) conducted a study of potential HK power in the

US in 1986 that employed the use of USGS gauged river data for dis-
charge and topographic maps for channel slope and geometry. The
study scope was limited to rivers with discharges greater than
113 m3/s and velocities greater than 1.3 m/s. Discharge was esti-
mated at ungauged reaches by developing relationships between
discharge and drainage area and then developing relationships

between drainage area and the distance upstream from the
mouth of the river. Similar to the UMA Group (1980) study, Mann-
ing’s equation was used for velocity estimation. Limited infor-
mation is available on this study, its accuracy, and its outcomes
(Miller et al. 1986).
The US Department of Energy (DOE) (USDOE 2004) conducted

an assessment for all available low-head hydropower in the US in
2004. The USDOE (2004) identified 18 unique regions and the fol-
lowing regression equation was used to estimate the mean an-
nual discharge:

ð10Þ Qma ¼ ea � Ad
b � Pma

c � Tma
d

where Qma is the mean annual discharge, Ad is the drainage area,
Pma is the mean annual precipitation, Tma is the mean annual
temperature, and a, b, c, and d are specific exponents calibrated
to the unique 18 regions. To the authors’ knowledge, this was the
first type of this assessment that made use of GIS tools and DEMs
to estimate hydropower. Hydraulic head was calculated using the
elevation difference between the two points on either end of the
stream segment in consideration. An equation similar to eq. 9
was used to calculate the hydropower of the stream segments,
and the utilized hydropower that was extracted at the time (i.e.,
from hydroelectric dams already in existence) was subtracted
from the total calculated hydropower. This yielded the result of
available power potential. The study also categorized river seg-
ments into the following power and technology classes, based on
the available power and hydraulic head: high head/high power,
low head/high power, and high head/low power. As for the approxi-
mated error in the final calculated values, standard errors were
propagated through the discharge estimates, to the individual
stream power estimates, and finally to the total power estimate.
Standard errors of the discharge estimates for each region varied
from69% to696%, depending on the region (Lower Colorado had
the highest error); therefore, the USDOE (2004) stated that the
uncertainties in the final power estimates were at least these val-
ues. Error was also recognized to result from the elevation data
used to estimate hydraulic head. It was calculated that the root
mean square error (RMSE) of the hydraulic head of each reach was
63m (USDOE 2004).
Kerr Wood Leidal Associates (2008) developed the Rapid Hydro-

power Assessment Model (RHAM) for a regional assessment of
small hydropower in British Columbia (BC), Canada. The RHAM
model is GIS based and requires DEMs and hydrology data as
input to calculate potential hydropower using an equation simi-
lar to eq. 9. The DEMs used in the study were provided by Natural
Resources Canada (NRCan) and the hydrology data were provided
by the BC Ministry of Environment. Seasonal variability of dis-
charge was accounted for by considering a “normal” year, a “low-
discharge” year, and a “high demand period” to indicate howmuch
the power source could be relied upon (Monk et al. 2009). A total of
8200 feasible project sites were identified across BC using the fol-
lowing selection criteria: discharge between 0.1 and 200 m3/s, hy-
draulic head between 30 and 1000m, in-stream power greater than
or equal to 500 kW, and a set of practical selection criteria (e.g.,
park boundaries, protected fish habitats, etc.). The model was
validated against the Water Survey of Canada discharge meas-
urements; however, the results of this validation and the associ-
ated uncertainty in the power estimates were not provided. The
model also calculated the capital cost of extracting HK power at
each location using the best route to the accessible roads, trans-
mission lines, etc. which were optimized by RHAM (Monk et al.
2009; KerrWood Leidal Associates 2008).
The Electric Power Research Institute (EPRI) (Jacobson 2012)

was commissioned by the US DOE to provide an estimate of total
riverine HK in the US and the resulting report was published in
2012. The study predicted two estimates of HK power: theoretically
available power and technically available power. The theoretically
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available power was calculated similarly to the hydropower eq. 4
and the technically available power was calculated similarly to the
HKpower eq. 1 in addition to utilizing a recovery factor. For the the-
oretically available power, data were taken from the NHDPlus data-
base, which is a GIS database containing discharge and channel
slope information for river segments. Only the largest US rivers
were used in the assessment initially, with the constraint of dis-
charges greater than 283 m3/s. The assessment was then expanded
to rivers between 28.3 m3/s to 283 m3/s (1000 cfs to 10 000 cfs). The
report does not specify what type of discharge this is (i.e., mean an-
nual discharge, 25 percentile discharge, etc.). The HEC-RAS model
was employed to simulate average velocity at five different dis-
charges: 5, 25, 50, 75, and 95 percentiles. A V-shaped channel was
assumed when using the HEC-RAS model, and the effects of intro-
ducing the turbine into the river were considered in the HEC-RAS
model. The recovery factor applied to calculate the technically
available power was derived from the following data at five gauged
sites: minimum required water velocity and depth during low
discharge, device efficiency, and discharge statistics. Rivers with
hydroelectric dams were excluded from the analysis at this point.
From the analysis, it was found that the recovery factor decreased
with increasing discharge. Application of the recovery factor
decreased the theoretically available HK power of 1381 TWh/year to
the technically available HK power of 119.9 TWh/year. A section of
the report was dedicated to explaining and quantifying the uncer-
tainty in the final results. Uncertainties were propagated from the
slope and discharge data in the theoretical power result. The
NHDPlus database used for slope values was compared to an
alternative source (Google Earth or Wikipedia), and the compari-
son showed small uncertainties when considering the slope of
the entire river. However, when smaller segments were analyzed,
larger uncertainties were present. Discharge data in the NHDPlus
database was compared to USGS discharges, and it was concluded
that the differences contributed little to the overall uncertainty
in the final power estimates. Uncertainties in the technical esti-
mateswere the result of assuming aV-shaped channel and a normal-
ized flow distribution curve based solely on discharge statistics at
one location on the Mississippi River. Uncertainties or deviations
were represented either by % deviation or by R2. A sensitivity analy-
sis was also completed to determine the influence of various factors
on the recovery factor (Jacobson 2012).
In 2013, the National Research Council (NRC) of the National

Academies (National Research Council 2013) published an evalua-
tion of the ERPI’s assessment and associated recommendations
for improving such assessments in the future. To begin, the NRC
Assessment Committee created the conceptual framework of the
difference between a theoretical resource, a technical resource,
and a practical resource. This differentiation is also seen in
the IEC standards where theoretical resource assessments are
concerned with the idealized amount of HK power that can be
extracted with all factors outside of the available energy resource
not considered; technical resource assessments consider the limita-
tions of HK power extraction technology; and practical resource
assessments take into account the real-world societal, environmen-
tal, economic constraints (IEC 2019). The NRC argued that the EPRI
(Jacobson 2012) study did not put proper emphasis on the practical
resource aspect of the project, because the practical estimate
would better represent realistic constraints to HK technology de-
velopment and deployment. The NRC also presented a strong reser-
vation to providing a single-number HK power estimate for the
whole nation or for a large geographic region. The reason for this is
that it does not lead to a realistic discussion when comparing HK
power to other energy options, as it is usually intended to do. Addi-
tionally, because of the high level of uncertainty in the assessment,
the resulting value obtained is not defensible. Another critique of
the EPRI (Jacobson 2012) study was that the all-encompassing pro-
ject proposed by the US DOE to estimate all marine and HK power
in the US was split into five groups with little coordination and

consistency among them in terms of methodology, validation, and
deliverables. The third criticism was that not enough emphasis
was put upon the device installation feedback on the environ-
ment in the analysis, as well as lack of or inconsistent validation
and quantification of uncertainties in the estimates. Because the
EPRI (Jacobson 2012) assessment also attempted to estimate tech-
nically available power, the NRC recommended to focus the
analysis on locations that were most likely to provide most of the
potential HK power and improve the assessment there, and to
employ a two- or three-dimensionalmodel to evaluate the turbine’s
effect on the river environment and discharge. Finally, the NRC rec-
ommended a stronger consideration of statistical variation of river
discharge by utilizing discharge statistics for each segment. The
NRC also recognized that modelling the river’s discharge is com-
plex and difficult when a turbine is introduced (National Research
Council 2013).
Jakimavi�cius et al. (2014) conducted a large-scale study on

282 small and medium sized rivers in Lithuania where equations
similar to those of hydraulic geometry (see eqs. 16–20 in Section 4)
were used and he equation parameters were estimated to estimate
channel geometry and flow velocity. The equations parameters
were estimated using hydromorphological equation exponents
compiled by Gailiušis et al. (2001). Using the estimates of velocity
and water depth obtained via the equations, the channels available
for energy extraction were filtered using depth and velocity con-
straints of greater than 0.5m and greater than 0.4m/s, respectively.
This reduced the number of channels considered in the assessment
to 41. HK energy was calculated using the hydropower eq. 9 with
the hydraulic head being the change in surface elevation over the
river segment and the flow being the average multiannual dis-
charge. The velocity, depth, and width equations used to constrain
the number of channels used in the assessment were validated
against data of 14 channels of various sizes which were not used in
the original generation of the equations. The validation resulted in
average relative errors of 14.0%, 17.9%, and 19.0% for depth, width,
and velocity, respectively (Jakimavi�cius et al. 2014).
To the authors’ knowledge, one of the most recent extensive

HK power assessments was completed by Jenkinson and Bomhof
(2014) for the National Research Council (NRC) of Canada in 2014.
This study utilized a regionalization approach to estimate dis-
charge statistics for all river segments in Canada – gauged and
ungauged – that could be analyzed. To begin, the drainage basins
for each river segment in consideration were delineated using
Voronoi tessellation. Then, to estimate discharge, the regionali-
zation approach used was multiple linear regression coupled
with canonical correlation analysis. This method was used under
the assumption that streams across Canada in watersheds of sim-
ilar physiographic characteristics would behave similarly. For
example, the method would assume watersheds with particular
ratios of landcover classes would behave hydrologically similarly
to those with similar ratios. Discharge data were obtained from
the Water Survey of Canada. The outputs of the regionalization
were 17-point evenly distributed FDC for each stream segment.
HG principles and another regionalization were used to estimate
width and depth of river segments along each point of the FDC.
The Water Survey of Canada – Measurement Database provided
the channel geometry data for the analysis. Uncertainty was
quantified using a Monte Carlo technique that represented the
uncertainty with a distribution of discharges that corresponded
with the distribution of the discharge estimate’s uncertainty.
Both the theoretical hydropower and the HK power were calcu-
lated in their analysis using the following two equations:

ð11Þ PH ¼ gH
ð1
0
Q ðf Þdf

and
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ð12Þ PK ¼ gLn2
ð1
0

Q ðf Þ3
wðf Þ2dðf Þ2 2dðf Þ þ wðf Þ½ �4=3

df

where L is the length of the river segment, n is the Manning’s
roughness coefficient, and Q( f), w( f), and d( f) are the river dis-
charge, flow width, and flow depth corresponding to the flow fre-
quency, f, respectively. Equation 12 was derived using eq. 1 and
Manning’s equation. However, if this method were to be used in
the future, the following equation should be used, as an error
exists in eq. 12 where the wetted perimeter was used instead of
the hydraulic radius for R.

ð13Þ PK ¼ gLn2
ð1
0

Q ðf Þ3 2dðf Þ þ wðf Þ½ �4=3
wðf Þdðf Þ½ �8=3

df

The resulting theoretical HK estimates for the Jenkinson and
Bomhof (2014) study were 711 GW with 97.5% confidence that at
least 433 GW was available for hydropower and 343 GW with
97.5% confidence that at least 29 GW was available for HK power.
The study, however, contained limitations. Uncertainties were
properly considered in the final results, but this led to a wide range
of possible values and ultimately showcased the imprecision in the
data and regional analysis methods. The analysis was also not able
to include the far north of Canada because of data limitations. Digi-
tal elevation model (DEM) resolution was limited at the time of
analysis; thus, the river segment slope was calculated using eleva-
tion at the beginning and end points of the segment. This method
of assuming a uniform slopewould not have captured non-uniform
elevation drops caused by falls, rapids, rocks, etc. Additionally, the
HG method of estimating channel width and depth could not
capture abnormalities in channel shape. This is of particular in-
terest as channel constrictions could cause favorable conditions
for high velocity and high HK potential. Finally, validation with
data collected via a field campaign was performed for this assess-
ment (Jenkinson and Bomhof 2014).
Cruz et al. (2020) developed a numerical model called the flow-

velocity model that estimates daily average velocity and distribu-
tion of velocity across a transect of the channel using flow data.
This study estimated the HK potential of all rivers in the Amazon
Basin. To calibrate the model, parameters were optimized so that
the simulated flow rate compared to the observed flow rate con-
tained less than 10% relative error. The output of the model is ve-
locity isolines across the cross section of interest. Validation was
conducted with observed flows and velocities at three gauging
stations. The validation resulted in average errors of 3.07% and
3.13% for the flow and the velocity, respectively. This study took
the Betz limit (i.e., Cp = 0.593) and a more conservative Cp of 0.25,
recommended by Vermaak et al. (2014), into consideration when
calculating estimates of HK potential (Cruz et al. 2020).
As shown in the progression of the HK assessments from 1980

to 2020, it seems that the methods used to estimate HK power on
the regional have become more complex with increasing under-
standing of the factors that affect the amount of HKpower available.
For example, models were utilized more often as the influence of
two- and three-dimensional flowwas understood, and discharge sta-
tistics were employed in the later studies as non-stationary climate
was considered. It is difficult to conclude for certain, as documenta-
tion was scarce for some studies, but it appears that the considera-
tion of variability of discharge increased gradually, with the first
studies not taking it into consideration; the next generation of stud-
ies considering low, mean, and high discharges; and the later gener-
ation of studies utilizing a FDC or daily flow data to characterize the
discharge variability. Also, data processing techniques changed as
computational power increased, allowing for the use of complex
numerical modelling and GIS techniques. In addition to the tools
for HK assessments becoming more sophisticated, the resolution,
amount, and quality of the data available for the assessments

increased. Even now, DEM data are of higher resolution in some
areas of Canada (i.e., Arctic and New Brunswick) than it was dur-
ing Jenkinson and Bomhof ’s (2014) assessment. Documentation
and reporting of the techniques used in the assessments also
seems to have improved as time went on, with the most recent
studies not only being publicly available for evaluation, but also
the content and explanation in the reports was of higher quality.
As far as evaluation of the results of the HK assessments, the
procedures for validation and quantification of uncertainty were
not consistent. Development of standard approaches for validation
and uncertainty assessment would improve regional HK assess-
ments. Providing a singular, comparable measure of the success of
the method would improve these types of studies, as themost suit-
able and accurate methodology could be chosen to be employed
in the future. Finally, as the NRC (2013) suggested in their evalua-
tion of the EPRI’s (Jacobson 2012) report, more emphasis could
be placed on practical and technical availability of HK potential,
rather than theoretical potential, as those two types of assessments
would provide more value to the field of HK power evaluation.
However, this is not to say that theoretical assessments should not
be completed in the future. In the Jenkinson and Bomhof (2014)
assessment, only theoretical HK potential was considered; how-
ever, the data and techniques used in the assessment and the scope
of the study were novel at the time. Therefore, until the methodol-
ogy and data required for these types of regional assessments are
common enough to be standardized (as with local assessments),
conducting regional theoretical assessments of HK potential are
useful and essential.
As shown in local HK power studies in Section 2, sometimes

sufficient discharge, bathymetry, or velocity data are not avail-
able for the location of interest to be able to calculate HK power
from eq. 1 or eq. 2. This issue is amplified when regional assess-
ments are attempted. For example, the required velocity data are
rarely already available at the location of interest or at the resolu-
tion required without a field-testing campaign. As per the IEC
standards, even if numerical modelling is employed to simulate
the velocity profile, two cross sections of velocity are required for
validation. These data are not usually available in regional studies.
Additionally, when attempting to estimate HK power at a regional
scale, generally all rivers in the region are considered for analysis
to detect the optimal reaches for HK power extraction. Rarely will
all rivers and streams be properly gauged within a region, let alone
contain ten or more years of discharge data. As per the IEC stand-
ards, the ten years of required discharge data can be simulated
throughmodelling, but the datamust be validatedwith one year of
discharge data. The one year of discharge datamay not be available
for regional assessments, if onewishes to consider theHKpotential
of all reaches within a region. Because of time and expense con-
straints, accurate bathymetry data cannot be obtained via field
measurements. As such,methods to estimate the bathymetrymust
be utilized to assess HK power in regional studies. If the locations
of interest within the assessment region have depth and width
measurements, a channel shape can be assumed (e.g., parabolic,
trapezoidal, rectangular, etc.), and an approximate bathymetry can
be obtained. However, reaches within the regional assessmentmay
not havewidth or depthmeasurements, and theymust be obtained
or estimated through other means. Even if the data and methods
are available to model the discharge, velocity, or bathymetry of the
reaches within the regional assessment region, computational
requirements may limit the use of those data and methods to
local assessments. As such, a compromise must be struck between
the amount and resolution of data available, computational
requirements of manipulating the data, and the intent of the re-
gional assessment. Generally, the purpose behind the regional
assessment is not the same as the local. Regional studies are a
type of pre-reconnaissance study to locate areas of interest that
may contain promising HK potential to conduct a concentrated
local assessment. Therefore, one must keep the methods of local
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assessments in mind but also do what is possible with the data
and techniques available at the regional scale.
Limitations of regional types of HK assessments generally pres-

ent themselves as some sort of threshold factor of the river for
which HK estimates cannot be calculated or uncertainty limita-
tions in the methods currently available. Regional assessments
are always limited by some sort of threshold, and this threshold
is determined by the amount, quality, and data available. For
example, in Jenkinson and Bomhof’s (2014) study, the far north
of Canada could not be assessed because there were insufficient
data to properly characterize the discharge in those regions.
Additionally, the scopes of most of the earlier studies were lim-
ited by some threshold discharge, velocity, or channel geometry;
however, information was not available for the reasoning behind
these thresholds in the study reports, so it is not known if the
thresholds were introduced due to data limitations, computa-
tional limitations, or practical reasons (e.g., low HK potential
below some threshold discharge). Another current limitation of
regional HK assessments is the uncertainty associated with the
current methods. As shown by Jenkinson and Bomhof (2014) in
their final hydropower and HK estimates and the associated
uncertainties, great unreliability lies in the current methods of
assessing HK potential to provide a single value of all HK power
available in Canada. However, this uncertainty may be smaller
for individual river reaches, which, as the NRC (2013) states, is
themore relevant scale.

4. New techniques/technologies
For regional assessments, either an equation similar to eq. 1

can be used to calculate HK power or an equation similar to eq. 9
can be used to calculate hydropower. As both equations require
different inputs, the section herein will cover new techniques or
technologies that may yield more effective estimates of all of the
equations’ inputs. For hydropower estimation, the inputs are hy-
draulic head (i.e., slope or elevations) and river discharge. For HK
power estimation, the inputs are velocity and cross-sectional
area. If the HK power density equation is used (eq. 2), then only
velocity is needed. To estimate velocity within the river, either
the continuity equation or Manning’s equation can be used, both
of which are shown below, respectively:

ð14Þ v ¼ Q
A
¼ Q

wd

and

ð15Þ v ¼ kR2=3S1=2=n

wherew is channel width, d is channel depth, k is the unit conver-
sion factor (k = 1 for SI units and k = 1.49 for English units), R is the
hydraulic radius (flow area divided by wetted perimeter), and S is
the slope (i.e., elevation and segment length). For either method
of calculating velocity, width and depth are needed. For the conti-
nuity equation, river discharge is required and for Manning’s
equation, slope and roughness are required. Thesemethods of cal-
culating hydropower or HK power are purely theoretical and can
be converted to technical or practical estimates by introducing a
power coefficient or other factor to account for the turbine char-
acteristics and by considering factors which may affect the feasi-
bility of successful deployment (e.g., protected areas, proximity to
communities or transmission lines, ease of access, etc.). As the
conversion of theoretical HK power to technical or practical is cir-
cumstantial, only technologies and methods that may improve
theoretical assessments will be discussed here.

4.1. Discharge
Recent developments in river discharge estimationmethods and

technologies are explored. Remote sensing methods of estimating

discharge have been of particular interest, especially for rivers
with no gauging stations and in remote areas where it would be ex-
pensive and restrictive to launch a field work campaign. These
remote sensing techniques are not nearly accurate enough to
replace a field campaign; therefore, use is dependent on the level
of accuracy required for the assessment. Satellite techniques have
gained much attention since the National Aeronautics and Space
Administration (NASA) Surface Water and Ocean Topography
(SWOT) mission was announced. The mission is set to launch in
September 2021 (NASA 2020) and its applications reach far beyond
river discharge estimation (Pavelsky 2019). Since the announce-
ment of the data that will be available from the SWOT satellitemis-
sion, hydrologists have begun developing various methods to
utilize the data to estimate river discharge, sometimes in combina-
tion with other data (i.e., gauged data from other areas, historical
HG relationships, DEMs).
Gleason and Smith (2014) conducted a study in 2014 to test their

proposed at-a-many-station HG (AMHG) method, when they real-
ized a relationship existed between the coefficients and the expo-
nents of traditional HG equations as will be explained below.
Typical HG relationships are shown below:

ð16Þ w ¼ aQb

ð17Þ d ¼ cQ f

ð18Þ v ¼ kQm

where a, c, and k are the calibrated coefficients and b, f, andm are
the calibrated exponents of the relationships, and:

ð19Þ ack ¼ 1

ð20Þ bþ f þm ¼ 1

HG relationship data from 88 USGS gauging stations across
6 rivers throughout the US were used to plot the exponents (b, f,
andm) against the coefficients (a, c, and k) of the relationships for
each river, a strong log-linear relationship was found. For exam-
ple, for a 428 km stretch of the Chattahoochee River that con-
tained 13 gauging stations with available HG relationships, b was
plotted against log(a) and resulted in a linear relationship with
an R2 of 0.80. Therefore, it was concluded that only one calibra-
tion parameter was needed for the width-discharge relationship
at rivers where strong at-a-station hydraulic geometry existed.
Gleason and Smith (2014) then compared the log-linear AMHG
relationship between discharges andwidths derived fromHEC-RAS
hydrodynamic model versus discharges derived from in situ
measurements and widths extracted from LANDSAT data. This
was completed across 3 different rivers for each scenario: Rio
Grande, Mississippi, and Sacramento Rivers for the modelling
approach and Athabasca, Mississippi, and Yangtze Rivers for the
remote sensing approach. Gleason and Smith (2014) found strong
conformities between the results from the in situ method versus
the results from the remotely sensed width. Root mean squared
error (RMSE) was used to quantify the errors in the proposed
method. When comparing discharge measurements to the dis-
charges estimated by the AMHG method, RMSEs were 23%, 30%,
and 20% for the Mississippi, Athabasca, and Yangtze Rivers, respec-
tively. When comparing the discharge estimations obtained from
the HEC-RAS model versus discharge estimated by the AMHG
method, RMSEswere 27%, 26%, and 1083% for theMississippi, Sacra-
mento, and Rio Grande Rivers, respectively (Gleason and Smith
2014).
Liu et al. (2015) proposed a method in 2015 that utilized both

the Soil and Water Assessment Tool (SWAT) hydrologic model and
the XSECT hydraulic model in a looping algorithm to calibrate
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parameters and converge on the final estimates of water depth and
discharge. Both optical imagery and altimetry data were used from
ENVISAT and LANDSAT, respectively, to calibrate the parameters
using water level and channel width. Themethodwas evaluated on
the Red River and, when the resulting discharge was compared to
measured discharge, yielded R2 values of 0.822 and 0.924 for daily
and monthly discharge estimates. The analysis was expanded to
the tributaries of the Red River and the resulting average R2 of
those discharge estimates was 0.809 over seven different gauge sta-
tions. As for water depth estimates, when compared to depthmeas-
urements, the average R2 was 0.831. Liu et al. (2015) found that the
limitation to the success of this method was the resolution of avail-
able data.
Sichangi et al. (2016) conducted a study in 2016 on eight major

rivers with channel widths greater than 800 m (Mississippi,
Yangtze, Congo, Danube, Volga, Amazon, Lena, and Yenisey),
and utilized satellite altimetry data, optical imagery, and DEMs
to calibrate parameters in amodified Manning’s equation to esti-
mate discharge remotely. The altimetry data used was frommul-
tiple sources, including ERS-1, Topex/Poseidon, ERS-2, GEOSAT
Follow-On, Jason-1, and ENVISAT and was used to create a water
level time series. The optical imagery came from the Moderate
Resolution Imaging Spectroradiometer (MODIS) satellite (250 m
resolution) and was used to determine channel width. MODIS
images were chosen for their high temporal resolution to corre-
late the date of the altimetry data to the optical imagery. The av-
erage relative error associated with the channel widths derived
from satellite imagery was 9.48%, and the width uncertainty was
less in smaller rivers (i.e., less discharge) compared to that of
larger rivers. Sichangi et al. (2016) acknowledged that this error
could be improved with using high spatial resolution satellite
imagery. From the derived water level time series, estimated
channel widths, and elevation data from the DEMs, the parame-
ters in the modified Manning’s equation were calibrated and the
resulting discharges calculated had a Nash-Sutcliffe (NS) effi-
ciency between 0.60 and 0.97. Sichangi et al. (2016) also consid-
ered two different models: one which assumed that very large
rivers had a constant width, where Q was proportional to d5/3,
and another where Qwas proportional to w� d5/3. In general, the
second model performed marginally better (NS of 0.60 versus
0.52, relative RMSE (RRMSE) of 25.5% versus 27.8%, relative error
of 7.07% versus 7.57%, and R2 of 0.64 versus 0.56 for the Yangtze
River) (Sichangi et al. 2016).

4.2. Channel width and depth
In past regional HK studies, channel dimensions were obtained

either by direct measurements available through some regional
or national database or by hydraulic geometry relationships and
principles. However, these techniques can only be used if high
quality, extensive data are available for a region. It is also impor-
tant to note that, as well as spatial coverage, the data used for a
regional HK assessment must have adequate temporal coverage.
Because river discharge fluctuates, width-discharge and depth-
discharge curves are required to properly characterize the varia-
tion in river conditions and, by association, the variation of
potential HK power. New techniques, as shown above in the dis-
charge section, have utilized remote sensing technologies to
derive channel width to estimate discharge. Therefore, these
same techniques could be promising for estimating channel
width when calculating velocity using eq. 14. On the other hand,
methods of estimating channel depth from remote sensing tech-
niques do exist but contain much error and uncertainty, as will
be shown below. Sampson et al. (2015) made the argument that
“river depth is the most difficult parameter to estimate as it is
not yet possible tomeasure this remotely on large scales”.
Generally, the method of determining channel width from op-

tical imagery is split into two steps: water mask generation and
derivation of widths from the mask. The first step is required to

extract channel centerlines and widths using automated or semi-
automatedmethods, which is desirable for regional assessments.
What is meant by a water mask is generating an alternative
image from the source image where the pixels are of only two val-
ues: water and non-water. This can also be called image segmen-
tation. The steps required for successful creation of the water
mask depend on the type of imagery that is available for manipu-
lation. All imagery must first be orthorectified and geo-referenced
to properly and accurately measure channel width (Ansari et al.
2017). The amount of noise, unwanted objects (e.g., clouds or other
bodies of water), and required atmospheric correcting in the
imagesmust be considered in pre- and post-processing steps (Brisco
et al. 2009; Elmi et al. 2016; Li and Sheng 2012; Ansari et al. 2017;
Bolanos et al. 2016; O’Loughlin et al. 2013). Some pre-processing
that can be applied to avoid inaccurate segmentation are initial
thresholding, initial differentiation (e.g., employing DEMs to
exclude areas of high slope), adjusting sharpness or blur, apply-
ing a Normalized Difference Vegetation Index, or applying a va-
riety of other filters to optimize the difference between water
and land pixel intensity (Ansari et al. 2017; O’Loughlin et al. 2013;
Bolanos et al. 2016). Generally, images are also converted to grey-
scale and pixels are converted from intensity to decibel scale.
After pre-processing, a segmentation method can be applied to
differentiate the land pixels from the water pixels. The most com-
mon method of image segmentation is thresholding, where a
threshold value, for which above or below pixels are designated as
water, is chosen automatically. Some techniques that automatically
select thresholds for this type of work are ISODATA, Mean, Maxi-
mum Entropy, Minimum Error, Moments, and Otsu (Ridler and
Calvard 1978; Glasbey 1993; Kapur et al. 1985; Kittler and Illingworth
1986; Tsai 1985; Otsu 1979). Post-processing can also take place to
refine the segmentation method’s selections, such as disregarding
lakes or glaciers.
After the water mask has been generated, the channel widths

can be extracted using channel centerlines that are generally
also generated as an intermediate step. The most common algo-
rithm used to derive channel widths, at least in North America, is
RivWidth (Pavelsky and Smith 2008; Allen and Pavelsky 2015;
Durand et al. 2010; Allen et al. 2013; Miller et al. 2014; Pavelsky
et al. 2015). The software was developed by Pavelsky and Smith
(2008) and requires two input images to calculate channel widths
at set intervals: the binary image with mid-channel land (e.g.,
sand bars or islands) included as land pixels and another binary
image with mid-channel land not differentiated from the water
it is surrounded by. However, O’Loughlin et al. (2013) argued that
RivWidth created overlapping cross-sections where the channel
turned at a sharp angle, and this introduced error into the chan-
nel widths. Other methods exist to derive channels widths, such
as the methods by Sofia et al. (2015), O’Loughlin et al. (2013), and
Yamazaki et al. (2014). Sofia et al. (2015) calculated channel width
from a 1 m resolution light detection and ranging (LiDAR) digital
terrain model (DTM) using a quantile-quantile plot statistical
approach. Bankfull width is assumed to be where the Q-Q plot
deviates from normality. This method was used to calculate
reach-averaged width; however, the approach may not be suffi-
cient to capture sudden constrictions in the channel. As men-
tioned before, O’Loughlin et al. (2013) had criticisms of RivWidth
and, to correct the overlapping cross sections, employed a semi-
automated method of developing orthogonals in HEC-GeoRAS to
manually correct the errors. Yamazaki et al. (2014) used an exist-
ing dataset of water polygons called the Shuttle Radar Topogra-
phy Mission Water Body Data to extract channel width using an
algorithm that determined the centerline using the bank pixels
and generated the discharge direction to the centerline. To work
with the dataset, the method also required an algorithm to fill
gaps in the water polygons. Using this method, Yamazaki et al.
(2014) developed theGlobalWidthDataset for Large Rivers between
60°N and 60°S.
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As mentioned previously, compared to channel width, channel
depth estimation via remote sensing methods is more difficult
and contains more uncertainty. The feasibility of utilizing the
methods that will be mentioned depend on the type of data avail-
able across the region of interest (e.g., optical imagery versus al-
timetry data), the resolution of the available data, and the study
location itself. As with channel width estimation, depth estima-
tion generally consists of two steps: obtaining a water surface ele-
vation dataset that is generated from altimetry or DEMs and
estimating the channel depth using the water level time series
and the proposed method. The method of depth estimation by
Liu et al. (2015), mentioned previously in the discharge section,
used a looping algorithm with two models— XSECT and SWAT—

to optimize parameters and converge on discharge and channel
depth estimates. This method used water level time series from al-
timetry data and channel widths derived from optical imagery. The
technique performed fairly well with an average R2 of 0.831 when
comparing derived channel depths to measured depths. Durand
et al. (2014) utilized an algorithm based on Manning’s equation to
estimate channel depth and discharge using a pixel grid of syn-
thetic SWOTmeasurements. The simulatedwater surface elevation
data, intended to represent future SWOT data, was generated from
an instrument measurement model and the hydrodynamic model
LISFLOOD-FP. The purpose of Durand et al.’s (2014) study was to pre-
pare a method of deriving channel depth and discharge from
SWOT data before the SWOT data became available. This method
required good temporal coverage of data; however, it can be argued
that all channel depth estimation methods would require good
temporal coverage of data for accurate estimates. Schaperow et al.
(2019) proposed amethod that built off ofMersel et al.’s (2013) work
where water level data and channel width were essentially extrapo-
lated to a zero water level condition using a number of relation-
ships. The relationships proposed byMersel et al. (2013) were linear
and slope break and the relationships proposed by Schaperow et al.
(2019) were non-linear and non-linear slope break. Better results
were observed when more data coverage was available at different
discharge conditions (i.e., capturing many different high and low
discharges). The method resulted in a relative error of –3.1% for
non-linear slope break and –7.1% for non-linear (Schaperow et al.
2019). Tourian et al. (2017) employed a method where, instead of
extrapolating to a zerowater level condition, amodifiedManning’s
equation was used and the Gauss–Helmert Model (Helmert 1872)
was applied. This method resulted in an estimate of the channel
depth and the associated error when the parameters were con-
verged upon in the iterative algorithmused, and the resulting aver-
age RRMSE was 10% (Tourian et al. 2017). Again, success of the
method depended on coverage and availability of the source data
(Tourian et al. 2017). In general, for successful estimate of channel
depth from remote sensing methods, good temporal coverage of
available data are needed. However, to support regional HK assess-
ments, the type of data (i.e., altimetry or elevation), the resolution
of the data, and the amount of data needed are not currently avail-
able. In the future, the NASA SWOT mission may fill these needs
andmake estimation of channel depth from space possible.

4.3. Channel slope
To improve estimates of channel slope to support more accu-

rate calculations of hydropower using eq. 9, new methods that
require higher resolution DEMs or DTMs could be employed. In
Canada particularly, with new data generation initiatives being
launched nationally, provincially, and privately, a 1 m resolution
LiDAR DTM is available in New Brunswick and 2m digital surface
models (DSMs) are available in the Canadian Arctic (north of 60°N)
via ArcticDEM. With these types of high resolution DTMs or DSMs,
the channel can be represented as a number of elevation changes,
rather than one elevation change between the points of interest
and averaging the slope across that length (Allen et al. 2013). Allen
et al. (2013) employed such a method which stretched DEMs and

assigned an elevation to each centerline pixel along a meandering
river using a 90 m resolution DEM and 5 m resolution optical im-
agery. They found that the represented channel profile more
closely resembled the GPS field measurements, and the gradient
was corrected by –12.6% when employing this method compared to
a traditional method of gradients only from DEMs (Allen et al.
2013).

4.4. Roughness
The flow resistance coefficient (e.g., Manning’s roughness n in

eqs. 2–9) is usually assumed to be a constant value in regional HK
studies (e.g., Jenkinson and Bomhof (2014)). To improve the esti-
mation of regional roughness values, regionalized relationships
between roughness and other measurable factors — discharge,
slope, surficial geology, channel bed substrate D50 — could be
explored, developed, and used to estimate bed and bank rough-
ness. Two studies of natural river roughness were examined
herein for relationships between roughness and the aforemen-
tioned factors. These studies were by Barnes (1967) for US rivers
and by Hicks and Mason (1991) for New Zealand rivers. From the
Barnes (1967) dataset, a relationship was found to exist between
slope and roughness for rivers located in the US Western Cordil-
lera with an R2 of 0.694. This suggests that a site-specific rough-
ness estimate can be assigned to a river reach if the appropriate
data are available and a strong relationship between roughness
and other measurable factors can be identified. However, no
other significant relationships were found between roughness
and other measurable factors in the Barnes (1967) and the Hicks
and Mason (1991) data. Thus, in future regional HK assessments,
roughness will likely continue to be assigned a constant mean or
typical value in areas of poor or no relationships between rough-
ness and other factors.

4.5. Other possiblemethods
Other available data could possibly be utilized for these types

of regional HK assessments, depending on the data available in
the region. For example, d’Auteuil et al. (2019) explored the rela-
tionship between open water on rivers during winter and high
velocity conditions using satellite imagery and field measure-
ment campaigns. The idea was that if high velocity, and therefore
high potential HK power, could be located using winter imagery,
project developers could use that information to invest more
into a particular location (d’Auteuil et al. 2019). However, as it
seems, this method could not be used to estimate the amount of
HK power available, only that the location has the potential for
extractable HK power. Also available in Canada is NRCan’s Can-
Vec dataset which contains polygons for locations of rocks, rap-
ids, falls, and other hydro obstacles within river channels where
high velocities are more likely to exist. This dataset could possi-
bly be used to focus HK assessments to reduce computational
limitations. For example, computing channel gradient for all riv-
ers in an entire country would be exceedingly computationally
expensive, but if channel gradients were to be calculated only at
the reaches for which a hydro obstacle occurs, the data would be
more manageable. Also available through the NRCan’s CanVec
database are waterbody extent polygons which could be used for
either preliminary or final determination of channel width,
depending on the accuracy of the polygons’ representation of
channel shape. Other types of useful datasets could be available
nationally or regionally for various nations around the world to
aid in conducting these types of HK assessments.

5. Review and research needs
When comparing the methods used to complete local HK

assessments to regional assessments, one finds that local meth-
ods cannot be replicated in regional studies and must be modi-
fied to suit computational and data limitations, particularly in
the utilization of models. The discharge, bathymetry or stage,
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and velocity measurement data required for the IEC standards
are not available at the regional scale if one desires to consider
and estimate the HK potential in all rivers. Therefore, in the past,
regional assessments have been limited to gauged river segments
(UMA Group 1980; Miller et al. 1986; Kerr Wood Leidal Associates
2008; Monk et al. 2009; Jacobson 2012). However, newer techni-
ques have allowed for estimation of ungauged river characteris-
tics using techniques such as regionalization and discharge
modelling (Jenkinson and Bomhof 2014; USDOE 2004). To combat
the lack of data related to channel dimensions, and therefore
mean velocity, authors of regional assessments have sometimes
relied on the calculation of hydropower rather than HK power
because the data were readily available (i.e., DEMs and discharge
data).
To improve HK assessments, there are many steps that can be

taken. For local assessments, researchers should follow the speci-
fications set out by the IEC (2019) and only deviate when neces-
sary with reasoning given. For regional assessments, the steps
and ideology behind the IEC (2019) standards should be followed
as closely as possible, but methods will be needed to generate the
required data. To improve regional HK studies, uncertainty or
error analysis should be more consistent and consideration
should be taken towards the technical and practical applications
of the generated data. The following aspects should always be con-
sidered in, if not introduced into the methodology of, regional
assessments: discharge statistics, implications of complex flow,
and climate change impacts. To improve these assessments, docu-
mentation should become more standardized, and as new data
become available from various initiatives (e.g., SWOT, LiDAR
DTMs, altimetry data, new satellite missions, etc.), assessments
should be revisited to improve previous estimates.
The use of remote sensing techniques for aiding in these types

of assessments should be thoroughly investigated. The capabil-
ities of SWOT data, as well as other high resolution satellite prod-
ucts, should be tested to estimate hydrokinetic energy when it
becomes available for research efforts. In particular, themethods
used by Durand et al. (2014), Elmi et al. (2016), Tourian et al.
(2017), and Schaperow et al. (2019), which were used to estimate
channel geometry (depth and width) and discharge, are attractive
to use for hydrokinetic energy estimation. With increased quan-
tity and resolution of remotely sensed data, the aforementioned
techniques, particularly the estimation of channel depth and dis-
charge, will becomemore feasible and the accuracy of the results
will improve. In addition to newly available remotely sensed data
and techniques, alternative datasets available for the study region
could be considered for their use in regional HK assessments.These
datasets could possibly concentrate efforts in the assessment to
areas of higher likelihood of high HK potential or feasibility, or
even aid in preliminary or final determination of channel features
to guide identification of optimal HK installation locations.

6. Conclusions
HK power extraction could provide a promising future for al-

ternative electricity generation to facilitate the transition from
fossil fuel sources in Canada and around the world. Regional the-
oretical, technical, and practical HK assessments are essential for
understanding the feasibility of extracting and relying on this
type of electricity in the future, as well as providing data to devel-
opers. To complete these assessments, a general trend involving
the transition of manually manipulating relatively small amounts
of available data to utilizing GIS, statistical, and modelling techni-
ques tomanipulate and generate new data (e.g., discharge, velocity,
channel dimensions, etc.). In the most recent regional HK assess-
ments, the influence of discharge variation was appropriately
considered, and the uncertainty of the estimation method was
properly characterized, which is an improvement from previous
studies and consistent with the IEC standards (Jenkinson and

Bomhof 2014; IEC 2019). Since this study, hydrologists have
explored utilizing remote sensing methods to estimate channel
features with varying success. The most successful methods are
concerned with estimating channel width, whereas estimation
of channel depth is still difficult to accomplish from space. As the
resolution and quantity of the available remotely sensed data
increases, the presented methods will become more feasible to
accurately estimate channel features. Other available hydrology
data for the region of interest should be explored thoroughly for use
in the regional assessments. Because the type and amount of data
are inconsistent across regions (e.g., in Canada, LiDAR is only avail-
able north of 60°N and in New Brunswick), the methods of regional
HK assessmentsmay never be as uniform as local assessments. How-
ever, as newmethods are developed to estimate channel characteris-
tics for regional HK assessments, the IEC standards for local HK
assessments should be considered. For example, the influence of dis-
charge variation, quantification of uncertainty or error, and possible
utilization of models should always be considered in any type of HK
assessment.
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