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1. Introduction 

River hydrokinetic energy systems capture energy from naturally flowing river currents. River 

current conversion technologies have received somewhat less attention than tidal and wave 

energy systems over the past decade, but the field is growing rapidly. A recent resource 

assessment in the United States shows an impressive theoretical hydrokinetic power 

potential of 120 TWh/yr of technically recoverable energy (Electric Power Research Institute, 

2012) and an extensive resource assessment for Canada will be released shortly (National 

Research Council of Canada and Natural Resources Canada, “Assessment of Canada’s 

Hydrokinetic Power Potential - Phase III Report  - Resource Estimation”). 

Assessments to date have been done mostly at the reconnaissance stage of analysis with 

limited or no validation and more research is required to develop, improve and validate 

resource assessment methodologies for all stages of project development. In Canada and 

other cold climates, the presence of river ice further complicates the establishment of feasible 

sites, the estimation of energy production and thus resource assessment for such projects. 

As no guidelines or standards currently exist for river current resource assessments, this 

report is intended to address these limitations and to accelerate the development of technical 

guidelines and standards for this emerging field of hydrokinetic energy.  

The first part of this report will present general guidelines for river current assessment for 

different stages of project development: reconnaissance, pre- and full-feasibility and layout 

design. This terminology follows standard IEC 62600-201, Tidal Energy Resource 

Assessment and Characterisation. More attention will be given to the reconnaissance phase 

and the resulting methodology will be validated against existing field survey data for a 

determined section of the Nelson River in Manitoba. Regarding the feasibility and layout 

design stages, only general guidelines will be provided. 

To address particular issues of Canadian rivers, the second part of the report will focus on the 

impact of ice on the resource assessment and on the selection of river channels for potential 

development. In particular, a characterization of different river ice processes will first be 

presented. This information will then be integrated to provide guidelines for the assessment of 

ice impact at the reconnaissance stage. The guidelines will be applied to a site with available 

field survey data to verify their applicability and to identify any need for enhancement or future 

research. 

 

2. River Current Resource Assessment Guidelines 

2.1 Overview 

The presented guidelines used to assess the river hydrokinetic potential follow a downscaling 

approach that incorporates an increasing level of detail in the hydrodynamic modelling. In the 

earlier stages, the models will only use publically available field data before being 
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complemented with more detailed on-site surveys. These data will then be used to calibrate 

models and field surveys will become more localized as the development stages progress.  

 

As the purpose of this research is to accelerate the development of standards, the 

terminology used by IEC 62600-201, “Tidal Energy Resource Assessment and 

Characterization” will be used. 

Stage 1 – Reconnaissance study: This phase intends to assess and characterize the 

hydrokinetic resource over a large area (at the scale of a complete river for example) but with 

a lower level of precision and certainty. The reconnaissance study should contribute to 

indentifying areas of interest with potential for future development. 

Stages 2A and 2B – Feasibility study: This stage is focused on investigating in greater 

detail the areas of interest specified in Stage 1. Improved estimates of the hydrokinetic 

resource are obtained by a refined methodology integrating field surveys as well as more 

sophisticated numerical model. Stage 2 may be undertaken in two parts, A (pre-feasibility) 

and B (full feasibility). 

Stage 3 – Layout design study: Stage 3 focus is to generate high-quality information on the 

hydrokinetic resource in the area selected for development. Integration of the desired 

technology is required at this stage in order to have the best estimate of annual energy 

production as well as the most optimized layout. 

Figure 2-1 illustrates the downscaling approach for the resource assessment from 

reconnaissance to feasibility. 

 

Figure 2-1 Resource Assessment Downscaling Approach 
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2.2 Reconnaissance Study 

2.2.1 Overview 

2.2.1.1 General Aspects 

A number of different approaches exist to characterize the hydrokinetic potential of rivers. 

These are mainly based on publicly available physiographic data as well as discharge 

measurements. While being particularly useful in integrating different pertinent parameters, 

these methodologies are not always applicable where data availability is limited. 

Specifically, two major studies on hydrokinetic potential have recently been published in 

North America. 

Natural Resources Canada (NRCan) together with the National Research Council of Canada 

(NRC) have published a report presenting a methodology to assess Canada’s hydrokinetic 

potential (Jenkinson & Bomhof, 2012). The methodology is based on the establishment of a 

physiographic database for different regions in Canada at both gauged and ungauged 

watersheds. Multiple Regression analysis was then used to relate these data to measured 

discharges in order to make predictions at other locations. The main advantage of this 

approach is the amount of parameters influencing the discharge that are integrated in the 

model, thus making it more accurate and specific. The final goal of this study is to provide 

users a database of hydrokinetic power estimates for individual stream reaches across 

Canada. This is expected to be presented in the Phase III report for this project, which was 

not available at the time of writing this report. 

The Electric Power Research Institute (EPRI) presented an assessment of the riverine 

hydrokinetic resource in the continental United States (Jacobson, 2012). The technically 

recoverable resource has been estimated based on NHD Plus, a GIS database containing 

river segment specific information on discharge characteristics and channel slope. A so-

called “recovery factor” has been integrated to take into account assumptions such as 

minimum required water velocity and depth, maximum device packing density, device 

efficiency and flow characteristics. Such information makes the final resource estimate more 

realistic as it integrates technology-specific information.  

It is recommended that Canadian and US users review the relevant information in the 

NRC/NRCan and EPRI hydrokinetic databases, respectively, as these become available. 

Both the NRC/NRCan and EPRI studies establish resources available across the respective 

countries, but the reliance on public Canadian and United States databases makes it difficult 

to apply these methodologies elsewhere. Indeed, in most countries, such information is not 

readily available or would require significant time and effort to obtain and process.  

The reconnaissance guidelines presented in this document therefore is intended to be used 

where the NRC/NRCan and EPRI methodologies may not be appropriate, either due to 

insufficient public data sources or limited time and resources to develop such databases. 
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Even if only few data are necessary to apply these guidelines, certain key information are 

required, such as the discharge and drainage area.  

As the purpose of the reconnaissance stage is to select river channels for potential 

development, one needs to investigate a large area efficiently. The methodology must be 

easily transferable (from one region/country to the other) and at the same time must rely on 

realistic assumptions. Common 1-D models can be used for this purpose. However, these 

models generally require more information, knowledge and time to be run over a large area. 

This report proposes a methodology with only few public data and integrating parameters for 

feasible future development, such as minimum depths and flow velocities. 

To validate the approach, this methodology will be applied on a section of the Nelson River in 

Manitoba. Results will be compared to a one-dimensional model with available detailed 

information (bathymetry and hydrological survey). The main results will be compared and 

conclusions regarding the validity of the proposed methodology will be drawn. 

It has to be noted that the purpose of the reconnaissance stage is only to identify reaches for 

potential development as compared to others. The absolute values derived from this study 

should thus not be used for more detailed feasibility study stages without further analysis. 

2.2.1.2 Methodology 

The first objective of the reconnaissance study is to estimate the geometry of the channel and 

the velocity at different sections of the river. Then, the power density will be calculated at 

these sections and the most appropriate ones will be selected based on general requirements 

for energy converters (minimum depth and velocity). The power density will then be 

integrated along the selected river reach length and the maximum extractable power on a 

specified river channel will be derived and used as a theoretical capacity of the reach. 

The theoretical power that can be extracted from a fluid in motion over a specified area A is 

defined by: 

  
 

 
     

With   the fluid density (in kg/m
3
), V the velocity (m/s) and A the extraction area.  

In the reconnaissance phase, V can be estimated using the Manning equation for open 

channel flows or free surface flows driven by gravity: 

  
 

 
         

R being the hydraulic radius defined by the ratio between the cross sectional area and its 

wetted perimeter (m). S is the water surface slope and n the Manning coefficient. Values for 

the Manning coefficient depend on the river bed composition and shape. 
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Below is a table of a few typical values of Manning’s n: 

 

River Bed Composition Manning n 

Clean 0.022 

Gravelly 0.025 

Weedy 0.030 

Stony 0.035 

Sluggish with deep pools 0.040 

Finished concrete 0.012 

 

More practically, the feasible power that can be extracted from the river has two limitations: 

- The Betz limit, which is the theoretical efficiency limit of 59.9% for propeller type turbines 

in free flow.  

- The technological efficiency based on the device design and on its ability to extract 

efficiently power from the fluid 

As the second one is technology-specific, only the Betz limit coefficient should be applied in a 

view to obtain the maximum power that can be extracted from the fluid. 

The methodology proposed hereunder will aim at resolving the Manning equation over 

specified cross-sections of a river. 

The main unknowns are the speed V as well as the slope S and the hydraulic radius R. The 

slope can be estimated based on available topographic data. The channel geometry 

(represented by the hydraulic radius) is also dependent of the discharge at this particular 

section. It is thus required to estimate the discharge first. 

2.2.2 Input data 

The following subsections describe sources of data that can be used for the proposed 

reconnaissance methodology. 

2.2.2.1 Topographic Data and River Slope 

Topographic data are generally publicly available at relatively good resolution. Different 

sources of data exist throughout the world. In Canada, Digital Elevation Model (DEM) data 

can be extracted from the National Topographic DataBase (NTDB) at a 1:50,000 resolution. 

Such data are freely available and commonly used. Higher resolution can be obtained from 

provincial GIS databases (for example BDTQ in Québec or LIO in Ontario). Generally, 
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information are also available for surface data such as land cover and more specifically river 

shape files. The latter can be used for river width estimates. 

When considering sources of elevation data, it is important to note the difference between 

DEM and DSM (Digital Surface Model) data. The latter is a special case of the DEM dataset 

which captures the elevation at the top of terrain features, which may include treetops or 

building rooftops. In Canada, DSM data are freely available from Natural Resources Canada 

(NRCan) and this dataset is reported to be an improved product as compared to DEM over 

flat open terrain. As the studied rivers are generally large water bodies in open terrain, they fit 

NRCan’s description. DSM data were evaluated and compared with DEM for river 

assessment purposes as part of this project. For the example evaluated, improved results 

were observed with the DSM dataset.  It is thus advised to consider using DSM data for 

topographical inputs for hydrokinetic assessment. Further details are presented in Section 

2.3.  

In the United States, data can be downloaded from the National Elevation Dataset website 

with horizontal resolutions up to 1/3 arc seconds (equivalent to 10m).  

Other sources of data exist in other countries. A more generic data source, ASTER 

(Advanced Spaceborne Thermal Emission and Reflection Radiometer), provides worldwide 

topographic data at a 30m resolution. 

 

2.2.2.2 Water Resource Data 

To estimate the hydrokinetic potential of a river, information about discharge and drainage 

area must be obtained. 

In Canada, this information is readily available through the HYDAT database, an archival 

database that contains all water information collected and compiled by Water Survey 

Canada.  The data include: daily and monthly mean flow, water level and sediment 

concentration for over 2500 active and 5500 discontinued hydrometric monitoring stations 

across Canada. Drainage areas of a given river at the specified stations is also generally 

available. If such information is not available, discharge can be estimated by calculating a 

specific discharge, which is defined by the discharge of a known river divided by its drainage 

area. Such a parameter, as a first estimate, can be assumed to be regionally constant and 

applied to the studied river. 

The Center for Sustainability and the Global Environment (SAGE) of the University of 

Wisconsin
1
 maintains a river discharge database with more than 3680 stations throughout the 

world. The database can be accessed online to obtain discharge and drainage area data. 

Other databases exist, such as the GRDC database
2
 with discharge data from nearly 9000 

stations from 157 countries (Figure 2-2).  

                                                      
1
 http://www.sage.wisc.edu/riverdata/ 
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Figure 2-2 Available discharge data in the GRDC database 

 

If a selected river is not available in this database, it is recommended to use the specific 

discharge approach as calculated for a nearby river. 

The long term annual average of discharges is used at the reconnaissance stage. 

Drainage area can also be estimated by delineating its shape and calculating the area with a 

GIS software and topographical information. 

2.2.2.3 Other Inputs 

The previously mentioned inputs are sufficient to apply the proposed methodology. However, 

depending on the context and the information available, it can be useful to integrate more 

detailed parameters, such as bathymetry information.  

Bathymetric surveys are generally cost prohibitive and thus not considered at the 

reconnaissance stage. Nevertheless, bathymetric maps or navigation charts, when available, 

provide a better estimate of the channel geometry (width, depths and shape of the reach).  

In Canada, the National Hydro Network (NHN) provides a geometric description and a set of 

basic attributes describing Canada’s inland surface waters. Particularly, channel widths can 

be extracted from this set of data.  

In other jurisdictions, information such as elevation, slopes or river width can also be obtained 

from Google Earth. But as mentioned earlier and discussed in more detail in the validation 

section (Section 2.3), the analysis is particularly sensitive to the quality of the elevation and 

slope data and Google Earth elevation data is generally not recommended for this purpose. 

River width determination is based on aerial or satellite photography only. As these images 

are taken at different times and periods of the year, one has to make sure that the derived 

                                                                                                                                                                           
2
 http://www.bafg.de/GRDC/EN/02_srvcs/21_tmsrs/riverdischarge_node.html 
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river width profile along the stream is consistent in terms of year-round characteristics. In 

addition, abnormal hydrographical conditions (flood or drought) should be excluded because 

considered as not representative. Higher uncertainty is ascribed to river width estimates 

obtained with Google Earth due to possible temporal inconsistencies across image tiles and 

because abnormal hydrographical conditions cannot be easily detected on these images . 
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2.2.3 Maximum Power Estimates 

A number of simplified assumptions can be applied to estimate the maximum potential 

hydrokinetic power available in a given reach of river. 

2.2.3.1 River Cross-Section 

Different geometries can be assumed for the channel cross-sectional area. When more 

accurate information is not available, it is recommended to assume a trapezoidal channel as 

it is a simple shape that most closely resembles a typical river cross section. In this study, the 

width of the river bed is considered to be half the size of the water surface, as shown in 

Figure 2-3. These dimensions should obviously be adjusted if better information is available 

for the studied river. 

 

 

Figure 2-3 Trapezoidal channel shape 

 

2.2.3.2 River Discretization and Data Interpolation 

Because river characteristics constantly vary along the water course (dimensions, discharge, 

water levels and velocity), it is essential to capture these variations to estimate the maximum 

potential power at different locations along the river. 

It is thus proposed to separate the river into smaller sections where the equations presented 

in section 2.2.1.2 can be resolved. Figure 2-4 illustrates this principle. 

 

 

 

B 

b=B/2 

yn 
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Figure 2-4 River discretization 

The estimate of the average water velocity at a defined reach requires the knowledge of the 

water section geometry. Assuming the channel shape (trapezoidal in the proposed 

methodology) and width are known, one must calculate the water depth at all defined 

sections. 

Based on the continuity equation, discharge and velocity at a section i can be related by: 

         

Where,  

   
 

 
  
   

  
   

 

And where,  

   
  
   

  

 
 
     

 
 
     

   
 
 
 
 
 

The slope S can be estimated from topographical data. If the discharge Q is known, based on 

a known width, slope and Manning coefficient, it is possible to iteratively solve the equation 

and obtain the channel depth yn and by such the average velocity V in the same channel. 

Hydrological 
station A (QA, DAA) 

Hydrological station 
B (QB, DAB) 

Section i 
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Among other methods, Q can be estimated by a simplified but practical method based on the 

drainage area ratio. The general area ratio equation is: 

      
       
       

         

 

With DA as the upstream drainage area at a specified channel along the studied river. 

Assuming an accurate drainage area information is available at the hydrological station, it is 

then possible to interpolate linearly the drainage area between these stations so as to obtain 

the information at section i. This will then allow to estimate the discharge at each discretized 

channel section i. The main limitation of this method is that discontinuities in the discharge 

profile induced by the river’s tributary need to be represented by taking into account the 

tributary drainage area. However, it gives a good approximation knowing the purpose of the 

reconnaissance phase.  

Finally, for each section of the river, the discharge, depth, width and water velocity can be 

obtained. It is then possible to calculate the theoretical power for each of the river sections. 

For the results to be practically applicable, the power at each section must be integrated over 

a defined reach length. The reach length is defined, as a first estimate, as the combination of 

continuous sections that respect the criteria specified in Section 2.2.4. 

2.2.4 Selection Criteria for Potential Development 

Based on the previously mentioned method, the principal parameters of interest along a river 

can be roughly estimated. These parameters can then be used as indicators of potential 

project viability and to select reaches for more refined studies.  

Potential sites must have a combination of suitable current velocities and water depths to 

generally accommodate equipment dimensions and meet device specifications and design 

criteria. The hydrokinetic devices must be submerged at all times, even at low flows, and 

operate for a set range of velocities. River sections with characteristics which do not meet 

these criteria should be excluded. 

For example, for larger hydrokinetic devices, the generally accepted feasibility criteria for a 

given river reach are a minimum current velocity of 1.5 m/s,  for reasons of economic viability, 

and a minimum water depth of 4 m, which corresponds to the typical requirements for 

currently available devices. It is important to note that these criteria may vary depending on 

technology and economic conditions. 

Other criteria such as environmental and land use restrictions, proximity to roads and 

transmission lines, constructability, regulatory requirements, etc. also need to be taken into 

account and used as selection criteria, as required.  

The impact of ice on the potential placement of hydrokinetic devices is discussed later in this 

report. 
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2.2.5 Presentation of the Results 

The results should be presented in a format that best illustrates the general characteristics of 

the studied river (dimension of the cross section, mean discharge and velocity, maximum 

power etc.).  

The results for each cross section should be integrated in order to obtain the maximum 

theoretical power for a potential reach length. 

Sources of data used during the analysis should also be documentd, including: 

- Topographical data source and resolution 

- Discharge and drainage area information 

- Shape selection of the river section 

- All other potential data used in the analysis 

Other assumptions and all site selection criteria should be documented (e.g. minimum depth 

and velocity). 

Complementary to this information, a GIS map should be prepared to represent the river 

sections as well as other information layers (electrical network, roads and place names) that 

are relevant to the overall site assessment. 

It is important to note that the main purpose of this reconnaissance stage is to identify river 

reaches that are potentially suitable for hydrokinetic development. These reaches are then to 

be investigated further at the pre- and full-feasibility stages. The actual values of velocity and 

power should thus not be taken as final at this stage. 

 

2.3 Validation of the Reconnaissance Methodology 

2.3.1 Nelson River 

With the objective to validate this approach, the proposed methodology was applied on some 

sections of the Lower Nelson River in Manitoba. Results were compared with the output of a 

1-dimensional model (HEC-RAS) with detailed bathymetry and Manning coefficient available 

from field surveys. 

HEC-RAS is a computer program that models the hydraulics of water through natural rivers 

and other channels. It is a one-dimensional model developed by the US Department of 

Defense, Army Corps of Engineers. For the purpose of evaluating the hydrokinetic resource 

of a river, the main inputs into HEC-RAS are bathymetric data, Manning coefficient estimates 

and discharge data. It is a model that has been thoroughly validated and is widely used in the 

industry. As it mainly provides average velocities at different cross-sections, it is a good tool 

for the reconnaissance stage. However, a disadvantage of this and other 1-D models is that it 

can be time-consuming to use for an early stage project, as compared to the proposed 

approach. 
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The bathymetry data used for this validation were collected at different sections of the river at 

200m intervals on average. The model was calibrated with onsite measured water levels and 

corresponds to a good baseline for comparing the proposed approach for different 

discharges. 

The details of the validation can be viewed in Appendix A. Overall, the methodology produces 

similar results as HEC-RAS for the key parameters that were investigated, provided that 

elevation data of good quality are available. In addition, several assumptions have been 

validated, including the selection of the simplified river cross section and the determination of 

the Manning coefficient. 

The quality of the elevation data was found to be particularly important. With elevation data of 

lower quality, 43% of the reaches of interest identified by the simplified methodology were 

confirmed by the 1-D model. With better quality elevation data, the rate increases to 85%. 

Figure 2-5 presents the velocity and depth distributions comparison for both the simplified 

method and the 1-D model. 

 

  

Figure 2-5 Velocity comparison between HEC-RAS and the recommended approach 

 

As a consequence, it is considered that for the purpose of comparing reaches along a river, 

this methodology is suitable to provide a preliminary estimate of the available resource. It is 

recommended however that the best available elevation data is used and that the quality of 

the elevation data should be considered when evaluating uncertainty. 

 

This validation was performed for only one specific river. Further validation against other 

rivers is recommended to increase confidence in this methodology. 

 

2.3.2 Churchill River 

Some relevant public domain information was also available for the Churchill River in 

Labrador (Nalcor, 2009) and this was used for a second validation exercise. The amount of 
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information available is less than for the Nelson River however and the extent of the 

validation is therefore more limited.  

In particular, the use of DSM data was confirmed to give better elevation estimates than DEM 

when compared to bathymetric data. Figure 2-6 presents the differences between publically-

available DEM and DSM datasets and bathymetry data obtained from a site survey at 

selected cross sections. It is interesting to note that, as for the Nelson River, DSM data 

provides more realistic slope estimates. The plateaus observed in the DEM data suggest zero 

slope for certain reaches, which is not in accordance with what is normally expected.  

 

 

Figure 2-6 Churchill River Elevation Comparison 

 

 

2.4 Pre- and Full Feasibility Study 

During Stage 2 of the Resource Assessment process, the river reaches identified at the 

reconnaissance stage are to be further studied to improve the estimate of hydrokinetic power 

potential and to locate the most favourable  locations within the reach for the installation of 

the energy converters. 

Field surveys and the use of numerical models will be required during this phase to further 

characterize the river hydrodynamics and validate the technical and economical feasibility of 

the selected site. This section provides guidelines in this regard. 
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2.4.1 Field Surveys 

Field surveys are of major importance in characterizing the resource of a potential river reach. 

Numerous surveys are required in the development phase of a hydrokinetic project, including 

bathymetric, hydraulic, environmental, geotechnical and social / regulatory investigations. In 

the present report, only the factors related to river resource assessment and characterization 

will be considered.  

2.4.1.1 Bathymetry 

Bathymetry is the study of lake, ocean or river bottom configurations. A bathymetry survey 

provides a map of the studied river bed. Generally such surveys are performed with 

echosounders (i.e. sonar) mounted beneath a boat.  

Considering the relatively high cost of such surveys, a complete river bed map of the studied 

reach is typically not required during the pre-feasibility phase. River profiles at specific 

sections are needed however to obtain good estimates of the shape and depth of the 

channel. Interpolation between the transects can then be applied. 

At the feasibility phase however, detailed bathymetric data will be required as inputs into 

advanced numerical models for such models to be used accurately. 

2.4.1.2 Hydraulic Surveys 

At the reconnaissance phase, an average velocity was considered to estimate the 

hydrokinetic potential at individual cross-sections. However, since the velocity varies 

significantly with the discharge and the vertical or longitudinal position in the channel, a 

velocity survey has to be conducted at defined cross-sections. This is generally done with 

remote sensing devices such as Acoustic Doppler Current Profilers (ADCP). In parallel to 

these measurements, water level profile surveys are also carried out.  

These measurements are used to calibrate and validate numerical models as well as to 

obtain long term velocity estimates after correlation and adjustment based on historical data. 

In the feasibility phase (Stage 2B) the turbulence distribution within the reach will also need to 

be estimated based on these measurements as it can have an impact on the operation of 

hydrokinetic devices, as will be presented in Section 2.5. 

Such monitoring programs are usually performed over short periods of time (a few days to 

two weeks). As the discharge varies from day to day and from year to year, a velocity 

measurement campaign provides a quantitative characterization of the water resource under 

specific conditions that serves as input in the models to identify the best locations within a 

reach. For the purpose of obtaining a more representative estimate of the hydrokinetic 

resource, it is required that long term river discharge data series are used in combination with 

the models calibrated with the field measurements. These data are generally available from 

national surveys such as the Water Survey of Canada (WSC) or United States Geological 

Survey (USGS) water data.  

While yearly discharge averages have been used in the reconnaissance phase, in the pre- 

and full-feasibility steps, the integration of seasonal variability has to be considered. This has 
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a major effect on the power density estimates as the hydrokinetic power is proportional to the 

cube of the velocity. Flow duration curves or daily river discharge series have thus to be 

used. 

2.4.1.3 Ice, Sediment loads, Debris and Bottom Substrate 

Engineering design of hydrokinetic infrastructure such as anchoring systems and river-bottom 

foundation support structures requires knowledge of suspended and bed load sediment 

transport and bottom substrate characteristics. These parameters also have important 

impacts on the abrasion of turbine blades and bearing life. Sediment and bed form 

assessment will help determine the suitability of the site for hydrokinetic devices.  

Large volumes of debris (wood, aquatic plants etc.) transported in the river can become a 

critical issue for maintenance of submerged equipment, causing reduced performance and 

damage. The volume and nature of debris needs to be documented. 

Ice also has a potential impact on the device structure as well as on the resource 

assessment. Ice floes, active frazil ice and ice jams can represent a major issue for site 

development. Where ice is an issue, an ice survey should thus be performed in order to 

integrate the relevant parameters into the models and in the long term resource estimate. 

Although some parallel exists between hydrokinetic and conventional hydroelectric studies, 

no detailed methodology currently exists in the literature to address ice in the hydrokinetic 

resource assessment process.  This aspect will be investigated in more detail in Section 3 of 

this report. 

2.4.2 Numerical Models 

Starting at the feasibility stage, the use of hydrodynamic models for resource assessment is 

essential and cannot be substituted by field data collection only. Both have to be used in a 

complementary manner. 

In the pre-feasibility study phase, a two-dimensional numerical model is required to 

characterize the flow behavior within the studied reach. In the feasibility phase, a three-

dimensional model will give more detailed information and will refine the results obtained with 

the planar model so as to reduce the modeling uncertainty and to find the optimum locations 

within the reach. 

The general modeling process is described below: 

1) Perform field measurements 

2) Calibrate the model based on field measurements 

3) Obtain long term historical data at the studied reach 

4) Run the calibrated model for the complete range of expected discharge  

5) Estimate a representative annual long term power density and characterize the river 

reach (flow regime, velocity, turbulence and water depth) 
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The sections below will present the main characteristics and necessary outputs for two- and 

three-dimensional models. 

2.4.2.1 Two-dimensional Models 

Two-dimensional hydrokinetic models are based on Navier-Stokes depth-averaged 

equations. While a detailed bathymetry can be included in the model, these only solve the 

equations in a plane, deriving depth-averaged parameters. Such models are generally much 

less time consuming than detailed three-dimensional CFD models, they are therefore 

appropriate for the pre-feasibility study. Simplified bathymetry maps can be used in this 

regard and a mesh is generated to discretize the studied area into smaller calculation areas. 

Numerous 2D models exist on the market. To name a few: 

- Mike 21, a two-dimensional depth-averaged, flow and sediment transport model 

developed by DHI (Danish Hydraulic Institute). 

- River2D, a 2-D depth averaged finite element hydrodynamic model, initially customized 

for fish habitat evaluation studies and developed by the University of Alberta; 

- Telemac 2D, a 2-D model solving the Saint-Venant equations using the finite-element or 

finite-volume method. Simulations can be done in transient and permanent conditions. 

The main inputs into these models will be the river bed shape (bathymetry or simplified 

geometry) as well as a specified discharge. If water level measurements are available, the 

model should be calibrated with the roughness (Manning) coefficient as the calibration 

parameter.  

The discharge should then be adjusted based on available historical values so as to obtain a 

complete picture of the long term hydrokinetic potential of the river reach 

In view of identifying the most suitable zones for the installation of hydrokinetic devices, 

velocities and depths for a range of discharges should be the main outputs of this study.  

The model’s coverage and resolution is generally determined by the available computer 

capabilities. IEC 62600-201 for Tidal Energy Resource Assessment recommends having at 

least 10 mesh cells across a channel section at stage 2A. This is also considered a valid 

starting point for river current assessment. However, it is recommended that as for all 

numerical models, a mesh sensitivity analysis should be performed in order to ensure that the 

results do not depend on the mesh size. Also, a careful selection of boundary conditions will 

ensure that the area of interest is not affected by spurious numerical effects. 

2.4.2.2 Three-dimensional Models 

As the project advances further, to Stage 2B, three-dimensional models should be used to 

obtain better accuracy in the results. While 2-D models provide only longitudinal and 

transversal velocities within a selected reach, 3-D models add the vertical component. It is 

then possible to optimize the selection process for the device location based on the complete 

3-D velocity distribution.  



 

 

Marine Renewables Canada - River Current Resource Assessment and Characterization 
FINAL REPORT 

 
 

   

 

 

H344614-0000-05-124-0000, Rev. 0 
Page 18 

  

© Hatch 2014 All rights reserved, including all rights relating to the use of this document or its contents. 

  

As the costs related to run a 3-D model increase significantly with the size of the domain, it is  

necessary to refine this area based on the output from the 2-D model. 

The 2-D models presented above also have a three-dimensional version, e.g. Telemac3D 

and Mike 3. Other 3D models include CCHE3D, Flow3D or other CFD commercial software 

(CFX, Fluent etc.). 

The model coverage should be restricted only to the area of interest resulting from the pre-

feasibility study and 2D numerical model.  

2.4.2.3 Selection Criteria 

The refined project development area will be selected based on results from the numerical 

modeling. The following considerations have to be taken into account: 

- Velocity spatial distribution: Velocity is strongly related (via a cubic relationship) to the 

maximum power that can be extracted from the river section. This parameter has thus a 

major impact on the future viability of a project and potential areas within a reach shall be 

selected based the average estimated velocity 

- Water depth: The hydrokinetic device must always be submerged. To verify this, a 

probability of water depth occurrences should be derived from the model results. An 

acceptable river depth must be obtained as per the hydrokinetic device’s general 

specifications for distance to the river floor and required freeboard on top of the structure. 

- Turbulence and flow pattern: Turbulence may have an impact on the structural and 

operational behavior of the hydrokinetic device. Areas with lower turbulence, no vortices 

and unidirectional flows are preferred. 

 

2.5 Layout Design  

The final stage of the resource assessment consists of optimizing the size and configuration 

of the hydrokinetic devices within the selected reach. It is generally an iterative process to 

find the best balance between environmental aspects, costs optimization, engineering 

specifications and maximum energy production. As very technology-specific aspects have to 

be considered, no detailed methodology will be presented here and only the key 

considerations relating to resource assessment will be mentioned. 

2.5.1 Project Optimization 

After having selected a proper technology, an optimization of the number of devices and their 

exact location should be performed. This requires the use of a water potential map (generally 

a gridded map) or equivalent information, with velocity data for the studied reach. This is 

normally an output from the numerical models in Stage 2B of the resource assessment. 

In addition, the energy deficit induced by multiple hydrokinetic devices has to be evaluated by 

the application of a proper wake model. The use of a minimum separation distance between 
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devices, based on the technology specifications, needs to be considered. These 

considerations must inform the optimum placement of the devices.. 

2.5.2 Turbulence Considerations  

Turbulence should be characterized within the reach since it has a direct impact on the 

energy extraction capabilities and loads on the hydrokinetic devices. These devices are 

designed to extract power from a river’s main flow direction. Turbulence induces deviations in 

the main flow pattern that thus affects the efficiency of the device through off-axis operation. It 

can also induce fatigue loads on the device that could reduce its operating life. 

2.5.3 Net Energy Predictions  

Detailed energy calculations can be performed based on the device power curve and long 

term site velocity distribution. Such a distribution may be obtained by the combined use of in-

situ measurements and long term discharge values from closely located stations. Losses then 

have to be determined and will typically include  device and balance of plant availability, 

losses due to ice and/or debris, electrical losses and other operational losses. 

2.5.4 Uncertainty Analysis  

An uncertainty analysis of the final energy estimate should be performed. It should integrate 

all independent uncertainties occurring throughout the process: measurements, bathymetry, 

long term flow conditions, spatial and temporal variability, power curve reliability, numerical 

model performance, etc. Probabilities of exceedence (P50, P90, P99 etc.) will be the main 

output of this step. 

 

2.6 Conclusion  

The preceding sections present a general approach to assess the hydrokinetic potential of a 

given river. The key aspects of this method are summarized in the table below. 

A validation of the reconnaissance stage methodology was performed. The proposed 

approach was applied on a river section and compared to a 1-dimensional model. It was 

noted that obtaining good quality elevation data is a key consideration in using this method 

with confidence. If such data are available, the method results in good predictions. 

In these guidelines, the impact of ice on the resource assessment is not addressed in any 

detail. This issue, which is of major importance for Canadian and northern rivers, is 

addressed in the next part of this document. 
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Stage Criteria / Objectives Approach Scale Data Requirement 
Modeling and 

resolution order 
of magnitude  

Reconnaissance 
(Stage 1) 

Simple and cost-effective 
estimate of a river’s 

annual energy potential. 
Channel selection for 

potential development. 

Desktop study based on 
publically available 

discharge measurements 
and topographic data 

only. 

Complete 
River 

Topographical maps, 
river widths, discharge 

and drainage area 
from publically 

available information. 

Desktop study or 
1-D Model (50-

100m) 

Pre-feasibility 
(Stage 2A) 

Development site 
selection. Determination 
of flow conditions at the 

studied reaches (velocity, 
turbulence, flow regime, 

water depth). 

Integration of field surveys 
(bathymetry, nature of 
substrate, water levels 

and flow velocities, 
sediment ice conditions) 
and numerical models 

(2D/3D). 

River section 

Bathymetry and 
velocity measurements 

at selected cross 
sections. 

Depth-Averaged 
2D Model (5-10m) 

Full-feasibility 
(Stage 2B) 

Selection of potential 
device placement. 
Determination of 3-

dimensional flow 
conditions. 

Development 
Site 

Detailed bathymetry, 
velocity 

measurements, ice, 
debris and sediment 

characteristics. 

3D hydrodynamic 
model (2-5m 

horizontally and 
0.2-0.5m 
vertically) 

Layout Design 
(Stage 3) 

Individual device location 
for site development.  

Confirmation of installed 
capacity and energy 

generation.  

Optimization algorithm, 
determination of wake 

effect, long term energy 
estimates, loss and 
detailed uncertainty 

analysis. 

Hydrokinetic 

device 

locations 

Device specifications, 

detailed daily on-site 

hydrological series. 

Wake modeling  
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3. Ice Processes and Impacts on the Resource Assessment 

3.1 Introduction 

In the previous sections of the report, a proposed methodology has been presented to assess 

the hydrokinetic resource in rivers. The methodology is a general one and can be applied in 

all parts of the world where minimum public data are available. In Canada and other cold 

climates however, in winter most rivers experience ice conditions which have a direct impact 

on the river flow pattern and on the hydrokinetic potential. 

With a view to improve the methodology presented above and to address this cold climate 

issue, this part of the report investigates the effects of ice on the resource assessment for 

hydrokinetic power development. To do so, it is important to understand the different aspects 

of river ice. The sub-section below will thus present the different ice conditions that can occur 

in rivers. Details will be given on ice formation processes and dynamics. In the next sub-

section, the report will discuss the ice conditions that are expected to have the most impact 

on hydrokinetic devices. Recommendations will be made for addressing ice at the different 

stages of a resource assessment. 

3.2 Ice Processes Review 

River ice is typically comprised of many types of ice, all having different properties. The 

dynamics behind ice processes are complex and depend on the combination of a variety of 

environmental conditions (e.g. water flow, meteorological conditions, channel slope and 

shape etc.).  This descriptive sub-section will serve as a background for further discussions 

on the impact of ice on hydrokinetic resource assessments. 

The first stage of ice formation is static ice developing along river and lake banks in areas of 

very low velocities (“border ice”). With decreasing temperatures and if velocities allow it, ice 

along the banks grows toward the center of the river until an ice bridge forms, leaving open 

water only in areas where velocities are higher. 

In colder conditions, river ice formation continues with the supercooling of water in turbulent 

flows that produces small ice particles known as frazil ice. These particles agglomerate 

together and either form anchor ice (on the river bed) or ice flocs (at the surface) as they 

become more buoyant. As these flocs continue to grow they increase in surface and become 

ice pans or ice floes which move throughout the river until they reach the leading edge of an 

ice cover and either juxtapose to it or are drawn below the ice cover, potentially to form 

hanging dams. 

Figure 3-1 illustrates this general process of ice formation that is described in more detail 

below. 
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Figure 3-1 Typical Ice Formation Process (Daly S. F., 2004) 

 

Figure 3-2 summarizes the different length scales of frazil ice, from nucleation to ice cover 

formation. 

 

Figure 3-2 Length Scale of Frazil Ice Evolution (Daly S. F., 2004) 
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3.2.1 Frazil Ice and its Derivatives 

3.2.1.1 General Process 

In winter, as the temperature cools down, the heat exchange between water and air reverses 

and heat is transferred from the water to the air. As winter progresses and cold temperatures 

are reached (generally less than -8degC, (U.S. Army Corps of Engineers, 2006)), the water 

temperature will attain a temperature of 0degC. The position in the river where a water parcel 

reaches this temperature is called the 0degC-isotherm. Eventually, if the cold weather 

persists, the water will enter a supercooled state, reaching a temperature between 0degC 

and -0.1degC (U.S. Army Corps of Engineers, 2006). 

In turbulent water, where mixing in the water column doesn’t allow for any thermal 

stratification, small ice particles are created by nucleation throughout the water column. The 

nucleation process is based on the fact that other particles (or seeds) are introduced at the 

water-air interface. Such particles can be small water droplets generated by breaking waves, 

bubbles bursting, splashing, snow or sleet (U.S. Army Corps of Engineers, 2006). This 

process is also known as heterogeneous nucleation.  

The created particles are particularly ”sticky” when the surrounding water remains 

supercooled. In this case, the so-called “active” frazil particles themselves act as seeds and 

grow in size. As more frazil particles are created, latent heat is released from this phase 

change and the temperature of the water increases, stopping the production of active frazil 

ice. Unlike active frazil, passive or inactive frazil occurs as the temperature rises to the 

freezing point. This type of frazil ice is no longer adhesive. An example of a typical 

temperature evolution curve is presented in Figure 3-3. 

 

Figure 3-3 Temperature Evolution Curve during Frazil Production (Clark & Doering, 
2006) 

 

Frazil has the aspect of slush (Figure 3-4) and has the appearance of being slightly oily when 

seen on the surface of the water. 
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Figure 3-4 Frazil Aspect (left photo by R.Andrishak and right photo by R.Brown) 

As the degree of supercooling is in the order of 1/100degC, it is highly sensitive to any 

changes in the thermal regime of the river. Any additional heat, such as from solar radiation 

or additional friction at the bottom of rapids, may stop the frazil generation process. This 

explains the difficulty of obtaining sufficiently accurate temperature measurements in a river. 

For the field survey campaign, specialized expertise in highly accurate water temperature 

measurements is thus required. 

Generally the conditions that are most favourable for frazil production occur on cold clear 

nights when the sun is absent, strong winds are blowing and dry air is present. High 

turbulence in the water and absence of an ice cover are also required to produce frazil ice. As 

a consequence, rapids or sections of a river with increased velocity and higher slopes are the 

areas were frazil is more likely to be generated. Calmer sections that are prone to have high 

wind speeds are also areas where frazil can be produced. In all cases, the presence of an ice 

cover will isolate the water from the air preventing any further heat exchange. Supercooling is 

then terminated and no frazil can be produced under the cover. Inversely, where sections of a 

river are known to remain open during the winter, there is a higher chance that frazil can be 

produced in these reaches. 

Figure 3-5 presents the results of a 2-dimensional model of a rectangular channel showing 

the impact of a section of rapids on frazil production. It can be seen that frazil is generated in 

the rapids and its concentration persists up to 1.5km downstream.  

 

 

Location of rapids 
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Figure 3-5 Numerical Modeling of Frazil generated in rapids (Malenchak, 2011) 

 

Accumulation of frazil ice on hydrokinetic devices can have major impacts such as energy 

production losses due to ice accretion on blades and, most importantly, structural damage 

that can lead to the loss of the device. Areas susceptible to the production and transport of 

active frazil ice should be avoided. 

3.2.1.2 Ice Floes 

As stated before, active frazil in turbulent water is particularly adhesive to any solid surface. 

This characteristic makes the frazil particles adhere to each other so the particles continue to 

grow and agglomerate. As they increase in size and volume they become more buoyant and 

remain on the surface for longer periods forming frazil slush, frazil pans (or disks), pancake 

ice (or flocs) and eventually large frazil floes. These ice floes (Figure 3-6) are generally 

encountered downstream of frazil production areas and can travel for several kilometres until 

they either melt or reach an obstacle such as an existing ice cover or a channel restriction. 

 

 

Figure 3-6 Ice Floes (photo by S.Gallup) 

 

The ice floes, also known as drifting ice, typically don’t have a major impact on hydrokinetic 

devices. However, as these ice sheets meet an obstacle or an existing ice cover, they can 

jam or create hanging dams which may impact the integrity of the devices, as will be 

presented in Section 3.2.2. 

3.2.1.3 Anchor Ice 

When the frazil particles are still relatively small and sticky, turbulence in the water can 

entrain them downwards where they may eventually adhere to objects such as rocks, 

vegetation or any man-made device. The ice is then “anchored” to the river bed and called 
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“anchor ice”. This type of ice can grow and thicken to form extensive blankets of ice. It is 

mainly present in areas with significant velocity and turbulence. However, velocity magnitude 

is generally not sufficient to characterize the presence of anchor ice (Stickler & Alfredsen, 

2005). 

 

Figure 3-7 Anchor Ice (photo by the University of Alberta River Ice Group) 

 

3.2.2 Ice Cover Formation 

3.2.2.1 Static Formation 

Static or skim ice forms in low to moderately turbulent waters at the surface in a supercooled 

state. In quiescent water, the supercooling state only occurs at the surface as there is no 

mixing of water and a thermal stratification takes place. Most of the time, skim ice is formed 

on the river shores where the velocity is lower and it is called “border ice”. Border ice 

continues to grow laterally toward the center as long as the flow regime allows such ice to 

form. Eventually, it will cover the whole river surface, forming an “ice bridge”. 

In some cases, skim ice forms on slightly turbulent water, creating an ice sheet that moves 

with the current. But more generally, a velocity below 0.5m/s is required to form a static ice 

sheet (U.S. Army Corps of Engineers, 2006).  

3.2.2.2 Dynamic Formation 

Dynamic ice formation is the result of an interaction between transported ice pieces and 

existing ice cover resulting from border ice or accumulation of ice floes at a width restriction. 

For most rivers, this is the main process of ice cover formation. In this case, the ice front 

progresses upstream and can reach a high propagation velocity of several kilometres per 

day. 

Different processes are involved at the leading edge of the ice front depending on the 

hydraulic flow conditions and the form of arriving ice. 
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Bridging 

Bridging occurs when a relatively high concentration of surface ice exists. If the velocity is low 

enough, this moving ice can arch across the open width of the channel, stop moving and form 

an ice bridge that serves as a start of the ice front progression (Figure 3-8). 

 

 

Figure 3-8 Ice Bridging (photo by F.Hicks) 

Juxtaposition 

Juxtaposition is observed at low velocities where an ice cover already exists. Incoming ice 

floes simply stop at the ice cover leading edge without underturning. This is the main process 

for ice front progression.  

Underturning of floes 

Underturning of floes is observed at higher velocities. Ice floes arrive at the leading edge of 

the ice cover and underturn. If the velocity is not too high, underturned floes remain under the 

surface at the leading edge of the ice sheet and can form “hanging dams” or freeze up into an 

ice jam. 

Under-ice transport 

Under-ice transport of floes is characteristic of high flow velocity. The ice floes arriving at the 

leading edge may be underturned and transported under the ice cover. As the ice moves 

downstream it will either melt within the flow, re-emerge in open water sections or deposit 

beneath the cover at a section where the velocity is reduced, forming a “hanging dam”. 

Hanging dams can have major impact on river hydraulic behaviour as it can cause extensive 

blockage of the flow area and thus potential stage increase causing flooding upstream. 
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Figure 3-9 Hanging Dam Formation 
(                                                              -       ) 

When the water velocity at the leading edge remains too high (such as in rapids), there is 

generally no ice cover progression. In this case open water remains throughout the winter 

season and frazil ice might be produced in this area through the whole winter. In other cases, 

the Froude number can be used as an indicator of stability of the incoming drifting ice at the 

edge of an ice cover. If the Froude number exceeds a typical value depending on the ice 

porosity, the incoming ice will be submerged and carried under the ice cover. Inversely, if the 

Froude number is below the critical value, incoming floes extend the ice cover by 

juxtaposition. Depending on the ice properties, the critical value of the Froude number is 

generally between 0.06 and 0.12 (Prowse, 1996). 

In some cases, the blockage effect of a hanging dam induces an increase in stage that 

reduces the average velocity and consequently the Froude number allowing the ice cover to 

progress further upstream from this critical section. 

3.2.2.3 Hydraulic Impact of Ice Covers 

In Section 2.2, the Manning formula for an open water river section was presented and  

defined by: 

  
 

 
         

Where R is the hydraulic radius defined by the ratio between the cross sectional area and its 

wetted perimeter (m). S is the water surface slope and n the Manning coefficient. 

When an ice cover is present, it acts as an additional solid boundary to the cross-section. As 

a consequence, the wetted perimeter and the hydraulic radius changes accordingly (typically 

reduced by 2). This ice cover also has a different composition as compared to the river bed, 

its roughness, and thus the Manning coefficient has to be re-evaluated. 

The Sabaneev formula is thus used to estimate the so-called composite roughness value, nc: 

    
  

      
   

 
 

   

 

Where ni and nb are the Manning coefficients of respectively the ice cover and river bed. 

Ice Cover 

Hanging dam 



 

 

Marine Renewables Canada - River Current Resource Assessment and Characterization 
FINAL REPORT 

 
 

   

 

 

H344614-0000-05-124-0000, Rev. 0 
Page 29 

  

© Hatch 2014 All rights reserved, including all rights relating to the use of this document or its contents. 

  

Typical values of ice cover Manning coefficients are summarized in the table below (Daly S. , 

2007): 

Type of Ice Condition M     g’          

Sheet ice (smooth) 0.008 – 0.012 

Rippled ice 0.01 – 0.03 

Fragmented single layer 0.015 – 0.025 

Frazil ice 1 to 3 ft thick 0.01 – 0.03 

Frazil ice 3 to 5 ft thick 0.03 – 0.06 

Aged 0.01 – 0.02 

Table 3-1 Typical value of ice cover Manning Coefficient 

As an additional friction surface is present, the resulting average velocity in the cross section 

is lower than for open-water. However, the presence of an ice cover at the surface increases 

the shear stress at that boundary and has a tendency to move the depth of maximum velocity 

closer to the river bed as shown in Figure 3-10. In terms of energy extraction, this can have a 

positive effect since, depending on the technology used, this area is more likely to be covered 

by the device’s swept area. 

 

Figure 3-10 Velocity Profile under an Ice Cover (Li, 2012) 

Since two contrary effects on the energy extraction are present, proper modeling of the river 

should be performed in later stages or the resource assessment to determine any positive or 

negative impacts of an ice cover. 

It should also be noted that river sections that present conditions favorable to the formation of 

an ice cover are usually areas of lower velocities and thus may be less interesting for energy 

extraction. 
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3.2.3 Ice Breakup Process 

The ice breakup is a particularly complex phenomenon as it involves different processes 

working together, such as structural, thermal, hydraulic, meteorological and geomorphic 

processes. Generally in North America, break up occurs through thermal and mechanical 

processes. 

3.2.3.1 Thermal Melting 

Thermal melting occurs due to heat transferred to ice by convection at the ice-air interface, 

convection at the ice-water interface and solar radiation. As solar radiation is able to 

penetrate the ice cover, melting doesn’t only occur at the interfaces but also inside the cover. 

In the ideal case of thermal melting, as the process is relatively slow, there is little or no 

increase in flow or ice movement. 

3.2.3.2 Mechanical Breakup 

The mechanical breakup is always a consequence of an increase in flow in the river with a 

corresponding increase in stage. The process is described below (U.S. Army Corps of 

Engineers, 2006).  

Formation of shore cracks 

Shore cracks are longitudinal cracks that form parallel to the shore in the spring when there is 

a water level increase. The level of increased stage that induces shore cracks is dependent 

on the ice mechanical properties (depending on ice thickness, temperature, internal structure, 

channel width etc.) 

Cracking of the ice sheet into individual floes 

As the stage increases, longitudinal shore cracks are followed by transverse cracks moving 

across the channel. Longitudinal and transversal cracks result in a separation of the ice cover 

into large floes. Those large floes are then broken into smaller parts when they are put in 

motion by the shear force of the flow. 

Movement of floes 

As the stage continues to increase, the area of open water between the floes becomes larger 

allowing them to be transported along the river. As a rule of thumb, the stage must rise 1.5 to 

3 times the ice thickness before ice starts moving (U.S. Army Corps of Engineers, 2006) 

Formation of ice jams 

When the moving floes reach a location in the river where the ice transport capacity is 

exceeded, ice jams are likely to form. As these floes reach a section with an existing ice 

cover, a change in the river slope or a geometrical restriction, the floes stop moving and jam. 

Ice jams reduce the channel conveyance and as such increase the water level upstream of 

their location. 
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3.2.4 Ice Jams 

Ice jams can result from the freeze up or the ice breakup processes. In general ice jams are 

initiated at a location in the river where the transport capacity of the river is exceeded by the 

ice transported to that location by the river’s flow. These locations can be described as 

follows (De Munck, Gauthier, Bernier, Poulin, & Chokmani, 2011).  

Change in slope 

Most of the time, an ice jam occurs in areas where the slope changes from steep to mild. In 

such cases, as ice floes reach milder slopes, they lose their momentum and have the 

potential to stall, initiating an ice jam. The same process occurs for sediment, thus islands, 

sandbars and gravel deposits often form at a change in slope and should be documented as 

potential indicators for predicting ice jam locations. 

Confluence 

As noted previously, mechanical ice breakup is always a result of an increase in water level. 

As smaller rivers usually respond quicker to an increased discharge than larger ones, the 

increase in water level is faster. As a result, the ice cover breakup of such rivers generally 

occurs earlier. The moving ice sheet of a smaller river may then encounter the intact ice 

cover of the larger river, inducing an ice jam. 

Other channel features 

Different natural and constructed channel features can induce ice jams. These include the 

following: 

- River bends 

- Islands 

- Bridges 

- Trees along the bank in smaller rivers 

- Channel depth or width reduction 

Ice jams developing in the proximity of hydrokinetic devices can induce major damage. Such 

areas are thus to be avoided for device placement. 

On  the other hand, one of the main consequences of an ice jam is an increase in stage 

upstream of the jam location. As the cross sectional area of the river section is then higher, 

the velocity is lower and less energy can be extracted during these periods. Such effects 

have to be properly accounted for in the models and in energy yield estimates. 
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3.3 Impact of Ice on Hydrokinetic Assessment 

The previous section presented the different ice processes that occur on rivers in cold 

climates. The present section will focus on the integration of this information into the resource 

assessment process. Particular attention is put on the types of ice and ice conditions that 

most influence the development of hydrokinetic projects: 

- Active frazil ice is generally associated with high turbulence and high velocity areas and 

consists of particles that can adhere to any solid object, such as the river bed (anchor 

ice) or any device immerged in the river. Since high velocity areas are of interest for the 

development of hydrokinetic projects, this type of ice is of particular importance and must 

be addressed in the resource assessment process. Passive or inactive frazil ice is not 

considered to be of concern for hydrokinetic devices. Throughout the remainder of this 

document, any mention of frazil ice therefore generally refers to active frazil.  

- Hanging dams are found in areas with low flow velocity and correspond to frazil ice in a 

passive state that accumulates under an ice cover. Because of the low velocities, these 

locations are not necessarily interesting for hydrokinetic development. However, the 

presence of hanging dams may cause a stage increase upstream, resulting in changes in 

the river’s hydrodynamics that must be accounted for when evaluating a reach’s 

potential. 

- Ice jams correspond to an accumulation of ice floes and are observed in river sections 

with particular patterns (change in slope, width reduction, river bend etc.). An ice jam can 

harm a hydrokinetic device located in its vicinity. Furthermore, like for hanging dams, ice 

jams have a direct effect on the river’s hydrodynamics that must be quantified. 

- Ice cover only has an effect on the velocity distribution in the river by adding another 

solid boundary. Its influence has to be modeled properly and taken into account in the 

hydrokinetic potential.  

 

3.3.1 Stage 1: Reconnaissance Stage  

At the reconnaissance stage, typically only a minimal amount of data is available. It is thus 

usually not possible to perform a quantitative assessment of the impact of ice on the resource 

for a particular reach. 

However, based on the results from the flow calculation presented in Section 2.2, some 

available information can be used to obtain a preliminary estimate of ice processes in rivers. 

This can then be complemented by field surveys at later stages.  

3.3.1.1 Detection of Frazil-producing Locations 

Rapids are the main zones where frazil ice is produced. However, there are also other areas 

that have the potential of generating frazil and for which further investigation is required.  
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3.3.1.1.1 Visual Approach 

As mentioned earlier, frazil ice is generated when the water is supercooled and a high degree 

of mixing occurs in the water column. Turbulence from rapids and relatively shallow high 

velocity areas induces such mixing and these areas are the main producers of frazil particles. 

Generally these areas are also not attractive for placement of hydrokinetic devices due to 

limitations in depth. Frazil particles however can be transported by the flow downstream of 

these areas and create hanging dams or anchor ice. 

Hanging dams are mostly created downstream of rapids where an ice cover already exists. 

Such dams can become very thick and damage any device located nearby. These areas are 

also susceptible to anchor ice that can adhere to a hydrokinetic device and cause major 

damage to it. 

At the reconnaissance stage, rapids can be detected by satellite imagery from Google Earth 

(Figure 2-1) and less visible areas of fast and shallow (and thus usually turbulent) flow can be 

indicated via  the depth calculations as described in the reconnaissance section for open 

water. The area of concern for frazil impact is expected to range from the end of the rapids or 

shallow section  to a certain distance downstream, sometimes up to 5km (Ashton, 1986). This 

distance is difficult to establish precisely as it is very site-specific. It is thus recommended to 

adopt a conservative approach. If this section is of particular interest in terms of hydrokinetic 

potential, a field survey is recommended to detect any frazil presence. In the most 

conservative approach, this section should be avoided for device placement. 

 

 

Figure 3-11: Potential areas for hanging dams and anchor ice  
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3.3.1.1.2 Froude Number  

In certain cases, the visual approach cannot be applied because of lack of clarity in the 

imagery, since images could have been taken during periods of high stages (i.e. rapids not 

visible) or because frazil can be produced in areas that don’t correspond to visible rapids. 

This subsection discusses a potential alternative approach of using the non-dimensional 

Froude Number as an indicator for areas with potential frazil ice production. 

Turbulence in rivers is generally characterized by the river bed composition and its proximity 

to the surface (i.e. depth). However, a combination of a rough river bed and low depth is not 

necessarily sufficient to generate high turbulence; additional information on velocity is 

required. As shown in an experimental study by Unduche and Doering (Unduche & Doering, 

2007), these characteristics can be expressed in terms of two non-dimensional numbers 

(Froude and Reynolds) and shear velocity. These parameters, in turn, can in some cases be 

correlated to the production of active frazil ice. In this context, the Froude number relates to 

flow velocity and depth, while the shear Reynolds number is a characteristic of turbulence.    

While the Froude number is relatively easy to derive for a particular river reach, the shear 

Reynolds number is practically difficult to obtain because it is based on several empirical 

equations and requires knowledge of some river characteristics such as bed composition. As 

shown in Appendix B however, a good correlation has been found between the shear 

Reynolds and Froude numbers for the one studied example of the Lower Nelson River. As a 

consequence, for this particular case, the Froude number may thus also be an indicator of the 

likelihood of a river section creating frazil.  

The two highest Froude numbers in the studied reach corresponds to zones of active frazil 

production as presented in Figure 3-12. 

 

Figure 3-12 Froude number along the Nelson River 
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It is difficult however to define a Froude number threshold above which frazil is likely to be 

generated. The previous graph suggests that for a Froude number higher than 0.45, frazil is 

in fact generated, based on the ice description available for the Nelson River. For values 

lower than 0.45 further investigation is required. Indeed, the two highest points in the previous 

graph correspond to known rapids that are not good candidates for hydrokinetic device 

locations due to their low depths. On the other hand, the section at KM50 is known not to be 

a rapids and is potentially a good device location. But since it is characterized by a high 

Froude number, a field survey on frazil is strongly recommended for this area. It must be 

noted that the value derived from the Nelson River data is not necessarily applicable to other 

rivers and this criteria is thus to be used with caution. In all cases, as there is high uncertainty 

associated with frazil production locations, it is strongly advised to monitor active frazil 

presence during the field survey campaign. 

According to available information for the Churchill River, sections where frazil is produced 

indicate Froude numbers higher than 0.2 when calculated with the proposed methodology, 

with an average of 0.26 throughout the studied reach. Existing studies note that the Churchill 

River is particularly dynamic in terms of ice production. This may explain the relative high 

average Froude number. It is noted that rapids are characterized by Froude numbers 

between 0.4 and 0.5. 

 

3.3.1.2 Underturning of Floes  

As presented earlier, underturning of incoming ice floes under an existing ice cover can either 

directly interact with a hydrokinetic device or form a hanging dam in areas with lower water 

velocity. 

The purpose of the reconnaissance approach is to find areas where an ice cover may be 

present, where potential underturning can occur and where hanging dams may be formed.  

The stability of an incoming floe is dependent of its internal characteristics, such as its 

geometry, size and density  but also on external parameters such as water velocity and 

turbulence. At the reconnaissance stage, such information is not available and a simplified 

approach has to be chosen.  

A simplified approach that was investigated for this report is the use of the Froude number (a 

function of flow velocity and depth, see Appendix B) as an indicator of ice conditions. Theory 

holds that for Froude numbers below a critical value, juxtaposition occurs and the ice cover, 

once established, will progress upstream (i.e. it will grow). On the other hand, above this 

critical Froude number, incoming floes have a chance of being underturned and transported 

below the ice cover, where they may form hanging dams. The ice cover is not expected to 

progress when underturning occurs. 

The critical Froude number can be defined by: 
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Where, pj is the porosity of ice (Prowse, 1996). 

In most cases the value of the critical Froude number is between 0.06 and 0.12. A common 

value typically used is 0.08 (Prowse, 1996). 

It is thus suggested to calculate the Froude number throughout the studied reach. Since the 

discharge is generally lower in the winter, the velocity and depth values that determine the 

Froude number should be evaluated based on the winter discharges, as per the 

reconnaissance methodology presented in section 2.2.  

Areas where the Froude number is higher than the critical value should not necessarily be 

excluded for device placement,  but should be seen as areas where underturning of floes 

may potentially occur.  

An attempt was made to validate this approach against the know section of the Nelson River 

but it was not successful. It is believed the main obstacle was the fact that the derived Froude 

profile was based on an average of annual long term discharge data. Because of the daily 

variability of the discharge, a smaller time scale should be used in order to perform such 

analysis. This hypothesis remains to be investigated. 

3.3.1.3 Hanging Dams 

Hanging dams are likely to occur in a slow velocity section downstream of and near a frazil 

producing area, at the leading edge of an existing ice cover. As frazil production areas 

generally correspond to high velocity or turbulent areas, hanging dams can be found in areas 

where the gradient of either velocity or Froude number in the longitudinal axis of the river is a 

high negative value. However, since velocity is generally not sufficient to characterize an area 

in terms of its susceptibility of producing frazil, the Froude number is believed to be a better 

indicator. 

This theory was tested on the Lower Nelson river and the two known hanging dams are 

predicted accurately as demonstrated in Appendix C.  

In addition, thick hanging dams have the impact of eroding the river bed at their locations 

creating depressions in the river (particularly in alluvial bed material). The presence of such 

depression might indicate a potential hanging dam formation during winter. 

Unfortunately, because of the lack of available information regarding the presence of other 

hanging dams in the Nelson River and in other rivers, this theory could not be tested 

thoroughly and should not be used for reconnaissance unless it can be further validated 

against a good sampling of rivers and reliable field observations. This does however suggest 

a good starting point for further research. 

3.3.1.4 River Geometry Susceptible to Ice Jams 

As mentioned previously, some river geometries have a higher chance of creating an ice jam. 

Methodologies have been developed to quantitatively assess the impact of various river 

geometries (e.g. curvature, narrowing, change in slope, bridges and islands), such as the one 

presented by De Munck et al (De Munck, Gauthier, Bernier, Poulin, & Chokmani, 2011). In 
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this approach, the authors assess each river characteristic by means of a quantitative 

parameter that can be calculated or evaluated. These parameters are then combined by 

attributing different weights to each river pattern depending on their predisposition of inducing 

an ice jam. It is noted that the effect of islands, bridges and tributaries are the most dominant. 

At the reconnaissance stage, a simplified approach is proposed: one should identify the 

presence of any such geometrical features in the area of proposed hydrokinetic development 

(without a quantitative assessment of the features’ impact). If several of these features 

appear in the same area, there is a higher risk of having an ice jam and this area should 

either be avoided or monitored for one or more winters during the feasibility phase. 

3.3.1.5 Validation 

The methods presented previously for estimating the presence of active frazil, hanging dams 

and  underturning of floes have been tested on hand of the example of the lower Nelson 

River. The validation results are presented in the preceding individual subsections. The 

results are promising but preliminary. Further studies and validations are required to confirm 

potential correlations and to make conclusions on the appropriate quantitative criteria.  

Because of the high uncertainty of making any conclusions on ice processes with the limited 

data available at the reconnaissance stage, it is strongly advised that field surveys be 

undertaken to support any decisions.  

 

3.3.2 Stage 2A and 2B: Pre- and Full-Feasibility study 

Once the potential development reaches are selected, more detailed work should be done 

regarding the ice processes at these locations. At the feasibility study stage, field surveys of 

the ice processes along the river are generally required. These surveys are then combined 

with hydrological modeling to estimate the resource and ice effects at these reaches. 

3.3.2.1 Field Surveys 

As ice processes generally combine different phenomena, they are difficult to model and to 

predict accurately. A detailed field survey is thus essential to feed the models and to detect 

any potential risk for hydrokinetic project development. A complete study should include the 

following: 

- Observations of ice cover development, progression and anchor ice formation 

- Survey measurements of water surface profiles and velocities 

- Collection of daily air and water temperatures 

- Observation on the presence of frazil 

- Ice jam observations 

As winter field surveys are generally costly, good advance planning for the campaign is 

mandatory. This include a good knowledge of the studied river based on existing data. It is 
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thus important to perform the reconnaissance study before any field surveys as it will help to 

identify specific areas where more focus is required. 

3.3.2.1.1 Ice Observations 

The surveillance of ice cover progression is generally monitored by air. At a specified 

frequency, a helicopter flies over the studied areas and observations are made about ice front 

position, existing ice jams, ice bridges or any particular event that needs to be noted. Aerial 

surveys have the advantage of covering a large area rapidly and may be the only feasible 

alternative in the case of remote or inaccessible locations, but they are typically costly. 

Ground surveys can also be performed at typically a much lower cost at a selected reach. Ice 

observation sites should be selected at locations with more than one viewpoint from which to 

observe upstream and downstream conditions. The frequency of site visits should correspond 

with the degree of river ice activity. During freeze-up, daily visits should be made. Once an 

intact ice cover has been established, visits can be reduced to once every two or four weeks, 

and increase again in frequency as the breakup season approaches (The New Brunswick 

Subcommittee on River ice, 1989).  

If the river shores are accessible, another approach consists of performing regular trips along 

the river. 

The “New Brunswick River Ice Manual” (issued by the New Brunswick Subcommittee on 

River Ice in 2011) presents some guidelines regarding the monitoring of ice to characterize 

river ice processes. Observations are separated into four periods: Freeze-up, Winter, Break-

up and Ice Jam formation. 

During the freeze-up period the stage and discharge should be monitored, particularly at the 

time of formation of the first permanent ice cover. The ice types and concentrations should 

also be recorded. Once the ice cover is formed, it is advisable to continue monitoring the 

stage and discharge as well as ice thickness with a view to calibrate the hydrodynamic 

models. When the temperatures increase in the spring, observations about the break-up front 

are important to be noted, in particular the date at which the breakup starts as well as the 

breaking characteristics (large scale or small scale fractured ice) as these effects are prone to 

create ice jams. The location of the ice jam has to be recorded, as well as its extent and 

formation process (river constriction, bridges, existing ice cover etc.). If stage is monitored, 

any sudden increase without an explanatory increase in discharge (as might be caused by a 

precipitation or melt event or a flow release from an upstream dam) might indicate the 

presence of an ice jam downstream and this should be noted. Continuous remote 

measurement of stage is particularly useful in this regard. Ice scarring on tree trunks and 

characteristic bands of shoreline vegetation indicate elevations of ice action. 

Ice thickness is most frequently measured either by drilling through the ice cover, or by visual 

inspection from the shoreline or other vantage point (visual inspections being highly 

subjective and subject to large error). An indirect measurement of maximum end-of-winter ice 

thickness can be made after the ice has broken up, when pieces of the broken ice cover that 

remain on shore can be measured. Observation must be made before warmer weather or 
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rain can reduce the thickness. Ice jam thickness is often estimated on the basis of the height 

of the ice shear walls, if they remain, after an ice jam releases. 

Remote imaging of sites of interest using web cameras has been successfully carried out in 

recent ice observation programs. A web camera can be set up to provide continuous 

observation or take photographs at a set interval (e.g., hourly during daylight hours) and 

transmit the images by satellite or landline connection to the internet. Such cameras enable a 

site to be observed at a much higher frequency and without regard for weather conditions and 

access.  

In Canada, for certain northern rivers, ice surveys have already been done but the data may 

not be generally available. These studies are often owned by federal agencies or provincial 

electric utilities. It is advised to contact these agencies to verify if a monitoring campaign has 

been done in the past and if the results can be shared. 

It is also strongly recommended to conduct monitoring of active frazil ice events in the studied 

reaches. As the existing predictive methods are still uncertain, and because frazil doesn’t 

necessarily or exclusively occur in rapids, a survey of the prospective site is recommended. 

Johnson et al (Johnson, Toniolo, Seitz, Schmid, & Duvoy, 2013) have studied the Tanana 

river in Alaska and present a methodology to collect frazil data. This survey approach should 

be considered for other rivers. Specifically, rods composed of different materials were 

attached to a floating platform 9m from shore. These rods were installed under water at a 

depth of approximately 70cm, so any active frazil event would induce ice attachment. In the 

Tanana river study, the survey was done only during two days in October. To obtain a good 

temporal representation however, such short campaigns should be done several times during 

the winter, one of which should be during a period with a higher chance of active frazil 

presence (e.g. cold temperatures, dry air, absence of sun, windy day). As frazil production is 

a local effect, such monitoring should only be done in the late feasibility stage (Stage 2B) 

once a specific reach is selected for detailed investigation. 

Observations of ice floe concentration are useful in identifying areas of frazil ice generation 

and in producing estimates of volumetric ice flow which is an important calibration parameter 

for ice models. One approach is to carry out aerial photography at selected sites, with 

observations of the outside air temperature, followed by image classification to interpret the 

area of open water covered by ice floes (excluding stationary border ice). This may be 

combined with values of ice thickness (either observed or estimated from DDF data) and river 

velocity (either observed or simulated in a calibrated open water model) to produce a 

volumetric flow rate of ice. By comparing volumetric flow rates at different locations, the 

relative contribution of ice-generating reaches can be deduced. 

3.3.2.1.2 Satellite Imagery 

The Canadian Ice Service is a good source of data for the monitoring of ice in Canadian 

seas, lakes and rivers. While the focus of this service is on navigable waters, it also includes 

information on some adjacent or nearby parts of non-navigable rivers. 
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- Maps of ice concentrations are available at no charge. These maps present the 30-year 

median of ice concentration for every week during the winter. They can be used to 

measure the ice front progression rate. 

-  Weekly ice charts can be downloaded at no charge. These charts form the base of the 

30-year median maps and present detailed information about the type of ice. 

- Dates of freeze-up and break-up based on a 30-year median. 

- Radar imagery (RADARSAT-1) can be acquired to provide accurate and temporally 

specific data. Such data can be purchased, with the costs depending on the size, 

resolution and temporal period required.  

Other satellites exist for ice propagation studies such as GOES (Geostationary Operational 

Environmental Satellites), Landsat II, NOAA polar-orbiting satellites and SPOT (Système 

Pour l’Observation de la Terre). The table below presents the resolutions of each one. 

 

Satellite Spatial Resolution 

Temporal Resolution 

(interval between 

successive images) 

Radarsat-1 100m 1-2 days 

GOES 1km 30min 

Landsat II 40-80m 18 days 

NOAA 1km N/A 

SPOT 10-20m 3 days 

Table 3-2 Satellite imagery resolutions 

The main criteria for selecting one of the sources is its spatial resolution. As river ice requires 

a better resolution than sea ice monitoring, the recommended sources of satellite data are 

Radarsat-1, Landsat and SPOT.  

The advantage of radar satellite imaging over other types is that it is not affected by 

conditions such as weather, cloud cover, and darkness. Radar satellites are active sensors in 

that they transmit a signal to the earth’s surface and record the energy reflected back to the 

sensor, known as backscatter. Using radar it is possible to distinguish between different types 

of surface such as open water, smooth ice, and rough ice (such as that found with an ice 

jam).    

Satellite image interpretation may require processes such as geometric correction, image 

enhancement, and the use of processing algorithms to classify observed features. “Ground 

truthing” of satellite imagery is recommended at the initial stage of any observation program 
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(i.e. comparison of imagery with observations made at site on the same date), to ensure 

correct image interpretation.  

Benefits of satellite imaging over traditional observation methods include reliability and cost-

efficiency for more frequent and greater extent of observation, especially for ice conditions on 

long, remote rivers. Images may be generated at a specified frequency (for example every 

few days) for the duration of the ice season. 

3.3.2.1.3 Temperature Measurements 

As the ice regime on a river is mainly driven by the interaction of temperatures and flows 

along with the physiographic characteristics of the river, a monitoring of temperature is 

required to complete the survey. Regarding air temperature, local weather stations (such as 

Environment Canada) can be used where such stations are available. If no station is 

available within 100-200km, then an interpolation of temperature between two stations can be 

performed. Water temperature should also be monitored as it is generally an input for heat 

exchange calculations used in ice models. 

Accuracy to the nearest degree is generally all that is needed for air temperature. More 

precise measurements may be required for water temperature when estimates of frazil ice 

production are needed, given that frazil ice is formed when water supercools below the 

freezing point by only a few hundredths of a degree. A typical installation to continuously 

record water temperature would involve a thermistor unit anchored to the river bottom, with a 

buoy to position the unit in the water column, and an armoured tether run to the shore to 

facilitate retrieval of the unit for data download.  Certain units can be equipped with a 

communication cable for data download at-site, but such cables are prone to damage and 

loss by moving ice. Thermistor units should be deployed before the ice season to ensure 

successful installation and to ensure that the freezeup is recorded. Deployment locations 

should have well-mixed flow to allow for the best estimate of average water temperature in 

the water column, and should avoid locations where ice could damage the unit, result in 

equipment loss or make retrieval difficult. 

In order to characterize the severity of winters in terms of river ice formation, the Degree 

Days of Freezing (DDF) should be derived from atmospheric temperature data. The DDF is 

an indicator of the temperature and number of days when the daily average temperature is 

below 0°C. For example, one day of -10°C average temperature corresponds to DDF=10. A 

positive DDF indicates value below the freezing point and negative DDF indicates warmer 

days with temperatures above 0°C. The cumulative DDF for the entire ice season from 

freezing to thawing is the parameter commonly used in ice studies. As field surveys are 

generally costly, these are limited to one or two years, the DDF will thus serve to characterize 

the harshness of these years as compared to long term average winter data.  

The DDF curve (cumulative DDF vs time) can also be correlated to records such as historical 

ice observations and water levels, and be used to predict when events such as freeze-up and 

heavy ice generation will occur. For example, the start of freeze-up may be associated with 

the first occurrence of a certain number of consecutive days of freezing temperatures. A 
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portion of the DDF curve with a steep slope may signify a rapid increase in frazil ice 

generation.  

 

Figure 3-13 M    f C     ’                (E      m    C     ) 

3.3.2.1.4 Stage and Velocity 

Finally, as is the case for open water conditions, velocity and water level measurements 

should be continued at different points in the studied reach as presented in section 2.4.1. 

Pressure transducers are routinely used to make precise measurements of stage and can be 

installed in a variety of situations. Units equipped with an orifice line sometimes experience 

displacement of the line due to ice movement, or clogging with slush, ice or sediment, 

causing the readings to be in error. Alternatively a device can be placed directly on the river 

bottom, although this also has risks where the unit itself could become frozen in anchor ice or 

get severed from the bank and lost. 
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3.3.2.2 Modeling  

3.3.2.2.1 Description 

As is the case for hydrodynamic models, several models exist to simulate ice processes in 

rivers. Some of the models presented in Section 2.4.2 include modules for calculating flows 

under ice covers. However, these models generally don’t allow a proper simulation of all river 

ice processes, such as frazil production, ice cover propagation and ice jam location 

estimation. 

Depending on the stage of the feasibility study, a 1-dimensional (Stage 2A) or 2-dimensional 

(Stage 2B) model can be used. It has to be noted that 1-D models are more suitable to 

characterize ice processes along an entire river. By comparison, 2-D models have economic 

and computational limitations due to the high computer capacity requirements of such 

calculations. These models are thus more suitable for smaller, specific reaches. 

The selection of a model should be based on the precision required (1D vs 2D). It is important 

to note that the formation and hydraulics of ice in rivers is a complex phenomenon and these 

models thus have a higher associated uncertainty as compared to open water models. Before 

selecting one that is appropriate, it has to be tested, calibrated and compared to actual 

measurements.  

The following is a list and a description of relevant models that are commercially available: 

- Comprehensive River Ice Simulation System Project (CRISSP) 1-D and 2-D from CEATI 

International: The CRISSP models simulate the different processes that occur in rivers in 

winter conditions including, evolution of water temperature, frazil ice production, ice cover 

formation and hydraulics, ice jam and anchor ice locations and break up processes, 

(http://www.ceati.com/publication-details?publicationid=5874) 

- Mike-Ice, from a partnership between Hydro-Québec, LaSalle Consulting and the Danish 

Hydraulic Institute: This model is an add-in module of Mike 11 software, a 1-D 

hydrodynamic software. 

- River 2D, public domain software developed by the University of Alberta: 2-D depth 

averaged model that allows simulations of water cooling/supercooling, border ice 

formation, frazil production, transport and rise, surface ice transport, bridging and frontal 

progression. 

Other models exist that are not commercially available, such as ICESIM/ICEDYN (Hatch 

Acres) or ICEPRO (KGS Group). 

The main outputs from such models are: 

- Prediction of the ice processes observed in the studied reach (frazil, ice jam, ice cover 

progression, hanging dam etc.) and 

- The hydraulics associated with these ice processes (stage increase and velocity 

distribution under ice-covered rivers). 

http://www.ceati.com/publication-details?publicationid=5874
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3.3.2.2.2 Methodology 

As for all river models, the numerical ice models need to be calibrated against field 

observations. Such models need first to be calibrated for open water conditions as was 

presented in Section 2.4.2. Once appropriate open-water model parameters are obtained, 

relevant information from the winter site survey should be used as input for winter calibration. 

Data typically used for the calibration of the ice model includes the location of bridging and 

thermal ice covers, water levels, ice front progression details, ice thickness measurements 

and meteorological inputs. It is thus important to perform a well monitored field survey prior to 

modeling the ice processes. 

The general ice-modeling process is summarized below (Malenchak, 2011): 

1) Perform ice-specific site survey; 

2) Calibration and verification of hydrodynamic components (in open water conditions); 

3) Calibration and verification of thermodynamic and ice dynamic component; 

4) Carry out scenario simulations; 

5) Analyze the obtained results. 

Generally, the main inputs into an ice dynamics model are the river geometry, discharge 

and/or water level at boundary conditions, incoming water temperature, air temperature and 

ice parameters. The ice parameters will be the ones to be adjusted to calibrate the model. 

The water temperature, although available during the monitoring campaign, is not always 

available during the entire long term timeline or is only available at a certain location which is 

not the reach of interest. In these cases, heat exchange models can be used to determine the 

water temperature profile along the river based on historical air temperatures. In certain 

conditions, these models can help determine the 0degC-isotherm where supercooling occurs, 

allowing detection of areas susceptible of producing active frazil. 

Calibration is thus an iterative process until the model output described above matches the 

results of the field survey. 

After calibration is performed it is then possible to model the relevant observed conditions in 

the river for the possible range of winter conditions. It is recommended to model extreme 

winters (particularly warm or cold) but also to include mid-range ones with a view to obtain a 

complete picture of all possible ice conditions in the studied reach. 

Some examples of modeling results are shown in Figure 3-14.  
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Figure 3-14 Example of Ice Modeling on the Nelson River (Malenchak, 2011) 

 

Zones where possible frazil ice production, hanging dam, ice jam or anchor ice might occur 

should be designated as avoidance zones for hydrokinetic devices as the potential for 

damage is high. 

The velocity distribution during the winter should be combined with the summer distribution 

from other models in order to finalize the selection of the reaches that will respect all criteria 

required for hydrokinetic device implementation. 

In the late feasibility stage, after a specific reach has been selected, a 3-dimensional model 

or cross-sectional 2-dimensional should be integrated in the simulation in order to obtain a 

proper description of the velocity profile throughout the water column and evaluate the 

possible energy yield. 

3.3.3 Stage 3: Layout Design 

Both for open water and ice conditions,  the layout design is specific to the technology that is 

used. This section thus presents only general guidelines in this regard.. 

The results derived at Stages 1 and 2 will serve to identify the best sections of the river for 

hydrokinetic development, addressing the requirements regarding velocity, depths and ice. In 

regards to ice, it is recommended that the assessment should rely primarily on short term 

field surveys and numerical modeling. It is particularly important to note the uncertainty 

associated with characterizing the type and presence of ice in the selected reach.  

In cold climate rivers, it is thus important to select hydrokinetic devices that are able to 

operate in conditions with potential ice presence. It is expected that such devices will require 

appropriate structural strength and may require the use of special materials to limit ice 



 

 

Marine Renewables Canada - River Current Resource Assessment and Characterization 
FINAL REPORT 

 
 

   

 

 

H344614-0000-05-124-0000, Rev. 0 
Page 46 

  

© Hatch 2014 All rights reserved, including all rights relating to the use of this document or its contents. 

  

accretion on the device components. Other ice mitigation and protection measures may also 

need to be considered, such as heating elements on blades or on other critical components. 

In the presence of ice, device availability may be lower as well. This effect has to be taken 

into consideration in the energy and loss estimates. An additional loss factor also needs to be 

taken into account when a downstream ice jam or other significant ice obstruction (e.g. 

hanging dam) causes a stage increase and thus reduced flow velocities and power output 

from the device.. 

As a general recommendation, device selection and layout design for rivers with ice presence 

should be performed in collaboration with the device manufacturer. Knowing the conditions 

on site, it is expected that the manufacturer will be in the best position to propose the best 

device that suits the given reach. 

 

3.4 Conclusion (Ice Processes and Impacts) 

River ice dynamics are complex phenomena that are not yet fully understood.  Many 

advances have been made in this field in the past years however and some tools and 

methodologies exist. This section (Section 3) presented the main considerations for 

characterizing a river in terms of ice impact on hydrokinetic devices. 

As there is some uncertainty in the available tools and assessment methodologies, rigorous 

site surveys are considered critical for successful  resource assessment. Given the relatively 

high cost of field surveys particular focus should be put on the preparation of the survey 

campaign. The guidelines presented above can thus serve as a planning tool. With a view to 

reducing costs, the approaches recommended for Stage 1 can be used  with a certain degree 

of certainty, to exclude areas which do not need to be covered by the field monitoring 

campaign ( e.g. areas of likely active frazil production).  

Finally, a good knowledge of the dynamics of ice formation and breakup is required to 

efficiently use the available tools and guidelines. Since models are still subject to some 

uncertainty, a thorough analysis of the results is required in order to conclude on the validity 

of the models’ outputs and to lower the risks associated with the hydrokinetic resource 

assessment. 
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4. General Conclusion 

This report presents general guidelines regarding hydrokinetic resource assessment to help 

in the identification and development of hydrokinetic projects and, more broadly, to help 

accelerate the development of standards for such assessments . To address a key issue 

specific to Canadian and other cold climate rivers, a particular focus was placed on the 

problematic of ice and its influence on the available resource. The project development 

process is presented in stages, using  the same terminology  as the IEC 62600-201 draft 

standard for tidal energy resource assessment. This downscaling approach has the 

advantage of optimizing the project development costs since costs are related to the 

uncertainty associated with the successive stages of resource assessment. At the earlier, 

least certain stages,  a low-cost desktop study is considered sufficient to start the assessment 

process. As the need for precision increases, additional investment may be justified to 

perform field surveys and monitoring campaigns. 

Such a calibrated approach is of particular importance in the evaluation of ice conditions, 

since  ice processes are complex phenomena that are not necessarily well predicted by 

numerical models or desktop studies. But these lower cost methods can help improve the 

planning for subsequent field surveys and ice observation campaigns and thus lower the 

costs and risks associated with such work. 

The different stages can be summarized as follows: 

- Stage 1 (Reconnaissance; desktop study level) 

o Desktop study to obtain a velocity and depth profile along a river; 

o Select reaches fulfilling relevant velocity and depth criteria (e.g. higher than 

1.5m/s and 4m, respectively); 

o Identify areas with potential presence of active frazil ice and hanging dams;  

o Estimate the potential of ice jams based on defined river characteristics. 

- Stage 2 (Feasibility) 

o Perform open water and winter site surveys; 

o Calibrate and use numerical hydrodynamic models to characterize ice  

processes; 

o Refine potential location for device placement  (acceptable velocity and depth 

and absence of deterimental ice impacts); 

o Determine the effect of ice cover on the annual velocity distribution. 

- Stage 3 (Layout Design) 

o Select suitable hydrokinetic device(s); 
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o Optimize  device location and, for multiple devices, optimize layout based on 

wake effects; 

o Estimate energy production, losses and associated uncertainty. 

The methodology can be summarized in Figure 4-1 below, which presents the suggested 

process for hydrokinetic resource assessment. 

This report also presents the results of research that was done to develop a number of 

simplified approaches and tools that can be used at the desktop level of analysis at the 

reconnaissance stage (Stage 1) to give a first indication of velocities, depths and ice 

considerations. It is important to note however that as indicated in the relevant sections, 

some of these methods are preliminary and require further development and validation 

against field observations and measurements. Particularly high uncertainty is associated with 

the desktop methods for identifying and characterizing ice impacts. This reflects the fact that 

river ice dynamics are complex phenomena that are not yet fully understood. In regard to ice 

therefore, it is recommended that the resource assessment should rely primarily on field 

surveys and numerical modeling. The desktop methods presented here can be used as 

planning tools, to plan and optimize the ice field survey programs.  

It is noted that the staged approach described above and in Figure 4-1 focuses on the 

selection of the best reaches in terms of hydrokinetic potential. This selection however has to 

be confirmed by and integrated with an economic analysis of the project as a whole, taking 

into account all other relevant siting criteria (e.g. site access, environmental impact, 

regulations, proximity to roads and power lines, constructability, etc.). 

Finally, a number of opportunities for further research and investigation have been identified 

as part of this project and these are summarized below: 

 Further validation of using the Froude number as a simplified quantitative approach 

for identifying areas of frazil production, underturning vs. juxtaposition of ice floes and 

the formation of hanging dams; 

 Validation of the use of numerical models to predict and assess ice impacts; 

 Investigation of available satellite imagery / data that may be helpful for hydrokinetic 

assessments; 

 Further development of field survey and monitoring methods / tools specifically for 

hydrokinetic assessments in cold climatesEstimate energy losses due to ice (e.g. ice 

cover causing changes in cross sectional velocity, stage increases due to ice jams or 

hanging dams, frazil adhesion on the device, etc.); 

 Investigate potential mitigation measures, if any, to prevent losses due to ice (on the 

channel or on the device); 

 Evaluate the impact of debris such as aquatic plants or floating debris. 
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Figure 4-1 Hydrokinetic Resource Assessment General Process 
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Appendix A Validation of  the Reconnaissance Stage 
Methodology 

A Case Study: the Lower Nelson River 

In order to validate the reconnaissance methodology presented above, the method was 

applied to a real case and compared to a one-dimensional model. Results were compared 

and an analysis was performed to determine which parameters induce most of the error. 

The Nelson River, located in northern Manitoba is well monitored with several WSC stations 

along its curse. The relevant data as well as a 1-dimensional model has been made available 

by Manitoba Hydro so a comparison can be performed. The model used in this regard is 

HEC-RAS. It has been calibrated and contains the detailed bathymetry of a specific reach. It 

is thus this river section that will be investigated with the proposed methodology. 

 

The methodology presented above requires, if possible, that the discharge is to be estimated 

by interpolation between two measuring stations. In this case, the studied reach is not located 

between such stations and the second approach is thus used which consist in estimating a 

specific discharge. This parameter is  defined in (kg/m
3
)/km

2
. Knowing the drainage area at 

the closest hydrological station and at the Nelson River mouth, it is possible to interpolate it 

over the studied reach. This discharge will then be used as input in both the simplified 

approach and the HEC-RAS model. 

River widths were measured from Google Earth’s satellite images. The slope of the Nelson 

River slope was evaluated based on elevation data from the Digital Surface Model (DSM) 

dataset from NRCan at a 1:50000 scale. For comparison purposes, slopes were also 

calculated using the Digital Elevation Model (DEM) data from the National Topographic 

Database (NTDB) at the same scale. 

The resolution (separation between two river sections) of the manual calculation has to be 

selected properly. If the topographical data are of poor precision, a too fine resolution 

wouldn’t necessarily catch the elevation differences between two sections, resulting in a zero 

elevation gradient. A too coarse separation distance between two sections wouldn’t catch the 

main geometrical changes of the river (e.g. abrupt reduction in river width or depth change). 

In this case, as the studied reach is in the lower part of the river with lower elevation 

gradients, a relatively coarse resolution had to be chosen to catch the elevation changes: 

1km was selected. The bathymetry used as an input in the HEC-RAS model was input with a 

100 to 200m resolution. Figure A1 below presents a comparison of the estimated elevation 

profiles, based on both the DSM and DEM datasets, to those from the surveyed bathymetry. 

This figure illustrate the better quality of the DSM data and its good agreement with the actual 

bathymetry data. 
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Figure A1 Nelson River Elevation Profile 

 

 

Figure A2 below shows a comparison of the river widths. For both models, the widths are in 

good agreement. 
 

 

 
Figure A2: Width comparison between HEC-RAS and proposed method 

 



 

 

Marine Renewables Canada - River Current Resource Assessment and Characterization 
FINAL REPORT 

 
 

   

 

 

H344614-0000-05-124-0000, Rev. 0 
Page 53 

  

© Hatch 2014 All rights reserved, including all rights relating to the use of this document or its contents. 

  

The proposed methodology uses a trapezoidal shape for the river cross sections. Figure A3 

below shows the real shape for different position along the river. As these are generally 

different from the simplified shape, the effect on site selection was investigated. 

 

 

 

Figure A3: Example of cross section of the Nelson River 

 

Finally, in the simplified methodology, a constant Manning coefficient of 0.025 was estimated. 

For the HEC-RAS model, site surveys were performed and a Manning coefficient varying 

between 0.025 and 0.045 was used. 

 

Comparative Analysis of Results 

Primary  selection criteria for potential development includes the depth and velocity. These 

results are thus derived using both calculation methods (Figure A4 and A5). 
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Figure A4: Velocity Comparison with Free Topographical Data 

 

 

 
Figure A5: Depth Comparison with Free Topographical Data 

 

This comparison shows that the model and the results from the proposed methodology are 

not always in agreement. It has to be noted that regarding the depth, the HEC-RAS model 
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presents only the depth of the thalweg, so it is not necessarily representative of the average 

depth as per the simplified methodology. That is also why the HEC-RAS depth value is 

generally higher than the estimated one.  

 

Despite the differences, the primary aim of the reconnaissance methodology is not to quantify 

the extractable energy but rather to identify reaches for further assessment and development. 

Based on the selection criteria presented in section (4m minimum depth and 1.5m/s minimum 

velocity) and the results of the reconnaissance methodology potential reaches were selected. 

These are presented below. The column “Confirmed by model” indicates if the model also 

confirmed that a given reach respects the depth and velocity criteria within an acceptable 

distance range. 
 

 

Distance from 
Long Spruce GS 

(km) 
Depth (m) 

Velocity 
(m/s) 

River width 
(m) 

Confirmed by 
model ?  

30 4.6 2.15 450 not confirmed 

56 4.2 1.61 660 confirmed 

92 9.2 1.77 280 not confirmed 

93 6.4 2.13 330 not confirmed 

96 7.7 1.58 370 not confirmed 

97 5.0 2.05 440 not confirmed 

98 5.2 2.34 370 not confirmed 

99 6.2 2.22 330 not confirmed 

100 6.5 1.62 430 not confirmed 

101 7.3 1.89 330 confirmed 

103 4.7 2.16 450 confirmed 

104 5.1 2.07 430 confirmed 

105 5.5 1.92 430 confirmed 

106 7.0 1.48 440 confirmed 

Table A1: Selection of the Best River Sections 

 

Based on the results presented above, the 1-D model confirms that 6 out of 14 reaches 

(43%) are of interest for further development.  
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Discussion 

The main parameters (inputs) in the proposed methodology are the river discharge, river 

width, elevation profile, Manning coefficient and cross sectional shape. Among these 

parameters, and based on the geometry presented in Section 2.2, the elevation profile (or 

slopes), the shape of the river cross section and the Manning coefficient are the most 

uncertain. Indeed, the discharges used in both approaches are the same as they correspond 

to inputs in the model. In addition, the previous section confirmed the good agreement in the 

river widths. The following sub-sections discuss the sensitivity of the results to each 

parameter. 

 

 

River Shape Validation 

To validate the trapezoidal river shape assumption, a test case was performed by using the 

slopes and Manning coefficients derived from the bathymetry information and field surveys. 

This information served as an input in the proposed methodology. 

The results are presented in figures A6 and A7. 

 

 
 

Figure A6: Velocity Comparison with Bathymetry Data and Surveyed Manning Coefficient 
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Figure A7: Depth Comparison with Bathymetry Data and Surveyed Manning Coefficient 
 

 

Both of these graphs show very good agreement between the estimates of the proposed 

methodology and the results from the 1-D model. It can thus be concluded that the 

assumption of a trapezoidal shape is appropriate and that most errors come from the 

determination of the slope and Manning coefficient.  

 

The same test as described in Section 2.3.2 was performed to see if both the estimated 

methodology and the HEC-RAS model would confirm that specific reaches comply with depth 

and velocity criteria (4m;1.5m/s) . With the precise slopes and Manning coefficient, 85% of 

the selected reaches were confirmed to be appropriate by the model. 
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Effects of Manning coefficient and slope 

The next test case considers the slope derived from the bathymetry only and using the 

preliminary estimated Manning coefficient (0.025). 
 

 

 

 
Figure A8: Depth Comparison with Bathymetry Data Only 

 

When using this assumption, the velocity distribution along the river shows the same pattern. 

However, it appears to be slightly overestimated as compared to the model.  

It can thus be concluded that the effect of a change in the Manning coefficient only tends to 

increase or decrease the velocity but doesn’t change the velocity pattern within the studied 

reach. Regarding the initial scope of the proposed method, this has little effect on selecting a 

proper reach as compared to others.  

It is therefore the slope determination that seems to have the main impact on the resource 

assessment in the reconnaissance stage since a proper slope results in a good match of the 

velocity distribution between the simplified method  and the 1-D model. It can also be 

assumed that the uncertainty related to the simplified methodology can be considered higher 

in areas with lower elevation changes (unless high resolution topographical data are 

available).  

 

Finally, based on the results of the analysis presented in this section, under certain 

circumstances the simplified method is appropriate to select potential reaches for further 

study. As the method is highly sensitive to slope estimates, the use of appropriate higher 

quality topographical data is recommended.  
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Appendix B Reynolds and Froude  Numbers Criteria for 
Frazil Production 

 

Unduche and Doering (Unduche & Doering, 2007) performed an experimental study aiming at 

correlating frazil occurrences with non-dimensional numbers (Froude and Reynolds) and 

shear velocity. The main results derived from this study is that an increase in bed roughness 

and water velocity, increases the probability of producing active frazil ice. The results of the 

correlations are however specific to the laboratory environment with only a certain number of 

cases investigated. To obtain a more realistic approach for river resource assessment, 

relationships have to be derived to account for the scale of a river. 

The Lower Nelson River that was presented in section 2.3 was used to derive appropriate 

criteria for frazil production locations. In this regard, several parameters are introduced. 

The shear stress velocity u* is used to characterize the shear within a boundary layer. Thus, 

turbulent flows will generally have high shear velocity. According to Carter et al. (Unduche & 

Doering, 2007) u* can be defined as: 

     
 

 
 

Where f is a friction factor and U is the depth average flow velocity. According to Idelchik 

(Unduche & Doering, 2007), an explicit approximation for f can be written as: 

          
  
  

 
   

  
 
    

 

Where Re is the Reynolds number given by       and R is the hydraulic radius.    is the 

representative roughness height given by         (          for sand and gravel 

material.     is the average diameter of the river bed bottom components. 

Turbulence can also be characterized by a non-dimensional number, the shear stress 

Reynolds number defined by: 

    
    
 

 

In addition, a widely used non-dimensional number for flow characterization is the Froude 

number defined by: 

   
 

   
 

Where h is the depth of flow and g the gravitational acceleration. 

Turbulence in rivers is generally characterized by the river bed composition and its proximity 

to the surface. However, a combination of rough river bed and low depth is not necessarily 

sufficient to generate high turbulence and the information about velocity is important and 
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useful in this regard. The definition of the Froude number implies the water velocity and the 

proximity to the surface (depth). It would thus be interesting to investigate a relationship 

between these two non-dimensional parameters. Figure B1 below present the shear 

Reynolds relative to the Froude number for the studied section of the Nelson River. 

 

 

Figure B1: Reynolds and Froude Number correlation 

A linear fit is obtained with a good correlation coefficient of R
2
=0.93. 

As a consequence, for this particular case, the Froude number can be a good estimator of the 

likelihood of a river section creating frazil as it increases with Re* which is characteristic of 

the turbulence. It has the advantage of being easy to calculate as compared to the Reynolds 

stress for which river characteristics are required and empirical equations are used. 

Figure B2 presents the Froude variations along the studied reach. 
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Figure B2: Froude Number distribution along the Nelson River 

The two highest peak at KM25 and KM37 correspond to zones of rapids identified by 

Manitoba Hydro to produce frazil. The third highest peak at KM50 is not identified, however, 

particular attention should be put on this section if it correspond to a potential location for 

hydrokinetic development. 
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Appendix C Criteria for Hanging Dam Reconnaissance 

Hanging dams are likely to occur in a slow velocity section near to and downstream of a frazil 

producing area. As frazil production areas are generally located in high velocity or turbulent 

areas, this suggests that hanging dams may be found in areas where the gradient of velocity 

or Froude number is a large negative value. Since the velocity is generally not sufficient to 

characterize an area in terms of its likelihood of producing frazil, it is expected that the Froude 

number should be a better indicator. 

The Froude gradient between two river sections is thus defined by : 

     
         
       

 

X, being the distance from a reference point. 

Such value was derived for the known section of the Nelson river and the following graph is 

obtained (Figure C1): 

 

Figure C1: Froude gradient along the Nelson River 

Two negative peaks are obtained at KM26 and KM39. According to the river ice description 

provided by Manitoba Hydro and to the report from Malenchak (Malenchak, 2011), hanging 

dams have been observed at these sections, which supports the theory presented above. 

However, because of the scarcity of information regarding the presence of hanging dams in 

the Nelson and other rivers, this validation is not considered adequate to recommend this 

method for river assessments. Additional validation on a good sampling of rivers is required. 


