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Abstract—River Current Turbines are electromechanical en- marine current energy and more dominantly wind energy can
ergy converters that convert kinetic energy of river water into pe considered valuable in developing an understanding of
other usable forms of energy. Over the last few decades, a number River Current Turbine systems. Hydrokinetic turbines work

of reports on technical and economic feasibility of this technology tv th inciol th | h
have emerged. However, the potentials of this technology as anON exactly the same principle as these converters, where

effective source of alternative energy has not yet been explored Kinetic energy of the streaming fluid is utilized to rotate an
to a great extent. The underlying challenges of system design, electromechanical energy converter and subsequently generate

operation and economics also lack proper understanding. In electricity. The governing equation in such energy conversion
this article, starting with a definition of the River Current ;

Turbines, an overview of the technological advancements in 1 3

the relevant field is provided. From a system engineering per- P = §pAV Cp @
spective, various merits and prospects of this technology along . . )

with pertinent challenges are discussed. The cross-disciplinary Where, P is the power extracted by the turbing{, p is the
nature of approaching these challenges with an emphasis ondensity of water 1000 kg/m3), A is the area of the rotor
the need for contributions from electrical engineering domain plades (2), V is the velocity {n/s), and C, is the power

are also outlined in brief. This art_lcle may serve as a coherent coefficient, a measure of the efficiency of the turbine.
literature survey or technology review that would provide better A brief - f wind d i t turbi
understanding of the subjacent issues and possibly rejuvenate ner comparison of wind and river current turbines

research interest in this immensely potential field of energy Provides a better insight into the energy capacities of these
engineering. systems (Fig.1). Comparison of the energy density:.2), of
two turbines from both categories reveals that equal amount of
. INTRODUCTION power output requires approximately one-tenth of water flow
A River Current Turbine (RCT) could be defined as aAwing to its higher density (assuming a free-rotor system with
electromechanical energy converter that harnesses kinetic €p-= 0.35).
ergy of river water. Radkey and Hibbs [1] defined river
current turbines as ‘Low pressure run-of-the-river ultra-low-

head turbine that will operate on the equivalent of less than 0.2 & w00
m of head’. Conventional large or small hydroelectric systems %600’
use reservoirs and penstocks to create an artificial water head z
and extract the potential energy of downwardly falling water S *
through suitable turbomachinery. In contrast, a River Current % 200 ‘ ‘ ‘ ‘
Turbine, which could be built as a free-rotor or a channel = o 2 46 8 T VR T
augmented turbine system may provide an effective alternative Wind Speed (m's)
mean for generating power. Such systems would potentially g *
require little or no civil work, cause less environmental impact, § o0t
and may possess significant economic value. Z
The term River Current Turbine (RCT) is interchangeable ;i_’ 200
with other similar technologies found in the literature. Terms % : ‘ : ‘ ‘ ‘
such as Water Current Turbine (WCT) [2], Ultra-low-head Hy- =~ 02 04 06 08 1 12 4 16
Water Speed (m/s)

dro Turbine [1], Hydrokinetic Turbine [3], Free Flow/Stream
Turbine (implying use of no dam, reservoir or augmentation)  Fig. 1. Power density of wind turbine and hydrokinetic turbine
[3], Zero Head Hydro Turbine [2], [4], are common and
employ the same underlying principle of operation. In this Wind turbines are usually designed to operate with rated
article, the term River Current Turbine (RCT) will be usedvind speed ofl0 — 12 m/s. On the contrary, River Current
extensively, occasionally using other terms. Turbines could be built with water velocities ©f0 — 1.5 m/s

The study of several sister technologies such as, tidal energy,even higher depending on site resources. This indicates



higher energy capacity of a river turbine compared to an equ&ervices [10], Marlec Engineering Co. Ltd. [9], [11], and
sized wind energy converter. Unlike wind turbines, augment@ADDET Center for Renewable Energy [12].

tion channels could be placed around a free-rotor with relativeResearch results on similar inclined axis turbines have
ease, which would elevate the total volumetric water flow arimben reported in [13], [14]. In these works, the feasibility
subsequent power output. Although sound in theory, practia#l utilizing river energy in Bangladesh were studied, and
implementation and performance analysis toward designingyeeat details and conclusions were drawn in favor of such
cost-effective system and displaying its effectiveness is subjéethnologies. The effects of varying blade pitch and shaft
to indepth investigation, research and entrepreneurial venturelination angle were also studied and an average mechanical
To date, most investigations have been carried out with regagbtem efficiency 080% was reported.

to mechanical design of turbine rotors and the like. Literature
relating electrical interfaces, especially in the public domain, is
almost non-existent. The purpose of this article is to organize
the available literature, give insight into the challenges and
possibly rejuvenate discussions in this promising field.

Il. SURVEY OF TECHNOLOGICAL PROGRESS

A brief historical perspective of hydropower utilization
would facilitate a chronology of advent and progress of River
Current Turbine technologies. Men have utilized the force of
moving river water to their benefit for centuries. During the
3500 BC, boats were the principle means of transportation in
the Tigris and the Euphrates Rivers for commerce between far-
flung regions. The Mesopotamian civilization relied heavily
on such methods of transportation. These vehicles relied on
the energy in moving water to provide motion [5]. During
the periOd of500 — 900 AD, different variants of undershot Fig. 2. Axial flow water turbines (a) Inclined axis (b) Float mooring (c)
water wheels began to appear in various parts of the worklgid mooring
Irrigation for agriculture, milling of food grains, and supply
of fresh water depended greatly on such machines [6]. AsAnother Australian design (Alternative Way, Nimbin, Aus-
the modern civilization realized the great need and bendfidlia) known asTyson Turbineconsisted of a horizontal
of electrical power, hydroelectricity started to play a majoaxis rotor with a submerge®0° transmission mechanism
role in power generation during the mid- nineteenth centutpat powers a generator fitted on a pontoon [15](similar to
Subsequently, small to large-scale plants consisting of darRfg. 2(b)). A Belgian concept (Rutten Company, Herstal,
reservoirs and turbomachinery started to appear all around Belgium) containing a twin tubular pontoon with floating
world [7]. Although economic success geared the installatitarbine and a straight bladed waterwheel was tested in Zaire,
of hundreds of large hydroelectric systems, bio-adversity aAdrica [16](Fig. 3(a)). Information on several similar designs
inauspicious ecological impacts have been an ever-impedingh horizontal and vertical axis rotors that were tested in
issue. the Amazon regions of Brazil could be found in [3]. This

Based on the available formal literature, the very firseport emphasizes the success and robustness of the tested
example of River Current Turbine that was developed amydrokinetic turbine system for use in remote locations. The
field tested is attributed to Peter Garman [2], [8], [9]. Ameed for protection mechanisms against debris and severe con-
initiative by the Intermediate Technology Development Grouglitions has also been outlined. However, technical information
(ITDG) in 1978 resulted in the so-calle@arman Turbine on these designs and their performance is not available.
specifically meant for water pumping and irrigation. Within A substantial work carried out by Environment Inc. under
a period of four years, a total of nine prototypes were builhe U.S. Department of Energy’s ultra-low-head hydro energy
and tested in Juba, Sudan on the White Nile totaliigh00 program during the earl§0s is reported in [1]. In this project,
running hours. Experience gained during this venture indicatad assessment of river resources in various rivers in the United
favorable technical and economical outcome. Initial desig&tates was extended for cost analysis and experimentation of
had a floating pontoon with completely submerged verticaler turbines. A free rotorlc kW at3.87 m/s, 3.05 m dia.)
axis turbine, moored to a post on the bank. Later desigasd a duct augmente®( kKW at 2.13 m/s, 3.05 m dia.)
consisted of an inclined horizontal axis turbine with almodtirbine with submerged horizontal axis rigid pontoon config-
similar floatation and mooring system (Fig. 2(a)). Detailedration (Fig. 2(c)) were studied and experiments were carried
investigation on a low cost water pumping unit indica®d out with a smaller unit. With different duct geometries, power
overall efficiency and concluded with emphasis on societabefficients from0.66 to 1.69 were achieved, which is well
and cost issues [2]. More recent commercial ventures resudeyond the theoretical Betz limit and hence, very encouraging
ing from this work are being pursued by Thropton Energfyom performance point of view. This venture concludes that

() ()



river turbines can be cost effective when placed in resourcefidte six prototypes including model names such as: 20 kW
sites. The addition of an augmentation channel would increaB#, 100 kW B2, 4 kW VEGA, and 5 kW TOR5 were field

the energy vyield at the price of higher technical risk. Howevegested and results were considered as encouraging. The use of
details of the electromechanical energy conversion were raatgmentation devices (namelydal Fencé was proposed and
discussed and no active control method was incorporated. experiments had indicated nead§% system efficiency.

Technological advancement in tidal energy conversion,
which employs the same principle as river turbines, is rather
mature. RCTs are being proposed as small power units with
floating structures that can be easily placed in a river channel.
In contrast, tidal turbines are generally larger in size, rigidly
moored, and operate under periodic tide motion. Nevertheless,
information on tidal energy systems is extremely valuable in
understanding the river turbine technology.

In the commercial domain, various river/tidal energy con-
verters have been emerging since the eéflg. UEK Cor-
poration in the United states have been developing diffuser
augmented solid pontoon river/tidal turbines under the brand
name ofUnderwater Electric Kitg17], [18]. One of the most
significant success stories of tidal energy conversion comes
from the Marine Current Turbines Ltd.'s (MCT) field test in
the coast of Devon, Southwest England [19], [20]. Their design
consists of a300 kW, twin bladed pitch actuated system.
Newer designs with two turbines on the same tower are being
proposed by MCT. SMD Hydrovision in England has also © (d) ©
successfully tested their twin turbine model namBAEL g 3 cross flow turbines (a) In-plane (b) H-Darrieus (c) Darrieus (d)
with a1 : 10 scale unit at the New and Renewable Energgavonious (e) Helical
Centre (NaREC) in Blyth, UK [21]. This employs a floating
structure moored to a fixed support. A Norwegian design by Alternative Hydro Solutions Ltd. in Ontario [33] has
Hammerfest Strom with design similar to MCT turbines hamcently developed vertical axis turbines specifically meant for
also been tested and attempts for commercialization areriver applications. Attempts on designing variable pitch verti-
progress [22]. Manufacturers such as, HydrVenturi [23], aral turbines, namelycycloidal turbineshave been reported
Lunar Energy Limited [24] have been attempting underwatby Verdant Power LLC. [25] and Environmental Turbine
tidal converters with augmentation mechanisms. Verdantpowiachnology development (ETTE Elektro, Norway) [34].

LLC. in the U.S. [25] and J. A. Consultant [26] in the Public domain literature on vertical axis hydrokinetic tur-
U.K. have designed smaller units of submerged propelleine design is numbered. Nevertheless, recent publications
type turbines. Innovative designs named as Stingray (by Thave indicated greater interest in this field, especially for
Engineering Business Limited [27]) and Sea Snail (by Robditlal energy applications. A report on diffuser augmented
Gordon University [28]) have also gained significant publigertical axis H-Darrieus turbine found in [35] indicat&s%
attention. Most of these designs are patented technologégficiency. In conclusion to this work, promises of ducted water
meant for large scale tidal energy conversion. Design and pewrent systems have been boosted and further investigation
formance data of these systems and information on usabilityas encouraged.

as river turbines is not available in the public domain. A substantive series of works on Darrieus type turbine

A valuable piece of literature on controller synthesis andesign and their performances is done by K#éto al. at the
maximum power extraction of a small propeller type tidaNihon University, Japan [36]-[40]. Comparison of H-Darrieus
turbine is found in [29]. In this work, Tip Speed Ratio (TSR}urbines against Savonius configuration can be found in [37],
of a turbine is assessed and a PID type controller was ug88]. Although the latter type can run on lower TSR and hence
to control a dump load and achie maximum power outplgelf-start, Darrieus turbines were observed to be of higher
A power coefficient betweer20 — 30% has been reported efficiency. In [36], [38], report of & £V A turbine with overall
and further investigation of blade pitching mechanism wasstem efficiency 055% could be found. A very good analysis
proposed. of Darrieus turbine design, torque ripple and insight into the

Apart from the axial flow turbines surveyed in the abovstarting torque problem can also be found in [39], [40]. The
section, cross flow turbines (Fig. 3) have also shown goedfect on system performance due to varying solidity, number
promise. Perhaps the most detailed design, testing and ehblades and blade inclination angle were also studied as part
trepreneurial efforts toward realizing vertical axis turbines farf this investigation.
tidal energy conversion was carried out by Barry Davis andIn [41] an analysis of direct drive permanent magnet
his business concern Blue Energy Canada Inc. [30]-[32]. §enerators for use in underwater turbines is presented. Fluid




dynamic analysis and discussions on design of variable pitslorld have a river in their proximity providing a source of
H-Darrieus turbines can be found in [42], [43]. fresh water, food and transportation. Many developing coun-
A recent design by Alexander M. Gorlov developed at thigies are crisscrossed with rivers carrying significant volume
Northeastern University, Boston, U.S.A has gained significaot water round the year. An effective and low-cost mechanism
attention for both river and tidal applications. The so-callefr harnessing energy from the flowing river may revolutionize
Gorlov Helical Turbine, GHTemploys twisted blades with the scenario of rural power generation.
helical curvature. Better modularity, scalability and economics A brief look at the world atlas reveals an interesting correla-
have been claimed in favor of this design [4], [44]-[46]. tion between population, need for electrification, poverty and
Various other methods of harnessing energy from moviniyer distribution [57]. This match is more dominant in Asia,
water stream have been emerging in recent times. Flori@antral Africa and South America. A detailed quantitative
Hydro Ltd. is experimenting with a new concept of operanalysis with global perspective may point to significant socio-
channel turbine [47]. Detailed information on performanceconomic importance of river as a source of energy.
and design of such turbine has not been made public. - .
. . . . . . Impact on environment
searchers at the Mie University, Japan are experimenting with
various hydro turbine concepts such as: Orhotpetre and Gaté" contrast to large or micro hydro turbines, River Current
type turbines [48]. However, results on the tests of theliurbines could be used as distributed systems installed over
design could not be gathered. Methods of energy conversinarge river basin area. Therefore, environmental adversities
by means of piezoelectric materials are being experiment@dributed to the former group are expected to be minimal
at the Ocean Powers Technologies Inc., NJ, USA. Apa{gr the proposed case. However, a thorough investigation on
from some small-scale experiments, this concept has Aefbine usage and its effect on natural flow of the river, impact
been entirely demonstrated [49]. A unique and rather dubio®8 fiver course, ecosystem, and wildlife would only reveal the
concept (known asTransverpell) is being pursued by an frue extent of such assumption.
indivi_dual in_Munich, _Germany [50]_. This concept gmploy%_ Use of available technologies
flapping motion of a single blade, which is coupled with linear

electromechanical devices. A conceptual outline of eIectricig Most ocfj t:ef co(rjnpqne_nts (btlac:)(_e, genetrator, power t?onve:jt_clar
production utilizing salinity gradients at river-sea concours éc.) needed for designing a turbin€ system are mostly readily

is discussed in [51]. Further literature on vertical axis turbinegva'lable' Therefore, product development cycle, costand level

augmentation and zero head hydro propulsion system could?rge:]ecr:nical sophistication are expected to be low for this
found in references [52]-[55]. echnology.

D. Minimal need for civil engineering work

) i River turbines are generally being proposed as modular and
The demand for cheap and environmentally friendly sourge, - power sources placed close to the end user. Subse-

of energy is exp_ected to_in_crea_se signiﬁcantly. U”ited Stat&ﬁently, the need for civil engineering work would be minimal
Energy Information Administration predicts that% in- ., mhared to conventional large and micro hydroelectric sys-

crease in world electricity consumption is expected betwe?é]ﬂsy where the construction of dams and waterway consumes
1999 and 2020 making electricity the fastest-growing energ)éignificant resources

industry [56]. Consequently, advances in various alternative
fields of energy technologies such as, wind, solar, micro-hydie Unidirectional operation and less flow variation

and fuel cell systems have received significant attention inunlike wind energy, river flow is more predictable and
recent years. River Current Turbines, if proven to be a cogfow variation is in the interval of hours or days. Therefore,
effective and viable option, may become a new member in thg need for fast acting control and protection method is
renewable energy family. less stringent. Wind direction sensing and turbine alignment
is a must for wind turbines. In contrast, water flow in a

. . . _ _river is unidirectional and placement of a turbine with fixed
Itis believed that many developing countries such as, Chingientations would suffice most applications.

India, and Brazil will appear as the key drivers behind the
boost in energy demand in future. However, according to tifie Use of channel augmentation
United Nations Development Program (UNDI®(2), over 2 Channel augmentation schemes concentrate the flow of
billion people have zero access to electricity, 1 billion peopRuids around a turbine and permit higher level of energy
adopt mundane power sources (dry cell batteries, candéedraction. Although, sound in principal, applications of such
and kerosene) and 2.5 billion people in developing countrieggvices were not successful in wind turbines owing to many
mainly in rural areas, have marginal access to national elgractical challenges such as, tower-head placement, variable
tricity grid [56]. Such a contrast implies an acute need farientation, weight and size. Channel augmentation in river
suitable energy option for rural areas in the developing worlturbines appears more suitable as it needs no change in
Historically, rivers have played a paramount role in shapirgjrection, could be placed under water and the structure itself
and sustaining civilizations. Most of the populous areas in tineay work as a flotation device.

Ill. PROSPECTS ANDMERITS

A. Rural electrification in developing countries



G. Noise and aesthetics cost, design simplicity, diversity of applications, modularity,

Wind energy, as an emerging technology has been faciﬁﬁalability, material and labor engagement, and availability of
significant societal resistance due to concemns of noise pgft-the-shelf components. Several other factors that may have
lution and aesthetic displeasure. Underwater installation Bfirect impact on the cost are, system reliability (operations
a turbine, away from public places would cause no nois#der regular and severe conditions), societal acceptance (en-
disturbance and have zero visual impact. Unlike large hydy§onmental adversity, policy support and public attitude) and
systems, impact on river navigation, swimming and boating f¥Stem performance (efficiency and controls).

expected to be minimal. C. System Design

H. Diversity of application The optimum design of a River Current Turbine system is
Electricity production would be the foremost choice oft Significant technical challenge. From cost and performance
application for a River Current Turbine. Depending on thBCiNt of view, simple design using off-the-shelf materials is
availability of a power grid, standalone or distributed powef€sirable. An outwardly view of a generic channel augmented
generation schemes could be adopted. These turbines cdtfdl System is shown in Fig 4.
potentially provide several services such as, water pumping
for storage, livestock, human consumption, small industry
and irrigation. In such applications, water pumps could be
employed instead of electrical generators, to facilitate direct
mechanical energy conversion.

Control System
Power Converter
Grid Integration

Gearing
Bearing
Generator

I. Appropriate technology

RCTs can be possibly built, operated and maintained using
local resources and skills. With proper low-tech design and
financing mechanism, such turbines may appear as appropriate
technologies in developing countries.

IV. CHALLENGES

As an emerging alternative source of energy, the challenges
against River Current Turbine technology are immense. Suc-
cess of any such technology does not depend entirely on
one particular index. Rather, an array of technical and non-
technical issues may question its effectiveness. In this section,
a wide and general perspective of such underlying challenges
is put forward. River Current Turbines with vertical axis
configuration are emphasized and electrical power applications
are the primary considerations.

A. Resource Assessment

Perhaps the first and foremost enquiry toward River Current
Turbine technology raises the question: are there enough Fig. 4. River current turbine system sketch
resourceful sites around the world to extract energy in an
economic manner? If such sites were available, what wouldA probable complete unit would require a variety of com-
be the definition of a ‘resourceful site’? This necessitatg®nents such as, rotor, channel augmentation, mounting, flota-
an investigation of macro and micro scale site assessmdiath, mooring, drivetrain, power converter, control instruments
determination of annual energy yield and analysis of rivend protection devices. Selecting an optimum rotor configu-
characteristics. Temporal and spatial flow properties of a riveation amongst a variety of horizontal and vertical axis types
along with analysis of river depth, cross section, transport, nas-a problem by it's own merits. The number of blades, blade
igation and aquatic life is also needed. Global river databagpaterials, design of a proper drivetrain with suitable gearing
are not readily usable for river energy analysis. Thereforand bearing mechanism is also of due interest. Since these

methods of database analysis need to be developed. turbines are exposed to water and run on lower speed, selection
) of an electrical generator from asynchronous, synchronous, dc
B. Economics and brushless dc categories requires indepth understanding of

The subsequent issue, which is also the most dominamuist and performance indices of electric machines. Integrating
factor affecting the success of most energy technologiestliigese parts with the flotation/augmentation mechanism and
the ‘Cost of Energy’. A subset of this index may comprisdesigning a complete system requires structural and reliability
elements such as: capital cost, operations and maintenaacalyses.



D. Control and Operation measures for providing passage for navigation, boating and

For a given system, effective control and operation towapyV'mming should als_o be |nc-o.rporated n -controll designs.
optimizing the system performance is another challenge tk2yring severe operating conditions or turbine maintenance,
requires critical attention. The control problem could be foRTOPEr shutdown procedures need 1o be adopted.
mulated through three stages of turbine operation (Fig.5):

1) Start up: Axial flow turbines are self-starting and the
issue of start up is not significant. However, they come with aAt the present state of River Current Turbine technology,
price of higher system cost owing to the use of submerged géfe greatest challenge is the lack of sufficient information
erator or gearing equipment. Vertical axis turbines, especia@yd scarcity of knowledgebase. Apparently, the technology
the H-Darrieus types with two/three blades are reasonalidystruggling to come out of the mechanical design of ro-
efficient and simpler in design, but inherently not self-startingor/augmentation part, let alone demonstrating its overall effec-
Mechanisms for starting these rotors from a stalled state cotigness. Just as the challenges are diverse, a multidisciplinary
be devised from mechanical or electromechanical perspectiv@gproach is required in order to address these challenges. A
However, an optimum start-up method that would reduce th&ef list highlighting the need for contributions from civil,
system Comp|exity and maximize its performance is yet to ﬂjeechanical and electrical engineering domain is given below:
engineered.

2) Maximum Power Tracking:While the turbine is in
the running mode, the control objective is to maximize the
extracted energy. Although sufficient technical information is
available in the wind-engineering domain, investigation of
electrical power generation using active control of river turbine
systems is almost absent. Two generic control methods used
in wind turbines, namely, stall and pitch control, could be
studied to understand the effectiveness of a controlled system.
Another possible but untried control approach could be the
use of variable geometry augmentation or active augmentation.
Realization of these maximum power extraction methods is
also closely related to design and control of power electronic
stage. Standalone or grid connected mode of operation is also
achieved through proper control of the power stage. Perfor-
mance of a controlled system under real-world conditions such
as partial water flow, transported particles and severe condition
need also to be investigated.

E. Knowledgebase

Industrial Production
Engineering

Mechanical
Engineering

Electrical
Engineering

¢ Control Systems
¢ Power Conditioning

¢ Fluid Dynamics
¢ Reliability Analysis

System Design
Performance Ana.

RCT
System

« Hydrology, Siting
« Environmental Impact

Civil
Engineering

Fig. 6. Cross-disciplinary issues in RCT system engineering

Maximum Power Tracking ~ Shutdown

1) Civil engineering:

« Hydrology, siting, and mooring

« Environmental impact assessment
o Commissioning

2) Mechanical engineering:

« Design of turbine rotor

« Design of channeling device

« Structural analysis, fatigue, stiffness and resonance
« Floatation

« Water sealing

« Blade cavitation and bio-fouling

3) Electrical engineering:
Control stages of River Current Turbine .

A
A

Power (W)
A
Y

|
‘ Protection ‘

Water veloci‘ty (m/s)

Fig. 5. System design
o Low speed electrical generator
3) Protection and Shutdowr©ver-speed protection during « Turbine control (pitch, stall etc.)

a surge in water velocity beyond the rated speed, and physicad
armoring from transported materials (debris, snow, rocks, fishe
etc) is a vital part of durability of the system. Additional

Augmentation control
Stand-alone/grid connected operation
Cabling, safety and power electronics



All these areas of studies need to be shielded by an upms]
brella of policy support, funding, aggressive entrepreneurship
and industrial scale production. Also the economics of they
technology (life cycle analysis, cash flow studies etc.) and
contributions from other relevant fields need to be integrated
in the design and marketing phase. [15]

V. CONCLUSION [16]

The River Current Turbine Technology is at its infancyz)
However, most of the sporadic efforts in this field have
shown encourging results. To date, the available public d 8]
main information mostly relate to mechanical designs
turbine/augmentation units. In order to demonstrate the ef-
fectiveness of a complete system, the design of prototydé@
with electrical interfaces (especially, control and power stages)
need to be embarked on. Eventhough the literature survyegi
presented in this work is somewhat exhaustive, discussions
challenges and system engineering is by no means complét)ie;i
A statement by Barry V. Davis, veteran of tidal energy engi-
neering, summarizes the canoncial truth behind such emergitfd
technologies: “It is clear to us that new paradigms me
resistance from the old ..... Overcoming this challenge takes
extraordinary commitment and resolve on the part of ﬂ[&]
proponents”.
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