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EXECUTIVE SUMMARY

Benefitsto Society

Nuclear science and engineering have become so deeply embedded into the way of life in devel oped
societies, that the average citizen is unaware of what the consegquences of their withdrawal would be.
Further research is fill needed in order that society may continue to benefit from the possibilities that
exig for the production of energy, while avoiding greenhouse gas emissions, and for new knowledge of
the structure of materids.

Without incluson of nuclear in the energy mix, in both developed and developing countries, it will not be
possible to achieve the desired abatement of greenhouse gas emissions that Canada and other countries
committed to in the Kyoto Protocol. Canadais aleader in the non-proliferative exploitation of nuclear
technology, and a beneficiary of nuclear science through the international marketing of CANDU® and
MAPLE reactors and rdlated products, which aso contributes significantly to economic development
and job cregtion. Itisintheinterest of Canadathat public funding of nuclear research and development
should continue.

Safety

It isaprimary concern of vendors, regulators, operators, and customersthat al nuclear technology
should be safe and, to this end, the Atomic Energy Control Board (AECB) issues licenses and inspects
al nuclear fadlitiesin Canada. It isdso arequirement of internationd sdesthat the AECB have
determined that the product would be licensable in Canada.

Since 1988, the AECB has identified a number of postulated modes of reactor failure that are
considered to be generic to CANDU' stations, and has required the licensees to provide information
about the margins of safety under those failure conditions. The responses necessary to satisfy these
Generic Action Items have often required research and development for which AECL’ s facilities have
been essentid, even though the onus for the responses rested with the utilities. More recently, the
AECB has moved to bring closure to a number of Generic Action Items which have been outstanding
for sometime.

Computer Codes

Much of AECL’sintdllectua property isformdized in computer codes for the design and safety andysis of
CANDU systems. The codes are mathematical model s that describe physicd phenomena. They are tested
in the laboratory and the levels of uncertainty attached with their use are established before they are
deployed. At present, about one third of the safety-related R&D being donein AECL and under CANDU
Owners Group programs is devoted to code development. AECL has developed and is implementing a

T CANDWis aregistered trademark of Atomic Energy of Canada Limited (AECL).
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software quality assurance policy to guide its code development processes. Concurrently, the Atomic
Energy Control Board hasissued a Generic Action Item defining its requirements in this area and the criteria
for cdlosure of theitem. Thisexerciseis serving to define abody of professond skillsthat AECL mugt retain
if it isto continue to develop, maintain and use this essential resource.

CANDU Reactors

The Zr-2.5% Nb fuel channd is at the heart of the CANDU reactor and its service life is determined by
atendency to undergo geometric distortion under operating conditions, aswel asby achangein
fracture toughness resulting from the pickup of deuterium. These behaviours have been taken into
account through specification of materids, fud channel design and protocols for inspection of fuel
channds in operating reactors, for which latter purpose AECL has designed a new ingpection machine.

The development of the CANFLEX fud bundle was a Significant advance, and the use of this fuel
design will, in the short term, offset power derating that otherwise becomes necessary when aging fue
channels undergo geometric distortion. The CANFLEX fue bundle aso opens up the possibility of
introducing dightly enriched uranium fud and low void reectivity fud as fuding options for existing or
future reectors. These fueling possibilities offer advantages for the intermediate future. For the long
term, the Direct Use of PWR Fud in CANDU (DUPIC) option for the recycling of used pressurized
water reactor (PWR) fud through CANDU remains possible. The milestone achieved at the Chalk
River Laboratories, in the past year when the first fuel pellets from used PWR fud were produced by
the proposed DUPIC process, makes this option more plausible for the long term.

A very postive feature of the CANDU design is that its performance is competitive with current PWR
desgns and it has much potentid for further improvements in efficiency, for adgptation to fuds other
than natura uranium, for the addition of passve safety features, and for reductions in capital and
operating costs. AECL is conducting research on designs that would operate a higher temperatures
and pressures up to those of supercritica water. The possibility of naturd circulation, rather than pump-
driven flow, is an example of an innovation that would smultaneoudy contribute to dl the above gods.
However, detailed studies are needed to determine the effects of sustained operation on materias and
components under these conditions. The need for a different form of pressure tube may be met in the
form of the CANTHERM composite fud channel design. To address the requirement of on-power
fueling, anew bore sedl has been designed. Other requirements for the Advanced CANDU Reactor
Concept (CANDU-X) include corrosion-resistant fuel cladding for the highest temperatures envisaged.
Although CANDU-X is a concept rather than a tangible product, the products that evolve from this
work can be progressively incorporated into the evolution of CANDU, thus ensuring that successive
models will be ever more like CANDU-X.

Heavy Water
Heavy water is the moderator in CANDU reactors. It isessentia that AECL has an assured supply of

heavy water to service its projected reactor sales. An aggressive research program to develop efficient
new way's to concentrate heavy water has culminated in the construction and commissioning of a
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prototype Combined Industrial Reformed Hydrogen Cataytic Exchange (CIRCE) plant at Air Liquide
in Hamilton. If the prototype proves successful, a number of full- scale plants based on this principle
will be required.

Callaboration with the Scientific Community

AECL’sintelectua property can only be maintained and developed through the recognition of the nationa
and international science community. Over the decades of its existence, AECL has often supported and
benefited from collaborative scientific ventures. 1t is more important now than ever before that maximum
benefits be redized from any expenditures for research infrastructure. The proposal to congtruct the
Canadian Neutron Facility (CNF) as a partnership between AECL and the Nationa Research Council
exemplifiesthe point. The condruction of thisfadility, in atimely fashion, remains the highest priority if
AECL isto continue as an innovative reactor vendor with the ability to support its customers through post-
sdes R&D support. Radiation Biology and Hedlth Physics, hitherto supported entirely as an in-house unit,
amilarly needsto be repositioned in order to give its scientists the independent public accountability and
integration into the fabric of biologica science in Canada that they need. Findly, the Pand has reviewed the
vaue that accruesto AECL through its relationships with universties, through the funding of professoria
chairs, research contracts and studentships and through the support of co-op programs. The underlying
science that is eventualy formaized into a product design only happens through the activity of creative and
highly trained human minds supplied with the resources necessary for their enterprise. In an era of
increasing specidization, the essentid ferment can be maintained through partnerships that break down
traditiond barriers between industry and academe.
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CHAPTER 1: INTRODUCTION

Thisisthe eighth annud Report of the R& D Advisory Pand to the AECL Board of Directors, asrequired
by the terms of the Panel’s mandate. In preparation for the development of this report, the whole Panedl,
met on four occasionsfor atota of ten days to consder presentations by AECL’s scientific, product
engineering and marketing staff, concerning the development of the CANDU resctor. There were many
additiond Task Team mesetings held throughout the year to develop the materia presented in this report.

The Panel dso met with representatives of Environment Canada, Industry Canada, the Climate Change
Secretariat, the Atomic Energy Control Board (AECB), and Ontario Power Generation Inc. (formerly
Ontario Hydro) in order to better understand issues relating to energy and environmental policy
development, the regulatory environment, and the needs of AECL’ s largest customer for research and
development support.

The Pand was invited by Natura Resources Canada (NRCan) to prepare areport entitled “ A
Rationale for Canadian Expenditure on Nucdlear Research and Development in the 21% Century”, a
shortened version of which appears as Chapter 2. The central argument contained therein has been
adapted into a verson suitable for wider didtribution under thetitle “Vison 2020 and Beyond: The
Need for Nuclear Research and Development in Canadain the 21st Century”.

The contents of this Report fal under the following inter-related themes:

1.  Strategicissues (Chapters 2 and 3), in which nuclear research and development is reviewed in the
context of AECL’s historic and current issues and with respect to the increasing importance that the
Panel attaches to avoidance of greenhouse gas (GHG) emissonsin energy production.

2.  CANDU R&D issues are reviewed briefly in Chapter 4. Safety, licensing and computer codes
discuss licensng processes with the AECB and the closure of Generic Action Items (GAS) is
addressed. The section on computer codes follows directly out of the most recently issued GAI
concerning standards and quality assurance. The Panel recognizes the importance of codes,
which represent aform of intelectud property management, and intends to follow up in future
reports on thisintroductory review. Plant life management and life extension follows on from
previous Reports concerning the behaviour of materias and componentsin use. Advancesin
CANDU technology have been sgnificant and the Pandl has updated earlier reports concerning
advanced fuel cycles, new means of heavy water production, and the CANDU-X concept.

3.  Partnershipsfor research and development are covered in Chapters 5, 6 and 7. AECL and the
Canadian research community interact in many arenas. The respective chalenges facing the
Canadian Neutron Facility (CNF) and the Radiobiology and Hedlth Physics Program at Chalk
River Laboratories (CRL) are reviewed. In both cases, the resolution of the chalenges will
depend heavily on AECL maintaining close relationships with the appropriate academic
communities. Findly, the Pand has reviewed the importance of AECL’ s rdationships with
universities as requested by the Science and Technology Committee of AECL’s Board of
Directors.
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The Pand’ s views are summarized at the end of each chapter or section (in the case of Chapter 4) ina
total of 22 recommendations.

The Pane membership was strengthened in 1999 through the appointment of two new members, Dr.
Robin Armgtrong and Dr. Gilles Patry, who joined in May.

The Pand wishes to acknowledge the excellent cooperation it has enjoyed with the many AECL staff
who presented their work on request, provided additional materials when asked, and who were dways
helpful in response to our questions. We especidly thank Barbara Gray and Marilyn Lloyd who
clarified policies, facilitated our requests, identified sources of information and assured the infrastructure
that is required to prepare areport. The preparation of this Report would not have been possible
without their whole-hearted collaboration.
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CHAPTER 22 RATIONALE FOR NUCLEAR RESEARCH AND
DEVELOPMENT

21 INTRODUCTION

Maintenance of a high living stlandard for Canadians requires, among other things, the assurance of a
reliable, robust and competitive energy supply. An assured energy supply for the nation is, and will remain,
aprimary requisite for sustained wedlth cregtion. A mgor purpose of nationa energy policy must be to
safeguard energy sources through prudent planning, development and diversification. Events such asthe
1973 oil embargo illustrate the importance of ensuring that Canada will continue to enjoy an adequate,
diverse, reliable and competitive energy supply.

Energy policy must take into account the resources available for energy production in the country. Canada
has an abundance of hydropower, natura gas, petroleum and cod, and is the world's leading uranium
exporter. Oneresult of this abundance isthat Canada enjoys a diverse mix of eectrica energy sources
quite different from that of most developed countries, with significant reliance on hydro and nuclear power,
and much less rdiance on fossl fud power. This has benefited Canada by providing economica and
reliable eectricity with much lower emissons of GHG and other air pollutants than dmost dl other
industrialized countries.

Nuclear power plants account for 14% of Canada' s eectrical power output at thistime, most of this
electricity being produced in Ontario. Nuclear technology has aso benefited Canadain many other
fields, including medicine, industry, agriculture, the environment and the home.

To ensure that Canadians can continue to enjoy the benefits of reliable, low-cost and environmentally benign
electrica energy, as well asthe many other benefits of nuclear technology, the Pand strongly believes that
nuclear science and engineering must be developed and sustained as an integra part of Canadas high
technology profile. Because of the economic, hedth and environmenta benefits of nuclear technology, we
urge that the Canadian investment in R& D in nuclear science and engineering be continued and
strengthened.

22 HISTORICAL ACCOMPLISHMENTS OF CANADIAN NUCLEAR SCIENCE AND
ENGINEERING

The excdlence of Canadian nuclear science throughout the last haf century has been internationdly
acknowledged in a variety of waysinduding:

development of the CANDU reactor, one of only three currently viable power reactor technologies,
development of MAPLE research and isotope production reactors,

development of products, such as medica radioisotopes, that improve the quaity of human lives;
representation on international nuclear science bodies;

participation in the control of nuclear wegpons proliferation; and

3
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the award of aNobd Prize.

Severd tens of thousands of Canadians derive their employment directly or indirectly from the
investment in Canadian nuclear science and engineering research. About 150 Canadian firms and 3,000
subcontractors, scattered across the country, benefit from each internationdd CANDU sale. The
digtribution of these firmsis exemplified by the manufacture of pump seds by Sulzer Canadain British
Columbia, the mining of uranium by Cameco in Saskatchewan, the manufacture of steam generators by
Babcock & Wilcox in Ontario, the congtruction of calandria assemblies by GEC-Alsthom Energiesin
Quebec, and the manufacture of nuclear reactor control equipment by Adtech Manufacturing in New
Brunswick.

In addition to providing employment opportunities, nuclear science and engineering contribute to
improvements in the qudity of life for Canadians a every turn through the innovative products they
make possible. For example:

In power generation, CANDU reactors have produced many thousands of terawatt-hours of
economica and safe eectricity in Canada and other countries.

In biology, isotopes have made the molecular revolution possble. The design of highly effective
new treatments, based on an accurate understanding of life at the molecular leve, isadirect result of
the gpplication of nuclear sciencesto biology.

In cancer care, the Cobat-60 cancer therapy unit, developed in Canada, is still widdly used around

the world and especidly in developing countries. Canada supplies about 80% of the cobalt sources
used in these units. Canada aso supplies two thirds of the world's reactor-produced radioi sotopes

for nuclear medicine, with which 20 million diagnostic tests are performed each year world-wide.

In materias science and engineering, the development of neutron scattering techniques a Chalk River's
NRU (Nationd Research Universal) Reactor, which led to the Nobd Prize in physics for

Dr. Bertram Brockhouse in 1994, has enabled some of the metalurgica and mechanica properties of
components such as turbine blades to be determined rapidly and non-destructively.

In agriculture, the gterile insect technique, in which Canada played a leading developmenta role, has
controlled the Codling Math in British Columbia apple orchards and the New World Screw-Worm Hy
infestation of cattle in Libya, and has diminated the Tsetse Hy cattle pest on theidand of Zanzibar.
Cobat-60 irradiators are also used for such diverse agricultura applications as the sterilization of
infected beekeeping equipment and destruction of parasitesin wool.

In the mining industry, neutron activation anaysisis used to obtain inexpensive and rapid analys's of
ore samples.

In the ail industry, well-logging by radioisotopes and pipeline radiography are important tools.

In many manufacturing indudtries, from fine paper to jet arcraft, nuclear technology is used for
radiography, process control and quality assurance purposes.

In environmenta protection, nuclear technology is used to detect and measure awide range of
indugtrid pollutants.
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In the food indudtry, irradiation of meats and fruits to Sterilize, prolong shelf lives and prevent
potentidly lethal poisoning, is being increasingly recognized as beneficid. This technology was
pioneered at AECL. It isnow being used on produce, poultry, and red meetsin the USA to reduce
the number of illnesses, recently estimated at 33 million per year, that are attributable to microbid
contamination of food.

In the gerilization of medica devices, such as specidized catheters, surgica tools, sutures and
prostheses, Cobalt-60 sources are widdly used. Almost two thirds of theirradiators for al medica
and agricultura purposes and their Cobalt-60 sources come from Canada.

In homes, smoke detectors incorporating radioactive sources save lives.

The question arises whether the benefits of nuclear science research are now safely in hand and whether
anything moreisto be gained by continuing government support in these areas. There is ample evidence
to show that the benefits fill to be redized will be as Sgnificant as those dready achieved.

Critics of the nuclear industry argue that Canada's legacy of radioactive wastes and Ontario Power
Generation's (OPG) management problems with its reactors congtitute examples of problems with nuclear
technology. In fact, these problems have been addressed. The management and disposal of wastes has
been extensively researched and publicly reviewed; the Federd Government had announced itsintention to
present its preferred option for dealing with wastes by the end of 1999. Ontario Power Generation, which
had management problems with its reactors, is actively refurbishing its nuclear establishment and has
developed a plan, according to which al itslaid-up units will be returned to service beginning with the first
Pickering A unit in 2001.

23 CURRENT AND FUTURE REQUIREMENTS OF NUCLEAR R&D

The perspective on nature that is provided by nuclear science will remain avita benefit. Theingghts
provided by nuclear science into the nature of matter will continue to open possihilities for and set limits
on new technologies. The consegquences of not supporting nuclear science research in Canada would
be to create a dependency on other countries for this critica information and to reduce our industria
compstitiveness, not only in areas that are overtly recognized as “nuclear”, but dso in many other aress.
Most Canadians are unaware of both the extent to which the products of nuclear science support their
daly lives, and the extent to which nuclear scienceis till cgpable of contributing to the future
development of our economy.

For the future, the importance of nuclear science and engineering to the nation must be consdered in the
context of awide spectrum of academic, agriculturd, indudtrid, medica, and fundamenta science
pursuits. The need for non-polluting energy sources and for continuation of scientific sudiesinto the
basic structure of matter are but two of the compelling examples of pursuits. The fact that the nuclear
industry and the universities have some common needs, requires that there be anationd policy in which
resources are shared, as will be the case with the proposed Canadian Neutron Facility.
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2.3.1 Economic I ssues

Up to 1990, for each (US) dollar spent on nuclear power R&D in Canada, 254 kWh of dectricity had
been produced in nuclear power plants, while the comparable figure in the USA was only 140 kWh.
The Canadian ratio of dectricity produced per R&D dollar spent is better than that of any other country
with asgnificant nuclear power program. Thus, Canadian nuclear R& D funding has been used
effectively.

Nuclear generation currently provides 14% of Canadas electricity, and about 48% in the case of
Ontario, the province that accounts for 40% of the country’s Gross Domestic Product (GDP). The
contribution of nuclear dectricity to GDP over the period 1962 to 1992 was $23 billion compared to
government support of $4.7 billion from 1952 to 1992. Higtoricdly, the total unit energy costs of
OPG's reactors have been less than those for cod-fired plants, although this has not been true for the
past two years because of the poor reactor performance in Ontario, and the falling cost of fossi| fuels.
However, arecent NRCan study shows that eectricity from new CANDU reactors would be
competitive with that from combined-cycle gas turbine plants and cod-fired plants in centra Canada.
At ared discount rate of 5%, the totd levelized unit energy costs [1] projected for new plants are:

CANDU 9 (2 x 880 MWe) 3.42 cents (Cdn)/kWh
CANDU 6 (2 x 665 MWe) 3.98

Combined Cycle Gas Turbine 4.44

(2x 750 MWe)

Cod (4 x 750 MWe) 4.31

Ontario Power Generation's costs of nuclear generation are likely to go down again as the laid-up reactors
are brought back on line and operated at high capacity factors. OPG is determined to achieve the same
success as the Tennessee Vdley Authority in the USA, which has now brought al of its laid-up reactors
back on line. In short, the continuation of nuclear generation from the exigting plants throughout their
lifetimes and the congtruction of new plantswill continue to be economicdl.

Asthe exising CANDU plants age, they continue to need R& D support so that the behavior of
irradiated materials and components can be monitored to ensure safe and economic operation and to
cope with unexpected events. An example of the close support provided by R&D and of the economic
importance of that support is provided by the fud bundle end-plate cracking encountered in the first two
years of operation of the Darlington Nuclear Generating Station. Engineers and scientists from AECL
and the utilities modeled and characterized the problem and initiated corrective action within a short
time. At Darlington, falure to resolve the problem would have put the multi-billion dollar project in
jeopardy. This pace of resolution would not have been possible without the involvement of skilled
engineers and scientists at AECL and the utilities with a profound understanding of both the fundamenta
properties of materias and reactor operating principles backed up by AECL's research facilities.

Consderations of plant life maintenance, of plant life extension, and of the maintenance of an adequate
margin of safety dl require continued R&D support. The past strong emphasis by the utilities on the
short-term economic performance of the stations seems to have been at the expense of this essentia

6
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long-term perspective. It isnot evident that the utilities have sufficient R& D resources to undertake
problem solving at the basic level, and the onus now is on AECL to maintain sufficient R& D expertise to
ded with issues asthey arise. Ontario Power Generation’s R& D resources are being rapidly eroded,
while Hydro Quebec and New Brunswick Power have aways been dependent on AECL. The
Canadian investment in nuclear power will be at risk of being prematurdly written off if the short-term
view is dlowed to persst.

Inthe USA, the 60-year reactor is becoming a competitive redity. In Sweden, a country that has
publicly announced that it is exiting from nuclear ectricity generation, Westinghouse has recently been
awarded afive-year contract for the upgrading of the Ringhals reactors to permit their continued
operation. For CANDU to achieve smilar life-extenson targets, additional R& D by AECL and the

utilities will be necessary.
2.3.2 Environmental |ssues

The importance of nuclear generation of eectricity for minimizing or reducing the emisson of GHG is
discussed at length in Chapter 3. Here, we will only reiterate that Canada will not be able to meet its
Kyoto targets for 2010 without greater reliance on nuclear generation, and that other nations will be
asssted toward thelr targets if they can acquire nuclear generation in place of fossl-fuded plants. The
CANDU product needs to evolve in response to the rapidly changing economic and geo-political
environment if it isto continue to be an affordable option for Canadaand AECL’ s internationd
CANDU customers.

2.3.3 Regulatory Issues

Nuclear R& D capability is arequirement for the licensng and safe operation of nuclear plants throughout
their lives. The AECB requires that licensees have the demongtrable capacity to perform the R&D
essentia to safe operation of nuclear plantsin Canada. AECL’ s facilities have served as a shared
resource for the utilities through which questions from the regulator can be addressed. The AECB has
only asmall budget for research, some of which is used to contract research a these facilities. In any
proposed new arrangement, it will be essentid that safety-related research continue to receive support. A
great dedl of the safety and licensaing R&D has been done at the Whiteshell Laboratories. The closure of
that facility necessitates that essential components be relocated to CRL and that the Significant costs
incurred in that trangtion be recognized.

2.3.4 Social and Poalitical I ssues

The Government of Canada has used its nuclear expertise to advantage in internationa diplomacy.
Canadais amember of the G-7, aposition from which it can contribute broadly to the development of
the world community and, specificaly, can contribute its expertise in nuclear science both to make the
world safer and to improve the well-being of specific societies.

Foreign policy initiatives, such as the proposa to destroy wegpon-grade plutonium in CANDU
resctors, are only possible because there is a nuclear program in Canada. 1t is highly improbable

7
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that Russawould hand over its plutonium inventory for destruction in the USA.. It is, however, likely
to agree to have it destroyed, along with American plutonium, in athird country such as Canada.
Thereis a public migperception of the nature of the plutonium fuel, which will be a solid mixture of
plutonium and uranium fabricated in Russaand in the USA.

One of the mgjor economic needs of developing nations is fresh water. CANDU reactors could
provide desdlination on a scae sufficient for the agriculturd, industrid and personad needs of large
populations. A relidble fresh water supply might well be the means of stabilizing strategicaly
positioned devel oping socities through the resulting improvements in their agriculture and human
wdl-being.

The World Bank projects that the world's population will increase at 1.4% per year to reach

seven hillion by 2010. Both the additiona one hillion persons, plus the one hillion who currently live
in abject poverty, will require energy sources to meet their needs. The energy needs of these rapidly
growing populations will be greet as they develop ther infragtiructures. Nuclear energy will be one of
the contributors to solutions for the development and stabilization of impoverished and rapidly
growing societies. 1n 1997, the Internationd Atomic Energy Agency (IAEA) forecast that electricity
production from nuclear plants would reach over three times the current production rate by 2050

[2].

In accordance with Canada's commitment to the Treaty on Non Proliferation of Nuclear Wespons,
Canada contributes gpproximately $2 million ayear in support of internationd safeguards R&D.
Most of thiswork isdone at CRL.

2.3.5 TheEvolving CANDU Reactor

To ensure that CANDU reactors remain competitive, AECL isworking to reduce capital and operating
cogts of future CANDU designs, through R& D on advanced fud cycles and fud bundle designs,
improved fue channels, new technologies for heavy water production, and new developmentsin
information technology and plant congtructability. Enhanced safety for these designs will result from

R& D to resolve generic safety issues and from passive safety features. Necessary improvementsin the
performances of steam generators and other non-reactor components will aso continue to require some
R&D.

In the longer term, to remain competitive AECL must develop advanced CANDU designs incorporating
featuresto lower unit capital and unit operating costs by 50%. To meet these chalenging targets,

AECL isinvestigating such features as direct thermodynamic cycles, thus avoiding the need for costly
steam generators, new higher temperature coolants, to increase cycle efficiency aswell asto reduce
capitd codts, and fue channels to accommodeate the higher temperature coolants. In the internationa
market, new CANDU designs must compete againgt new light water reactor (LWR) designs, based on
R&D donein the nationd laboratories of countries such asthe USA, France, Germany and Japan.
CANDU comptitiveness in the internationa marketplace will be handicapped if it is evident that AECL
does not have smilar R& D support in Canada.

To ensure that Canada has adequate energy in the 21st Century will require gpproaches that not only
recognize supply, technical, economic, and environmentd redlities, but that dso develop new thinking

8
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about traditional ways of meeting the various demands for energy services. The concept of eectricity
and hydrogen as energy currencies that link energy sources, conversion technologies, and service
technologies to the energy services needed by the population, can be the basis for this new thinking.
Such an approach opens possihilities for nuclear energy to meet the needs of energy sectors such as
transportation and desdlination, to which it has not traditionaly contributed. These are discussed a
more length in Chapter 3.

2.3.6 A Vital Nuclear Facility
A vita dement in the continued support of CANDU R&D is the replacement by 2005 of the NRU

Reactor by anew research reactor, the CNF. Thisisdiscussed at length in Chapter 5.

24 HOW SHOULD CANADIAN NUCLEAR R&D BE STRENGTHENED?

In many countries the modd for successful nuclear R& D programsisthat of the Nationa Laboratory, which
serves as the developer and custodian of the nation’ s intellectual knowledge. 1n these countries the support
given to the Nationd Laboratories goes beyond smply supporting the laboratory infrastructure; it dso
ensures government funding for activities that are directly in the nationd interest, such as the hedlth effects of
radiation, dosmetry and hedlth physics programs, safety, and environmenta protection. It is particularly
important that there should be support for such activities in Canada since the CANDU technology is unique.
In the past, AECL served as a Nationd Nuclear Laboratory. However, in recent yearsit had to give up
those responsibilities and some of the associated funding in order to focus on its role as the CANDU
vendor. Although its responghilities for non-CANDU R&D have largely ended, AECL continues to carry
the respongbility for decommissioning facilities that formerly served other purposes and for management of
wadtes that were generated in pursuit of missions that were not related to CANDU.

The funding, abeit reduced in amount, that AECL now receives from the Government is viewed in some
quarters as an unfair subsidy of the CANDU business, a business that should flourish or fail on itsown
merits. That argument is not without merit when considering the business of sdling and supporting the
current CANDU product. However, it isthe view of the Pand that subsidies, properly used, can be
vauable tools of government to support public goals that have atime congtant longer than can be
sugtained in the marketplace. In this sense, subgidies are long-term investments in future technol ogy.
The R&D required to support the design of the nuclear sations of the future, not unlike the aircraft and
medical trestments of the future, needs decades to achieve results. In dl such areas, when the time for
development islong or the outcome, while desirable, is too uncertain to define the product for the
marketplace, aform of subsdy is necessary to sustain the vison. Thus, there ways will be aspects of
nuclear science and technology in which public investment will continue to be necessary.

Inview of dl the present and anticipated future societal and economic benefits of nuclear technologies,
the Pand, in the strongest possible terms, supports the continuation of nuclear science and engineering
R&D funding. Some changes need to be made s0 as to factor future government support into specific
categories with clarified lines of accountability. The current mechanism of funding AECL has become
counter-productive in that it hasisolated nuclear science in Canada from sciencein generd.

9
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The funding that AECL currently receives, nomindly for R&D, actudly includes responghbility for at
least Six different types of activities:

management of obsolete nuclear facilities and of high-levd radioactive waste resulting from former
collaborations with American and British governments, as well as from the production of medica

iSotopes,;

some of the R&D required by the AECB for licensing of nuclear facilities and for the assurance of
public safety;

R& D concerning environmenta and biologicd effects of low leves of ionizing radiation;

some of the R& D that was formerly supported by the nuclear utilities under the CANDU Owners
Group (COG) partnership for operationa support;

short-term R&D in support of immediate business objectives, and

long-term R& D in support of future advanced reactor designs or of novel applications of CANDU
technology.

The progressive reductions of both government and utility funding to AECL in recent years combined with
AECL’slargdly fixed obligations for facility management have put its R& D functions under progressvely
gregter limitations and drain. An improved mechanism of government funding would make digtinctions
between the CANDU business and higtoricdl issues, aswell as among business-related, longer-term and
public-interest R& D issues.

25 RECOMMENDATIONS

Recommendation 1

The Panel recommends to AECL that negotiations with the federd government and utilities for future
R& D funding should continue to take cognizance of the following:

1. Regponghilitiesfor managing wastes from historic obligations and the production of medica
isotopes, as well as for obsolete nuclear facilities, should be funded separately from the CANDU
business, whether these responsbilities continue with AECL or are given to anew Ste-
management agency.

2. Funding of R&D that isrequired of licensees by the AECB for licensng and safety purposes, and
which islargely performed & AECL’ s unique facilities, should be assured through mechanisms
that do not burden the CANDU busi ness beyond the extent to which they are required for that
business. It isthe Pane’s opinion that AECL, the AECB, NRCan and the nuclear utilities have a
shared interest in ensuring that thisis done. Each party should accept a share of the associated
costs and the utility partners should be encouraged to seek tax credits for their expendituresin this
research.

10
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2.6

Research concerning nuclear science that isin the public interest, such as environmenta and hedlth
effects of low doses of ionizing radiation, should be reviewed and funded through processes that
guarantee the independence of the researchers from the CANDU business and ensure their
accountability through peer-reviewed processes such as those that apply to research funded by
the Natural Sciences and Engineering Research Council (NSERC) and the Medica Research
Coundil.
AECL and the nuclear utilities should develop their natura partnership in R& D for operationa support,
plant life maintenance and life extenson issues. There will be some long-term issues thet are difficult to
address through a business plan. Governmentd funding of such long-term work should continue with an
appropriate mechanism of accountability for its development. Utilities should seek to obtain atax credit
for ther participation.
AECL should fund its short-term R& D, as it relates to current products and immediate business
prospects, from the revenues of the CANDU business.

Continued public funding of long-term and basic nuclear R& D should be structured within the
framework of Canadian science funding in generd. This has dready been done for the Materids
Science Program, formerly an AECL activity, which has been trandferred to the National Research
Council (NRC).
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CHAPTER 3: CANDUREACTORSAND THE ENVIRONMENT

31 INTRODUCTION

There is much concern in the world today about globd dimate change and the role of GHG in this
phenomenon. While there has been in the past considerable debate about this issue, the scientific consensus
isnow clear: increasing emissons of GHG, particularly carbon dioxide (CO,) from the burning of fossl
fuds, are causng increasing globa temperatures which will, without mitigative actions, lead to globd dimeate
change with resulting severe socid and economic consequences[1, 2).

Amongs the evidence for this conclusion is a very strong correlation between the growth of the
consumption rate of fossil fudls, i.e., carbon-based fuels, and the increase in CO, concentration in the
amosphere from about 1850 to the present [3].

Growing concerns about globd climate change have led to anumber of internationa conferences,
decisons and agreements over the last twenty years or 0. These activities culminated in an internationa
conference on globa climate change in Kyoto, Japan, in 1997, at which developed countries pledged to
reduce GHG emissionsto levels below those of 1990. Under the Kyoto Protocol, Canada has
undertaken to reduce GHG emissions in the period 2008 to 2012 to six percent below Canadian
emissonsin 1990.

There are some who claim that the link between globa warming and fossil-fud consumption has not yet
been scientifically demondrated. Thisview is generdly rdated to concerns that unwarranted restrictions
on the use of fossl fuels, based on an unproven hypothesis, will themselves have disastrous economic
and socid consequences. However, prudence demands that the possible effects of CO, and other
GHG emissions be taken into account because they are dmost certain to be catastrophic should
ggnificant globd climate change occur.

Since nuclear power plant operation does not produce GHG emissons, nuclear energy provides one
means of meeting the energy needs of an indudtriaized society without adding to the atmospheric burden
of GHG. Thus, the globd climate-change issue presents an opportunity for extending the operating life
of existing nuclear power plants and for promoting the future growth of nuclear energy to meet the
increasing energy needs of the world.

Other environmenta issues, i.e., the control of releases of radioactive substances, the management and
disposa of discharged nuclear fue and the decommissioning of nuclear facilities, have been covered in
previous Pand Reports and are not consdered here. However the Panel reiteratesiits previous
conclusions that these matters are being managed agppropriately.
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32 GREENHOUSE GASEMISSIONS AND CANDU

3.2.1 Greenhouse Gas Emissonsin Canada and the Role of CANDU Reactors

The mgor contributors to GHG in Canada are carbon dioxide (CO,, 77%), methane (CH,, 12%) and
nitrogen oxides (NO, 10%). Greenhouse Gas emissions are mainly caused by energy activities (78%),
made up of energy end-use (59%, mostly from transportation), eectricity production (17%) and fossil-
fue supply (12%) [4]. In Canada, dectricity production is a consderably smaler contributor to GHG
emissions than in most developed countries because about 80% of Canadas eectricity is produced in
hydro and nuclear power plants, which do not emit GHG. However, this does not mean that further
reductions of GHG emissons from electricity production in Canada would be inggnificant, as we will
see.

Thetotal emissions of GHG in Canadain 1990 are estimated to have been about 600 million tonnes
(Mte) of which about 450 Mte was CO,. Present trends indicate that CO, emissonswill reech aleve as
high as 540 Mtelyr by about 2010, if no mitigative measures are taken. Under the Kyoto Protocol,
Canada has committed to reduce GHG emissions to 6% below 1990 levels by 2010, equivaent to a
reduction in CO, emissions of about 120 Mtelyr below the “business-as-usua” case in 2010.

A typica cod-fired power plant in eastern Canada would emit about 8 kilotonnes of CO, per megawatt-
year. Therefore, aCANDU 6 operating at 80% capacity factor, as an dternative to a cod-fired plant of
the same size and capacity factor, would avoid about 4.5 Mtelyear of CO, emissons. Based on such an
andyss, CANDU power plantsin Canada have avoided emissions of over 1,000 Mte of CO, snce thefirg
plant came on line in the 1960s, because cod-fired plants would probably have been built if nuclear power
had not been available. At present, even with the Pickering-A and Bruce-A plantslaid up, nuclear power
plantsin Canada are avoiding about 70 Mtelyr of CO, emissions. It isobvious that Canadawould have a
much more difficult task in meeting its Kyoto commitments without the continuing contribution of nuclear
power. Furthermore, it is essentia for this purpose that the laid-up reactors be brought back on line as
early as possible, since the replacement power is all fossil-fueled'. Up to an additional 30 Mtefyr of CO,
emissions would then be avoided, a Significant contribution to the tota reduction needed.

It must be remembered that, in addition to CO, emissions, fossI-fueed power plants emit other
atmospheric pollutants, particularly sulphur and nitrogen oxides, which contribute to acid rain and smog.
The lay-up of Ontario’s reactors and their replacement by fossi| fuel-fired generation has caused a
ggnificant increase in emissons of these pollutants. 1n 1998, following the lay-up of the Pickering-A
and Bruce-A nuclear power plants, sulphur oxide emissions increased 15% and nitrogen oxide
emissons increased 30% over 1997 values.

The GHG avoidance will be less for gas-and oil-fired power plants than for coal-fired plants, because of lower
concentrations of carbon in those fuels compared to coal. The Panel has estimated that a CANDU-6 would avoid
about 2.5 Mtefyr of CO, emissions compared to a conventional gas-fired steam power plant and about 1.7 Mte/yr
compared to a higher-efficiency gas-fired, gas turbine combined-cycle plant, both of the same size and capacity
factor. These estimates do not include the additional GHG emissions from the production and transmission of the
natural gasfuel.
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3.2.2 Kyoto Protocol Mechanisms and the Export of CANDU Reactors

Under the Kyoto Protocol mechanisms, Canada may obtain GHG credits for CANDU exports, to be
shared with the customer country, athough the details are yet to be worked out. Arrangements such as
these would help Canada to meet its Kyoto commitments while gaining economic benefits.

Internationd reactor sales since 1990 can be eigible for such benefits, so the recent sdes of CANDU
reactors to Korea and Chinawill qualify. Assuming that coa-fired plants would have been the
dternative if the CANDU plants had not been built, Wolsong units 2, 3, and 4 and the two units at
Qinshan will be avoiding about 23 Mtelyr of CO, emissions by 2004; credit for a portion of this
avoidance should be available to Canada to help offset its Kyoto commitments. Sdes of CANDU
reactors to Koreg, Turkey and Romania, should they materidize, will dso qudify for credits. Large
populous countries such as China and Indiawill continue to be the world's mgor aamospheric polluters;
these and many other developing countries are till building coal-fired power plants on alarge scale?. It
isin Canadas environmenta, as well as economic, self-interest to encourage these countries to include
nuclear power in their energy mix.

3.2.3 Government Actionson Kyoto Commitments

The federd and provincid governments have agreed on procedures for developing policies to engble
Canadato fulfil its Kyoto commitments. A Climate Change Action Fund was established in 1998 with a
budget of $50 million per year for three years, under the joint responsibility of the federd Minigters of
Environment and of Naturd Resources. The main objectives of the fund are to lay the foundation for a
nationa implementation strategy and to initiate early action to reduce GHG emissons. Activities began
in April 1998 and are proceeding rapidly.

A key part of the ectivities so far has been evauations, under “Issues Tables’, of the variousissues
involved on a sectord basis, e.g., agriculture, eectricity and trangportation, and on a mechanism basis,
eg., andyss and modeling, science and gpplication, and technology. These evduations are being made
by teams composed of various stakeholders. For each of these issues, a* Foundation Paper” is
available which summarizes the current sate of the issue and outlines chalenges, opportunities and,
where gpplicable, best practices. The Foundation Papers are to be followed in the fal of 1999 by
“Options Reports’, summarizing options, emission-reduction potentids, risks, costs and benefits and
other factors. In addition, NRCan is undertaking a program “ Energy Technology Futures 2030”, to
develop a st of visons of Canada's energy system in 2030 to 2050, and to identify long-term
technologica options that could fundamentally dter the relationship between economic growth and
GHG emissons. Eventudly, dl these activitieswill lead to a Nationd Implementation Strategy planned
for release in 2000.

2 Theinstalled electrical capacity in Chinais projected to increase from 210,000 MW in 1995 to 3,000,000 MW in
2000, with the great majority of the new plants being coal-fired. See Mechanical Engineering Power, American
Society of Mechanical Engineers, November 1997.
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In these activities, AECL and the nuclear industry, represented by the Canadian Nuclear Association,
have been mogt involved in the Electricity Table, on which the utilities are represented, the Climate
Change Technologies Table, on which AECL is represented, and in the Kyoto Mechanisms Table. Itis
essential that the importance of nuclear power as a key option for the reduction of GHG
emissionsis recognized clearly in the appropriate Options Reports and in the Energy Technology
Futures 2030 program.

3.3 ELECTRICAL ENERGY PROJECTIONSAND IMPLICATIONS FOR CANADA

In 1997, NRCan published a“reference outlook” for Canadian energy supply and demand and for
GHG emissions from 1995 to 2020 [5]. It isemphasized that the outlook is not a forecast; amongst
other things the energy, environment and related policies of the federd and provincid governments are
assumed to remain congtant over this period, and the real costs of fossil fudls are dso assumed to
remain congtant. The intention of the outlook isto provide a base againgt which to assess the need for,
and form of, additiona policy messures.

NRCan projects a growth rate of 1% per year in total eectricity demand in Canada over this period, a
sgnificant reduction from the 2.6% per year experienced over the previous 15 years. It foreseesthat dl
exigting reactors, except Bruce-2, will be re-tubed to ensure atotd life of 40 yearsfor each, that these
reactors will not be replaced by nuclear units at the ends of their lives, and that no new nuclear capacity
will be built. This scenario implies that the contribution of nuclear dectricity in Canadawill decline from
about 19% in 1995 to 10% in 2020. The scenario is aso based on no new large-scale hydro
developments, except for the beginning of a project in Quebec in 2019, on most replacement and new
capacity being provided by natura gas (combined cycle and co-generation) and cod-fired (using “clean
cod” technology) plants, together with the refurbishment of exiging fossi| facilities and the re-
development of some hydro facilities. Findly, it foresees that renewables will provide atotal of about
3% of dectricity demand in 2020.

The NRCan projection, with its increasing reliance on foss| fuds for dectricity generation and its neglect
of new nuclear and limited new hydro generation, coupled with increased use of foss| fuelsfor
trangportation and indudtry, inevitably results in sgnificant increases in GHG emissions, rather than the
desired decreases. Thetotal GHG emissions are projected to be 19% higher in 2010 thanin
1990, rather than 6% lower, as committed to at Kyoto. In addition, GHG emissions would be
36% higher in 2020, with emissions from electricity generation projected rising significantly after
2010, when some of the nuclear generation isretired and replaced by fossil-fuel generation. Itis
evident that such a scenario is not environmentally acceptable.

Recently, the National Energy Board (NEB) has developed energy scenarios for Canada which make
assumptions smilar to those of NRCan, e.g., no replacement or new nuclear power, but higher
eectricity growth rates of 1.2% to 1.6% per year, and reaches Smilar conclusions, thet is, significant
increasesin GHG emissions by 2025 [6]. Again, thisis not an acceptable scenario.
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It is clear that the GHG emissions drategies being devel oped for Canada, must include a recognition that the
currently laid-up reactors must be returned to service as soon as possible, and that new nuclear capacity
must be planned if Canadais to meset its Kyoto commitments and to control GHG emissons beyond 2010.
Other means of GHG avoidance, such as renewable energy sources, improvements in efficiency of energy
production, and use and sequestration of CO, in underground reservoirs, will not together achieve the
Kyoto target and ensure further reductions beyond 2010.

It isinteresting to compare these NRCan and NEB scenarios with the views of the US Department of
Energy (DOE), the US counterpart of NRCan. In areport on the potential economic impact of the Kyoto
Protocol, the DOE dtates that the United States must extend the operating licenses of existing nuclear plants
and build 40,000 MW of new nuclear capacity if it hopesto meet its Kyoto target of GHG emissons 7%
below 1990 levels by 2012 [7].

34  EXTENDED APPLICATIONSOF CANDU REACTORS

3.4.1 Non-Electric Applications of CANDU

As pointed out in the 1997 Panel Report, the CANDU reactor up to now has been used mainly for
electricity generation. The only exception was OPG’ s Bruce-A plant, which produced steam for heavy
water production and for agricultura product heating purposes, in addition to generating eectricity. In
other countries, nuclear reactors have been used for digtrict heating and for some industrial process
hesting. Nevertheess, on aworld-wide bas's, less than 1% of the heat generated in nuclear reactorsis
used for purposes other than electricity generation.

At present, about one-third of the world's energy consumption is used for eectricity generation, 17% of
which is produced by nuclear plants. Nuclear ectricity has dready contributed significantly to the
reduction of GHG emissions in many countries, as discussed in Section 3.2.1 above for Canada. It has
been estimated, as noted in Section 6.3 of the 1997 Pandl Report, that the world's nuclear power plants
are avoiding about 2,600 Mtelyr of CO,, and aso many megatonnes per year of associated sulphur and
nitrogen oxides, assuming that coa-fired plants would have been built if nuclear plants had not been
avaladle.

However, if nuclear energy isto provide more than ardatively smdl fraction of the world's total energy
requirements in the future, and is to contribute in more than a modest way to the reduction of GHG
emissons, it is evident that non-electric, as well as eectric, gpplications of nuclear reactors will have to
be pursued.

Non-electric applications that can be considered for CANDU reactors include:

digrict hesting: studies by AECL and others have shown the feasibility of usng CANDU reactors
for this purpose;

indugtrid and chemica process hegting: CANDU reactors have aready been used for process
heating at the Bruce-A plant as noted above;
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de-sdination of sea-water: apreliminary study by AECL has demonstrated the economic benefits
of acombined-purpose CANDU providing eectricity and potable water (obtained from sea-water
by areverse-osmosis process); and

petroleum recovery from the Alberta Tar Sands. recent developments appear to make CANDU
reactors feasible for petroleum recovery from tar sands.

In generd, the most cost-effective approach to these uses would be by using combined-purpose plants, i.e.,
aplant combining ectricity generation with another application. Thisis generdly referred to as co-
generation.

Such gpplications for CANDU reactors would contribute to the avoidance of GHG emissionsin
Canada, but are not considered in the NRCan and NEB reports discussed earlier. There are
opportunities for exports of CANDU reactors for these other purposes, which could help meet
Canada's Kyoto targets, and aso produce economic benefits. For example, many developing countries
that border on oceans or seas suffer from serious shortages of fresh water. 1t should be noted that the
IAEA isactively promoting the use of nuclear energy for desdlination in such countries [8]. Thus, there
exigts a potentia market for CANDU reactors for desalination of sea-water aswell as dectricity
generation.

A magjor potentid opportunity for wider application of CANDU reactors and additional avoidance of
GHG emissonsis discussed in the following section.

3.4.2 Hydrogen and Nuclear Energy

In Canada, about 25% of end-use energy demand is for transportation purposes, dmost al based on ail
products. Nuclear energy makes practicaly no contribution to this sector, except for its contribution to
the very small amount of eectricity used in urban and suburban mass-transportation systems. However,
an dtractive new opportunity presentsitself to AECL.: the use of nuclear-generated dectricity to
produce hydrogen by eectrolyssfor usein fuel cellsto power trains, buses, trucks and cars, as
described by R.B. Duffey et d. [9]. The Panel consdersthis paper to be very important in providing a
vigon for the future and has reviewed it in detail. The Panel agrees with the main results obtained in the
paper, which it has confirmed independently, and strongly supportsits mgor conclusions.

Hydrogen used in fud cdlsto propd vehiclesis often touted as amgor route to the reduction of GHG
emissons. However, environmenta problems associated with the production of hydrogen are generaly
ignored in such assessments. At present, hydrogen is amost dways produced commerciadly by steam-
methane reforming, in which natural gas from conventiona gas wells is combined with sleam generated in
conventiona fossil-fired boilers to produce the hydrogen. The recovery of naturd gas from wells, its
trangportation in pipdlines, the operation of the boilers and the reforming process itself are dl accompanied
by the emission of GHG, aswell as other atmospheric pollutants. Therefore, while the end-use of hydrogen
in the fuel cell may cause no significant GHG emissions’, its production from natural gas certainly does. In

®  Actua ly, water vapor, the only emission product from afuel cell, isalso agreenhouse gas. However, its

saturation behavior preventsit from building up in the atmosphere.
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fact, an analysis reported by Duffey et d. shows that the overdl annual CO, emissions would be greater
from a hybrid fud-cell vehicle provided with hydrogen by this route than from a conventiona gasoline-
powered vehicle; there would not only be no advantage, but actualy a disadvantage, in using hydrogen in
fud cdlsto reduce vehicle emissons, if this route were followed to produce the hydrogen.

On the other hand, hydrogen can be produced by the dectrolyss of water, using dectricity to break it
down into its components. Not only does this process yield hydrogen without the emisson of GHG or
other atmaospheric pollutants, but it also yields the valuable by-products, oxygen and heavy water. To
ensure that the entire cycle for the production of hydrogen is GHG-free, the dectricity must come from
anon-GHG emiitter, such as nuclear, hydro, wind or solar. Since this would be a new market requiring
new electrica capacity, and snce the opportunities for large new hydro developments are limited in
Canada, nuclear reactors are the only practical eectricity source that could produce eectricity on a
large scale for this purpose:*

Duffey et d. have cdculated the hydrogen production from a centrdized commercid-scae dectrolysis
plant provided with eectricity from a dedicated CANDU 6 reactor. For an electrolyss plant operating
a 70% efficiency and a CANDU 6 operating at 80% capacity factor, about 97 kilotonnes of hydrogen
per year would be produced. In addition, the electrolysis process also produces, as valuable by-
products, about 95 tefyr of heavy water and about 770 ktelyr of oxygen. Alternatively, hydrogen could
be produced locdly in smal dectrolysis units using off-peak power from general-purpose CANDU
reactors or other non-GHG emitting sources.

Based on data for annud driving distances for cars and light trucks in Canada, and on calculations of the
annua hydrogen requirements for such vehicles powered by fud cells, Duffey et d. dso show that one
CANDU 6 operating at 80% capacity factor could supply the hydrogen needed for about 660,000 fuel-cell
vehicles. Assuming aprogram of 20 new CANDU 6 reactors dedicated to this service, atotal of about

13 million vehicles could be supplied; for comparison, the total number of cars and light trucks in Canada
was about 15.5 million vehidesin 1995.°> Assuming that the 20 new CANDU 6 reactors are introduced at
arate of one per year, beginning in about 2005, and that a fleet of 13 million fud-cdl vehidesis built up
gradualy, Duffey et d. show that CO, emissions from cars and light trucks would be reduced by about

45 Mtelyr by 2020, and by about 80 Mtefyr by 2030, compared to the emissions from vehicles powered
by conventiond gasoline engines.

Of course, many chalenges remain, including the development of economical, reliable and safe fud-cell
vehicles, and the infragtructure to provide economic, convenient and safe fueling and servicing of these
vehicles. There are many difficulties and uncertainties associated with the economics of such a
fundamentad change, including those associated with the sgnificant capitd investment required for vehicle

Renewabl e energies, such as wind and solar, suffer from two major inherent deficiencies for use asreliable large-scale
suppliers of electricity - low intensity and intermittency. To use such sources on areliable, large-scale basisin
Canadawould require large land areas, large quantities of materials and large storage capacities, al involving
significantly high costs. The only potentially feasible use of such sourcesisto supplement nuclear and hydro for
electricity generation for hydrogen production on alimited local, as-available basis.

Actually, more than 13 million vehicles could be supplied, since off-peak power from general-purpose CANDUP
reactors could be used for electrolysis of water.
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manufacturing, hydrogen production and distribution, and nuclear power plants. Nevertheless,
preliminary andyses suggest that costs to the individua of fud-cdll vehicles and their operation would be
reasonable.

As an enabling step in this direction, AECL has suggested that some of the difficulties associated with
the conversion of the multi-owner private vehicle sector to fuel cdlls could be avoided by the converson
of railroads from diesel locomotives to fudl-cell powered locomotives[10]. Of course, further
opportunities for the abatement of CO, emissions exist in other areas of commercid transportation, such
aslarge trucks and buses.

We see that exciting opportunities exist for the potentiad conversion of Canada's transportation systems from
afossl-fue base to an dectrolytic-hydrogen base. Canada has dl the essentid eementsto be amagjor
participant in aworld revolution in the development of non-polluting transportation. Canadahas CANDU
power plantsto produce the eectricity for the high-efficiency eectrolyzers produced by Stuart Energy
Systems (formerly Electrolyzer Corporation) to provide hydrogen for the world-leading fuel-cdll technology
of Ballard Power Systems to power cars, trucks, buses and trains. With the advantages resulting from
pioneer roles in these leading-edge technol ogies, Canada would be in an excellent position to exploit world
marketsin these aress.

35 INTERNATIONAL VIEWSON NUCLEAR ENERGY AND CLIMATE CHANGE

Asnoted in Section 6.3 of the 1997 Panel Report, it is estimated that the world's nuclear power plants are
now avoiding about 2600 Mtelyr of CO, emissons, aswdl as millions of tonnes of sulphur and nitrogen
oxides. Based on such observations, thereis wide internationd recognition of the vita role of nuclear
energy in coping with the globd climate change issue. Some views are summarized here,

The Royd Society and the Royd Academy of Engineering have recently completed a study on the
future of nuclear energy in the United Kingdom [11]. They concluded that it isvitd to keep the nuclear
option open as one of the gpproaches to mitigating the threat of drastic climate change, and that nuclear
power plants must be included in dectrical power planning for the UK. In addition, they consdered a
proposed UK energy tax as being deeply flawed, sinceit did not distinguish between energy sources
with different levels of CO, emissons; they favoured a carbon tax ingtead. Findly, they recommended
that an internationa body be formed, supported by individua nations on the basis of their gross
domestic product and energy consumption, to fund research on energy in the context of globd climate
change.

The Atlantic Council of the United States, a non-partisan network of leaders in the policy, academic and
corporate communities, has recently completed a magjor study on the globa role of nuclear energy [12].
One conclusion of this study is that nuclear power facilities should be given credit for their contribution to
the reduction of GHG, and that governments should ensure that the full externa costs of dl forms of
electricity generation are incorporated in eectricity rates. The Council aso concluded that governments
should take the lead in long-term R& D needsfor dl energy options.
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Severd other groups and bodies, including the Nuclear Energy Inditute (USA), the US President's
Council of Advisers on Science and Technology, the Club of Rome, and a Group of American Nobel
Laureates in the Sciences, have expressed concern about GHG emissions and other environmental
effects of fossl-fuel combustion, and have identified nuclear power as akey dement in any srategy for
reducing such emissons.

36 SOME CANADIAN VIEWSON NUCLEAR ENERGY AND CLIMATE CHANGE

A Conference on the Future of Nuclear Energy in Canada, organized by the Carleton University
Research Unit on Innovation, Science and the Environment (CRUISE) was held in Ottawa,
September 30 to October 1, 1999. A consensus emerged from the Conference that the future of
nuclear energy in Canadawill be determined by the interplay of severd interacting factors, including
maost prominently:

the consequences of deregulating the dectricity market, especidly in Ontario, which will focus the
industry on short-term returns on investment;

the ability of AECL to reduce the capitd costs and construction periods of new CANDU plants,

politica decisions taken in Canadato achieve GHG abatement to meet the Kyoto targets and long-
term objectives,

essential modifications of the nuclear regulatory processes to accommodate rapid change in the
eectricity market; and

the degree of public acceptance of the nuclear option.

There was dso generd agreement that existing CANDU plants will continue to be competitive
producers of eectricity.

The conference and other meetings during 1999 indicate to the Pand that others also recognize that

nuclear energy isavitd dement in deding with the problem of climate change and remainsaviable
technica option.

3.7 CONCLUSIONS

It is evident from the foregoing discussions that nuclear energy must play asignificant role in Canadas
efforts to meet its Kyoto commitment of asix percent reduction in GHG emissons below 1990 levels
by about 2010. It is evident from the NRCan and NEB projections that Canada will not be able to
meet its Kyoto target without the laid-up OPG reactors being returned to service, the lifetimes of
exigting reactors being extended and new nuclear capacity being built. The new nuclear capacity would
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be used to phase out cod- and ail-fired plants, to meet new eectrica demands and to meet non-electric
goplications for nuclear energy.

In addition, the synergism of nuclear power and hydrogen opens up exciting opportunities for Canadato
play aleading rolein arevolution in world transportation in which fuel-cdll powered vehicles replace
gasoline- and diesdl-powered vehicles, dl based on Canadian-developed technologiess: CANDU
reactors, Stuart electrolyzers and Bdlard fud cdls.

Severd respected internationd bodies, including the Roya Society and the Roya Academy of Engineering
of the UK and the Atlantic Council of the United States, have concluded thet, to ded with the issue of
globa climate change, nuclear power must play a 9gnificant role in future energy plans.

In Canada, the climate change issue presents AECL with new opportunities for accessto R& D funding
relating to the role of nuclear energy in meeting Canadas Kyoto commitments, and in coping with GHG
emissions beyond 2010.

The Pandl strongly supports AECL’ s participation, in cooperation with the Canadian Nuclear Association, in
the climate change activities of the Federd Government with the purpose of ensuring that nuclear energy is,
and remainsin the future, akey part of the Federd Government’s implementation strategy for dealing with
Canadas Kyoto commitments and ongoing climate change issues.

The Pand strongly supports AECL’ s cooperation with Canadian industry in the development of

electrolyzers and its support of research and studies related to the eectrolytic production of hydrogen
for ueinfud cdls.

3.8 RECOMMENDATIONS

Recommendation 1

The Panel recommends that AECL continue to co-operate with NRCan in the development of the
Energy Futures 2030 program to ensure that nuclear energy is recognized as akey component of future
energy supply in Canada, and that this recognition is reflected in future energy scenarios.

Recommendation 2

The Pand recommends that AECL give a high priority to investigating the possibilities of obtaining R&D
funding from other agencies rdated to the role of nuclear energy in coping with the issues of globd dimate
change, induding the use of CANDU reectors for the eectrolytic production of hydrogen.
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Recommendation 3

The Panel recommends that AECL continue to assess the potentid in Canada and aoroad for non-
electric application of CANDU reactors, particularly for seeswater desdination, and identify and
support, as appropriate, the R& D necessary to pursue such applications.

Recommendation 4

The Pane recommends that AECL explore co-operation with other organizations in internationa efforts
for R&D reated to energy and globa climate change, such as those proposed by the Roya Society and
the Roya Academy of Engineering of the UK and the Atlantic Council of the United States.
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CHAPTER 4 CANDU R&D

The Panel reviewed anumber of areas of CANDU R&D thisyear. Thisisthefirs year that the Pane
has reviewed the topics of Generic Action Items (GAIs) and Computer Code Management. The Panel
also prepared updates of subjects covered in previous years, namey, Fud Channds, Advanced Fud
Cycles, Heavy Water Production Technology and the CANDU-X concept. Thefollowing isa
summary of the 1999 review. A detalled andysis of the review has been submitted separately to
AECL.

41 GENERICACTIONITEMS

In 1962, the AECB established a requirement for analysis of the consequences of certain postulated
faluresin CANDU reactor systems (i.e., single process system failures) and of these same postulated
process system failures coincident with the unavailability of specid safety systems (known as dud
falures). Thisrequirement, and subsequent expangons of it, have served as an overriding determinant
of the direction, scope, priorities and depth of AECL safety technology programs. It should be noted
that this regulatory requirement was imposed upon AECB licensees (i.e, the three utilitiesin Canada
that operate CANDU dations).

Asthe licenang of the Pickering, Bruce, Gentilly and Point Lepreau stations progressed through the
1970s, the AECB endeavoured to document its requirements in a Consultative Document entitled
“Proposed Regulatory Guide - Requirements for the Safety Analysisof CANDU Nuclear Plants, C - 6,
June 1980". Discusson among the AECB, the utilities and AECL on the conversion of the Consultative
Document into a Regulatory Guide for application to new CANDU designs began in 1980 and
continues today.

One outcome of the evolutionary development of regulatory requirements for the safety analysis of
CANDU power reactors was the decison by AECB in 1988 to begin identifying and publicly reporting
the sgnificant issues that had arisen in the licensing of CANDU stations and were considered to be
generic. These Generic Actions Items (GAI) were communicated to the utilities and to AECL with
requests for plans and schedules for resolving them. The analys's of these unresolved safety issuesis
often complex and time-consuming and, in most ingtances, R& D programs are necessary to support and
to validate the anaytical methods employed and their results. Inits Annua Report for 1995, the Panel
discussed the status of GAls being addressed in AECL's safety R& D programs at that time. Early
resolution of the items has recently been declared by AECB to be of fundamenta importancein
licengng the continuing operation of CANDU sations. Equdly, the importance to new CANDU 6 and
CANDU 9 designsis sdif-evident. As a consequence, the Panel decided that its Annual Report for
1999 should include a more comprehensive discusson of GAls and their status than previoudy
reported.

In January 1999, the AECB began issuing a series of Position Statements on GAls. These Statements
identify the particular safety issuesinvolved and the actions consdered by AECB gaff to be required for
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their satifactory resolution. Eleven AECB Pogition Statements have now been issued and it isthe
daff’ s intention to issue smilar satements on dl outstanding GAls, atota of fourteen as of 24
September 1999.
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The Pand is confident that the actions currently underway and those to beinitiated shortly by AECL
and the utilities will successfully bring dlosure to dl outstanding GAls.

42 THELICENSABILITY OF CANDU 9

In September 1994, AECL requested that the AECB undertake aregulatory review of the preliminary
design of the CANDU 9 nuclear power plant, recognizing that prospective foreign customers of al
reactor vendors require a satement of licensability in the country of origin for any new nuclear plant
design asthelr firg prerequisite. The purpose of the regulatory review was to identify any features of
CANDU 9 and AECL's proposed licensing approach that would condtitute a fundamenta barrier to the
licenang of aCANDU 9 in Canada. On 15 January 1997, the AECB staff issued a* Statement on
CANDU 9 Licensahility”, in which it concluded that there were no fundamentd barriersto the licenang
of the CANDU 9 design in Canada.

421 Additional Work Items

The AECB saff satement was based on documentation submitted by AECL on the preliminary design of
CANDU 9 in what was agreed as the equivaent of the “ pre-project” phase of an actud project. The
satement was issued in anticipation that AECL would successfully complete the detailed design and
assessment activities required for the preparation of the customary “Prdiminary Sefety Andys's Report”
demanded by international customers of any power reactor vendor.

The AECB daff statement on CANDU 9 licensahility lists Additional Work Itemsto beresolved. The
AECB intends to issue an update of its licensability statement on CANDU 9 in mid 2000 to record its
findings regarding AECL's actions on the Additional Work Items.

4.2.2 Conclusons

A regulatory review of the CANDU 9 preliminary design was requested by AECL in September 1994, to
determine whether or not any sgnificant barriersto licenang the design in Canada might exist. A co-
operative gpproach to the accomplishment of their respective objectives and fulfilment of their respective
respongbilities was developed by AECB and AECL gtaff members. The Pand commends the AECB
and AECL daff members who developed this process.

It is essentid that the momentum of the process developed by AECB and AECL dtaff be maintained.
Thiswill require continuing effort by both organizations.

Prompt resolution of arelevant GAI and successful completion by AECL (and subsequent formal
closure by AECB) of the Additiona Work Items described in the 15 January 1997 AECB staff
gatement on the licensability of CANDU 9 will ensure internationa acceptance of the design. Allocation
of adequate resources and, in particular, appropriate human resources, by AECL isrequired to achieve
this objective.
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43 MANAGEMENT OF COMPUTER CODESFOR DESIGN AND SAFETY
ANALYS S

In the past year, the Panel had presentations from senior AECL personnel on the devel opment,
gpplication and management of its computer codes. The Pand has not previoudy reported on thistopic
and intends to revigit it in the next annua Report. Also, the Pandl dedls here only with codes associated
with nuclear reactor design and safety analysis. For the present purpose, a computer code may be
defined as“amathematicd expresson of the physica world which dlows amulation of system design
and performance’.

Computer codes for design and safety analysis support key elements of AECL’ s business activities.
AECL's continuing objective isto develop and maintain a qudified set of codes to support its busness
activities, including past and current projects as well as new designs and procedures.

4.3.1 AECL Computer Codesand Their Development

Although more than 600 computer codes have been used in CANDU and MAPLE reactor design and
licensing processes, much fewer are key to its design and licensing processes in the aress of reactor
physics, thermahydraulics, fued and fud channds, fisson-product behaviour and containment.

Key computer codes have evolved over many years. More sophigticated versions of the codes with
better quality assurance and more comprehensgive vdidation are certified for use as “frozen” versons
from time to time. Continuing code development, led by technica expertsin various fields, is needed to
incorporate advances in understanding of the technology, and to permit product evolution. Computer
code development often drives R& D programs. The basic approach taken by AECL, which has
worked well over the years, is to perform experiments to provide insghts and experimental data needed
for itsmgjor computer programs. At present, about one-third of the work being donein AECL and
COG safety-related R& D programs is on computer code devel opment.

4.3.2 Software Quality Assurance

Since computer codes have vitd roles in both desgn and safety andys's, designers and regulators must have
high confidence in their accuracy and rdligbility. A key dement in achieving this confidence is the application
of quality assurance principles and procedures to computer codes. AECL has developed a specific policy
for software quality assurance and issued the AECL Quadlity Assurance Manud for Andyticd, Scientific and
Design Computer Programs early in 1998.

4.3.3 Computer Code Validation

A mgor chdlengein the validation of codes for safety analysis arises for accident scenarios that leed to
severe consequences, such as large-scae core disassembly or fud meting. Experimenta programs to
investigate such scenarios are very difficult and costly. Joint internationa programs are an appropriate
means to ease the difficulties and cogtsin such cases. For example, AECL is participating in the
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internationd RASPLAV program, which is undertaking experiments on the melting of actud reactor
core materias[1].

4.3.4 Uncertainty Analysisfor Codes

It isimportant in the development of computer codes to establish the uncertainties in the predictions of
key parameters. Thisis particularly important for safety andysis for licenang purposes, for which the
AECB requires an uncertainty assessment and dlowance. Together with others in the nuclear industry,
AECL isnow deveoping an gpproach to safety andlyssthat uses abest estimate, rather than a
conservative approach, coupled with amore rigorous, Satistically based uncertainty analysis that
provides much more reliable knowledge of safety margins.

The present methodology represents an important step forward in the vaidation of computer programs
and provides amore informative safety andyss, yieding reidble data on the true safety margins for key
parameters in accident scenarios. Such information allows reduced conservatism in reactor design, with
the potentid to reduce capital costs and improve operating flexibility without jeopardizing safety. In
addition, by identifying the uncertainties with the greatest impact, this methodology can focus R&D on
the areas that redlly matter. The AECB has recently expressed support for the use of this methodology,
while identifying certain issues that need further atention.

4.3.5 Industry Standard Toolset

Code development is very time consuming and costly. It has been recognized that the Canadian nuclear
industry cannot afford to write, qualify and validate different computer codes to perform the same task.
Agreement has been reached among AECL, OPG, New Brunswick Power and Hydro Quebec to use
and maintain asingle set of key computer codes, with one exception, for licenang and safety analyss.
The one exception is for the basic thermalhydraulic codes; AECL, New Brunswick Power and Hydro
Quebec will continue to use the CATHENA code while OPG will continue to use the TUF code.

AECL will have the responghbility for maintaining, ensuring software qudity assurance, and vaidating Six
of the key industry standard toolset codes while, OPG will have the same responsibility for four industry
standard toolset codes.

4.3.6 AECL Code Management Panel and Code Centre

AECL has established a Code Management Panel whose mandate is to provide advice and guidance on the
development and application of AECL codes, to provide forma endorsement of quality-assured, vaidated
codes (“frozen” codes), and to provide oversight and leadership.

Another responsihility of the Code Management Pandl is to oversee the management of the AECL
Code Centre. AECL intends that the Code Centre will make AECL technology more readily available
to universgities, indtitutes and clients under controlled terms and conditions. By this means, it seeksto
open more business opportunities, to attract students to the nuclear field, and to make nuclear
technology more familiar and more acceptable to those outside the industry. The Code Centre will
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keep track of AECL computer codes, facilitate and oversee the transfer of these codes to externa
organizations, facilitate operation of user groups for key codes, and serve as apoint of contact for
externa bodies on AECL codes.

4.3.7 Conclusons

The development and maintenance of computer codes, which play amgor role in the desgn and safety
andyssof CANDU and MAPLE reactors, rely significantly on the knowledge, experience and judgement
of expertsin the various technica disciplines. In its 1998 Report, the Pand discussed a pilot project on
succession planning for key personnd. Recognizing the importance of codesto AECL and the intense
competition in the market place for people with computer skills, this approach should be used to andyze
AECL’s core expertise in computer codes.

The Pand endorses the effort that AECL is devoting to software quality assurance. The Pand is
impressed with the approach being taken by AECL on uncertainty assessment for key output
parameters of computer codes. It believes that this approach has the potentia for reducing unnecessary
reactor design conservatisms, improving reactor operating flexibility, and focusng R& D on the most
ggnificant aress.

The Pand dso supports the establishment of the AECL Code Centre. It believes that promoting
familiarity with CANDU and MAPLE technology will not only promote business opportunities, but will
aso help to atract young engineers and scientists to the nuclear industry.

4.3.8 Recommendations

Recommendation 1

The Pand recommends that AECL apply the methods developed in its pilot program on succession
planning for the purpose of safeguarding and maintaining its core expertise.

Recommendation 2

Recognizing the difficulties involved in certain experiments needed for computer code vdidetion, the
Panel recommends that AECL continue to participate in appropriate generic international R& D
programs.

Recommendation 3

To help achieve the objectives of the AECL Code Centre, the Pand recommends that AECL develop a
program and mechanisms to inform potentia users of the existence of the Centre, the services that will
be provided and other rdevant information.

4.3.9 References
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1. Behaviour Of Corium Met Under Externd Cooling, Find Report of First Phase of RASPLAV
Project, Kurchatov Ingtitute, M oscow, January 1998.

44  FUEL CHANNELS

The Zr-2.5% Nb alloy pressure tube, now used in al CANDU reectors, isthe key component that
determines the service life of afue channd. Irradiation and pick-up of deuterium, which is generated by
corroson and the dissociation of the heavy water coolant, can significantly change the strength and
fracture toughness of this dloy at some locations along a pressure tube. Also, during normal operation
of the reactor, there are changesin length, diameter and curvature (sag) of the pressure tube.

Research and development on the inspection of fuel channels by AECL spans three decades. During
that period, AECL has provided equipment and conducted or supervised inspections of many pre-
sarvice and in-service channels. All pressure tubes are manufactured and inspected to AECL
specifications prior to ingalation. Garter soring location is akey inddlation issue; AECL developed
the eddy current method that is used by tube ingtalers to confirm garter spring location. Since 1986,
Ontario Hydro (now OPG) has provided most of the routine in-service volumetric inspection done on
CANDU fud channels, with R&D input from AECL.

Recent organizationa changes at OPG have included cutting the ingpection services that they offer to
other utilities with CANDU power plants. Tofill this gap, and to take advantage of R& D advances
made by AECL and othersin ingpection techniques, AECL has designed and built a“wet” fue channd
ingpection system that does not require feeder isolation or freeze plugs. The new system which istwice
asfast astheold “dry” system, was used in the fal of 1999 to inspect a sample of fuel channel in
Romania’'s CANDU 6 reactor, Cernavoda- 1.

Periodic inspection by non-destructive or destructive techniques, of selected pressure tubes, from
operating reactors must be supported by an underlying research program on deformation, deuterium
ingress, and fracture properties. Significant progress has been made in ingpection techniques and in
undergtanding the statistics of the materid data and devel oping probabilistic gpproaches. The Pand is
optimigtic that this will lead to improvementsin design equations, and that this program may eventualy
point the way to changesin maerid and manufacturing specifications that will reduce variahility in
deformation behaviour and/or deuterium pick-up.

441 Recommendations

Recommendation 1

Because of the growing importance of plant life extenson and retubing methods and practices, the Pand
recommends that AECL continue to have aresearch program in this area to support the enhanced
ingpection services that it will now offer CANDU owners in Canada and other countries.

Recommendation 2
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Given the progress made in understanding and applying probabilistic approaches to the description of
materia and pressure tube behaviour, the Panel recommends that AECL continue its efforts to develop
and improve the equations currently available to describe diametra expansion, longitudina e ongation
and deuterium ingress.

45  ADVANCED NUCLEAR FUEL CYCLES

AECL has devoted considerable resources in the past to the devel opment of advanced nuclear fuel
cycles. Indeed, the Panel has noted in its past reports (1993 to 1996) that the demongtration of fuel
cydeflexibility with CANDU will condtitute a Sgnificant marketing advantage, even in countries areedy
operating light water reactors.

Over the past year, various milestones have been reached, induding:

irradiation of 24 CANDU Hexible Fudling (CANFLEX) bundiesina CANDU 6 reactor for
demondtration of behaviour under norma operating conditions in a power reactor; and

fabrication of thefirg Direct Use of PWR Fuel in CANDU (DUPIC) fud pellets from red spent fud
at CRL using the OREOX (Oxidation, Reduction of Enriched Oxide Fuel) process, for experimenta
irrediation in the NRU reactor.

45.1 The CANFLEX Fue Development Program

The CANFLEX fuel development program has been one of AECL’s mgjor sustained efforts leading to
the use of advanced fud cycles. This program has now entered the critical stage of demondiration
irradiation in an operating power reactor, leading to certification for full-core implementation in CANDU
reactors. The 24-bundle demonstration irradiation started in September 1998 in Point Lepreau and will
extend to April 2000, when the find irradiated CANFLEX natura uranium bundles will be subjected to
post-irradiation examination at CRL.

Reative to the current 37-edlement fuel bundle design used in most operating CANDU reactors, the new
CANFLEX bundle design offers asignificantly higher critical channel power, lower pesk e ement power
ratings and the ability to maintain integrity to extended burnups at high power.

In addition to opening up the way to advanced fud cydles, the CANFLEX fud bundles with natura uranium
can be introduced economicaly in operating CANDU reactors, because they provide enhanced reactor
operating margins. These margins could avoid or postpone derating due to aging. Although the fabrication
costs of CANFLEX (with naturd uranium) may initidly be 10 to 15% higher than the standard 37-element
fud bundles, the additiona revenues arisng from the increase in reactor power make a strong business case.
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Another short-term benefit arisng from the CANFLEX program is the opportunity of marketing alow-
void-reactivity fud. Such fud could conveniently be introduced when the existing reactors are shut
down for retubing. For new reactors, it could be offered as an option.

45.2 TheDUPIC Option

For the DUPIC fuel cycle to become aredlity, the feasihility of recycling spent PWR fuel directly ina
CANDU reactor must also be demonstrated from areactor physics point of view. In particular:

achievable burn-up in CANDU with spent PWR fud must be sufficient to judtify the cost of remote
fabrication and disposa of the DUPIC fud;

performance parameters for DUPIC fud must fal within the sandard (natura uranium) CANDU
operating envelope; and

reectivity coefficients may differ, but the existing reactivity devices must be adequate for control and
safety.

Development of the DUPIC cycleisbeing carried out in collaboration with the Korean Atomic Energy
Research Ingdtitute (KAERI) and the US Department of State. Over the past five years, KAERI has
done detailed reactor physics andyses of a CANDU 6 reactor with DUPIC fuel. The KAERI study is
based on the heterogeneous inventory of fud from different reactors at different times. One of the mgor
difficulties with the direct use of this goent fue is the heterogeneous compaosition of the assemblies, and
the fact that as many as 23 CANDU bundles can be fabricated from each assembly.

It is clear that variations in spent PWR fud composition could lead to alarge uncertainty in DUPIC fud
bundle properties and result in a sgnificant reduction in operating margin.  The proposed solution to this
heterogeneity problem is ablending strategy for the powder coming out of the OREOX process. Inthe
Pand’ s view, the feashility of DUPIC ina CANDU 6 has been demongtrated for Korea, but would
require a Sgnificant degree (20%) of blending with fresh fue to reduce the heterogeneity of the DUPIC
fud bundles.

The Panel consders that the heterogeneity problem with DUPIC could possibly be resolved without
resorting to blending with fresh uranium, with a more judicious inter-assembly mixing of DUPIC
powders.

45.3 Conclusons

The Panel concurs with AECL that R& D in advanced fud cycles must continue to be supported. Inthe
short term, the dightly enriched uranium (SEU) option offers the most potentid for improving the
performance of CANDU reactors. This option aso includes the use of recovered uranium from commercid
reprocessing of light water reactor fuds. Use of SEU fud not only leads to sgnificant savingsin operating
costs (as much as 30% of the fueling costs), but it will so provide an additiond degree of freedom to
design low-void-reactivity-fuel and to reduce the size of the core.
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As along-term option, the DUPIC fue cyde appears to be most promising.
454 Recommendations

Recommendation 1

The Pandl recommends that AECL investigate the proposed powder mixing strategy for DUPIC in
greater detall, in view of the negative impact of using fresh fud in the current gpproach.

46 HEAVY WATER PRODUCTION TECHNOLOGY

The use of heavy water as amoderator is undoubtedly the key characteritic of the CANDU reactor. The
heavy water moderator underlies the excellent neutron economy of the CANDU, exceeding thet of al other
power reactor types. The excdlent neutron economy leads to efficient utilization of mined uranium, and
permits the use of advanced fud cycles without mgor changes to the CANDU design.

The Pand reviewed in detail heavy water production technology, supply and demand, economics and
R&D requirementsin its 1996 report, and up-dated this review in its 1997 report. In these reports, the
Panel recommended ongoing and increased support for R& D on new production technologies. Since
then, the Pand has been updated on recent developmentsin this area and has visited the Prototype
CIRCE Plant being congtructed at Air Liquide in Hamilton. This section provides a progress report and
assessment of current AECL activitiesin thisfied.

In order to meet the demand for projected sdes of CANDU reactors, AECL has an existing inventory
of heavy water. Some of this heavy water is on loan to the Sudbury Neutrino Observatory project.
AECL isinventing new technologies to meet future demand based on the patented wet proof catayst
system. AECL dso has an inventory of tritiated heavy water which it acquired during the devel opment
of its prototype reactor programs. Some R&D activity is directed toward the remova of tritium from
thisinventory.

4.6.1 New Technology Initiatives

In Section 6.2.1 of its 1997 Report, the Panel noted that AECL was working on the find details of an
agreement with Air Liquide Canadato deploy a prototype 1 Mg per year by-product heavy water plant from
Air Liquide hydrogen production in Hamilton. Construction of this plant, the Prototype CIRCE Plant was
amost complete and commissoning was beginning when the Pand vidited the Ste in September 1999.

The plant utilizes the Combined Industrid Reformed Hydrogen and Catalytic Exchange (CIRCE) process as
thefirst stage. Hydrogen is produced in a modified steam-methane reformer owned by Air Liquide Canada
in which a methane feed reacts with steam at high temperature to produce hydrogen and other gases. After
removal of the other gases, hydrogen passes through a catal ytic-exchange bed in which the deuterium
content of counterflowing water isincreased. The water then goes to a second stage which usesthe
Bitherma Hydrogen Water process to further enrich the water in deuterium. In the third and final stage, the
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Combined Electrolyss and Catadytic Exchange (CECE) process is used to produce the product heavy
water.

Asthe gtart-up of the Prototype CIRCE Plant approaches, there is increasing urgency to develop a
computer smulation of the plant as-built. The as-built smulation is needed to analyze the performance of
the operating plant to demondtrate that it meets expectations, to provide a means of resolving operating
problems, and to serve asthe basis for the desgn of commercid CIRCE plants.

To remove tritium and up-grade the used heavy water, AECL is proposing the congtruction of the
Heavy Water Production System a CRL, with a capacity of about 300 Mg per year. The technology
to be used is amodification of the CECE process. The CECE process makes use of the water-
hydrogen exchange process in which counterflowing streams of water and eectrolytically produced
hydrogen are passed over the AECL -developed wet-proof catdyst to increase the concentration of the
deuterium isotope in the water stream.

The CECE technology to be used in the Heavy Water Production System is also being considered for
amd|l unitsfor de-tritiating heavy water at reactor Stes. AECL is collaborating with Stuart Energy
Systems (formerly part of the Electrolyzer Corporation) on the development of eectrolyzersfor these
goplications. Large centrdized dectrolyzers, aswell assmdl loca units, would aso be needed for the
hydrogen economy discussed in Section 3.4.2 of this report. Development of eectrolysis cdlsfor all
these purposes is partly funded by the federd government, and testing of improved eectrolysis cdlsisin
progress a I'Université du Quebec a Trois Rivieres.

Recent R&D on the wet-proof catalyst has yielded some important results:

Evidenceis growing that catdys activity has alifetime greater than originaly anticipated. The longer
the lifetime, the less frequently the catalyst will have to be reactivated or replaced, thus lowering
operating cogsts.

A method for spraying catalyst onto the supporting screen has been developed, which will reduce
the costs of producing catalyst beds.

Effective reactivation of catalyst beds has been achieved with a flowing mixture of oxygenin
nitrogen.

4.6.2 Conclusons

AECL has now obtained experience in catalyst operation under industria conditions and has brought
the technologies to the brink of commercid demongtration.

The Panel agrees with the view, as expressed by senior AECL personnedl, that there are dlill large
benefits to be achieved from improvements in catalyst performance. Therefore, the Panel is convinced
that continuing support for further R& D on wet-proof catayst performance, reactivation and fabrication
isessentid.
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4.6.3 Recommendations

Recommendation 1

Because of the importance of a computer smulation of the as-built Prototype CIRCE Plant to the andyss
of its performance, the Pandl recommends that the development of this smulation be given ahigh priority.

Recommendation 2

The Panel strongly recommends that AECL. continue its collaboration with Canadian industry in the
development of improved and larger eectrolyzers.

Recommendation 3

Recognizing that there are Htill large benefits to be achieved from improvements in wet-proof catdyst
performance, such as maximizing catdys activity, minimizing fabrication cog, increasing lifetime, and
scding up for industria process conditions, the Pandl strongly recommends that support continue to be
provided for research and development in this area.

4.7  THE CANDU-X CONCEPT

The Panel reviewed the objective and implementation of AECL’s strategy for the evolution of the CANDU
reactor design and the long-term Advanced CANDU Reactor Concept (CANDU-X) in its 1996 Report.
The Pand revigted the CANDU-X concept inits 1997 Report following a change in the proposed coolant.

The long-term objective isto achieve reductions in both capital and operating unit energy costs below
those of present CANDU designs while retaining the essentia features of the design that underlie its
successes and have made it attractive to customers, namely:

heavy water moderator, separate from the coolant;
horizonta fuel channdsin pressure tubes, and
on-power fuding with short fud bundles.

The CANDU-X concept represents AECL 's long-term vision of arevolutionary reactor design that,
while retaining the essentid CANDU features, incorporates “quantum” changes designed to mest the
Company’s ambitious unit energy cost targets. The purpose of the concept isto chalenge AECL
engineers and scientists to develop such adesign, and to focus long-term R& D efforts to support this
development. While the CANDU-X design may never be built as such, spin-offs from the supporting
R& D should benefit the evolutionary development of the CANDU. This approach has dready yielded
potentia benefits.
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The current CANDU-X design concept is based on the use of supercritical water (SCW) coolant.
There are anumber of modern fossil-fueled power plants operating with SCW coolant, and recent
sudies in Jgpan and Russaindicate that SCW-cooled light water reactors are feasible with some
extrapolation of current pressure vessel technology. The CANDU-X modular design, with pressure
tubes rather than a pressure vessdl, should provide an advantage in this respect.

4.7.1 Current CANDU-X Conceptual Design

The latest conceptual design for the CANDU-X, as described by Bushby et d. [1], isbased on an
arrangement that utilizes natural circulation of the primary coolant, rather than a pump-driven flow?. The
advantages of this design are the absence of pumps in the primary circuit, reducing both capita and
operating costs, and the enhancement of passive safety.

4.7.2 Analytical Studies of Natural-Circulation SCW Cooling of CANDU-X

AECL has developed an andyticd modd for predicting the thermal hydraulic behaviour of anaturd-
circulation SCW-cooled CANDU-X [1]. Preiminary results from analysis with this mode show that,
while channel powers smilar to those in current CANDU reactors should be achievable with naturd-
convection SCW cooling, some modificationsin fud bundle design may be needed and some
congraints on operating conditions may exi<.

Asdiscussed in the 1997 Pand Report, the high temperatures and pressure of the SCW coolant require
anew composite fue-channd design, the CANTHERM channdl. In thisdesign, thereis no cdandria
tube and the pressure tube is maintained at atemperature close to that of the moderator by interna
insulation.

Also inits 1997 Report, the Pand emphasized the necessity of developing successful designs for
ensuring adequate seding between the fud channd and its end-fitting, and between the fuel channd and
the fueling machine under the more onerous pressure and temperature conditions of the SCW-cooled
CANDU-X design. AECL has developed anew “bore sed” design concept for fuel channd sedling,
which should reduce the probability of leskage, smplify the fueing machine and increase fueling rates.
A working model has been produced to demongtrate the principle of the bore sedl.

6

Natural circulation flow was used in some small boiling-water reactorsin the USA in the 1950s by taking advantage of
the large differencein densities between the water at the coreinlet and the water-steam mixture at the core exit.
Natural circulation flow isalso used in AECL's low-power SLOWPOKE research reactors.
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4.7.3 Plant Engineering

Condderable R& D, aswdl as design effort, will be needed to ensure that the target for unit capital cost
reduction is achieved, particularly considering the significant increase in pressure from current levels.
Continuing efforts to improve plant congtructability will be needed. In addition to development of the
horizontal seam-generator design and of fueling machines suitable for the CANDU-X conditions,
questions of plant control under supercritica pressure conditions, including start-up and shut-down
procedures, must be addressed. Also, work will be needed to adapt or extend existing computer codes
for the safety andysis of these designs, and to undertake studies on accident scenarios under
supercritical water conditions.

4.7.4 Conclusons

The Pandl is very impressed by the progress made by AECL on the SCW-cooled CANDU-X and is
pleased to note that a key function of the CANDU-X concept, to generate spin-offs that can be
incorporated in to evolutionary CANDU designs, is aready beginning to produce benefits. The bore-
sed design, which could reduce cogts and improve performance in conventionad CANDU desgns, is
dready the focus of an engineering project.

475 Recommendations

Recommendation 1

Considering the potentia for spin-off benefits from the CANDU-X program, as well as its continuing
chdlenge to researchers and engineers, the Pand recommends that AECL consider a significant
increase in the budget for the CANDU-X concept.

4.7.6 References

1. S.J. Bushby, G.R. Dimmick, R.B. Duffey, N. Spinks and D.J. Wren, Conceptual Design for a
Supercritica-Water-Cooled CANDU, June 1999.
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CHAPTER S: THE CANADIAN NEUTRON FACILITY

51 INTRODUCTION

Since itsinception, the Panel has been a strong advocate of a new research reactor for AECL to
replace the aging NRU Reactor. In 1998, the Panel devoted considerable efforts to help make the case
for the Canadian Neutron Facility (CNF), based on a variation of AECL's MAPLE reactor technology,
to meet the needs of:

AECL, asareactor vendor, for aresearch reactor for the support and future development of the
CANDU reactor; and

Canada, as an advanced industrial economy, for a neutron beam facility for basic and gpplied
materials research.

The Pand presented a detailed review of issues relating to the CNF in its 1998 Report, and issued a
specia report in October 1998: “The Importance of the Canadian Neutron Fecility to the Support and
Future Development of CANDU Reactors’. Members of the Pand aso attended a National
Workshop on Neutron Scattering in Ottawain November 1998, which emphasized the importance of
the CNF as a materias research tool.

These activities were asmall part of those leading up to the completion of the CNF Proposa and
Executive Summary. Now that these documents have been completed, submitted to the federd
government and distributed to other interested parties, the Panel has very little to add to its dready
strongly expressed views on thismatter. Therefore, only abrief progress report and assessment is
provided here.

52 CURRENT STATUS

5.2.1 Recent Activities

As aready noted, the mgjor event of the year was the completion of the CNF Proposa and its
Executive Summary by the NRC and AECL, which occurred in May 1999. The Pandl is pleased to
note that its above-mentioned October 1998 report on the importance of the CNF for support of
CANDU technology was included as an gppendix in the Proposal. The Pand contributed to the
Proposd by providing AECL with a detalled editorid review. Members of the Panel have dso written
letters in support of the CNF to the federd Ministers of Natural Resources and of Industry.

Asnoted in the 1998 Report of the Panel, NRC and AECL have formed a high-level Steering
Committee to provide direction and leadership to the campaign to secure financing for the CNF. The
Steering Committee, composed of senior representatives of NRC, AECL, NSERC, and the
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independent Advisory Group has developed the CNF Communications Plan to raise the profile of the
CNF to a broad audience in Canada.

Since the 1998 Pand Report was issued, actions based on the Communications Plan have emphasized
the need for the CNF to federd and provincia ministers and departments, universities, industries and
local paliticians. The importance of the CNF as a materids research tool has been publicized in feature
articles and editorids in newspapers. Presentations on the CNF have been made at scientific and
industria conferences.

These activities have dicited strong statements of support from universities, business leaders and loca
federd, provincid and municipd paliticians.

5.2.2 Federal Government Policy Issues

The federd government perspective towards science and technology has become much more positive
recently. Based on statements by the Prime Minister and senior cabinet members, aswell as certain
concrete actions, the government recognizes that the future of the Canadian economy and socid structure
depends gresatly on Canada's success in adapting to a globa economy that is becoming more and more
knowledge-based, rather than resource-based. Evidence of this recognition includes an dlocation of over
$1.8 hillion in the February 1999 budget, in the area of science and technology, and the announcement of
funding for the Canadian Light Source a the Univergity of Saskatchewan, the largest sngle R&D
infragtructure investment in the last 30 years.

In addition, the important role of nuclear power in avoiding GHG emissions and assisting Canada into
mesting its Kyoto Protocol commitments, as discussed in detail in Chapter 3 of this Report, is becoming
recognized more fully by federa government departments involved in such questions. This should lead
to agrowing recognition of the need to ensure that AECL continues the commercia success of the
CANDU reactor, which will not be possible without the replacement of the NRU Reector by the CNF.

A recent book by Lester Thurow, awell-known professor of management and economics at the
Massachusetts Ingtitute of Technology, sets out new rules for successin the knowledge-based world [1].
Rule savenis “A successful knowledge-based economy requires large public investments in education,
infrastructure and research and development”. Federal government financing of the CNF would be an
important investment in R& D infrastructure to help ensure the ongoing success of the Canadian economy.

Therefore, the climate gppears to be favourable for funding of the CNF. However, the Panel recognizes
that there are many competing demands on the federad government for funding, and that consderable efforts
will be needed to develop an understanding of the benefits to Canada of the CNF, and to ensure the federa
government’s commitment as soon as possble.

5.2.3 Design and Operational 1ssues

Experience gained in the design and congtruction of the MAPLE reactors, Hanaro in Korea and the
MDS-NordionMedica Isotope Reactors (MMIR) at CRL, and in the preparation of the proposal for a
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MAPLE research reactor for the Austrdian Nuclear Science and Technology Organization (ANSTO),
have led to beneficia modifications to the CNF design.

Experience with the MMIRs has suggested that construction costs may be reduced by moving the CNF
from aste within the active area a CRL to anew Site, adjacent to the present Site but outside the active
area. Before the reactor would go critica, the active area would be extended to enclose the CNF. The
new location may aso have the benefit of facilitating access for researchers using the neutron beam
facilities. The cogts and benefits of such a step are now being evauated.

From experience with the ANSTO proposal, AECL has developed improved specifications for the cold
source in the CNF, has optimized the plant layout and has identified more competitive sources for
certain components.

The Pand has assessed the operating costs for the neutron beam facilities, as given in the proposal, and
has found them to be reasonable, particularly considering the inclusion of a cold neutron source.
Experience at a Japanese research reactor showed aten-fold increase in users and associated costs
after acold source was ingtaled.

5.2.4 Governance lssues

The Proposal does not go into detail on the governance of the CNF other than suggesting a possible
management structure consisting of a Management Authority with separate directorates for the reactor,
the CANDU facilities and the Neutron Beam Laboratory.

A key chdlengeto AECL and NRC isto work out a viable method of governance that satisfies the
federal government’ s strategic concerns, AECL’s needs for CANDU R& D, and the needs of individud
researchers using neutron beam facilities. Also, the AECB must be satisfied that the design and
operation of the CNF is managed gppropriately to ensure that licensing requirements are met and that
safety is assured.

Two of the issues that must be addressed in the governance model are:

ameans to manage the complex experimenta scheduling requirements, and
arrangements for funding neutron-beam research.

NRCan has been requested to devel op a governance mode for the CNF that will meet these needs. One
possibility being considered is setting up a separate legd entity from AECL and NRC to receive and
adminigter the funding. An acceptable governance modd may be key to gaining federd government
approval of the CNF proposal.
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5.25 TheNeutron Gap
In its previous reports, the Pandl has expressed concerns about a“neutron gap”, a period between the

shutdown of the NRU Reactor and the start up of the CNF in which Canada, and the CANDU program in
particular, would not have access to an indigenous research reactor.

53 CONCLUSONS

As stated by Nobel Laureate Bertram Brockhouse in the Executive Summary of the CNF Proposal
“The Canadian Neutron Facility offers unprecedented potentid for the advancement of materias
research in Canada and is indispensable for the continued success of Canadas nuclear program”. The
Pandl strongly endorses this statement, which is essentidly the same message expressed many timesin
the past by the Panel.

In addition, the Pandl emphasizes the urgency of afirm commitment by the federad government to the

CNF. The Pand believesit isimportant to make this Srategic investment in atimey manner in order to
maintain scientific talent and continue with leading edge research.

54 RECOMMENDATIONS

Recommendation 1

The Pand recommends that AECL continue to press for the earliest possible commitment of the CNF
by the federd government to minimize the neutron gap.

Recommendation 2

Since agovernance model acceptable to al stakeholders will be required, the Pand recommends that
AECL give high priority to working closely with NRCan, NRC and other bodies to develop, as soon as
possible, a governance plan that meets the key needs of those involved.

55 REFERENCES
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CHAPTER 6: THE RADIATION BIOLOGY AND HEALTH PHYSICS
PROGRAM

6.1 INTRODUCTION

Inits previous reports, the Panel emphasized the importance of research concerning the effects of
ionizing radiation on biologica sysems and the environment. The insights gained from such
investigations support the industry, both directly and indirectly. Biologicaly-derived condraints are
directly used by AECL, the nuclear utilities, and by the AECB to define the limits of acceptable
engineering and design of safe operating conditions for the protection of workers, the public, and the
environment from adverse effects of ionizing radiation. The costs associated with the desgn and
operation of power plants within these limitsimpact on the economic viability of the long-term nuclear
option. While nuclear energy continues to be an economicaly competitive option, under the current
conservative regulatory framework, design and regulation in excess of biologica necessity increase
cogts, which must ultimately be borne by the consumer. Thus, AECL, asthe CANDU vendor, needs a
continuing source of radiobiologica information, and the in-house ability to criticaly andyze these data.
The AECB and other government agencies need evidence and radiobiologica advice in order to set
workable regulatory standards.

6.2 PUBLIC CONCERNS

Public concerns about the safety of nuclear power plants can only be addressed responsibly through
recourse to an evidence-based understanding of radiation effects. While science done will not be sufficient
to counter dl the negetive public opinions of nuclear energy, it is essentia that proponents of the technology
base their contributions on accurate information about biologica and environmentd effects, inter dia, of the
nuclear plant life cycle. Thisneed is not so much driven by AECL’ sinternd requirements, asit isby the
needs of public policy and long-term planning.

Asan asde, it is noted that radiation biology has many fertile interconnections with other fields of hedth
science as varied as oncology, toxicology, molecular biology and aerospace medicine. Thus, the
continuation of a strong Canadian radiation biology program will be beneficid to areas of development that
extend well beyond the immediate needs of a nuclear power program. Since the benefits of radiobiologica
research are far-reaching, it is reasonable to expect that al the beneficiaries should collectively contribute
to its support, and that AECL aone should not be expected to continue to fund the entire program in
Radiation Biology and Hedlth Physics.

Public concerns and the needs of the nuclear industry centre around the same issue, namely, what are
the effects of low radiation doses. The conservative assumption underlying the internationaly accepted
basis for the regulation of radiation safety isthat al exposures are harmful in proportion to the dose
received, an assumption that has been recaeived as afact by the public. This dose effect holds in the high
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doserangein which it is possble to perform gatisticaly sound experiments. However, a the very low
doses, which can redligticaly occur with some frequency to nuclear energy workers or to the public, the
effect, if any, isless cartain. Thisis so because it has not been possible to perform gatigticaly vaid
epidemiologica analyses to detect the low frequency of birth defects or cancers caused by radiation
againg the high background of spontaneous events.

The evidence that the cdlular basis of radiation effectsis due to DNA damage came from
radiobiologica research, as did the observations that much of the damage, even at high doses, is quickly
repaired. The magnitude of the damage from large doses sivamps the repair mechanisms preventing
complete repair. The residua damage leadsto dtered cell behavior and, in some cases, to theinitiation
of acancer. Itisnot known whether this aso happens with a proportiona frequency at low doses since
the extent of repair may be greeter or even complete. New techniques in molecular biology alow
congderation of experiments to determine whether cdls, in fact, do reliably repair dl the damage
following low doses. Thus, the hypothesis that there is a threshold dose below which no sgnificant
effects occur has become testable. Should the hypothesis be proven to be true, then relaxation of
current dose limits would permit mgor changes to be made throughout the industry, which would
enhance the economic competitiveness of the nuclear energy option and could sgnificantly improve
public acceptance of nuclear power. The US DOE is proposing to fund alarge research program to
test the threshold hypothesis and Congressiond gpprova of the funding is currently awaited.

6.3 EFUNDING FOR RADIATION BIOLOGY

The dilemmafaced by AECL regarding the Radiation Biology and Health Physics Branch was reviewed
in the Pand’ s report in 1998. Briefly, reduced R&D funding by government together with the
Corporation’s mandate to become the CANDU reactor vendor, rather than remain the Nationa
Nuclear Laboratory, have congrained priority setting such that the minimum financid support required
to maintain avita stakein an independent biology program is no longer available. Although AECL
continues to need dosmetry services and some radiation biology and hedlth physics sudiesfor its own
purposes, the volume and scope of interna work in radiobiology are not adequate to sustain the interest
of scientigts and technologidts, or to fully utilize the vaue of the CANDU Life Sciences Centre.

Radiation Biology and Hedlth Physicsis not a solitary outlier in AECL’s R& D programs: it is an example of
aspects of nuclear research that are required to support national policy development, nuclear industry
regulation, public safety, and environmentd protection. As such, it should logicaly be funded independently
of AECL and held accountable through channd s that are adso independent of AECL. Thus, with the
exception of the Dosmetry Services component, Radiation Biology and Hedlth Physicsisaprogramin
trangtion. There needsto be a clear vision of whét it isto become in the future. The program will need
trangtiond support until the vison is accepted and implemented.

Through 1999, AECL's biologists and aff have led an initigtive to sendtize the, hitherto, slent
beneficiaries of the Radiation Biology and Hedth Physics Program to the need for change. There have
been discussions with the AECB and the Radiation Protection Bureau of Hedth Canada. Perhaps
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fortuitoudy, the government announcement in the 1999 Budget of the restructuring of hedth research
under the Canadian Indtitutes for Health Research presents an opportunity for aresolution in which
radiobiology could become integrated within one of the envisaged virtua inditutes. Were thisto occur, it
would help to integrate this important aspect of AECL’s R& D with the mainstream of biomedica research
a the univergties.

The stuation now concerning Radiation Biology and Hedth Physicsis somewhat comparable to that
which formerly existed in the Materid Science Program, and which has now been successtully
transferred to the NRC after athree-year trangtiond period. The concern with Radiation Biology and
Hedlth Physcsisthat the mode and means of trangtion are not yet fully darified, and that interim funding
has not been identified.

6.4 NATIONAL CENTRE FOR RADIOLOGICAL SCIENCES

The AECL vision for the Radiation Biology and Hedlth Physics Program is that it will be restructured as
a“Nationa Centre for Radiologicd Sciences’, an independent indtitute attached to a university, or
AECL, or another government department, and funded by its customers and beneficiaries. The
National Centre for Radiologica Scienceswould be primarily based at CRL so as to take advantage of
the facilities and to service AECL’ s requirements, but it would network nationdly and internationaly.

Its scientific direction would be overseen by a board representing the shareholders, and its main function
would beto:

conduct R&D in rediation biology and hedth physics,

provide dosmetry servicesto AECL and other customers,
offer R&D and commercid servicesto dlients,

inform and advise government and indusiry, and

participate in nationd and internationa standard-setting bodies.

It is projected that AECL will continue to support the Dosimetry Services component and the Radiation
Biology and Hedlth Physics R& D for CANDU-related needs.

The view from outsde AECL isthat Canada, for severad reasons, very much needsto maintain a
radiobiological capability.

6.5 CONCLUSIONS
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Thereisabroad consensus that the radiobiologica expertise that AECL has nurtured for so many years
isanationa resource and should continue with future financia support from its customers and
beneficiaries.

The Pand commends AECL’'s stientific and technicd staff for their creativity during this difficult period.
The biologists have had success in severd externa funding competitions to support ongoing research.
This demongtrates that the group has external credibility and that the focus of its work is seen to have
nationd and internationa significance. It isthe Pand’ s view that the success of these initiatives should
be seen as evidence of the importance and credibility of the program, and should not blind government
and other potentid beneficiaries of the program to the importance of ensuring the existence of astable
trangtiond funding platform for Radiaion Biology and Hedth Physics over the next five years.

6.6 RECOMMENDATIONS

Recommendation 1

The Pandl recommends that AECL continue to support the trangtion of the Radiation Biology and Hedlth
Physics Program toward a stable configuration.  In the short-term, future customers and beneficiaries should
be sensitized to the vaue of a Nationd Centre for Radiologica Sciences concept, and the necessity of
sugtaining the program through the trangtiona period. All reasonable posshilities for externd funding should
be pursued.

Recommendation 2

The Pand recommends that AECL closdly follow developments related to the Canadian Indtitutes for
Hedth Research and participate, where possible, in the development of the virtud inditutes to ensure
that no opportunity islog to link the Radiation Biology and Hedlth Physics Program into related nationd
health research interests.
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CHAPTER 7:  UNIVERSITY RELATIONSHIPS

7.1 INTRODUCTION

Over the eght years during which the Panel has had an overview of AECL’sR&D activitiesit has
recognised the importance of linkswith universties. Probably the prime example of how successful
such links can be is the strong interaction between the high-tech industries and the universities, in which
indusiry promotion and support of teaching and academic research has given rise to extensive benefits
for both sides.

Four mgor advantages are seen to accrue from AECL’ s university links:

AECL has kept in touch with young people, who are the pool of developing talent needed for
recruitment and who aso play an important public relaionsrole.

Researchers at Chak River keep abreast of developments elsawhere in the fundamenta aspects of
science and engineering; this helps AECL to maintain its position as aleading R& D organisation in
Canada and abroad - a status that may be important to potential customers.

University researchers in nuclear-related subjects are able to bring different but complementary
perspectives to technical problems.

University laboratories can be contracted to study problems which AECL cannot tackle itself
because it lacks the resources.

These benefits - particularly the last two - have changed in significance in the last few years. Thishas
been brought about by severa factors, dl of which have had the effect of placing more emphasison
“engineering” and “development” as opposed to “science” and “research”. The single most important
factor has been the approximate halving of the parliamentary grant to AECL. This necesstated the
closure of the Tandem Acceerator Superconducting Collider (TASCC) facility and the decrease in
importance of the “National Laboratory” aspect of AECL’s activities. A second important factor has
involved the restructuring of the CANDU Owners Group (COG), which has reduced its R& D funding
consderably to concentrate on improving CANDU plant performance. This hasled to areductionin
the amount of COG R&D being carried out at AECL..

An indirect effect of dl these reductions and changes has been that the numbers of undergraduate and
graduate students, as well as post-doctoral fellows and professors, working a AECL have diminished
over time. It therefore seems appropriate for the Pand to take stock of the Situation in 1999, and to
consider what can and should be done to improve AECL’ s relations with Canadian universties to take
advantage of the potentia benefits.
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7.2  UNIVERSTY CHAIRS

AECL has along-standing tradition of supporting senior research positions a Canadian universties,
early examples being the gppointments in materids science a the University of Western Ontario in the
mid 1980s when AECL’s materials science activities were curtailed and Chak River saff moved there.
More recently, the Bertram Brockhouse Chair was established at McMaster University in 1998 after
AECL had made a one-time endowment in 1996.

Such gppointments provide AECL with the links to the fundamenta sciences mentioned earlier and
enhance its reputation with the academic community. For example, a its 1999 December meeting, the
Pand heard a presentation by the Brockhouse Chair incumbent, Professor Bruce Gaulin, who described
his research activities in advanced materids. Itisclear that these activities are a the forefront of research
into condensed matter physics and provide an excellent example of the synergy between the NRC group
operating the neutron beam facilities at Chak River and the universities. The provison of the CNF will be
vita for these and other activitiesin the future. Smilarly, AECL is seen as giving consderable support to
the fundamental science community by itsloan of alarge quantity of heavy water to the Sudbury Neutrino
Observatory Project.

7.2.1 NSERC Industrial Research Chairs

One important aspect of supporting university chairsis that matching funds can often be obtained from
indugtria partners and, through NSERC, the federa government. In generd, afinancia contribution to an
NSERC Industrid Research Chair by AECL is matched by one industrid partner or more, and their tota
is matched by NSERC. By providing seed money and other appropriate support, therefore, AECL is
able to favour the development of certain topics of research and specidizations; in thisway, types of
expertise that would otherwise be lacking can be fostered. Theinitid commitment to an Indudtriad
Research Chair is made for five years, and during this period the chairholder’ s sdary is gradudly taken
over by the university. This meansthat the university commits atenure-track position to the chair. Once
the incumbent is gppointed to an Industrial Research Chair and the infrastructure and equipment put in
place, graduate students, post-doctoral fellows, visiting professors, etc. arrive to participate in the
research of the group.

An Industrid Research Chair may be renewed for another five years, but the NSERC rules for funding
the second term are different snce only the incumbent’s sdary, again on adiding scae with the
university, may be funded through this grant. The research activities are then supported by some other
NSERC mechanism such as an Indudtridly Orientated Research grant, for which the incumbent must
apply in competition with al other gpplicants for these grants.

AECL’ s experience with NSERC Industrial Research Chairs (IRC) is briefly summarized here:
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IRC in Nuclear Engineering, University of New Brunswick

This was established in partnership with New Brunswick Power in 1984, renewed in 1989, and ended
in 1991.

Thiswas NSERC' sfirgt Industrid Research Chair. The gppointee, Dr. D. Mendey from

Ontario Hydro, established alow-level radiation laboratory for radiation tomography studies at the
University of New Brunswick and developed techniques of analysis and modeling for nuclear reactors.
Undergraduate and graduate coursesin a nuclear option program were established to meet the
recruiting needs of New Brunswick Power, and university faculty became involved in the operator
training program at the Point Lepreau Station. Dr. Mendey resigned in 1991 to become AECL’s Chief
Engineer a Sheridan Park.

IRC in Nuclear Engineering, University of New Brunswick
This was established in partnership with New Brunswick Power in 1992, and renewed in 1997.

This succeeded the firgt Industrid Research Chair, but was established, under NSERC rules, asa
completdy new venture. The gppointee, Dr. D. H. Ligter from Chak River, built amedium-level radiation
laboratory where high-temperature loops and autoclaves have been ingaled for sudying corroson and
meass transport problems in reactor coolant systems. Low-temperature systems have aso been built to
study the mass transport aspects of heat exchanger fouling. Undergraduate and graduate courses in the
nuclear option have been developed, and contributions to the training of operators at Point Lepreau and
the other Canadian nuclear stations are made.

IRC in Nuclear Engineering, University of Toronto
This was established in partnership with Ontario Hydro in 1989, renewed in 1994, and ended in 1999.

Dr. B. Cox from Chak River brought expertise in the corrosion and hydriding of zirconium and its dloys
to the Univergity of Toronto where the Centre for Nuclear Engineering was established. Further
elucidation of the mechanisms of zirconium aloy corrosion was accomplished in the research program
using high-temperature autoclave facilities and surface andysis techniques. An important aspect of the
program involved interaction with the University of Toronto SLOWPOKE reactor, where radiation
damage phenomena could be studied. In fact, as Chair of the Centre for Nuclear Engineering, Dr. Cox
led the gpplication to NSERC for funding for a replacement core for the SLOWPOKE in 1996. Both
the Centre for Nuclear Engineering and the SLOWPOKE reactor were key eementsin an
undergraduate option program in nuclear engineering and in training graduate students and post-doctora
researchers. By 1998, however, support for the reactor refurbishment had waned and by1999 the
undergraduate option program had been discontinued. Dr. Cox retired and became Professor Emeritus
in 1999 but remains as Chair of the Centre for Nuclear Engineering; he dso has a podtion at

Chak River as Researcher Emeritus. While his research activities at the Univerdty are continuing, it is
only until his remaining research students graduate.
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IRC in Advanced Engineering Design, Univer sity of Saskatchewan
Thiswas proposed by AECL in 1995.

This Indugtrid Research Chair was conceived as a complement to AECL’ s existing and planned design
activities in Saskatchewan, and was aimed at devel oping more efficient schemes for the congtruction of
mgor CANDU components with the added benefits of reducing costs and improving scheduling. The

AECL activities in Saskatchewan have now been curtailed, however, and the Industrid Research Chair
never materiaised.

IRC in Applied M echanics, Ecole Polytechnique

This was under negotiation in 1999 with B&W Canada as AECL’sindudtrid partner; and was
approved by NSERC in 1999 December.

When this Industrial Research Chair is established, a scientist from Chalk River will be gppointed as the
Chairholder. The expertise that will be developed will be in the area of flow-induced vibration, which
can be alife-limiting phenomenon in CANDU components such as heeat exchangers and seam
generators. The research should provide underlying scientific support for the more gpplied work being
pursued at AECL. The agppointment is expected to strengthen the nuclear component of the
undergraduate engineering programs at Ecole Polytechnique and to lead to further training of graduate
students and post-doctord researchersin an area of nuclear engineering. A strong link with the Nuclear
Engineering program and the SLOWPOKE reactor operation at Ecole Polytechnique is expected to
develop.

7.2.2 Nudlear Engineering Chairs

Interactions with foreign univergties, including the provison of Nuclear Engineering Chairs, has been
and continues to be an important activity for AECL.

Currently, two chairs come into this category:
Chair in Nuclear Engineering, I nstitute for Advanced Engineering, Yongin, Korea

This was established in 1993 with the Ingtitute for Advanced Engineering as partner. AECL’s
commitment is negotiated annudly.

The objective of the incumbent, Dr. M. J. MacBeth, isto facilitate technology transfer between AECL
and appropriate Korean organisations in aspects of CANDU, such as Computer Assisted Design and
Drafting System (CADDS), controls, congtruction and safety andlyss. Another objective isto forge
strong collaborative links with important Korean indudtria organizations.
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Chair in Nuclear Engineering, Chulalongkorn University, Bangkok, Thailand

This was established in 1995 with partners Chulaongkorn University, Electricity Generating Authority of
Thailand and the Canadian International Development Agency.

The chair isakey dement of AECL’ s support for the Thal initiative in the extension and upgrading of
university education in nuclear engineering, the planning and implementation of professona devel opment
programs for industry, and the education of the public with respect to nuclear energy. The incumbent,
Dr. G. Berezna, is d <0 active in forging collaborative relationships with univergties throughout
Southeast Asa

7.2.3 Summary
In summary, AECL’ s Canadian university chairs a present comprise one on-going Industrial Research
Chair at the University of New Brunswick and one about to be launched at Ecole Polytechnique. The

collaborative links between AECL and universities are mutudly beneficia and strengthen the science
that is of interest to both parties.

7.3 RESEARCH CONTRACTSWITH UNIVERSITIES

AECL issues substantia research contracts to universities.

Of the 28 contracts issued in 1997 to 1998, 5 were performed abroad: 3 a Kede University (UK),
and 1 each at the University of Minnesota (USA) and the University of Liverpool (UK). The Canadian
contracts were distributed as follows: Carleton University (4), Ecole Polytechnique (4), University of
Manitoba (1), McMaster Universty (3), University of Montreal (1), University of New Brunswick (3),
University of Ottawa (2), Sherbrooke University (1), University of Toronto (2), and University of
Wegtern Ontario (2).

Numerous graduate students have a so prepared Masters and PhD theses on nuclear-related subjects;
many of these sudents took up employment subsequently in firms or agencies that dedl with nuclear
power.

Contracts are not only a cost-effective way of doing research and of providing important information to
AECL, they dso play key rolesin improving the genera understanding both of CANDU technology and
of theimportance of nuclear power in eectricity generation and other applications. Accordingly,
university contractors should be seen as partners, and not as competitors, in the achievement of specific
scientific and engineering gods

The Pand gpproves of university research contracts and finds that, given the many benefitsto AECL
that accrue from the issue of these contracts, the current policy of seeking the assstance of appropriate
univergity experts be continued.
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74  STUDENTSAT AECL LABORATORIES

AECL hasalong tradition of hosting undergraduate and graduate students at both the Whiteshdl and
Chak River Laboratories. In addition to the useful work they provided (and training they received),
their involvement in AECL’ s programs has a0 served as an important public relaions function, snce it
led to an increased understanding of the science and engineering aspects of nuclear power. Students
have thus played arole in promoting public acceptance of nuclear power generation as apolicy option.

In recent years, however, there has been a decline in the employment of studentsby AECL. For
example, in the summer of 1991 (the year when the Pand began its ddiberations) 79 summer sudents
were employed at CRL, whilein 1999 there were only 45 students and interns.

Because of the public rdaionsimportance of maintaining links with the university community, aswell as
the significant recruitment benefits that accrue by providing summer and other (e.g., co-op) jobs at
AECL, the Pand recommends that these activities be maintained at least at their present levels.

75 THE CANADIAN SITUATION IN NUCLEAR ENGINEERING EDUCATION AND
TRAINING

While no department offering first degreesin nuclear engineering has ever been set up in Canada,
conventiona engineering schools offering degrees in chemica, mechanicd, etc., engineering have
provided courses or option programs based on nuclear subjects. A few of these programs have
emphasized the traditiona nuclear engineering subjects such as reactor and neutron physics, reactor
core design, thermahydraulics and coolant technology, and have therefore offered quite intensive
training in nuclear engineering. Others have merdly added a smattering of nuclear-related subjects such
as radiochemigtry to give aflavour to conventiond core subjects. At the graduate level, many graduate
students have pursued research related to nuclear energy in various engineering departments in Canada.

Some universities and colleges have contracted their services to industry for training nuclear personne
and for preparing training materid. It should be remembered here that the AECB imposes dtrict
training requirements on personnd running nuclear facilities. To fulfill these requirements, the utilities
Hydro-Québec and New Brunswick Power, with limited nuclear training facilities of their own, have
used appropriate university servicesto fill in the ggps, which are often in the underlying science and
engineering areas. Moreover, staff members employed by the AECB have used universities or colleges,
which are independent of direct industry influence, to fulfill some of their own training needs.

It isinteresting to note thet at the five Canadian universties that provided data on their nuclear
engineering programs to a survey-administered by the Canadian Nuclear Association [1], the numbers
of undergraduates and the awarded bachelor degrees with nuclear content remained about the same
from 1990 to 1998. By contrast, master’s and doctoral students and the numbers of degrees awarded
at those levels declined somewhat over the period, but probably not outside the expected satistical
variation for such smdl numbers. The numbers of teaching saff aso remained fairly constant.
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In terms of research facilities at the universities, the recent shutdown of the SLOWPOKE reector at the
Universty of Toronto will have an impact on programs, in particular in Ontario. Elsewhere, however,
there remain five university reactors. The SLOWPOKE reactor at Ecole Polytechnique in Montred has
just received a new core, and the SLOWPOKE at Dalhousie University in Halifax isin the process of
being refurbished. The SLOWPOKE reectors a the Roya Military College in Ontario and the University
of Alberta also operate steadily as required, and the larger 5 MW pool-type reactor at McMaster
Univerdty in Ontario is now operating successfully with a new management scheme. Although not dl of
these reactors are involved in nuclear-engineering programs per se (neutron activation andysis being the
mgor role of the Dahouse SLOWPOKE, for example), they dl involve important aspects of nuclear
technology in their operation, research and teaching functions.
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It should be noted, too, thet there are severd facilities for nuclear engineering research a universities
besides those ancillary to the SLOWPOKE reactors. In particular, the Nuclear Chair at the University of
New Brunswick operates the intermediate-level radiation laboratory with high-temperature loops and
autoclaves for reactor coolant studies, while a proposed new Chair at Ecole Polytechnique will establish a
laboratory with rigs for studying flow-induced vibration in reactor components. There are a'so engineering
departments at universities across Canada with facilities capable of carrying out, or even devoted to,
nuclear-related research. Asagenerd example, thermahydraulic rigs are available in many departments,
while as a particular example, a containment smulation facility in the department of Mechanica and
Aerospace Engineering a Carleton University, built to smulate SLOWPOKE accident conditions, has
been adapted for genera containment studies.

Oneissue of which the Pand is becoming increasingly aware in connection with nuclear engineering
education and training is the advantage of writing a comprehensive text book on CANDU technology.
While CANDU is mentioned in severd texts as one example of awater-cooled nuclear reactor, no
work offers a complete description of al the mgjor CANDU aspects (by contrast, we refer to the
recent publication by Dr. D. Rozon “Introduction to Nuclear Reactor Kinetics’, Polytechnic-
International Press, 1998, which concentrates on the core physics of CANDU). If sucha
comprehengve text were available to universities, inditutes, clients and potentid clients, the task of
teaching the principles of CANDU and of transferring CANDU technology would be much eeser. The
provision of a CANDU text would aso help an AECL Code Centre to achieve its objective of
managing AECL’sintellectua property, asinvested in computer codes, and disseminating it
appropriately.

76  THE CHANGING NATIONAL LABORATORY ROLE OF THE CHALK RIVER
LABORATORIES

The changein AECL’ s mandate from a nationa nuclear |aboratory to the nuclear vendor has caused a
shift in the direction of research at AECL. The Nationa Research Council now operates the Neutron
Program for Materids Research (NPMR), formerly run by AECL. The NPMR includes five neutron-
beam experimenta facilities at the NRU Reactor, plus support services and equipment (as wel as about
20 gaff members). The existence of the NPMR within the Chak River technical community provides
an important, continuing link between AECL and the more fundamenta science conducted by university
researchers.

It issgnificant that the neutron beam facilities at the NPMR (especidly the powder diffraction
component of the DUAL SPEC equipment and the surface andys's capability of the reflection technique)
have brought a new breed of researcher to Chalk River - onethat isfar less versed in neutron diffraction
techniques (they are not dl physcistsl) and less willing to spend lengthy periods & the facility. A new
management scheme has been put in place to ded with the modified operating arrangements, which
involve more users and much more data to be andyzed. The success of this venture should provide
vauable lessons for the use of the proposed CNF by an even wider and much more numerous group of
scientigts.
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The NPMR program currently involves about 100 scientists and engineers, who collectively carry out
about 180 projects per year. Universities from across Canada (including ten from Ontario in 1997)
have ongoing projects &t NPMR. Many industrid customersin addition to the numerous AECL users
have made use of the facilities. While the pattern of usage involving universities and indudtry islikdy to
continue, the numbers are likely to change.

7.7 RECOMMENDATIONS

Recommendation 1

The Pandl recommends that AECL continue to support the establishment of University Chairsto
complement specific aspects of CANDU development and to help its marketing activities; in this regard,
AECL should move quickly to take advantage of the new federal government funding of 1,200 chairs
promoting research excdlence. The Pane further recommends that in order to do this effectively,
AECL should indtitute a policy to consder the srategic placing of such chairs, to expedite their
establishment and to monitor their progress when in place.

Recommendation 2

The Pand recommends that the employment of students be continued at the current level as aminimum.

Recommendation 3

The Panel recommends that AECL work with the universties and the Canadian Nuclear Society to
support the writing and publication of one or more university-level text books to cover al the mgor
features of CANDU technology.
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APPENDIX B: TERMSOF REFERENCE OF THE RESEARCH AND
DEVELOPMENT ADVISORY PANEL TO THE BOARD OF
DIRECTORSATOMIC ENERGY OF CANADA LIMITED

B-1 MANDATE

The Research and Development Advisory Pand shdl advise the Board of Directors of Atomic Energy of
Canada Limited (AECL ) respecting the strategic needs, dliances, and direction of the research and
development activities of AECL. The Pand shdl provide advice to the Board as to whether or not these
programs have the appropriate scope, composition, and baance between short- and long-term activities,
to susain AECL’s nuclear program, naiondly and internationdly.

B-2 DUTIESRESPONSBILITIES

To perform its Mandate, the R& D Advisory Pand shdl undertake the following duties and specific
respongbilities

The Pand shdl meet not less frequently than three times during each AECL fisca year to review
al the R&D activities of AECL, and the operation of its mgor research facilities. The Pand shdl
report regularly to AECL’ s Board of Directors, including submisson of an annud report,
respecting the quality, appropriateness and rdative size, and the need for any redirection of the
scope, resources and priorities of the R& D programs.

Pand representatives shdl participate in the meetings of the Science and Technology Committee
of the Board, and provide advice and confidentia reports, as appropriate.

The Pand shdl meet regularly with AECL’ s product engineering and marketing staff to obtain
their views on the R&D programs.

The Panel shdl meet periodicaly with representatives of Canadian utilities to discuss their needs and
requirements so asto reflect these in the Pand’ s advice to the Board of Directors.

In examining and advising on exigting and proposed nationd and internationd scientific
collaboration, the Panel shall dso evduate AECL’s current and potentid relationships with
Canadian universties, and other post-secondary educationd indtitutions, and organizationsin the
public and private sector conducting Canadian nuclear-related research.

Members of the Panel may, after appropriate consultation with AECL., appear before properly
congtituted boards, commissions or committees of the federa or provincid governmentsin order
to comment on al matters relevant to its Mandate.
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APPENDIX C: PANEL PUBLICATIONSAND SUBMISSIONS

REPORTS

Report of the AECL Research & Development Advisory Pand for 1998
Report of the AECL Research & Development Advisory Pand for 1997
Report of the AECL Research & Development Advisory Pand for 1996
Report of the AECL Research & Development Advisory Pand for 1995
Report of the AECL Research & Development Advisory Pand for 1994
Report of the AECL Research & Development Advisory Pand for 1993
Report of the AECL Research & Development Advisory Pand for 1992

SUBMISSIONS/PAPERS

Science and Technology Review Submission, 1994 September

Submission to the Environmental Review Pand for the Nuclear Fuel Waste Disposa Concept,
1995 August

Submission to the Parliamentary Sub-Committee on Natura Resources on Bill to Review
Nuclear Safety Act, 1996 October

The Importance of the Canadian Neutron Facility to the Support and Future
Development of CANDU Reactors, 1998 November

Presentation to Natural Resources Canada on Consultation on Options for Federa Oversight of
Nuclear Fuel Waste Management and Disposal, 1999 February 17

Submission prepared at the request of Natural Resources Canada, A Rationale for Canadian
Expenditure on Nuclear Research and Development in the 21st Century, 1999 May 14

A report for Senior Levels of Government, Vision 2020 and Beyond - The Need for Nuclear
Research and Development in the 21st Century, 1999 September
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APPENDIX D:

FREQUENTLY USED ABBREVIATIONS/ACRONYMS

Abbreviation/Acronym

Definition

AECB Atomic Energy Control Board

AECL Atomic Energy of Canada Limited
CANDU-X Advanced CANDU Reactor Concept
CANDU® CAN adian Deuterium Uranium Reactor

CANFLEX® fud bunde

CANDU Hexible Fuding

CATHENA Canadian Algorithm for Thermahydraulic Network Anaysis
CANTHERM A new composite fuel channel design for CANDU-X
CECE Combined Electrolyss and Cataytic Exchange

CIRCE Combined Industria Reformed Hydrogen and Cataytic Exchange
CNF Canadian Neutron Facility

COG CANDU Owners Group

CRL Chak River Laboratories

DOE US Department of Energy

DUPIC Direct Use of PWR Fuel in CANDU

GAl Generic Action Items

GHG Greenhouse Gases

IAEA Internationa Atomic Energy Agency

IRC Indudtrid Reseach Chair

LWR Light Water Reactor

MAPLE Multipurpose Applied Physics L attice Experiment

MMIR MDS-Nordion Medical |sotopes Reactor

NEB Nationa Energy Board

NPMR Neutron Program for Materids Research

NRC Nationa Research Council

58




REPORT OF THE AECL R&D ADVISORY PANEL FOR 1999

Abbreviation/Acronym

Definition

NRCan Natural Resources Canada

NRU National Research Universal Reector

NSERC Natura Sciences and Engineering Research Council

OPG Ontario Power Generation (Before April 1999 — Ontario Hydro)
OREOX Oxidation, Reduction Of Enriched Oxide Fuel

PWR Pressurized Water Reactors

SCW Supercritical Water

SEU Sightly Enriched Uranium

Time-frame Definition asused in this Report
Short-Term 0-5years
Medium-Term 6-9 years
Long-Term 10-15 years
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