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I ntroduction

| am a retired nuclear scientist with 23 years expegewmorking for OPG’s Research Division in
Toronto. | have spent most of my professional caredindeaith technical problems with
OPG'’s fleet of CANDU reactors at Pickering, Bruce &alington. | am writing to the OPA to
urge our electricity supply plannemst to recommend the refurbishment or construction of any
more CANDU reactors to supplement or replace the Prowreasting electrical generating
capacity. | base this view largely on the poor performahcertain critical systems inherent to
the CANDU reactor design

The innovative features of the CANDU design, namelyuge of DO as coolant and moderator,
natural uranium fuel and the capability to refuel the reagtole operating under power, are
implemented through systems involving great engineering @xityl For example, a Pickering
‘A’ reactor has over 2 km of specialized zirconium pressubing and over 7 km of feeder
piping. Each reactor has 1,560 water and gas connectiores teatttor core. Every one of these
1,560 connections has to be leak tight. J/ODeaks from the reactor core it must be recovered
and upgraded because it is very expensive to manufacture rathsaadioactive tritium as a
hazardous contaminant.

These features of the CANDU reactor design - thateseed for hundreds of fuel channels, end
fittings, feeder pipes, annulus gas supply and return lasewell as elaborate,D recovery and
tritium control systems - have proven to be the smofainreliability and poor performance of
aging CANDU reactors, especially compared to reactibssrolar age incorporating less
complex designs operating around the world. Unfortunatedyntost significant of CANDU'’s
deficiencies are long-standing problems caused by teclidesin) issues that remain largely
unresolved to this day.

Over the past 35 years CANDU reactors have been subjdgwitdair share of the same
problems that have commonly been encountered in othdorgaesigns such as the BWR and
PWR. These common problems include fuel failures, actikatysport and steam generator
corrosion. However, the history of CANDU reactor operat shows that our homegrown
system derives most of its unreliability and high césts:

(1) The use of PO and the associated production of tritium
(i) The use of pressure tubes, feeder pipes and annulus gasssystem

These systems and componentsich are completely absent from other reactor designs, are
considered in detail below.




D,O and Tritium

A typical CANDU reactor requires about 450 tonnes of heeater (O), valued at about $250
million. Nearly all of the tritium present in a CANDreactor is produced by neutron activation
of D,O and is chemically bound as tritiated heavy water, DX@pical OPG reactor produces
about 1.5 million Curies of tritium per year. In speevery effort to prevent it, heavy water and
tritium leak from an operating CANDU reactor. Mosttloé heavy water that leaks, or is spilt
from a CANDU heat transport or moderator system, isve@d. However, a significant amount
of D,O escapes from containment and enters the environmengththe so-called contaminated
stack. The Pickering “A”, Pickering “B”, Bruce “A”, Bruc®” and Darlington contaminated
stacks each exhaust the equivalent of about 0.5 kg@Mapor per hour. Because the effective
specific activity of tritiated water released to the emwvment from a mature CANDU reactor is
= 1 Ci/kg, each of the five CANDU stacks noted above sel@a average of about 5,000 Curies
of tritium per year.

Tritium emission control is accomplished by liquidleotion systems and by water vapor
recovery through containment air drying. The moderator vegmmvery enclosure is the most
important primary barrier for tritium control and the/ing requirements for this enclosure are
the most stringent of any in the station. Moderatonraewpoints are typically specified to be
40° C or lower at BO collection rates of up to 1 kg/hr. In most cases s&é&00 nihr

capacity single-bed dryer units are used at OPG statiahsl@X or 4A molecular sieve as the
desiccant.

Areas such as moderator purification rooms and heavy wateagement areas in service
buildings used for drumming operations involving high isotopic natdeD,O also require
effective vapor recovery dryers, as well as proper kaiatin to reduce occupational dose. The
reactor building itself offers a secondary, and fibatrier to tritium emissions to the
environment. Reactor building air is passed through an exteyesttypically operated at an
outlet dewpoint of-18° C thereby setting an upper control limit to the heaviewaapor losses
through the contaminated stack.

The need to maintain and monitor expensive and labor ineesgstems related to heavy water
management and tritium emission control add substgnitathe cost of operating a CANDU
reactor.

Pressure Tubes

Pressure tube problems have plagued CANDU reactors bm@atly days of Pickering NGS in
the mid 1970s. OPG, NBP, AECL and other members of COG;ANDU Owners Group,

have collectively spent over $100 million on pressure tebearch and development in the past
20 years but achieved only marginal improvements in pretsieeperformance. There have
been problems with leakage at the pressure tube rolled,joetitron induced creep of in-core
pressure tube sections (leading to sagging), pressure tubélemient and hydride blister
formation caused by excessive hydrogen pickup, and localietohdy corrosion.



Starting in 1974 many individual pressure tubes were replad@idkaring and Bruce Units,
typically involving outages of several months and a @osemitment of about 10 man-rem per
tube. In August 1983 pressure tube G16 in Pickering Unit 2 sufferathstrophic rupture and
the decision was made to replace all 390 pressure tubéddgaanraPickering “A” Units.

One would expect that after OPG and AECL fixed all tress#y problems, CANDU pressure
tubes would now be able to deliver many years of troubdeseevice. Indeed, the CNSC
stipulates that nuclear pressure boundary materialsstregjent inspection codes as a licensing
requirement. Unfortunately, the complexity and incoesistesults of pressure tube inspections
over the past 25 years leave the question of future CANI2Ssure tube performance still very
much in doubt. For example, in the CNSC’s 28&@dson for Decision on Bruce ‘A’ there is a
section, albeit a very short one, that discussessiie of pressure tube integrity. The
perfunctory discussion offered by the CNSC fails to deid,wr even mention, some very
important observations concerning Bruce ‘A’ pressure tuhest.a small sampling of these
observations is given below:

* Anomalous eddy current (EC) scans for a number of dpitessure tubes
during SLAR inspections carried out in 1993.

* Some EC scans near the center of channel B4013 thatsavenoisy it
was impossible to reliably locate the spacers. TheyreC signal was
attributed taeither very thick oxidesr magnetite deposits.

* SLAR UT blister detection inspections, also carriatlio 1994,
producedighly variable signals that were later shown to be edus
by interferences from lubricant and/or adhesive amontants.

» Metallographic sectioning of removed tubes carried oi®88 - '94 showed
some very thick patches of oxide on ID surfaces close to riddke positions.
Other sections that were predicted to have thick patdde® on the
basis of EC inspections, were found to have thin umifoxides.

» Data on deuterium uptake by Bruce pressure tubes are ldegatgd from
scrape samples taken from “scrape campaigns” fidsrteken on Unit 3
in October 1988. By 1993 it was realized that all previotepe data were
essentially worthless because of oxide contaminafidime samples.

» Scrapes taken from pressure tube outlet regions of Umil 394 were higher
than predicted by the current AECL/OPG deuterium uptaigeimThe model
was therefore revised to accommodate the new data.

» Re-scraping of Bruce 3 tubes in 1996 showeechne in deuterium levels.
AECL/OPG declared that the 1994 data were obviouslyrar end should
not be included in deuterium uptake prediction calculations.



These observations raise serious concerns about idialitgl of the inspection procedures used
for pressure tubes at Bruce, and undermine any belief ionietérm integrity of pressure tubes
in all CANDU reactors. Certainly, as a veteran ohsngears of research into pressure tube
corrosion and hydrogen pickup, | can attest to the pook déveechanistic understanding of
pressure tube behavior inside a CANDU fuel channel ie sifithe efforts of literally hundreds
of scientists and engineers worldwide.

A good example of an observation lacking a cogent egpian is the remarkable variability,
frequently by more than a factor of two, in the rdtearyrosion and deuterium uptake by
nominally identical pressure tubes sitting side by sidereaator. The through-wall distribution
of deuterium is another mystery. Some researchersdimerved a deuterium concentration
peak just below the oxide-metal interface in laboraspgcimens of Zr-2.5%Nb. This would
give elevated deuterium values compared to the bulk average value sbyghbtape
measurements. However, other studies indicate a podsgbéted zone in the near-surface
region of a pressure tube caused by migration of deutenivaly from the oxide-metal interface
during reactor cooling. In this case, all scrape data clyrantepted by the CNSC are biased
low.

The CANDU research community is also unable to accaurdriother unexpected problem
observed in a number of Bruce “A’ fuel channels: namibiigk oxide patches in high flux
regions of the core. Unfortunately, the true exterthsf problem is largely unknown and this
ignorance is compounded by the phenomenon of oxide spallmgh e known to have
occurred in Bruce ‘A’ Units. Measurements on heat partssystem particulate from Bruce Unit
3 indicate that sever&ilograms of pressure tube oxide have been released to the coo&arnt®v
years of operation.

An additional observation that should give added causeofacern to the operators and
regulators of CANDU reactors is the detection of lithiG enrichment and beryllium braze
bearing-pad corrosion product in oxide patches formed in highafeas of some tubes removed
from Bruce reactors.

Feeder Pipes

Feeder pipe cracking and wall thinning was first discover€ANDU reactors in the 600
MW(e) Unit at Point Lepreau in 1997. Subsequent studies hawnghat wall thinning is
widespread in CANDU outlet feeders and has become aseeigus issue for OPG’s aging fleet
of reactors. The wall thinning observed in CANDU reachas been attributed to flow
accelerated corrosion (FAC). Studies have show that iBAnost likely to occur at tight bends
in carbon steel piping carrying high temperature wathigdt flow velocities; a condition
present at the first elbow of every outlet feeder ppP@ANDU reactors. FAC in Pickering “A”
Units has been very severe for a number of reaboimsn particular:

(1) The use of carbon steel containing less than optimuonabm.

(i) The use of aggressive decontamination reagents in the mids1980’

FAC is a very complex phenomenon that is poorly undedsitospite of considerable research
by AECL and OPG. Some important facts to consider are:



» The initial wall thickness of feeder pipes varies betweenm and 3.5 mm.
* 40 % of the original wall thickness is the maximaoeeptable thinning.

» The wall thickness at a feeder pipe bend is subjeminsiderable variability making it
difficult to determine feeder thinningtes at this critical location without a number of repeat
measurements.

» Up to February 2005, ultrasonic measurements at the exiwétiusfirst elbow of Pickering
‘A’ feeders found a minimum wall thickness greater tBanm. At this time the extrados of the
first elbow was considered to be the location mosteqt#ble to wall thinning and it was
therefore concluded that the Pickering feeders were wtttieirfitness-for-service guideline.

* In April 2005direct micrometer measurements were made at the extemdastrados of two
removed feeders from P1. These measurements gave ttpeatesl result thahe elbow
intrados was thinner than the associated extrados, and well below the fitness-for-service

guideline.

To conduct a full outlet feeder inspection on a largélDR reactor costs about $10 million and
involves a radiation dose to the inspection crew of aB@uhan-rem. To remove and replace
one feeder pipe from a CANDU reactor costs about $1 millibo remove and replace the full
complement of feeders in a Pickering ‘A’ Unit (390 pipesoital), costs about $300 million.
Worse yet, a full feeder pipe replacement would takkeast a year to complete and allow
millions of dollars of interest charges and replacemezit(coal?) costs to accrue on the
refurbishment debt.

The Annulus Gas System

The annulus gas system is a specialized gas circulasbgns unique to the CANDU reactor
design. It is used to provide thermal insulation betviberhigh temperature heat transport
system and the moderator, which must be kept cool foiiezificeactor operation. CANDU
reactor operators also rely on the measurement @rwapor in the annulus gas system (AGS)
for the detection of small pressure tube leaks. Nitrggsrwas originally used in CANDU
annulus gas systems but was found to produce Curie quantiti@goon-14 in gaseous and solid
forms. After the completion of the Pickering Large 8daliel Channel Replacement (LSFCR)
project in the early 1990’s, all domestic CANDU Units shéd from N to CQ-filled annulus
gas systems. This switch created a new set of problents doe unexpected formation of
radiolytically-produced intractable polymeric deposits thaggéd the annulus gas lines and
flow rotameters. More recently, batch additions gh@ve been made to the AGS of operating
CANDU Units in an attempt to prevent annulus gas sygtegging.

In 1991, as part of the re-commissioning of Pickering ‘Awdts deemed necessary to test the
pressure tube leak detection capability of a refurbishedttmirify that the AGS exhibited the
predicted response to a controlled injection of moistrgeries of leak detection tests was
therefore carried out on Pickering Unit 3 (P3). A typtest involved the injection of @ into



the external AGS circuit to simulate a pressure tudle ile the range of 20 g/hour. Previous tests
of this type had been successfully carried out on aynesrhmissioned Darlington Unit in the
late 1980’s. It therefore came as a complete surprisa teeP3 AGS response to moisture
injection fell well below expectations. After 5 houfscontinuous RO injection, a dew-point
meter response equivalent to only 25 % of the expecteat wapor concentration was
measured.

Additional tests of the P3 AGS response to helium tigas suggested that the injected water
vapor was being held up within the AGS pipe-work by some d¢ypelsorption phenomenon.
Confirmation of this hypothesis was provided by subsequestdéshe purge dry-down
response of the P3 AGS. Sluggish system response wawedsnd attributed to the slale
sorption of water from sites that had previously adsorbed wateor from the moisture laden
gas stream.

It is now believed that the sluggish response of the @3 Auring the July 1991 moisture
injection tests was caused by corrosion product that éeainiie dispersed throughout the pipe
work of this system since the early 1970’s. The sourcheoP8 AGS corrosion product is the
carbon steel shielding sleeves and bearing journals thbateveen the stainless steel lattice
tubes and end fittings in each fuel channel. It is weludwented that in the period 1973 -’75 the
P3 AGS was subject to significant® in-leakage and concerns over delayed hydride cracking
lead to the replacement of 17 pressure tubes in 1975. Statiorls show that the,D in-

leakage problem in P3 was so severe that the entirewSSlooded a number of times and the
carbon steel components in many lattice tubes werectatljeo long periods of severe corrosive
attack. Regrettably, this unanticipated corrosion has gewdksabstantial quantities of poorly
adherent hydrated iron oxide (rust) in the affected fuel adflann

Because of the inaccessibility of much of the pipekwtire full extent of the cumulative
corrosion damage to the P3 AGS remains uncertain. Hawigvs probable that, by the time of
the start of the P3 LSFCR in the fall of 1989, kilogramntjtias of non-adherent rust particulate
had accumulated in the P3 AGS. Furthermore, it has tegemted that: Vacuuming the material
was not very successful”. Thus, everafter the P3 reactor was returned to service in the fall of
1991, the majority of the pre-LSFCR corrosion debris reedhin the AGS. It is also quite
probable that other CANDU reactors besides Pickering 3niéive annulus gas systems with
restricted flow from corrosion deposit and/or radiolyga@dymer formation. Oxygen additianay
inhibit polymer formation, but recent research has icapéd nitrogen from air ingress as a new
and troublesome polymer precursor.

Discussion

As noted previously, the CANDU reactor design incorporatesmber of intricately engineered
and highly complex systems that require an inordinateuatof skilled manpower to operate,
inspect and repair. Many components are difficult to aca@sare located in areas of high
radiation fields, adding to the problems of CANDU reacjoeration and maintenance. This
situation is reflected in the exorbitant OM&A costsitinely reported for domestic CANDU



reactors which, as we shall show, are largely attridet® the high staffing levels required to
safely operate CANDU reactors.

To quantify CANDU operating costs we quote from OPG's tdteancial results that cover the
period for the first half of 2005. For its nuclear operajcOPG report $1,120 million in
revenues from the sale of 21.4 TWh of electricity. OPGM&A costs for this electricity are
stated to be $859 million, equivalent to $40/MWh79.5 % of revenues.

It might be argued that OPG, as a government entergigeforiously inefficient in how it runs
its business. However, a comparison of OPG’s nuclearabpes to Bruce Power’s privately
run, for profit, nuclear operations shows otherwise. Buuge Power’s operating expenses,
excluding fuel, for the six months ended June 30, 2005 were $88/Mr only marginally
below OPG’s $40/MWh for the same time period.

And to support the claim that the staffing levels at @ANstations are excessive in comparison
to other non-nuclear stations, we present some représerttata for the number of employees
at some well-known power stations in Canada.

(N.B. Nanticoke and Lambton are coal-fired, Darlingtetc, are nuclear):

Facility Available Capacity(M W) Number of Employees Employees MW

Nanticoke 3938 600 0.15
Lambton 1975 300 0.15
Darlington 3524 3000 0.85
Bruce A& B 4680 3700 0.79
Pickering A & B 3090 5400 1.75
Point Lepreau 600 530 0.88

As a further comparison, it should be noted that tleeaaye staffing level for U.S. nuclear power
plants is about 0.5 employees/MW,about half the number required to run a typical CANDU
plant.

Fuel costs per MW of electricity generated are, of agursich lower for CANDU than for any
conceivable fossil fuelled station - a fact much empledd® proponents of nuclear power.
However, when capital costs are added to dndlOM&A costs, CANDU-generated electricity
must be priced at about $75/MWh just to break even. ThuBpfarbeing “too cheap to meter”,
CANDU power is at least 25 % more expensive than anyl foedled electricity currently
available in Ontario.

Summary and Conclusions




When the CANDU reactor was first introduced in the 1968@stcularly in the demonstration
Units at Rolphton and Douglas Point, it was proclaimeABgL to be a reliable and economic
means of producing electricity. Eight larger and even raarkitious versions of the basic
CANDU design soon followed at the Pickering and Bruasssinitial performance of these
Units was promising. Indeed, some early CANDU Units ledatbdd in annual average capacity
factor, an accepted measure of reactor reliability.

Unfortunately, as Ontario’s CANDU reactors approachede2dsyof operation, serious
problems with critical components started to emerge sBresube integrity became a major
issue in the 1980s, while steam generator corrosion andusnyas problems dominated the
1990s. Outlet feeder pipes are the latest CANDU compohestsfer from premature failures.
Thus, looking at the status of CANDU in the year 2005, @gemsany of the 22 domestic Units in
need of major refurbishments or already abandoned asdbegpair. This situation has arisen
within 30 years of the commissioning of most of thesed)mibrse yet, some Units were shut
down for long periods during their lifetime.

The hard pill for AECL to swallow is that CANDU's iomative engineering, seen as leading
edge in the 1960s, has become its Achilles’ heel by the2@®4d). This is perhaps not so
surprising for 50 year-old technology. After all, many engrimey marvels from the 1960s, such
as the Space Shuttle and Concorde, have now outlivedutiedulness as recent events have so
dramatically shown. But, to return to the main thesithsf submission, CANDU was destined to
run into difficulties due to the complexity of its desiglorrosion is a well-known concern for

all nuclear plant, but when it occurs in essentigdiccessible pipe work, such as the annulus gas
system, it presents a problem that is next to imposgidiz.

As we have shown, each new problem that developed in QANBCctors - whether it was
leaking pressure tube rolled joints, annulus gas systenbilmekages or feeder pipe thinning —
has required more inspections leading to more outages @imer HME&A costs. The CANDU
reactor was always an experimental venture; it hdsthauccesses and was probably a
worthwhile undertaking because it added to our understandimgctéar science and
engineering. However, it is time to declare the CANDPezment over, and move on to
something simpler, something proven, something better.

F. R. Greening
Hamilton, Ont
August, 2005

To: From:
Mr. Jan Carr Dr. F.R. Greening
Chief Executive Officer 12 Uplands Ave.
Ontario Power Authority Hamilton
175 Bloor Street East Ontario

North Tower, Suite 606 L8S 3X7



Toronto, Ontario
M4W 3RS8 Tel: 905-317-4544
Greening@sympatico.ca

August 28, 2005
Dear Mr. Carr,

It is my understanding that the Ontario Ministry aleEgy has issued a directive to the
Ontario Power Authority to develop an integrated plaartsure a reliable long-term electricity
supply for Ontario. To this end, | believe the OPA wdldeeking input on supply options from
the general public during the period September to Decemlleisofear.

Based on recent statements from Energy Minister Biiuncan, new nuclear
generation capacity is being considered as a major compoh@©ntario’s future electricity
supply, and various “improved” CANDU reactor designsadready being actively promoted by
AECL.

| am writing as a former OPG research scientidt) @8 years experience in nuclear
operations, to suggest that any further investment in gengrcapacity based on the CANDU
design would be a serious mistake. | have put together maynof my reasons for rejecting
CANDU technology in an attachment to this letter and ld/@ask that this material be considered
by the OPA.

Sincerely,

Dr. F. R. Greening

c.c Mr. Dwight Duncan
Minister
Ministry of Energy
Hearst Block, % Floor
900 Bay St.
Toronto ON M7A 2E1
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