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What is a very Small Modular Reactor (SMR)?

Why they may be of interest to Canada; what is the
market?

What's been done before elsewhere & in Canada?
—Slowpoke Energy System
—Nuclear Battery

What are others doing now?

—Emphasis placed on transportable reactor core modules &
autonomous/unattended operation

What is the future potential for very small reactors in
Canada?

, A AECL EACL s
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What do we mean by a ‘very SMR’
(or ‘Micro Reactor’)?

Small Reactor: defined by power output
() | = IAEA: <300 MWe/~1000 MWt [SMR = Small & Medium Reactors]

—— _ CNSC: <200 MWT1t/~70 MWe [RD-367 Design of Small Reactor Facilities]

I"I — Arisk-informed “flexible/graded” approach to licensing, but the same
process irrespective of size

For this talk: very SMR is <<10-30 MWe/<<30-100 MWt (still a BIG subject)

May be small in physical size at low power output
— Examples: 200 kWe/1.1 MWt EBR-I NaK fast reactor 1951-63; 52 kg HEU

—0.65 kWe/45 kWt SNAP-10A space reactor 1965
|

SNAP-10A

o



I*I Canadian remote SMR market

Electricity & heat in remote off-grid locations currently served by diesel generators

>300 isolated communities that rely on diesel generators for electricity; 50% in
the North + mines + military installations

Energy use/capita & cost increases with latitude
Diesel fuel cost: $5 /litre in CFS Alert 82° N [2007 Jan.]

Most Canadian Arctic community needs are <<10 MWe, somewhat more
(~2 to 38 MWe) for mines

Sustainable economic & social development of Canada’s North requires stable,
secure, low-cost & environmentally responsible energy

Value proposition: Reliable low-cost energy — mining development — jobs —

social advancement — stable communities — enhanced sovereignty

Current reliance on fossil fuels is vulnerable: fuel costs, supply logistics, security of
supply of ‘Arctic’ fuels, environmental concerns

Nay 20201

Global warming jeopardizing ice highways, study says

By Nathan \enger Kippe

From Monday's Gaze and Nal

Canada wil lose mnter-foad acoess {o nearly 400,000 square kilbmetres of land by midcentury, B
UCLA researchers predict

9.5 million litres grounded near Gjoa Haven (Sept. 2010)




c Canada Diesel Fuel Users_

Active Mineral Exploration Projects
Northwest Territorles and Nunavet

 Resource Extraction gk TN | o smmt

D T & Musen D Lo Lt T G foes

B b s Pt Mo 0OCT, )

Remote Communities
— Example: Grise Fiord: 76° N, pop.141
— Average annual T=-16.5° C
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* Diesel electricity generating stations in a%
Canadian Northern communities [Wikipedial] -

53 communities in NWT & Nunavut: total ~100 MWe
49 generating stations <4 MWe [~160 0.5-MWe units]

Need small units for redundancy, transportability, baseload
operation (no information on daily & seasonal load factors)

Energy costs: Qullig Energy Corporation, Nunavut

— Electricity: Lowest (Igaluit) $0.5239 /kWh Highest (Kugaaruk)
$1.0271 /kWh (National Energy Board; after Govt. subsidy)

— Fuel subsidies consume ~$200 million per year; ~20% of the entire
Govt. of Nunavut budget. (pop. 31,906 [2011]; $6270 per person)

— Tota| en ergy cost: ~$11’000/5’440 |itres Diesel Generating Stations in Canadian Northern communities

16

per person; 26% for electricity
Diesel fuel supplied by ship from Montreal
Only alternative is by air if early freeze-up
Only 3 suitable airstrips

A single air shipment cannot satisfy daily
fuel requirements in most communities

92% of Nunavut $1.4B budget comes from
Federal Govt.
UNRESTRICTED / ILLIMITE
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The past: Early US Army Corps of Engineersk =
‘Packaged’ Reactor Program: 1954-77 “u& )

8 reactors built mainly by American Locomotive Co.:
mostly High Enriched Uranium (HEU) PWRs

SM-1: 2-MWe Ft. Belvoir,VA,1957-4-4 to 1973
SL-1: 300-kWe BWR NRTS, Idaho, 1958-61 T ——
PM-2A: 2-MWe Camp Century, Greenland, 1960-64
ML-1: 253-kWe gas turbine, 15 tons, NRTS, 1962-63 S8 44 -

PM-1: 1.25-MWe, Sundance, WY, 1962-68 @) =
PM-3A: 1.75-MWe, McMurdo Sound, Antarctica, 1962-72

Bl e

SM-1A: 2-MWe, Ft. Greely, Alaska, 1962-72

MH-1A: 10-MWe + H,0O, on Sturgis, Panama Canal,
1968-77 -



//upload.wikimedia.org/wikipedia/commons/4/4d/SM1nuclearpowerplant.JPG
//upload.wikimedia.org/wikipedia/commons/3/3c/SL1nuclearpowerplant.JPG
//upload.wikimedia.org/wikipedia/commons/f/f2/PM1nuclearpowerplant.jpg
//upload.wikimedia.org/wikipedia/commons/3/3c/PM3Anuclearpowerplant.JPG
//upload.wikimedia.org/wikipedia/commons/6/63/MH1Anuclearpowerplant.JPG
http://gombessa.tripod.com/imagelib/sitebuilder/misc/show_image.html?linkedwidth=actual&linkpath=http://gombessa.tripod.com/sitebuildercontent/sitebuilderpictures/century13.jpg&target=tlx_new
http://gombessa.tripod.com/imagelib/sitebuilder/misc/show_image.html?linkedwidth=actual&linkpath=http://gombessa.tripod.com/sitebuildercontent/sitebuilderpictures/century11.jpg&target=tlx_new

AM-1: 5 MWe/30 MWt IPPE, Obninsk 1954-2002:
RBMK precursor

GAMMA: 6 kWe/220 kWt Bi-Te-Se TE’s; Ti vessel
[6 km ocean depth],1981-92, Kurchatov Institute, Moscow

Russian space reactors: 37 launched 1967-88

— ROMASHKA [0.8 kWe/40 kWt], BOUK: <0.5 kWe TE

—TOPAZ: <10 kWe thermionic; COSMQOS-1867 in 1987
~11 months unattended operation record

Portable: TES-3 2 MWe 1961-65;: PAMIR 0.6-MWe 1985-86

TES-3

A 10 kWe Thermionic
Space Power Rdactor

MNAJC . NAMMP 630 0" BNOK  PEAKTOPHMNA
-—_a - L2 g
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//upload.wikimedia.org/wikipedia/commons/4/45/RIAN_archive_409173_World's_first_nuclear_power_plant_in_Obninsk.jpg

-Russia’s existing Bilibino Nuclear
Power Plants_

.1_
»
s

4x12 MWe EGP-6 reactors e “" Ay ) §
Most northern Nuclear Power Plants (RS~ '
68° N SNEES 7
H,O-cooled graphite-moderated channel 8 :
reactors based on AM-1
1973 - ...; electricity & heat for gold
mine, greenhouse & town of 4,500

— Provides ~70% of energy needs

— Average load 15-25MWe

— 670 plant staff!!!l; 40% of electricity cost
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//upload.wikimedia.org/wikipedia/commons/a/ad/Russia_edcp_location_map.svg

I *I Early Canadian ‘CANDU-ish’ Very
'~ Small Power Reactor experience
Nuclear Power Demonstration (NPD)
Rolphton, Ontario

22 MWe [19.5 MWe net]; 15t PHWREERH iH |
— CGE/AECL/OH partnership =l
— 1st critical 1962 Apr. 11; S/D 1987

Whiteshell Reactor (WR-1), Pinawa, -
Manitoba | Western Focus . &
— 60 MWt [13-15 MWt to heat NPD
Whiteshell Laboratories (WL)]

— prototype Organic Cooled Reactor
built by Canadian General Electric

— 15t critical 1965 Nov. 1; S/D 1985 May T e B

WR-1

Whiteshell
Laboratories
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Scaling up from existing small

reactors

¥

Compact 20-kWt SLOWPOKE-2 (Safe LOW POwer Kk-ritical Experiment)
tank-in-pool research reactor; 8 units built 1971-85 including SRC & U of A

—Licensed for unattended operation for up to 24 h
— Inherent/passive safety features
- 0. 88 kg 235U HEU 1 12 kg 235U LEU

SAMPLE °
STATION

UNRESTRICTED / ILLIMITE
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m 2-MWt SLOWPOKE Demonstration
Reactor (SDR) at WL ‘Western Focus \

Interest in heating reactors ~1984 [CFS Alert 2-MWHt]; Local Energy
Systems business unit formed under W.T. Hancox

Construction started 1985 spring; 15t criticality 1987 July 15
4.3-m diameter x 10-m deep steel-lined pool; 100 kg U
Operated briefly for physics & thermalhydraulics tests

e 7

Local Energy Systems
A" AECL FACL S

A BUSINESS UNIT OF ATOMIC
13

ENMERGY OF CANADA LIMITED




10-MWt SLOWPOKE Energy System ¥
(SES-10) |

Commercial follow-up to SDR for urban low-temperature hot-water heating systems
(85° C); up to 150,000 m? of floor area, 1500 apartments

— Canadian interest: Université de Sherbrooke initially & University of Saskatchewan later
~1100 kg of fuel every 4 to 6 years (removed after 10-12 years)
6-m diameter x 13.5-m deep steel-lined pool
Unpressurized; natural circulation; unattended operation for weeks

i 4mil i

LID (T ——— .

Western Focus

NATURAL

1 Pool
2 Pool Liner

18 Liquid Absorber Shutdown
10 Secondary Circull Modeine
17 Crane

9 Resciivity Mechaniams

Local Energy Systems SES-10
District Heating Unit



\rapnmrmes‘
87, s North Warning System (NWS) application
231.} ) (USICanada agreement signed at 1985 ‘Shamrock Summit’)
“%:’Efzu. = ;szs

 Replacement for aging NORAD DEW line to detect cruise missiles

13 minimally attended Long Range Radar & 39 unattended Short
Range Radar (15 kWe) sites across 7000 km at ~70° N latitude

« Extraordinary reliability requirement >99.99% (<1 hr/a) for 20 years

» Helicopter transport (<12 Mg); hazardous ‘whiteout’ conditions

Diesel vs. Reactor
Diesel Reactor

Number of Units 4 1
s | Power/Unit 15/40 kWe~ 15/40 kWe
''''' System Weight 130 Tons 22 Tons
Maintenance Interval (Mos) 3 12
Overhaul Interval (Years) 1 20

.....

Annual Fuel Consumption 18,000Gals. 0

Refuel Trips/Year :
Life Cycle Cost (83.109K 52.2383

R — —
Waurmar " Three units required for maintenance period.



//upload.wikimedia.org/wikipedia/commons/f/fb/Nwslogo2.gif

A

NWﬁctor concept 15 kWWe net (200 kWt)

NORTH WARNING SYSTEM REACTOR POWER SUPPLY

1984 joint USAF/DOE/LANL & DND/AECL/WL F

iInvestigation
I i : AR VENT
* Innovative hybrid of space & high-temperature
reactor concepts CONCRETE —

« Heat pipe cooled reactor (19 SS/K); air-cooled  swewy/
TE conversion system, TRISO coated particle  icrumons—

fuel [no containment building] m;m_.:f-

Ambitious schedule: demonstration by end US
FY86 [~$24 million]; deploy 2 prototypes by end ™
FY87; remaining SRRs FY88-91

: A Small Nudlear Reactor
RE I I { gg ) The Optimal Power System
5 ; For North Warning Svstem Short Range Radar Sites
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Compact Nuclear Power Source I I
(CNPS)

NWS power requirement increased to 20 kWe [40 kWe maintenance]

More efficient power conversion system — toluene Organic Rankine-
cycle Engine (ORE) [135 kWt; 64 kg U; 12 Zr-2.5%Nb/K heat pipes]

Much shorter heat pipe condenser region due to ORE vaporizers
5 B,C control rods instead of 18 rotating reflector drums
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“Nuclear Battery” (W.T. Hancox)
Concept Evolution- . .

Joint CNPS project ceased ~1986-87

LANL: 1987-88 CNPS critical expts.

WL: 500-kWe Air Independent Propulsion (AlIP)
System for Canadian Submarine Acquisition Project
(CASAP) version for Canadian Navy

— ORE-based design much more compact (seawater

condensers)
Remote Village Electricity: 600 kWe/2.4 MWt

— Solid-state graphite core block [2.5-m x 2-m] functlons as a
thermal energy storage cell from which useful energy is
passively extracted using 159 Nb-1%Zr/K S Bl
heat pipes CORE MODULE

— Complementary follow-up to SES-10, but
at earlier stage of design

— No refuelling for core lifetime: 15 years

— LEU TRISO fuel (0.5-mm UO, kernels);
burnable poisons; ~550° C core

High-Grade Steam Heat Source

R&D work ceased in 1989
UNRESTRICTED / ILLIMITE
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”—Eanadian Nuclear Battery market *

potential
Village electricity: o [
— Competitive with diesel fuel at ~$0.2 /kW_ h (1988) "
—~150 units
404 | == TUEC
. 35_&;. = FueIPUEC]
E 30
254 Ry
Z R Diesel Fue; Cost R —
T Conlie(PYeas) =i
Alberta Oil Sands: ~22% of global recoverable | VWestern Focus [—*M!IWL
petroleum (1988) [2.3x10%° m3 & 6.8 GJ/m3 “huff-&-puff” . MCS s
process] ‘ T I
— High-temperature steam conditions similar to an S
OCR [secondary coolant loop 2370° C] | - {pvaocn]
— 140,000 units!! [1 NB = 13,149 MW(d] me -
UNRESTRICTED / ILLIMITE N 19




Nuclear Battery component
technology R&D at WL

Gravity-Assist Zr-Potassium Heat Pipe
— Demonstrated heat transfer performance up to 1.1 kWt/cm?a
— Near-full-scale heat pipe transported ~19 kWt |

Toluene Organic Rankine-cycle Engine (ORE) e el
— Demonstration 1-kWe toluene ORE unit operated at WL for 2400 h, === == 1 [ ‘

- b .- i —

including 650 h single continuous run with simulated remote startup ==~ =

T S —

UNRESTRICTED / ILLIMITE .




Now: Transportable (low political risk) SMRs
derived fm Marine/Naval Light Water Reactors
(LWRs)

Barge mounted Russian KLT-40s 2x35 MWe/150 MWt
from OKBM Afrikantov; easy decommissioning

—Akademik Lomonosov (only SMR) under
construction at Baltiysky Zavod shipyard; ~$340M
[$4857 /[kWe; ~5 cents/kWh]

— Loop-type PWR derived from icebreaker reactor
design: U-10%Zr alloy fuel; 58 operators

— Expected S/U 2013 Vilyuchinsk, Kamchatka

— KLT-20 derivative: 20 MWe/70 MWt 8 years
Subsea French 50-250 MWe Flexblue from DCNS

— Remotely controlled from shore

— Onboard control room for S/U, S/D & maintenance

— Accessible by mini-submersible; concrete savings

— Service <80 km inland no HVDC lines]:
global population ES8

L ST

Rl '
Lol
o
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The smallest current Russian
SMR designs & concepts
ELENA: 68 kWe[TE]/3.3 MW I(Integral)PWR for district
heating, Kurchatov Institute (KI), Moscow

— Transportable, autonomous/unattended e -~

i 5] SAKHA-92
—21.7 year core lifetime; scale-up from GAMMA | g'ﬁl‘ —

SAKHA-92: 1 MWe/7 MWt IPWR, 25 years, OKBM, Nizhny | E S

Novgorod, transportable by rail, sea or truck
ABV-3: 2.5 MWe/16 MWt IPWR, OKBM Afrikantov,10-12 years

UNITHERM: 6 MWe/30 MWt (or 2.5 MWe + 20 MW district
heating), IPWR, 20-year lifetime, NIKIET/RDIPE, Moscow

— Transportable, autonomous/unattended

MARS: 6 MWe/16 MWI, KI, Molten Salt Reactor concept,15
or 60 years, autonomous, air turbine

VKT-12: 12 MWe BWR 10 years, RDIPE/RIAR, Dimitrovgrad

Cowgeros

UNRESTRICTED / ILLIMITE
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So’rme more very SMR designs &
L concepts
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NHR-5: 5-MWt integral heating reactor at INET,
Tsinghua U., Beljing,1989 (with help from Germany)

NBR (150 kWe) & SNB25: 2.5 MWe/25 MWt, RMC

Kingston, unpressurized, 95° C outlet, refrigerant
ORE

DEER: 10 MWe/40 MWt Deployable Electric Energy
Reactor, Radix Power & Energy

TPS: 16.4 MWe/64 MWt TRIGA Power System SNB-Z‘-SM
General Atomics




Some Liquid Metal Cooled
SMRs

Lifeti
Concept Developer Power Coolant etime
(years)
. o =
RAPID Refuelling by All P
efuelling by AUPINS | crigpr, sapan  ( 1Mwe)romwe | Na | 10
Integral Design
45 S -Safe Small &
uper. ate sma Toshiba, Japan 10 MWe/30 MWt Na
Simple
BORIS Battery Omnibus SNU, Republic of 10 MWe/22.2 Pb
Reactor Integral System Korea MWt

CEFR Chinese Experimental
Fast Reactor

CIAE, China/OKBM

20 MWe/65 MWt

Na

SVBR-10 Lead-Bismuth Fast [ AKME-Engineering,| 12 MWe/43.3 .
. PbBi
Reactor Russia MWt
SSTAR Small Sealed
Transportable Autonomous ANL 20 MWe/45 MWt | PbBi

Reactor

G4M Gen4 Module (HPM
Hyperion Power Module)

Gen4 Energy Inc.
(Hyperion Power

25 MWe/70 MWt

Generation Inc.)

PbBi

SSTAR

SVBR-100



//upload.wikimedia.org/wikipedia/commons/0/09/Flag_of_South_Korea.svg

He gas-cooled SMRs

Pebble bed reactors
— Germany AVR 15 MWe/46 MWt, 1967-88
— China HTR-10 10-MWt, Tsinghua U., 2000
Prismatic block reactors
@ |- Japan HTTR 30 MWt test reactor, 1999

— General Atomics RS-MHR: Remote Site
MHR 10-25 MWe

Gas-cooled fast reactors

— EM?2: General Atomics 40 MWe/200 MWt
30 years without refuelling

—ALLEGRO: 50-80 MWt GFR prototype
EURATOM/CEA, Czech Republic,
Slovakia, Hungary

ALLEGRO

+}» cEnERAL ATOMICS

-



//upload.wikimedia.org/wikipedia/commons/c/c8/Hogetemperatuurreactor.JPG
//upload.wikimedia.org/wikipedia/en/b/ba/Flag_of_Germany.svg
//upload.wikimedia.org/wikipedia/commons/b/b7/Flag_of_Europe.svg

The future: What the Canadian very small

» reactor market might involve

Compact IPWRs derived from

Marine/Naval reactor technology L C%) Duned’n
Scaled down integral Pb-Bi LMRSs Energy Systems Limited.
also linked to Marine/Naval reactor

techn0|0gy [80 reactor-years of 5-MWe SMART (Small, Modular, Adaptable,

) Reactor Technology)
experience]

Or maybe something completely
different .....

G4aM

A AECL EACL S
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What we really need: The ‘-Reactor’ concept

» N Er

(How do you like them Apples?)|

Must be compact, light & licensed to be transportable
with containment & shielding

—Boeing Chinook 234: Highest rated commercially
certified lift capacity at 27,000 Ibs/12.2 Mg

Must dissipate decay heat passively to ambient air at
all times

Must be licensable for autonomous reactor operation
This suggests a very low-power (<1 MWe), compact
gas-cooled fast reactor
— Pressurized He primary coolant: inert, light, ~550° C
—>50-year core life without refuelling

— <20 wt% 235U LEU fuel; probably Be, BeO neutron
reflector

— Desirable to have essential loads powered by TEs
Uncertain technical/economical feasibility

Requirements similar for a Lunar Base reactor
UNRESTRICTED / ILLIMITE



Mobile Nuclear Power for
Future Land Combat

IF M IKE CRANG

IN FAXED 5CB

HMA

A e sk b A g
B e L

g e <~1a
L O adg k@

US- Army, Mar. 2009

POPSCI @ GADGETSD CARSD sc

Mobile Nuclear Reactors Could
Provide Power and Jet Fuel for
Military, DARPA Says

US-DARPA, Mar. 2010

Recent mterest in mobile reactors

iscoveryNews.  doest

CAS L N JCLEAR :«"[\kTO»\b
1:-u VER

%)

ARS COLONIES

NASA, Aug. 2011

® Australia, Jun. 2011

Mohbile nuclear power plants for outback mines

b. 2012 p

NASA's anenda

NASA, Fe

Fission power b

i ; z % QUESTION MORE.

Revolutionary railroad: atomie train being
developed in Russia

ISSUES OF NUCLEAR FUEL CYCLE OF
MOBILE NUCLEAR POWER REACTORS
WITHOUT RELOADING ON SITE

N.N. Kiimoy, V.P. K P.P. Pol
Nations/ Research Contre “Hurchatov insttdude

kiov

ANy

Russia, Oct. 2011

Russia, Feb. 2011




Wrap-up

A potential niche market exists for very small reactor units in remote
Canadian locations, especially to support mine development

Very small reactors are technically doable, dozens of SMR concepts
exist (especially from Russia), many are of Marine/Naval origin

—Canada once was a leader in this field with AECL’s SES-10 & Nuclear
Battery programs

The very small reactor market might be addressed using existing
technologies, but economic viability would likely require

—Post Fukushima: guaranteed passive decay heat removal to ambient
air & no hydrogen (or steam) explosion risk

—Licensed for autonomous/unattended operation of the reactor core
—Transportability of the nuclear portion as a sealed unit (new & used)

—A large # of application units (>100) to be worthwhile; need a good
technical fit with the Alberta Oil Sands | western Focus

—Social acceptance & a compelling business case/value proposition

, A AECL FACL S
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Call for Abstracts

2™ Intemational Technical Meeting on
Small Reactors

“Celebrating NPD’s 50™" Anniversary”

O byective

Atom B Evergy o1 Canadd Limked ®ECH kb hoetig the
2% EnEtaal Techical Me:tig o Smal Reacors.
The R & QoW kg tengiowal Ve kataed acmng b e
delelopment of Zmall inckar reacor echiobgy. ThE
meethg Wl poukde parttpare Wit 31 opportahy o
fhae  kkar awd erciaee hWomatn o pew
deuzlopment.

The Techibcal Meethg wil comr bpis of hEEst to
ﬂESgIEr‘S,DF&IEtIB, E & anchers EIﬂEIEi.I‘E‘B Isuckied k
the dezigy, deuelopmest 3l depbymert of zmal
reactor 1r peowler gEIEIE‘ﬂ:II and reZearh. o EF&GE|
fegion B pEned D tociE on Emall modi@ar k3o
EMR) Bl gewe Othg e Botnchy awd prociss  hedt,
partca By v mal griks awd EmoE oCFbors, O e
et coy o the Tech bkal Meetng (Mouembsr 35, AECL
wil kgt a ooror the Chak RUeT EBboEoke: tr al
e Rsed atendee s, The Do rwill hond: e ZED-2 aud
MR reactor.

Foliaikg the sacceze of the et Techiical Meetug b
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