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L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

SLOWPOKE: UN MQY.EN PQUR LA TECHNQLQGIE NUCLEAIRE DE JOUER UN ROUE
DANS LE CHAUFFAGE URBAIN

par

G. F. Lynch

La realisation de pettt3 3ystfemes energetiques
Sccmomiquement vlablea est un but qu'on cherche a atteln^.'e depuia
longtemps. La miae au point couronne"e de succes de tels systemes permettra
a la teahnologie nucltSaire de satisfaire aux besoins d'autres secteura
d*e"nergle que ceux actuellement aliment^s par les oentrales
electronucl5aires. Le r^acteur SLOWPOKE mis au point au Canada depuis ces
20 dernieres ann^es e3t au premier plan de la demonstration de cette
technologie.

Dans oette communication, on ddcrlt 1*application couronniSe de
auGoea du concept SLOWPOKE pour aatisfaire aux besoins de chauffage
d'etabllaaementa et d'enaembles de batiments. Blen que le taux
d'utlllaatlon d'^nergie pour le chauffage, au Japon, peut ne pas etre aussi
4lev4 que celui d'autres pays de 1'hemisphere Nord, cette application
particuliere d£montre manifestement que les petites sources d'Snergie
nuclSaire a usages sp^ciaux et ultrasQres sont techniquement et
Sconomiquement vlable3. On peut les concevoir de sorte a en facillter le
fonctionnement et la maintenance et a les etablir dans des zones urbaines et
localltea eioignees et alnai satisfaire a une grande gamme de besoins
d'lSnergle que ne peuvent s^tisfalre les alternateurs eiectronucieaires
centraux.
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ABSTRACT

Economically viable, small nuclear energy systems have been a long sought
after goal. The successful development of such systems will allow nuclear
technology to contribute to energy sectors beyond those that are currently
supplied by central nuclear generating stations. The SLOWPOKE reactor
which has been developed in Canada over the last 20 years is at the fore-
front of the demonstration of this technology.

This paper describes the successful application of the SLOWPOKE concept to
satisfy the heating needs of institutions and building complexes. Although
the load factor for heating in Japan may not be as high as those exper-
ienced in other countries of the northern hemisphere, this particular
application clearly demonstrates that small, special purpose, ultra-safe
nuclear energy sources are technically and economically viable. They can
be designed for easy operation and maintenance, to be located in urban
areas and remote communities, thereby satisfying a broad spectrum of energy
needs that cannot be served by central nuclear electrical generators.
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SLOWPOKE

A ROI.E FOR NUCLEAR TECHNOLOGY IN DISTRICT HEATTNG

1. INTRODUCTION

Economically viable, small nuclear energy systems have been a long sought
after goal. The successful development of such systems will allow nuclear
technology to contribute to energy sectors beyond those that are currently
supplied by central nuclear generating stations. The SLOWPOKE reactor
which has been developed in Canada over the last 20 years is at the fore-
front of the demonstration of this technology.

This paper describes the successful application of the SLOWPOKE concept to
satisfy the heating needs of institutions and building complexes. Although
the load factor for heating in Japan may not be as high as those exper-
ienced in other countries of the northern hemisphere, this particular
application clearly demonstrates that small, special purpose, ultra-safe
nuclear energy sources are technically and economically viable. They can
be designed for easy operation and maintenance, to be located in urban
areas and remote communities, thereby satisfying a broad spectrum of energy
needs that cannot be served by central nuclear electrical generators.

2. THE NUCLEAR ENERGY FUTURE

To put this particular development in perspective, it is useful to review
the future trends in world energy demand and assess the overall potential
contribution of nuclear technologies.

2.1 World Energy Requirements

The availability of abundant energy at affordable prices is a major contri-
butor to industrial development and national economic growth. However, as
the world population expands and industrial development proceeds, the glo-
bal energy requirements in the year 2020 are predicted to exceed
700 Exajoules (1). This represents more than double the annual global
energy consumption for 1982. Such a growth in energy demand will consider-
ably strain our ability to provide it unless prudent decisions are taken in
time to implement the new systems that will be required.

The main incentive of most national energy programs is to develop alterna-
tives to an increased dependence on fossil fuels. All forecasts anticipate
a significant expansion in the role of nuclear energy. For example, a 1980
study by the International Institute for Applied Systems Analysis has pre-
dicted that the energy from the nuclear fission process will be providing
up to 50% of the world's primary energy requirements by the year 2050 (2).



2.2 Nuclear Energy Prospects

To appreciate how nuclear technology can realize its full potential, it is
necessary to consider the end use of the energy.

During the last forty years, the emphasis for commercial nuclear power
development has been targeted at electricity generation. By the end of
1985, there were 374 operating reactors with a total generating capacity of
approximately 250 Gigawatts. With this available capacity, the global
nuclear share of the total electricity generated amounted to 15% (3).
However, it is important to note that less than 30% of the primary energy
consumption is used in electricity generation. Thus, the contribution of
nuclear power to the world's energy requirements in 1985 was less than 5%.
Even with the high growth scenarios of the International Atomic Energy
Agency, the nuclear electrical contribution to the world energy require-
ments for the year 2000 still amounts to less than 10% (3).

The longer-term forecasts for established nuclear nation*, such as Japan,
indicate that nuclear generated electricity will contribute over 25% of the
country's primary energy requirements by the year 2030 (A). However, it is
also generally recognized that nuclear energy should also be used in areas
other than electrical generation such as process heat for industry and
building heating.

Many of the large industrial processes which are energy intensive, require
steam at the pressure and temperature conditions similar to conventional
electrical generators. Thus, for some industrial applications, the exis-
ting power reactor technology can be used directly. A good example in
Canada is the provision of steam from the Bruce "A" Nuclear Generating
Station to the nearby heavy water production facility (5).

In assessing the prospects for applying nuclear energy to heat buildings,
both the magnitude of the possible contribution and the technical match
must be considered.

Many countries in the northern hemisphere consume in excess of 25% of their
primary energy supply to satisfy their building heating requirements (6).
Since the majority of the population live in urban centres, a significant
fraction of the heating requirements can be satisfied by distributed or
district heating systems, should low cost heat sources be available.
Unlike the transportation industry, this is an energy sector which is
amenable to substituting nuclear energy for the traditional fossil fuels,
provided certain technical, economic and safety criteria can be met and
public apprehension overcome. Thus, the potential for nuclear heating from
a global energy point of view must be considered of a similar magnitude to
that which is being achieved by nuclear electrical generation.

2.3 Criteria for Nuclear Heating

Since the fundamental requirement is to supply low grade heat to end-users
who are geographically distributed throughout a series of buildings or
building complexes, there are a number of key design requirements that
differentiate nuclear district heating from nuclear electricity generation.
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Since the ultimate end use of the energy is heat at 20°C, the heat source
can operate at a relatively low temperature. Existing district heating
systems use both hot water with supply temperatures in the range 90GC to
160°C, and steam with pressures typically in the range 400 to 3000 kPa.
Although there are advantages and disadvantages for both techniques, exper-
ience has shown that the advantages of hot water transmission far outweigh
the disadvantages in most cases (7). Consequently, future district heating
systems are almost certain to use hot water.

The economics of hot water heat distribution systems dictate that the heat
source must be located close to the load and hence to people. This implies
that a major factor must be unquestionable safety. Radiological protection
must be achieved by the action of processes that are intrinsic to the heat
source and not dependent on specially engineered electro-mechanical sys-
tems. The goal is to limit the consequences from all credible and even
incredible accidents to a level that is acceptable to the people who live
closeby. In addition to the engineering challenge, this presents a social
challenge in expressing the safety features in a language that is readily
understood by people with limited knowledge of nuclear technology.

The daily and annual load-following requirements depend on changes in the
outside air temperature and variations in heat loss from the buildings and
heat delivery system. The system dynamics are dominated by the rate of
change in the temperature of the large volume of water in the heat distri-
bution piping. Since these time constants are measured in hours, the
response time of the reactor control system can be very slow.

On the basis of such factors, it has been concluded that the optimum power
level for gaining public acceptance of the nuclear district heating concept
is in the 2-10 MWt range. At this size, the reactor can be designed with
many inherent safety features that cannot be achieved at higher power
levels.

Thus, the design criteria for nuclear heating systems are very different
from those for conventional nuclear power stations. It is also anticipated
that this development will establish important precedents for a range of
small local energy systems based on nuclear technologies.

3. EVOLUTION OF THE SLOWPOKE CONCEPT

In a major departure from traditional nuclear power technology, Atomic
Energy of Canada Limited (AECL) has developed the SLOWPOKE Energy System -
a 10 MWt nuclear heat source specially designed to meet these local heating
criteria.

The concept has the advantage of a sound technological base. For over
twenty years, AECL has been involved in the development of small nuclear
reactors. This program has led to the progressive evolution of the
SLG'WPOKE concept. The first product was the SLOWPOKE Research Reactor
which was introduced commercially in the early 1970s and remains part of
the AECL product line (8).
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3.1 SLOWPOKE Research Reactor

The SLOWPOKE Research Reactor is a low cost, pool-type reactor used primar-
ily for neutron activation analysis and as a university teaching and
research tool. Since the startup of the prototype at the Chalk River
Nuclear Laboratories in 1970, eight units have been installed.

The SLOWPOKE Research Reactor has a high degree of inherent safety, arising
from the negative temperature and void coefficients of reactivity, limited
maximum excess reactivity and restricted access to the core by users. As a
result, the reactor does not require an automatic shutdown system, neutron
ionization chambers or low power startup instrumentation. The reactor is
controlled automatically by a single, motor-driven absorber rod responding
to a self-powered neutron detector.

The seven units which are operating in Canada have accumulated over
60 reactor-years of reliable operation. All the units are located in urban
areas. They are also the only commercial reactors in .he world to be
licensed for unattended operation for periods up to 72 houts.

3.2 Demonstration Heating Reactor

The realization that many of the key design criteria of the research reac-
tor were similar to those required for a heating reactor, led the deve-
lopers to optimize the reactor for heat production rather than neutrons and
yet retain the essential safety features of the concept. This work cul-
minated in the 1985 decision to construct the SLOWPOKE demonstration heat-
ing reactor at the WhitesheLL Nuclear Research Establishment in Manitoba
(9).

The SLOWPOKE Demonstration Reactor (SDR) was designed to operate at 2 MWt
and incorporates the key technical features of the research reactor,
namely: atmospheric pressure, natural convection cooling, beryllium re-
flector, remote monitoring instead of an on-site operator and unquestion-
able safety. The primary purpose in designing, constructing and testing
this facility is to validate, in a very demonstrative way, that the
technical, economic and safety criteria for the nuclear heating reactor
concept can in fact be met.

The SDR facility, shown schematically in Figure 1, is housed in a 14 m by
12 m building. The pool is h m in diameter and 10 m deep. The core con-
sists of a 2x2 array of fuel bundles inside the beryllium reflector. The
Fuel is enriched to 4.9% U-235.

SDR is being operated and tested to validate the computer models and the
design codes that have been used for the design and safety analysis of the
commercial SLOWPOKE Energy System. Steady state and transient tests are
being carried out over the full range of anticipated operating conditions.
The facility will also be used to demonstrate the consequences of power
transients and fuel element failure. When the first core has been removed
from the reactor, selected fuel elements will be examined for dimensional
and metallurgical changes.
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DEMONSTRATION REACTOR

Key to cutaway
1. Core (4 bundles)
2. Control rod «•
3. Hot riser duct
4. Primary heat exchanger
5. Cover plate
6. Water purification system
7. Secondary heat exchanger
8. Circulating pumps
9. Control room

fiJZ^^S^lS
Figure 1: The Essential Features of the SLOWPOKE Demonstration Reactor

Drainage tiles under the concrete pool structure collect ground water which
is sampled routinely. The soil surrounding the pool is being sampled
through a hole, in the concrete floor of the reactor building. Gases from
the reactor are monitored continuously before being released to the atmos-
phere.

These tests, supported by a comprehensive data base on reactor conditions,
are being used to confirm the effectiveness of controlling all possible
radioactive releases to the environment.

In addition to being used as an experimental and developmental tool, SDR is
to be used as a full scale demonstration of building heating. Several of
the buildings at the Whiteshell site have been converted to hot water
heating to use the full 2 MW of thermal energy in a base load capacity.
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3.3 SLOWPOKE Energy System

The SDR test and demonstration programs have been designed to verify all
the essential features of reliability, availability and maintainability of
SLOWPOKE Energy Systems in commercial applications.

In keeping with these requirements, the 10 MWt SLOWPOKE Energy System,
designated SES-1Q, is a pool-type reactor designed to operate at atmos-
pheric pressure. This eliminates the need for a nuclear pressure vessel.
Consequently, loss-of-coolant caused by depressurization is impossible.

As shown in Figure 2, the reactor core, coolant riser duct and the primary
heat exchangers are installed in the pool contained inside a steel-lined
eonerete vault. This double containment of the pool water prevents loss-
of-coolant caused by leakage.

Heat
exchanger

Hot water
for heating
^ 85C

econdary
'"ter circuit

Primary heat
'exchanger

Water flow

ranium heat source

Stainless steel tank

Figure 2: Schematic Diagram of the SLOWPOKE Energy System
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The pool water serves as both the heat transfer medium and the shielding.
Primary heat transport from the core is by natural circulation of the pool
water through the plate-type heat exchangers. There is therefore no risk
of loss-of-cooling by mechanical or electrical failure.

The secondary circuit delivers .;he heat to the building by way uf the
secondary heat exchanger. Thermal power is measured in the secondary
circuit for the purpose of metering and calibration of instrumentstion in
the primary circuit.

To compensate for fuel burnup, sh-lm absorber plates are used for periodic
core reactivity adjustments by the licensed operator. In addition, a
central absorber rod is used for automatic control of the pool water tem-
perature. The rate of removal of all absorbers is limited by the speeds of
their electric motors and by a timer requiring manual reset. The use of a
fully redundant control system reduces the probability of unwanted shut-
downs to an acceptable level.

The large pool volume delays core temperature rise following loss of secon-
dary flow. As a result, any thermal transients take hours. This feature,
combined with unique design features that limit reactivity change rates to
very low values, eliminates the need for fast acting shutdown systems that
are essential for pressurized power reactors.

A liquid absorber release system will shut the reactor down over a period
of 5 minutes. Gadolinium nitrate solution flows into the pool by gravity
alone, through two temperature actuated valves. These valves require no
external power supply and will be set to open automatically at a core
outlet temperature of 98°C. The temperature sensors and the valves for the
liquid absorber system are fluidic throughout and fail safe.

The pool water is continuously pumped through ion exchange columns to
maintain water chemistry and control corrosion. The ion exchange columns
can also remove fission products from defective fuel and gadolinium nitrate
should the liquid absorber shutdown system be triggered.

The reactor pool is covered by an insulated lid, enclosing a gas space over
the pool. The air. and water vapour are continuously circulated through a
purification system and hydrogen recombiner. After filtering and moni-
toring, a small fraction of the circulating cover gas is vented by way of
the building ventilation exhaust system.

The goal of the SES-10 design was to fully automate all essential systems,
thus allowing the unit to be operated for extended periods of time without
an operator in the reactor building. Essential instruments will be moni-
tored at one or more remote locations and a licensed operator will always
be on call, either by telephone or personal paging system. A single remote
monitoring centre would manage the heating and ventilating requirements of
many building complexus in a number of towns, cities or regions.

Local staff would be responsible for maintaining and testing equipment and
responding to specific alirm conditions. It i:; anticipated that these
local responsibilities will be undertaken by the existing heating plant
staff. Although the local staff will have the authority to shut the
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reactor down in th«i event of an abnormal condition being observed, the
licensed operator will have to be present for startup.

4. SAFETY PRINCIPLES

One of the fundamental driving forces of the design is the safety philo-
sophy. The primary goal is to meet all Canadian regulatory requirements in
a manner that permits unattended operation with remote monitoring for
periods of weeks or longer. This implies system diversity and a rigorous
defence in depth of the overall safety analysis.

The main objectives of the safety design for the SES-10 are to:

limit the release of radioactive fission products from the facility
under all circumstances to an acceptable level; and

ensure that for any event there is an adequate low probability of
damage to the fuel, structures and equipment that coald lead to signi-
ficant radiation exposure to plant personnel or members of the general
public.

To meet these objectives it is essential that:

the reactor can be safely shut down and maintain shutdown under all
circumstances;

the reactor core is adequately cooled at all times; and

radioactive releases will not only be maintained within regulatory
limits but also kept as low as reasonably achievable.

These requirements are achieved by operating at a low power level; selec-
ting appropriate operating conditions; and utilizing inherent safety fea-
tures, engineered systems and administrative practices.

Of fundamental importance is the fission product inventory. By restricting
the power level to 10 MWt, this inventory is less than 0.3% of that of most
of the existing power reactors. Thus, the consequences of even the most
severe reactor accident, no matter how improbable, are significantly less.
Combining this feature with the fact that for very small reactors such as
the SES-10, advantage can be taken of important inherent safety character-
istics that cannot be implemented in reactors of much higher power levels.

Much of the fission product inventory is held up by the uranium oxide,
diffusion resistant, ceramic fuel. A small traction of the volatile spe-
cies is released to the gas gap between the fuel and the Zircaloy sheath.
Power reactor fuel sheaths have been designed to withstand the stresses
resulting from the fuel expansion, fission gas release and the mechanical
loads applied during refuelling. Advantage has been taken of this exper-
ience in the design and manufacture of SES-10 fuel. Moreover, since the
SES-10 fuel is operating at much lower temperatures and pressures, adequate
sheath integrity is thus assured.



The inherent safety features of the SES-10 design include negative fuel and
coolant temperature reactivity coefficients, both of which attenuate power
transients following loss-of-regulation. In addition, the primary heat
transport system is a natural circulating system requiring no external
power source to maintain coolant flow through the core during operation or
shutdown.

The engineered systems Include:

- the robust fuel,
- a double containment pool with no penetrations,
- a large pool volume to mitigate the consequences of any transients,
- slow reactivity addition rates,
- a fully redundant control system,
- separate and diverse shutdown systems dedicated to safety, and
- a cooling system to remove fission product decay heat during
shutdown.

The normally accepted codes and standards have been used for the design and
fabrication of components and systems. A quality assurance program has
been instituted for all aspects of the commercial installations.

5. ECONOMICS

The final key criterion is economic competitiveness. In assessing the
overall economics, the analysis must include the capital cost of the heat
source, the entire heat distribution and delivery system together with the
fuelling, operating and maintenance costs. These are not totally inde-
pendent parameters and to a large extent depend on such demographic factors
as population density, climatic conditions and lifestyle.

A SLOWPOKE Energy System naturally requires a substantially lower capital
investment than a nuclear electric power station such as a CANDU or a PWR.
However, it is also very important to note that the capital investment in
terms of $/MW of thermal capacity is also significantly lower. This is the
result of many factors including elimination of the complexity of
pressurized systems and short construction times (approximately one year).
This leads to the conclusion that dedicated nuclear heating systems, such
as SES-10, are economically competitive even with large nuclear cogenera-
tion plants.

This low capital cost, when combined with the low operating expenses
resulting from unattended operation, results in the unit cost of heat
supplied by a SLOWPOKE Energy System being as low as 1.2 cents/kVi.h.

The actual cost for a specific application depends on unit size and load
factor, as shown in Figure 3. For example, an SES-10 system used to heat a
building with a 40% load factor could provide hot water for heating at
approximately 2 cents/kW.h. As evident in Figure 3, the cost of heat from
systems greater than 6 MWt is competitive with oil fired systems even with
oil prices as low as Canadian $15 per barrel (equivalent to US $12 per
barrel).
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Furthermore, from an analysis of the annual heat load curves in many build-
ings in several countries, it has been concluded that a nuclear heating
system satisfying approximately 50% of the peak heat demand and used in a
base load capacity could provide up to 90% of the annual heat requirements.
By using a low capital cost, fossil fired system to satisfy the peaking
requirements and acting as a backup to the more capital intensive nuclear
heating system, the overall system redundancy requirements can be met at a
cost which is very competitive with fossil fuels.
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| 140%

• - 80%

Figure 3: Unit Heat Cost from SLOWPOKE Energy System

6. CONCLUSION

The building heating market in many countries is large and growing. Small
nuclear heat sources are ideally suited to satisfying the demands of this
energy sector but to be technically viable the detailed design criteria
must match the end use application.

By keeping the power level low, much of the complexity of the larger nuc-
lear electrical generating stations can be avoided thus allowing small,
ultra-safe nuclear systems to be economically viable.

The demonstrated performance of the SLOWPOKE research reactors in univer-
sity communities over the last 16 years, together with the successful
operation of the SLOWPOKE demonstration heating reactor provides the con-
firmation of unquestionable safety that is required for public acceptance.
This acceptance is not only essential for the widespread adoption of the
local nuclear heating reactor concept but it could also play a major role
in pioneering the introduction of a range of small reactors that will be
required if nuclear fission power is to achieve its ultimate contribution
to satisfying the broad range of needs of our energy hungry world.
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