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1. INTRODUCTION

At present there are more than 400 nuclear power reactors with more than 300 GWe capacity in
commercial operation, and almost one hundred are under construction. Most of these reactors are
light water reactors (LWRs), the majority of which are pressurized water reactors (PWRs). The
remaining non-LWRs consist of a variety of types, such as heavy water reactors, gas-cooled
graphite-moderated reactors, and liquid-metal-cooled fast reactors.
These reactors generate approximately one-sixth of the total electricity in the world. Over 5000
reactor-years of operating experience has been accumulated until now. The availability of nuclear
power plants to produce electricity has been increasing steadily over the past years and has
surpassed 70% now.

1.1 PINK Study

The PINK programme enables the Netherlands nuclear sector viz. the utilities, the industry and the
research and engineering institutes, to coordinate their efforts to maintain and update the nuclear
competence. Six parties are involved in this programme: GKN (operator of the Dodewaard NPP),
KEMA (Research Institute of the Netherlands' Utilities), ECN (Netherlands Energy Research
Foundation), NUCON (Nuclear Technology BV), IRI (Interfaculty Reactor Institute of Delft
University of Technology), and HTS (Hoogovens Technical Services). The programme is
sponsored by the Ministry of Economic Affairs.

Within the context of the PINK-programme two studies have been carried out to assess the added
safety value and the development perspective of so-called next generation nuclear power plants.
The studies were triggered by the ongoing reappraisal of the future of nuclear energy generation in
the Netherlands which led to an increased interest in new reactor designs with passive and inherent
safety features. The first PINK-study, which was published in June 1991, was focused on advanced
(or second generation) designs, i.e. SBWR, AP600, SIR and CANDU-3. The second study, which
is summarized in the present report, addresses innovative (or third generation) reactor designs.

1.2 Development stages

Like other technologies, reactor technology is continuously evolving. Over the last four decades
several basic reactor designs have emerged, some of them have resulted in commercially attractive
designs. Departing from current reactor technology three development stages or generations can be
distinguished, each representing a period of five to eight years to full commercial utilization see
Table 1.1.



- 6 -

Table 1.1 Characteristics of reactor generations

Reactors Features Availability Status

Evolutionary designs Based on existing reactors Now

Advanced reactors Passive and less complex systems From 1995

Innovative reactors Inherent safety
concerning reactivity and
core cooling accidents

After 2010 l)

In operation or
planned

In certification

Under development

In case the development of innovative reactors would receive more support by leading countries, some innovative
reactors could be available before the year 2010.

Evolutionary reactors

The first stage reactor designs comprise the so-called evolutionary light water reactors. These are
large (900-1400 MWe) reactors, satisfying near-term needs. Their design is based on proven
technology. AECL also follows the evolutionary development line in their CANDU reactors, in a
power range up to 900 MWe. The main commercialized product lines are presented in Table 1.2.

Table 1.2 Evolutionary designs

Reactor Types Name Designer

Pressurized water reactors

Boiling water reactors

Heavy water reactors

Liquid metal cooled
reactors

Konvoi
N4
EPR
System-80
APWR

ABWR
BWR-90

CANDU-6/8

Superphenix
Monju

Siemens
Framatome
NPI (Siemens/Framatome)
CE-ABB
Westinghouse

GE
ABB

AECL

Novatome
PNC/JAERI

The economic goals in these first stage designs are met by standardization (series), and by scale
(large size). Safety is enhanced by improvement of the safety systems and devices, increased
automation and improved man-machine interface. They are currently being built in Japan (ABWR)
and France (N4) or have started commercial operation in Germany (Konvoi) or in Canada
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(CANDU-6/8). The American vendors are seeking certification of their evolutionary designs by the
USNRC within one or two years. These evolutionary designs are being developed and promoted by
companies with an established home market.

Advanced reactors

The second stage of reactor design development, so-called advanced reactors, features increased
use of passive safety systems and simplification. The intentions to improve safety and to enhance
the market potential have resulted in designs in the power range of 300-600 MWe. See Table 1.3.

Table 1.3 Advanced designs

Reactor Types Name Designer

Pressurized water reactors AP600 Westinghouse

SIR ABB and others

Boiling water reactors SBWR GE

Heavy water reactors CANDU-3 AECL

The advanced designs are all based on water cooled reactor technology. Design certification of
several advanced reactors, such as the SBWR and the AP600, is already going on and since the
advanced designs are mostly based on proven technology it is not likely that prototype reactors
will be required to demonstrate their safety case.

Innovative reactors

The third stage reactor designs (sometimes referred to as inherently safe designs) also show
extensive use of passive safety systems and features, as well as further simplifications. They are
characterized by a more revolutionary departure from existing and proven technology. Typical for
these reactors is a stringent incorporation of passive and inherent safety features for accident
prevention and control. In many cases, safety considerations have led to a further reduction of the
reactor power and size, resulting in multi-module nuclear plant concepts. Though many of the
novel safety features have been tested and qualified through experiments and earlier reactor
applications, prototype reactors will probably be required for full-scale demonstration and
verification of the safety objectives and the economics. Examples of these designs are presented in
Table 1.4.
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Table 1.4 Innovative designs

Reactor Types Name Designer

Pressurized water reactors PIUS ABB

Gas-cooled reactors HTR-M Siemens + ABB
MHTGR General Atomics

Liquid-metal-cooled reactors PRISM GE + ANL

1.3 Objectives and study approach

The work described in this report was undertaken by a joint study team of KEMA, ECN, NUCON
and HTS staff. The main objectives of the present study were:

(i) to select a small group of the most promising innovative reactor concepts,
(ii) to compare the passive and inherent safety characteristics of the selected reactors, and
(iii) to determine which of them would be the most suitable candidate for R&D support within

the PINK programme.

A large number of innovative reactor concepts - described in open literature - was initially
considered. After the associated design teams had been approached for additional information, four
reactors were selected for further study, viz. PIUS, PRISM, HTR-M and MHTGR. The assessment
of each reactor concerned a broad review of its main characteristics and its passive accident
response on core reactivity and core cooling accidents. Also the licensing and development status
was described. The assessment led to a classification of the four reactor concepts with regard to
safety perspective. This classification will be an element in the decision to select an innovative
design for research and development support in the Netherlands. Other elements have to be a
further detailed analysis of the reactor safety case and the economics of the design.

This study did not involve an assessment of the chances for realisation of any of the designs.
Neither did the team assess the chances for optimization of the economics of these designs and
their potential for reduction of power generating costs or their potential for use as sources for
thermal energy.
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2. REACTOR DESCRIPTIONS

A brief description of each innovative reactor design is given in this chapter.

2.1 Process Inherent Ultimate Safety (PIUS) reactor

History and present status

The PIUS concept has initially been proposed and developed by the Swedish company Asea, now
part of ABB. It has been followed by several slightly modified versions proposed by design groups
in, amongst others, Japan (IRIS, SPWR) and Italy (ISIS). The electricity generating version of
PIUS originated from a design of a district heating plant, called SECURE. The PIUS design
combines well-proven LWR-technology with innovative safety features for inherent response to
technical and human failures. A preliminary safety report has been submitted to the United States
Nuclear Regulatory Commission (USNRC) and preliminary licensing is foreseen for 1994. Further
industrial development of PIUS will require substantial international participation and financial
support. Interest has been expressed by various parties, but presently no firm commitments have
been made. Governmental support for further developing of the PIUS concept is not available.

General description

PIUS is a pressurized water reactor (PWR) with a proposed electrical power output of 640 MW.
The design principles ancl the nuclear components are similar to evolutionary PWRs with two
important exceptions:
- the passive core protection features which only rely on direct access to a large pool of borated

water,
- the large prestressed concrete reactor vessel (wall thickness: 7 to 10 m) which encloses the main

nuclear components.

The general lay-out of the reactor within the prestressed concrete reactor vessel (PCRV) is shown
in Fig. 2-1. During normal operation the reactor core and the primary cooling circuit are separated
by thermohydraulic barriers (the so-called density locks) from the surrounding pool with cold
borated water (3000 m3) in the PCRV. This separation is maintained as long as the pressure
equilibrium across the density locks is not disturbed, thereby preventing the borated water from
entering the primary circuit. Pressure equilibrium will be achieved by controlling the primary
coolant flow to a level on which the core pressure drop equals the hydrostatic pressure difference
in the surrounding pool. In case of a significant power or coolant flow disturbance, the core
pressure conditions will change and ingress of borated water will shut the reactor down. This
safety function is entirely based on thermohydraulic principles and does not require any external
activation. During the start-up phase of the reactor the density locks have Jo be blocked until the
hydrostatic pressure difference is realized. This blocking is to be realized with a gas bubble,
however a working device that creates such a gas bubble has not yet been demonstrated.
The heat (2000 MWth) produced in the reactor core is transferred to four once-through steam
generators connected to the primary loop. A pressurizer - integrated in the top of the PCRV -
controls the pressure at 9 MPa. Due to this moderate pressure condition the thermodynamic
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conversion efficiency will be somewhat lower than that of conventional PWRs. The primary
cooling circuit temperature will be kept between 260°C and 290°C.

Core and fuel

The reactor core is situated near the bottom of the PCRV. It is composed of 213 fuel assemblies
with 2.5 m long, low enriched (3.5 %) fuel pins of standard PWR technology, i.e. uranium oxide
fuel in 9.5 mm outer diameter zircaloy tubes in an 18 x 18 square array. Because the PIUS uses
standard fuel as applied in pressurized water reactors, extensive experience exists with fabrication
and reprocessing of fuel, and with storage of radioactive waste.

Reactivity control

The reactor is not provided with control rods. Start-up is achieved by boron dilution in the primary
cooling water. During the low-power, low-temperature start-up phase the lower density lock has to
be blocked temporarily in order to avoid penetration of pool water into the primary cooling system.
During normal operation burn-up reactivity losses will be largely compensated by depletion of
burnable poison (gadolinium) in the fuel elements. Consequently, the excess reactivity which is to
be controlled by the boron in the primary coolant will be very low. This low boron content (< 400
ppm) provides for a large negative temperature reactivity coefficient (40 pcm/°C) wliich allows
power control by coolant temperature changes without modifying the boron content. The coolant
temperature is controlled by the feedwater flow.

Decay heat removal and emergency cooling

After normal shutdown decay heat can be removed through four parallel primary cooling loops to
the secondary cooling system. Upon failure of these systems the density locks will open, thereby
assuring decay heat removal through natural circulation of cold water from the surrounding pool of
borated water. The pool is cooled by a conventional forced circulation cooling system. A passive
natural circulation cooling system to atmospheric air is available for long term cooling. In case of
failure of both cooling systems the available pool water volume (3000 m3) is sufficient to allow
residual heat removal by evaporation for at least one week. This grace period can be used to re-
establish the cooling systems or to refill the PCRV.

Passive safety features

The main safety features of PIUS are summarized as follows:
- unrestricted access to a pool of borated water for emergency shutdown and decay heat removal

without reliance on any active components or operator action within one week,
- inherent operational stability due to the negative temperature coefficient,
- exclusion of control rod related reactivity transients,
- exclusion of loss of primary coolant due to the design and construction of the PCRV,
- negligible excess reactivity.
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Figure 2-1 PIUS: reactor core with heat removal and safety systems
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Figure 2-2 HTR-M: reactor core with heat removal and safety systems
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2.2 Modular high temperature gas-cooled reactors (HTR-M and MHTGR)

History and status

High temperature gas-cooled reactors (HTRs) with innovative safety features are being developed
by a European and an American consortium. The MHTGR (Modular High Temperature Gas-cooled
Reactor) has been designed by an American consortium, headed by General Atomics, and the
HTR-M (Hochtemperaturreaktor-Modul) has been designed by Siemens. The MHTGR is supported
by a utility group called Gas-Cooled Reactor Associates (GCRA), whereas the HTR-M design
attracts increasing interest of companies within the European Community, which are investigating
the possibility of a joint design effort.

Both reactors apply the same technological concept, i.e. utilisation of coated fuel particles
embedded in graphite and cooling of the core by helium. These techniques had also been applied
in earlier gas-cooled reactors such as the AVR and THTR-300 (both from ABB), in Germany, and
in the Peach Bottom 1 and the Fort St. Vrain reactors in the United States. Technological problems
and high costs have prevented the industrial and commercial breakthrough of these first generation
HTRs. Their unique safety perspective and versatile application potential have led to the present
renewed interest in the gas-cooled reactor. Both in Germany and the USA present development is
focused on the modular» low power version of the HTR concept. The HTR-M and the MHTGR
have the unique potential for further development to supply high-temperature process heat (up to
900°C). The HTR-M concept has been licensed for application in Germany. Preparations for
licensing the MHTGR are well advanced.
In Japan, a small high temperature gas-cooled reactor with an electrical power of 30 MW is
presently under construction to prove its capability for many process heat applications that require
high temperatures.

General description

HTR-M

The HTR-M is a graphite moderated, helium cooled reactor with a rated thermal power of
200 MW, which can be used for process heat, electricity production or both (co-generation). For
electricity generation two reactor units will be connected to one turbine generator with a total
output of 160 MWe. The produced reactor heat will be removed with only one steam generator
which is positioned beside and somewhat below the reactor vessel, see Fig. 2-2. This configuration
will minimize water ingress to the reactor core in case of a steam generator pipe rupture, and it
also suppresses heat transport to the steam generator by natural convection. The connection
between reactor and steam generator consists of a short duct which contains the concentric hot and
cold helium channels. Helium pressure is 6 MPa. core inlet and outlet temperatures are about
250°C and 700°C respectively. The helium coolant flows downwards through the reactor core. The
heat is transferred in the steam generator where the helium flows downward past the helical tube
bundle and returns via the helium blower to the reactor vessel. The general lay-out of the nuclear
systems ensures that the pressure boundary materials of reactor vessel, steam generator and
connecting duct will only be in contact with low temperature helium.
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MHTGR

Reactor materials and general lay-out of the MHTGR are largely similar to that of the HTR-M,
apart from the core and the positioning of reactor and steam generator below ground level, see
Fig. 2-3. Helium pressure is 6.4 MPa, and core inlet and outlet temperatures are 258°C and 687°C
respectively. Like for the HTR-M this high outlet temperature will allow favourable steam
conditions (530°C, 19 MPa) which are comparable to fossil fired power plants. The reference
MHTGR design is based on four reactor modules, each module with a thermal power of 350 MW,
producing a total electric power of 540 MW with two turbine generators. Upgrading to a thermal
power of 450 MW per reactor module is being considered in order to improve the economy of the
MHTGR.

Core and fuel

Both MHTGR and HTR-M will use the same basic fuel consisting of 1 mm diameter (TRISO) fuel
particles which contain a 0.5 mm fuel core, coated with pyrolytic carbon and silicon carbide to
assure a leak tight fission product barrier. Extensive irradiation tests and actual reactor operation
have proven that these coated fuel particles have a high retention capability for fission products up
to at least 1600°C. Above this temperature the fuel coating will gradually degrade with somewhat
increasing fission product release up to about 2300°C. At higher temperature the particles will
rapidly fail. TRISO fuel will not be reprocessed (once-through fuel 'cycle')- The high integrity of
the coated fuel particles makes fuel reprocessing not practical; this high integrity in fact enhances
the safety characteristics of disposing the spent fuel in a repository.

HTR-M

The reference HTR-M core consists of approximately 360 000 spherical fuel elements in a loose
pebble bed with a 3.0 m diameter core vessel which is surrounded by a one meter thick graphite
reflector. The height of the active core is 9.4 m. The 60 mm diameter spherical fuel elements
consist of a 50 mm diameter inner zone, containing some 11000 TRISO fuel particles in a graphite
matrix, surrounded by a 5 mm thick graphite outer layer. A 7.8 % enriched uraniumoxide fuel
loading has been proposed for the reference HTR-M core. During operation of the reactor, the fuel
spheres will be continuously withdrawn from the bottom of the reactor, inspected, reloaded at the
top of the reactor (15 times in average), and replaced by fresh elements when their operating lives
have been expended. The mean power density of the HTR-M core is 3.0 MW/m3.

MHTGR

The MHTGR core is composed of prismatic graphite blocks, which are arranged in three
concentric zones inside the 6.5 m diameter reactor vessel. The height of the core is 7.9 m. The
inner and outer zones contain unfuelled reflector blocks. The intermediate zone, which forms the
active core, is composed of 660 prismatic fuel elements in a three ring configuration with an outer
diameter of 3.6 m and inner diameter of 1.65 m. Each fuel element contains cylindrical fuel
compacts (diameter 1.25 cm, height 5.0 cm) which are stacked in holes inside the graphite body of
the fuel elements. Each fuel compact is composed of TRISO particles, containing 20 % enriched
uraniumcarbide and -oxide fuel, in a graphite matrix. Cylindrical axial holes in core and reflector
zones allow for passage of the helium coolant. A three-year burn-up period is foreseen with one
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half of the core being replaced every 18 months. The mean core power density of the MHTGR is
5.9 MW/m3.

Reactivity control

HTR-M

Compensation for fuel burn-up and fission product build-up is obtained by on-line adjustment of
the fuel inventory, the excess reactivity of the HTR-M core is limited to that which is required to
override temperature and Xenon effects. Reactivity control is achieved by only six mechanically
driven control rods which are located in the reflector zone. Back-up shut-down capability is
provided by means of a manually operated boron-pellet injection system in the reflector region.
Operational power adjustments are carried out by varying the helium cooling flow, whereby reactor
power will respond through the temperature reactivity feedback of the HTR-M core.

MHTGR

Twenty-four control rods in the outer reflector and six rods in the inner reflector are available for
reactivity control. Other reflector channels are provided with a manually operated back-up
shutdown system, similar to that of the HTR-M.

Decay heat removal and emergency cooling

HTR-M

Upon normal shut-down the decay heat is removed by the primary cooling system. In case of
unavailability of this system the decay heat will be transferred from the core block by conduction,
radiation and natural convection to the reactor cavity cooling system (RCCS). The RCCS consists
of plate-type, water-cooled heat exchangers which are installed against the outer surface of the
reactor cavity. The water-cooled RCCS transfers its heat to the atmospheric air. The RCCS is a
continuously operating, active, safety-grade and triple redundant system. If all heat removal
systems would be unavailable, including the RCCS, the decay heat can still be removed by
radiation, conduction and natural convection through the walls of the reactor cavity to the structure
and ultimately to atmospheric air, without exceeding the (1600°C) fuel failure design temperature
on the hottest spot in the reactor.

MHTGR

In case of unavailability of the main cooling system, the decay heat will be removed by an active
back-up cooling system, consisting of a blower and a water-cooled heat exchanger situated at the
bottom of the reactor vessel. Upon failure of both active cooling systems, the decay heat can be
removed in a completely passive manner through a continuously operating, safety-grade reactor
cavity cooling system (RCCS). As opposed to the RCCS of the HTR-M, the MHTGR cavity
cooling system transfers the heat directly to the atmospheric air without using an intermediate
water cooling system. Upon failure of all heat removal systems decay heat will be removed safely
through radiation, conduction, and convection to the concrete reactor cavity walls and to the
surrounding earth, without exceeding the (1600°C) fuel failure design temperature.
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Safety features

The main safety features of MHTGR and HTR-M are:
- the very high thermal and chemical resistance of the coated fuel particles,
- the use of the single-phase, chemically inert helium coolant,
- the low core power density and the large thermal inertia of the core,
- the decay heat removal based on the normally operating cavity cooling system,
- the completely passive back-up capability to remove the decay heat from the reactor core to the

surrounding structures without exceeding fuel design limits,
- the high negative temperature coefficient which ensures reactor shut-down in case of failure of

the shutdown system.

Some main differences between MHTGR and HTR-M are:
- the lower power and power density, and the smaller reactor vessel of the HTR-M,
- the additional water cooled decay-heat removal system of the MHTGR,
- the completely passive reactor cavity cooling system of the MHTGR,
- the considerable higher concentration of fuel particles with respect to the graphite matrix in the

MHTGR.
- the constant, very low excess reactivity of the HTR-M core,
- the underground siting of the MHTGR.

2.3 Power Reactor Innovative Small Module (PRISM)

History and status

The PRISM reactor is a liquid metal cooled, fast reactor designed by General Electric as part of
the US Advanced Liquid Metal Reactor (ALMR) programme. The PRISM reactor has the potential
of burning plutonium and other long-lived actinide waste but can also be optimized as a breeder to
use uranium up to 60 times more efficiently. The Argonne National Laboratory develops the metal
fuel cycle. US commercial companies in concert with national laboratories are presently further
developing the PRISM concept (previously named Power Reactor Inherently Safe Module) with
support from Europe and Japan. The current development focuses on completion of the conceptual
design by 1995 and to demonstrate the passive and inherent safety features by actual performance
of a prototype reactor to be operational around the turn of the century. Certification by the USNRC
is planned for 2008, such that commercial application would be possible in 2013.

General

The conceptual PRISM power station consists of three power blocks. Each power block comprises
one turbine generator and three reactor modules. The thermal power of one module is 470 MW
and the planned electrical power of the station with nine modules would be approximately
1400 MW. The PRISM site is to include a facility for spent fuel reprocessing and fuel element
fabrication.
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Each reactor module is installed in an uninsulated, sodium-filled containment vessel located below
ground level in an inner silo, which is seismically isolated from a fixed outer silo. The proposed
lay-out of the PRISM plant is shown in Fig. 2-4. For operational convenience, a permanent
refuelling building is later added to the lay-out. The reactor core is cooled by liquid sodium which
is heated from 338°C to 485°C, circulated by four electro-magnetic pumps. The reactor core, the
four primary electro-magnetic pumps, and two intermediate heat exchangers are submerged in the
sodium pool. The heat exchangers are cooled by an intermediate sodium circuit which transfers the
reactor power to the water-steam circuit. Saturated steam will be produced at a pressure of 6.5
MPa. A relief system will accommodate the sodium from the intermediate circuit in case of a
violent sodium-water reaction in the steam generator.

Core and fuel

The reference fuel for the PRISM reactor is a uranium-plutonium-zirconium (U-Pu-Zr) alloy. A
ferritic alloy is used for cladding and channels to minimize swelling caused by high burnup. The
core is a heterogeneous arrangement of driver fuel and blankets. Mixed oxide (UOJ/PUOJ) fuel is
retained as an alternative. The core is designed for an approximately zero reactivity swing over an
18-months operating cycle. Studies indicate that the PRISM core can effectively burn plutonium
and can also convert other long-lived actinide isotopes into relatively short-lived elements.
Reprocessing of metallic fuel can be efficiently realized at a small scale which supports the
Integral Fast Reactor concept, viz. fuel fabrication, utilization, actinide recycling and fuel
refabrication within the perimeter of the site.

Reactivity control

Six control rods are available for reactivity control and reactor shutdown during normal operating
conditions. The rods can drop by gravity into the core. In case the control rods fail to be inserted,
the operator can activate the ultimate shutdown system which sends boron balls into a central core
location. The main shutdown system as well as the back-up shutdown system can independently
initiate and maintain a cold shutdown. A passive mechanism for controlling reactivity is realized
with three gas expansion modules consisting of vertical helium filled tubes closed at the top and
open at the bottom. At pump failure the static pressure will drop and the helium gas will expel
sodium out of the tube thereby increasing the neutron leakage from the core.

Decay heat removal and emergency cooling

Normally the reactor decay heat will be removed through the intermediate heat transport system. In
case this system is not available, a passive safety-grade reactor vessel auxiliary cooling system
(RVACS), based on natural circulation of atmospheric air, cools the reactor containment vessel
directly (see fig.2-4). This provides for a back-up decay heat removal capability which keeps the
reactor temperature within its design envelope. The RVACS system consisting of passive
components only, is always in operation and provides redundant flow paths between the
containment vessel and the reactor silo for the circulating outside air. The RVACS is highly
resistant to human interference and to structural failure.
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Safety features

The major safety features of the PRISM are:
- the low pressure of the sodium cooling circuits, which make accidents caused by loss of reactor

coolant highly improbable,
- the passive decay heat removal system with natural air convection,
- the inherent reactivity feedbacks of the PRISM core, which will compensate for all types of

unscrammed power transients and cooling deficiencies,
- the individual containment and location below ground level of each reactor module, which

results in a minimal vulnerability to external events such as airplane crash.
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3. ACCIDENT RESPONSE

The main safety objective of innovative reactor designs is to ensure that the response to accident
situations will be independent of active automatic or human intervention, and results in a safe plant
condition. The core damage probability is claimed to be so low that certain higher level defence-in-
depth provisions, such as a safety-grade external containment and special accident management
precautions would, in fact, not be necessary. A gross judgment with regard to the added safety
perspective of innovative reactor concepts may therefore be based on the response of the reactor to
all credible accidents, assuming that all active safety provisions will fail.
The dominant causes for fuel damage are related to the thermal stability of the reactor core. The
thermal stability can be threatened by:
(i) reactivity accidents, resulting in transient overpower situations,
(ii) cooling accidents, resulting in the core to be inadequately cooled, and
(iii) reactor specific accidents, related to chemical reactivity of the applied materials.

The International Atomic Energy Agency (IAEA) has defined the term inherent safety as the
achievement of safety through the elimination or exclusion of inherent hazards through
fundamental conceptual design choices made for the nuclear power plant. Elimination of all the
hazards with internal and external causes is required to make a nuclear power plant inherently safe.
Since some remote failure mechanisms do remain, the power reactors, including the innovative
designs, cannot be qualified as completely inherently safe. However, specific safety features will be
qualified as such depending on the plant's design and response to accident initiators. To assess the
degree of inherent safety of the considered reactors, viz. PIUS, HTR-M, MHTGR and PRISM, the
main characteristics of the non-active accident response on generic accident initiators are treated in
this chapter.

3.1 Reactivity accidents

The limiting reactivity accidents for a given reactor are determined by the maximum reactivity that
the reactor core can reach as a result of a physically credible event. A reactor can be considered
inherently safe with respect to reactivity accidents when the natural response of the reactor will
result in a restoration of the thermal balance without exceeding the (thermal, mechanical or
chemical) failure limits of the reactor fuel.

PIUS

The excess reactivity of the PIUS core is compensated by burnable poison in the fuel and by the
boron content of the primary cooling water. Since the PIUS reactor is not equipped with control
rods, reactivity accidents due to control rod withdrawal or ejection can be excluded. The limiting
reactivity accident is related to failure or mismanipulation of the boron control system resulting in
fresh (i.e. unborated) water injection into the primary cooling circuit. The resulting power increase
will lead to an increase in coolant temperature and, after some time, to ingress of borated water
through the density locks and reactor shutdown. Computer calculations, supported by loop
experiments, have shown that both for power operation and for start-up conditions, the (limiting)
boron dilution accident will lead to a mild power transient which remains well below fuel safety
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limits. Inadvertent dilution of the large borated water pool would take such a large amount of time
and effort that such an event can be ruled out. Reactor response to reactivity accidents for power
operating conditions can be qualified as inherently safe since this response is truly based on
inherent system characteristics and does not require any external power nor activation. For start-up
conditions this is not the case because of the necessary blocking of the density locks.

HTR-M and MHTGR

The main difference between the HTR-M and the MHTGR with respect to the reactivity accidents
concerns the potential excess reactivity of the reactor core. The MHTGR applies periodic refuelling
and consequently the control rods will be used for controlling the initial excess reactivity of the
core. Due to its continuous refuelling mode the HTR-M will be operated with virtually zero excess
reactivity and will thus rely to a much lesser extent on absorber rod control. As a consequence, the
HTR-M is better qualified for protection against fast reactivity addition due to inadvertent control
rod withdrawal. Slow reactivity addition due to inappropriate refuelling is an effect to be analyzed
in detail for the HTR-M. The negative reactivity temperature coefficient protects both reactors
against serious consequences of an anticipated transient without scram (ATWS). If this accident
occurs the helium circulator will be switched off to stop the helium flow and the increased reactor
temperature will automatically decrease the fissile power from the nuclear chain reaction to zero or
almost zero. The cooling system to remove the decay heat will limit the temperature rise to a level
below the failure temperature of the fuel particles. In case of an inadvertent control rod withdrawal
and continuing helium circulation the fissile power will not be reduced, but also in this case the
fuel temperature will remain below an acceptable limit. It should be noted that both the HTR-M
and the MHTGR will rely on a back-up shut down system with boron balls to ensure a negative
reactivity when the core is approaching a cold condition. The inherent reactivity response to a
reactivity transient will bring the reactor in a veiy low power or subcritical mode at an elevated
temperature. For achieving a cold shut-down condition, the back-up (boron balls) shutdown system
is required.

PRISM

The PRISM core design is such that the net power reactivity feedback is negative in all ranges of
operation, in all transients, and in all accidents not involving voiding or fuel relocation. Boiling of
the sodium coolant is related to adverse core disruptive accidents, socalled Bethe-Tait accidents.
Provided that voiding due to boiling or fuel relocation can be excluded, the maximum amount of
reactivity that is available for transient overpower accidents is determined by the excess reactivity
of the PRISM core. The reactivity swing is almost zero between successive refuelling periods of
the PRISM operating cycle, resulting from the compensation of fuel burn-up by breeding of
plutonium. Also the control rod worth with metal fuel can be less than with oxide fuel as a
consequence of neutron physical phenomena. As a consequence of this effect the control rod
withdrawal accidents lead to less severe consequences as compared with oxide fuel.

Special control rod stops restrict the withdrawal distance of the control rods, i.e. only a fraction of
the total excess reactivity can be added to the core in case of inadvertent withdrawal of the six
control rods. Analysis results of GE show that a total withdrawal of all the control rods and failure
of the active shut-down system will not result in sodium boiling or overheating of the fuel. After
an initial increase in reactor power, the reactor power will level out at 20 % above its normal
operating power through the combined effects of fuel and sodium temperature increase, axial and



- 2 3 -

radial fuel expansion, control rod drive line expansion and vessel expansion. This power can be
removed by the available cooling systems. Some fuel melÜDg at the center line of the fuel rods
may occur during the transient but the integrity of the cladding will be maintained. Ample margin
(> 300°C) against sodium boiling is maintained at all times, such that secondary, more severe
reactivity effects will not occur. The inherent reactivity response to a reactivity transient will bring
the reactor in a very low power or subcritical mode at an elevated temperature as is the case for
the gas-cooled reactors. For achieving a cold shut-down conditions, the back-up (boron balls)
shutdown system is required.

A severe reactivity accident can be caused by two hypothetical cooling accidents as defined at the
next section. It should be analyzed whether those conditions can occur and to what extent the core
would then be damaged.

3.2 Cooling accidents

Adequate cooling of the reactor core needs to be assured for all types of nuclear power plants to
prevent the fuel from being damaged due to excessive temperatures. Even in case the reactor is
shut down and the primary coolant is lost, the decay heat has to be removed and transferred to an
ultimate heat sink. Cooling accidents can be classified into three groups, viz.:
(i) loss of primary cooling flow accident (LOFA),
(ii) loss of heat removal to an ultimate heat sink (LOHS), and
(iii) loss of core coolant accident (LOCA).

The capability for a safe, passive response to such accidents will depend on a number of factors,
such as the failure temperature of the reactor fuel, the decay heat power, the natural convection
cooling effectiveness of the coolant medium, and the conductive and radiative heat removal
characteristics of the reactor core and surrounding structures.

PIUS

The PIUS reactor will shut itself down on loss of primary flow and at the same time passive
removal of the decay heat is assured. Gravity and thermohydraulic forces assure this core cooling
process. The decay heat removal and transfer to the environment is realized with an active system
with a passive back-up. Ultimately the heat can be removed for about one week by slowly
evaporating a part of the water volume of 3000 m3 in the large prestressed concrete reactor vessel
(PCRV). A so-called siphon breaker prevents siphoning off the pool water inventory in case of a
complete or partial rupture of a pipe outside the PCRV. Contrary to steel vessels whereby an initial
crack may, under unfavourable stress and material conditions, propagate to a crack or vessel
rupture, such a mechanism is not credible for the prestressed concrete structure of the PCRV.
Rupture of the prestressed reactor pressure vessel is only possible when a large fraction of the
hundreds of individual tendons fail. This simultaneous failure of the tendons in the vessel wall with
low radiation exposure, is considered not conceivable.

The safety features of the PIUS make the reactor resistant to any plausible initiating events such as
pipe rupture, station blackout, and loss of feedwater. The core will always be submerged during
these accidents, thus preventing a chemical attack of the fuel cladding by the coolant at excessive
temperatures.
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HTR-M and MHTGR

Although the three cooling accidents defined above are different in nature, neither of them will
cause higher core temperatures than the safety limit of 1600°C. This applies both to the HTR-M
and the MHTGR. This safety characteristic is the result of two basic objectives which were
realized by a specific selection of design parameters:
- the negative reactivity temperature coefficient, and
- the passive heat transfer capability to remove heat from the core to the environment, as a result

of its limited power, its low power density, and its slim core geometry.

The negative reactivity temperature coefficient causes a negative reactivity effect after coolant loss.
The passive heat transfer to the environment is achieved by limiting the core power density to 3.0
and 5.9 MW/m3 for the HTR-M and the MHTGR respectively. The high allowable fuel
temperature (1600°C) and the limited size of the reactor core support a long term core cooling
based on passive phenomena only, i.e. radiation, conduction, and natural convection in and around
the uninsulated reactor vessel. This ultimate cooling mode can be maintained for an indefinite
period of time. Both designs are equipped with a safety-grade cavity cooling system, which
functions continuously and is capable of removing the core decay heat. The cavity cooling system
of the HTR-M applies an active intermediate closed cooling water system, while the cavity cooling
system for the MHTGR is passively cooled with direct natural circulation of atmospheric air.

PRISM

Accidents with an initially full-power reactor and a disturbed core cooling have been analyzed
extensively by GE. In the course of these accidents, such as a loss of heat sink and a loss of flow
accident (LOHS and LOFA), the reactor shuts itself down and ample margins can be maintained to
avoid core damage and sodium boiling under the worst credible conditions. A large loss of coolant
accident (LOCA) is not deemed credible for PRISM, in view of the low coolant pressure and the
integrated pool concept of the reactor vessel which is tightly surrounded with a containment vessel.
Small losses of liquid sodium from various auxiliary systems will not pose a large hazard but have
to be considered in the design.

The limiting unscrammed LOHS accident is defined as the sudden stoppage of the intermediate
cooling loop flow, such that all heat which is generated after the event will remain in the reactor
module. The reactor will remain at full power for several seconds but after the uncooled sodium
reaches the reactor core, temperature-driven reactivity feedbacks will reduce reactor power to decay
heat level within 500 seconds. A minimum sodium boiling margin of over 275°C has been
calculated for this accident.

The limiting unscrammed LOFA situation consists of the stoppage and coast-down of the primary
sodium pump. Due to the negative reactivity contribution of the so-called gas expansion module,
reactor power will be quickly reduced to decay heat level, causing the initial (short) increase in the
sodium outlet temperature to revert to a downward trend. Maximum fuel temperatures are predicted
to stay within 50°C above normal values, sodium boiling margins will remain above 300°C. In
case the contribution of the gas expansion module is disregarded the transient will be somewhat
longer and less benign, but fuel temperatures will stay well below failure limits and a significant
margin (of 160°C) against sodium boiling will still be assured.
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Two initiating events have been identified for PRISM whereby an inherently safe response of the
reactor cannot be ensured, i.e. a local blockage of the sodium flow to a fuel assembly, and the
sudden stop of the primary cooling pumps without flow coast down. Multiple safety features in the
PRISM design assure that the occurrence of these events, in combination with a failure of the
active safety provisions, is extremely improbable.

3.3 Reactor specific accidents

This class of accidents that can threaten the core integrity has not been addressed above. These
accidents relate to the chemical reactivity of the applied materials.

PIUS

This reactor is based on the light water reactor technology and during power operation the design
does not exhibit new accident phenomena unaccounted for in existing reactors. Analyses have
shown that neither total dome failure nor the worst conceivable pipe failure (being a cold leg break
in the outer cooling system) will lead to core dry-out conditions. Therefore adverse zircaloy water
reactions will not occur. During the start-up phase the density locks will have to be blocked
temporarily. To what extent this procedure could affect the passive reactivity control and heat
removal, can therefore not be evaluated. This may lead to a reactor specific accident potential.

HTR-M and MHTGR

Ingress of water or steam into the core can in principle lead to a reactivity increase due to a more
effective moderation by water of the undermoderated core, a pressure increase due to evaporation
of water, and a chemical reaction between steam and graphite producing inflammable water gas.
Water ingress can occur in case of a rupture of a steam generator tube. However, the elevated
reactor vessel will prevent water from entering the core by gravity and after shutting off the helium
circulator; natural circulation will only transport a limited amount of water to the reactor core.
Experiments have shown that only if the core temperature would exceed 1000°C the endothermic
graphite-water reaction will cause a significant corrosion of the core. The limited water transport to
the elevated reactor vessel will limit the corrosion reaction, and thereby limiting the pressure
increase. The selected fuel moderator ratio assures that the effect of water ingress will not exceed
that of a withdrawal of all reflector rods. Studies at the Jiilich Research Center (KfA) indicate that
a minor change in fuel loading can eliminate this positive reactivity effect for the HTR-M.

Ingress of air could occur subsequent to a depresswization accident caused by a rupture of a
primary pipe. The exothermic reaction between the graphite and oxygen is capable of quickly
corroding the graphite if enough oxygen can be supplied. However, the air flow conditions which
are necessary to promote and sustain graphite burning following a depressurization accident require
very unlikely circumstances. Unlimited ingress of air through large openings at the bottom and the
top of the core region are considered incredible for the designs employed. Even in the case of such
a hypothetical accident the reactor building remains accessible and ample time will be available to
terminate the air ingress.
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PRISM

The sodium coolant of the PRISM can react violently with water, which produces the highly
inflammable hydrogen. Such a reaction can occur in case of a rupture of a steam generator tube.
Since this reaction occurs in the intermediate sodium circuit, separated from the primary system by
the intermediate heat exchangers, the reactor core will remain unaffected. A sodium-water reaction
relief system with a connected drain system is provided to terminate such an accident. The reaction
of sodium with air is less severe. The containment vessel that surrounds the reactor vessel is
inerted by an argon atmosphere to preclude reactions between sodium and air in case of leakage.
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4. RESULTS OF ASSESSMENT

The safety perspective is a prerequisite for further development of an innovative reactor concept.
The assessment of the safety features is given and summarized in Table 4.1. Also the licensing
stage of the designs is described and additional research and development work is indicated. Major
points of concern relating to economy and operability of the reactors are given.

A more thorough assessment of innovative reactor designs could possibly be given in the future,
depending on the sustained development of these reactor designs through adequate funding from
government and industry. Such an assessment would benefit from experience with prototype
reactors with which the commercial viability of these designs is to be demonstrated.

4.1 PIUS

Safety features

The safety concept of the PIUS reactor is based on the application of a large vessel filled with
borated water, which supports a passive shutdown and a grace period for operator intervention of
more than one week. Much of the proposed technology of the PIUS concept is well founded in
PWR experience which is considered a major asset for its credibility and acceptability. Core
coolant uncovery by rupture of the cold-leg of the reactor vessel is prevented by a venturi-type
siphon breaker, and core coolant uncovery by rupture of the reactor vessel is prevented by the
design of the prestressed concrete reactor vessel. Therefore adverse zircaloy-water reactions and
core melting are not considered by ABB. The safety features of the PIUS design concern the
ability to establish a cold shutdown with passive means and the long grace period for operator
actions. However, the efficacy and reliability of the rather revolutionary passive shut-down feature
with the density locks may be difficult to prove without any trace of doubt. This is particularly
important because the reactor concept is designed with a single reactivity control system without
the commonly required diversity of those systems. Three concerns have been identified regarding
the density locks, viz.: the passive reactivity control and decay heat removal, the start-up procedure
with the blocking of the density locks and the operability of the plant without unnecessary
shutdowns.

Special issues

The application for design certification by the USNRC is now scheduled for calendar year 1994 or
early 1995. In this context the USNRC will sponsor investigations on the hydraulic behaviour of
the density locks, low core flow velocity heat transfer parameters, and the performance of the
siphon breakers. It is expected that the extrapolation of these experiments to full-scope conditions
has to be demonstrated with a prototype plant to convincingly show the operability of the density
locks.
ABB claims that the use of passive safety features with a reduced number of components
compensates the smaller energy conversion efficiency due to the lower steam pressure. Therefore
the cost of electricity of the PIUS reactor is expected to be competitive with those of modern
reactor designs.
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4.2 HTR-M

Safety features

The safety case of the HTR-M is based upon the concept of coated fuel particles (TRISO fuel)
which are capable of containing the fission products at very high temperatures. This favourable
property has been amply demonstrated by experiments in research reactors as well as in various
gas-cooled power reactors such as the German AVR and THTR-300, and the American Fort
St.Vrain reactor. The high-temperature resistant fuel with the low power density and the large
thermal inertia of the graphite core make the HTR-M resistant to a large spectrum of accidents.
Under power operating conditions, a zero excess reactivity of the reactor core is realized by
continuous on-line refuelling of the pebble bed core. Withdrawal of all control rods would only
lead to a small addition of reactivity. In case of loss of the heat removal capabilities by the helium
coolant, the fuel temperature would not exceed the design limit of 1600°C and the reactor will be
shut down by the negative reactivity effect of the increased temperature. The decay heat will be
removed by an intermediate water circuit with natural convection air cooling. Ultimate heat
removal, at failure of that cooling system, can be accomplished by radiation and thermal
conduction with no need for operator actions except to prevent some structural parts from
exceeding of its design temperatures after over one week. Since core damage due to degraded core
cooling can be excluded, water ingress and air ingress into the graphite reactor core represent the
most severe hazard potential of this reactor. The radiological consequences of such accidents seem
to be relatively mild. Reassessment of these accident sequences through independent analysis is
recommended.
The nuclear and thermal analyses of the passive response to reactivity and cooling accidents in gas-
cooled reactors can be performed with a degree of confidence that does not require full-scale
experimental verification.

Special issues

The production to high quality standards of many hundred thousands of fuel elements for the AVR
and the THTR-300, each containing over ten thousand of fuel particles, has demonstrated the
feasibility of large scale fuel element manufacturing. Similarly, the back-end of the fuel cycle
(waste disposal) has been demonstrated, facilitated by the fuel concept with internal actinide
retention and no fuel reprocessing.

The indicative cost data of the HTR-M h, ^ not stimulated its commercial introduction. The
essential factor in its safety concept, i.e. a small reactor with a low core power density, requires a
relatively large reactor vessel. Since the technology for the innovative reactors is not as mature as
the light water reactor technology, a potential exists for improvement and further cost reduction.
Also the potential of the gas-cooled reactors to produce high temperature process heat can be
regarded as an asset.
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4.3 MHTGR

Safety features

The safety case of the MHTGR has many elements in common with the HTR-M. High temperature
resistant coated fuel particles are also being used, however, not applied in larger spheres for a
pebble bed, but in prismatic blocks which form the annular core. The coated fuel particle concept,
TRISO fuel, is developed in a joint effort by German and US companies. The high-temperature
resistant fuel with the low power density and the large thermal inertia of the graphite core make
the MHTGR resistant to a large spectrum of accidents. The fixed prismatic blocks in the annular
core will be periodically refuelled and control rods are essential for controlling the initial excess of
reactivity. In case of loss of the heat removal capabilities by the helium coolant, the fuel
temperature would not exceed the design limit of 1600°C and the reactor will be shut down by the
negative reactivity effect by the increased temperature. The decay heat will be removed by the
passive, standby cavity cooling system that is capable of transferring the decay heat to the
environment by natural convection of atmospheric air. Ultimate heat removal, at failure of that
passive cooling system, can be accomplished by radiation and thermal conduction with no need for
operator actions except perhaps to prevent some structural parts from exceeding their design
temperatures. Since core damage due to degraded core cooling can be excluded, water and air
ingress into the graphite reactor core represent the most severe hazard potential of this reactor. The
radiological consequences of such accidents seem to be relatively mild. As is the case for the
HTR-M reactor, reassessment of these accident sequences is recommended.

Special issues

Industrial production of coated fuel particles which meet the quality requirements of the
experimental facilities remains to be demonstrated. Additional tests for MHTGR are required with
full-size prismatic fuel blocks at full power conditions. Generally, the nuclear and thermal analyses
of the passive response to reactivity and cooling accidents in gas-cooled reactors can be performed
with a degree of confidence that does not require full-scale experimental verification.

The safety concept of the MHTGR requires a relatively large reactor vessel as is the case with the
HTR-M. Also for the MHTGR a potential exists for further cost reduction and application of gas-
cooled reactors for high temperature process heat.

4.4 PRISM

Safety features

The safety of the PRISM design is based on the application of a low-power core that is placed in a
large pool and cooled by liquid sodium at nearly atmospheric pressure. The core consists of fuel
rods with metallic fuel. This reactor concept seems to possess more favourable characteristics than
current liquid metal cooled reactors. The low power density and the large pool of sodium make the
reactor fairly invulnerable to a large spectrum of accidents. The production of fissile plutonium
during the core life time compensates the burn-up of uranium and therefore limits the required
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excess reactivity after periodic refuelling. Control rods are applied for reactivity control and
shutdown. In case the control rods cannot be inserted at a shutdown, the increased temperature of
the fuel will shut the fission process down due to the negative temperature coefficient. The
response of PRISM to reactivity and cooling accidents can be accounted for as being inherently
safe due to an overall negative reactivity feedback. However some hypothetical events remain in
which the core would be severely damaged. The decay heat can be removed by passive cooling of
the steam generators with atmospheric air. The ultimate decay heat removal is by the reactor vessel
auxiliary cooling system: atmospheric air, naturally circulating around the containment vessel in the
silo below ground level. This system is always in operation and highly immune to human
interference and structural failure. The containment vessel that tightly surrounds the reactor vessel
will retain the liquid sodium in case of a LOCA, thereby preventing the fuel from being
uncovered. Human actions will not be required for a prolonged period of time after the considered
initiating events.

Due to the complicated reactivity effects of the PRISM core, a detailed assessment of the reactivity
response at various conditions is required. Given the redundancy of the shutdown system,
verification of this shutdown mechanism should carry less weight than the verification of the PIUS
shutdown system since the reactivity of the PIUS core cannot be controlled by other means. Apart
from the application of the metal fuel, for which sufficient experimental qualification will still be
needed, the other technical features of PRISM seem to be founded on already well-proven LMR
technology.

Special issues

The versatile application potential of the PRISM reactor as an actinide burner and for securing
long-term nuclear energy is a favourable feature of this reactor. The metal fuel cycle requires
further development and the claimed benign reactivity response can only be proved in a prototype
plant.

4.5 Conclusion

The findings of the evaluation are summarized in Table 4-1.

In qualifying the innovative reactors with respect to their inherent safety characteristics it can be
concluded that the modular gas-cooled reactors have the most favourable properties with respect to
accident resistance. The coated fuel particle concept and its reduced core power density make
severe accidents for these reactors very remote if at all conceivable. Comparing the German
HTR-M with the American MHTGR a slight preference is given to the HTR-M since the excess of
reactivity is limited by the continuous refuelling of the spherical fuel elements. Further attention is
required for reactor specific accidents such as water and air ingress. Other factors supporting this
preference are the advanced status of development and the opportunity for Dutch participation.
Further development will be needed for improving its economic viability.

The PIUS reactor shows considerable passive and inherent safe characteristics which can bring the
reactor in a cold shutdown in case of accidents or incidents. However, the start-up procedure and
the construction of the large prestressed concrete reactor vessel are points of concern.
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The PRISM reactor is also resistant to generic and plant specific accidents. The low power reactor
core with metallic fuel might play a major role as a future actinide and plutonium burner. This
design has favourable features with respect to current liquid metal cooled reactors. However, main
uncertainties in the reactor concept concern the metallic fuel cycle, the complex reactivity control
and the economy.



Table 4.1 Summary of the evaluation of the innovative reactor designs

Reactor type

Main designer

Thermal power (MW)°

Basic safety feature

Applied materials

Reactivity accidents
All apply neg. temp.
reactivity coefficient

Cooling accidents
Decay heat removal
by natural circulation

Reactor specific accidents

Special issues

Status

Additional R&D

Favourable features

Points of concern

Reactor Designs

PIUS ! HTR-M MHTGR

Water cooled and moderated reactor i Gas-cooled and graphite moderated reactor

ABB Siemens General Atomics

1 * 2000 2-4 * 200 4 * 350
i

Large vessel filled with borated water

Water, zircaloy and uraniumoxide

No control rods
Passive cold shutdown with borated

water

Intermediate RHRS cooled by
atmospheric air

Large inventory available for boil-off

Based on LWR technology
Reprocessing optional

Limited support

Demonstration of density locks
Prototype required

PWR technology
Passive, cold shutdown

Operability, Start-up procedure needs
further evaluation

Cost and construction of large PCRV

Coated fuel particles (TRISO)
Low power and power density

Continuous refuelled pebble bed core Fixed annular core

Helium, graphite, silicon carbide and uraniumoxide

Negligible excess reactivity because
of continuous refuelling

Active shutdown rods, passive back-up at increased temp.

Large thermal inertia
High temperature resistance of coated particles

Ultimately radiative and conductive cooling to environment

Applies active standby RHRS Applies passive standby RHRS

Graphite-water or -air reactions with limited consequences

High temp, process heat, limited but long term experience
Reprocessing not practical

European interest Support by US

Water and air ingress into the reactor system
Improved economy

Gas-cooling, proven fuel concept and high temp, applications

Economy

i PRISM

i Liquid metal cooled, fast reactor

General Electric
1 9 * 471

Low power and pressure
Metallic fuel
Pool-reactor

Sodium; uranium-plutonium and
zirconium metal or Pu/U-oxide fuel

Large margin to sodium boiling
Active shutdown rods, passive back-up

at increased temp.

Passive standby cooling :iystem
Integrated primary system

Sodium-water reactions mitigated by
relief of intermediate system

Sustainable use of fuel (breeding)
with on-site reprocessing

Support by US
Reactivity response, Fuel cycle

Prototype required

Claimed actinide burning potential
Efficient use of fuel

Low pressure

Economy
Reactivity effects, positive void coeff.

(i.e. Bethe-Tait accident possible)

'' Number of modules in a nuclear power plant, and thermal power per module.
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5. SUMMARY AND CONCLUSIONS

a. The added safety value of innovative or third generation reactor designs has been evaluated by
a working group of ECN, HTS, KEMA and NUCON, in order to determine the most suitable
candidate for Dutch government funded research and development support. To this end four
innovative reactor concepts, viz. PIUS, PRISM, HTR-M and MHTGR, have been studied and
their passive and inherent safety characteristics have been outlined. Also the outlook for further
technological and industrial development has been considered.

b. The study has confirmed the perspective of the innovative reactors for reduced dependence on
active safety provisions and for a further reduced vulnerability to technical failures and human
errors. The accident responses to generic accident initiators viz. reactivity and cooling accidents,
and also to reactor specific accidents show that neither active safety systems nor short term
operator actions are required for maintaining the reactor core in a controlled and coolable
condition. Whether this gives rise to a higher total safety of the innovative reactor designs,
compared to evolutionary or advanced reactors, cannot be concluded. Supplementary
experimental and analytical analyses of reactor specific accidents are required to be able to
indicate the safety of these innovative designs in a more quantitative manner.

c. Considering the perspective for further technological and industrial development the working
group does not expect that any of the considered innovative reactor concepts will become
commercially available within the next one to two decades. However they could be earlier
available if they receive sufficient financial backing.

The safety case of the PIUS design hinges on the density lock. This concept needs additional
experimental and analytical work to prove its proper operation. The density locks have to be
blocked during the start-up phase with yet uncertain safety consequences.
The safety case of HTR-M and MHTGR have been confirmed by the licensing of the HTR-M
concept and the advanced stage of the MHTGR licensing procedure. Little additional
development work is required. Passive safety claims of the PRISM remain to be proven and its
proposed metal fuel concept needs to be demonstrated further. The favourable actinide-burning
potential of the PRISM reactor needs to be further investigated.

p
d.'In the opinion of the working group, the gas-cooled reactor modules, i.e. the MHTGR and the

HTR-M, offer the highest degree of inherent safety. This view is based on the high thermal and
i chemical stability of coated fuel particles as well as helium coolant and the very high safety
| margin between core operating conditions and fuel failure limit. Despite the potential
\ flammability of the graphite, it is impossible to envisage any credible accident scenario that
i could result in a major release of radioactive material to the reactor building or the
| environment.
! The HTR-M can be favourably distinguished from the MHTGR regarding its potential to cope
\ with reactivity accidents. Thanks to the continuously refuelled core, inadvertent withdrawal of
'j neutron absorber rods only creates a small increase in reactivity. / r&Vvi

e. Considering the added safety perspectives of the considered innovative designs with passive
safety features and increased simplicity, the modular gas-cooled reactors offer the best option
for support. The development of innovative reactors is also worthwhile to promote, since the
safety case of reactors which are less dependent on active safety systems can be communicated
with the general public in a more transparent way.
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List of abbreviations

ABB Asea Brown Boveri
ABWR Advanced Boiling Water Reactor, GE design
AECL Atomic Energy of Canada Limited
ANL Argonne National Laboratory
APWR Advanced Pressurized Water Reactor, Westinghouse design
AP600 Advanced Passive 600 MWe PWR, Westinghouse design
ATWS Anticipated Transient Without Scram
AVR Arbeitsgemeinschaft Versuchsreaktor, design by ABB
BWR Boiling water reactor
CANDU Heavy water reactor series of AECL
CE Combustion Engineering
ECN Netherlands Energy Research Foundation
EPR European Pressurized Water Reactor, design by NPI
GCRA Gas-Cooled Reactor Associates
GE General Electric
GKN Operator of the Dodewaard NPP
HTR-M Hochtemperaturreaktor-Modul, design by Siemens
HTS Hoogovens Technical Services
IAEA International Atomic Energy Agency
IRI Interfaculty Reactor Institute of Delft University of Technology
IRIS Integrated Reactor with Inherent Safety, JAERI, Univ. of Tokyo, a.o.
ISIS Inherently Safe Immersed System, Ansaldo, Italy
JAERI Japan Atomic Energy Research Institute
KEMA Research Institute of the Netherlands' Utilities
LMR Liquid metal reactor
LOCA Loss of primary coolant accident
LOFA Loss of primary cooling flow accident
LOHS Loss of heat sink
LWR Light water reactor
MHTGR Modular High Temperature Gas-cooled Reactor, design by General Atomics
NPI Nuclear Power International; consortium by Siemens and Framatome
NPP Nuclear power plant
NUCON Netherlands' Nuclear Engineering & Contracting Company
PCRV Prestressed concrete reactor vessel
PINK Programme for intensifying nuclear knowledge in the Netherlands
PIUS Process Inherent Ultimate Safety, ABB design
PNC Power Reactor and Nuclear Fuel Development Corporation, Japanese consortium
PRISM Power Reactor Innovative Small Module, GE design
PWR Pressurized water reactor
RCCS Reactor cavity cooling system
RHRS Residual heat removal system
RVACS Reactor vessel auxiliary cooling system
SBWR Simplified Boiling Water Reactor, GE design
SECURE Safe Environmentally Clean Urban Reactor, ABB design
SIR Safe Integral Reactor, ABB and others
SPWR System-integrated Pressurized Water Reactor, JAERI, Japan
THTR-300 Thorium High Temperature Reactor
TRISO HTR fuel particles (app. 1 mm diam.) with three layers for fission product retention
USNRC United States Nuclear Regulatory Commission


