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Abstract

Water-cooled reactors represent the only types which have reached widespread commercial use up to the
present day. Given the plentiful supply of uranium in the world today, this situation might be expected to continue
for some time into the future. Nevertheless, for different reasons several countries consider that either new reactor
types should be developed or that existing types should be improved substantially. The predominant reason in the
short term is to improve the competitive position of nuclear energy supply versus fossil energy. In the longer term,
regional and national fuel supply independence may become the dominant driving forces. This paper outlines several
possible means for responding to these driving forces. It is not meant to include an exhaustive list of all possibilities,
but only to illustrate some alternative routes. These routes range from enhancement of existing reactor concepts to
combination of nuclear with fossil systems, and finally to the introduction of radically new thermal reactor concepts.
Each of these has its obvious advantages and disadvantages and will come forward or will recede depending on
technical feasibility, economics, long-term sustainability, and national policy.

1. INTRODUCTION

Key Issue Paper No. 3 in this Session describes the likely evolution of the world's nuclear
power system in the period 2015 to 2050, and reviews the factors which might influence that
evolution in one direction or the other [1]. The Key Issues Paper was necessarily constrained in the
scope of reactor alternatives which could be proposed; a thorough investigation of all possible reactor
and fuel cycle strategies obviously is impossible within the time span of this Symposium.

This paper addresses one specific aspect of the possible evolution of nuclear power. Thermal
reactors are now, and will remain for some time, the dominant contributor to the world's "fleet" of
electricity producers. The central question is whether or not these systems have reached an
evolutionary 'plateau' beyond which their benefits to society can improve only marginally and
incrementally in the future. It is the role of this paper to investigate that central question.
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2. SCOPE OF THE PAPER

This subject is by its very nature speculative; discussion of a particular improvement option
implies no warranty as to whether that option will be developed in practice. The goal of the paper is
to present some current research topics in the areas particular to thermal reactors as they are being
carried out today, and the ways in which design improvements might impact nuclear station and fuel
cycle economics, fuel performance, safety, etc. if and when the improvements were introduced in the
time period from 2015 to 2050. It is a further condition of the paper scope that improvements which
likely will be implemented earlier than about 2015 are not discussed here.

2.1. Potential Improvements

It is a basic assumption of this paper that the predominant factors which should be
influenced favorably in the further development of thermal reactors are:

(a) utilization of natural resources and national capabilities,
(b) economic benefits to society,
(c) overall environmental impact,
(d) demonstration of facilities' safety,
(e) government and public approval of the enterprise,
(f) national and international policies and goals,
(g) energy supply sustainability.

The development programs discussed below are examples of those being undertaken in a
number of countries with the aim of contributing to one or more of these factors, which are taken
from Chapter 2 of Key Issues paper No. 3 [1].

2.2. Long Term Thermal Reactor Improvement Concepts

2.2.1. Combined NPP and Gas Turbine Thermal Cycle

Nuclear power competitiveness is in doubt in several countries. Combined cycle gas turbines
(CCGT) are very competitive for base-load electricity generation, if natural gas is available at low
prices. With relatively low capital costs and natural gas prices in the range of 2.9 to 4.7 USS/GJ, the
total unit energy cost would be in the range of 29 to 45 mills/kWh (1 mill = 10"3 US$) at 10% real
interest rate[2]. Nuclear power plants can produce electricity at 36 mills/kWh if the overnight capital
cost is around 1350 US$/kWe at the same real interest rate, assuming low operation and maintenance
(O&M), fuel-cycle and back-end costs.

Strong efforts are being made to reduce capital costs and construction times; CANDU, AP-600
and ABWR are well-known examples of these efforts. However, these reactors still have the limitations
of the steam Rankine cycle and the same materials used in current commercial NPPs (PWR, BWR and
CANDU plants). These limitations fix an upper limit of about 35% to thermal efficiency of electrical
generation.

The economic comparison can be made in terms of cost per thermal kWh rather than electrical
kWh. On this basis, the CCGT produces energy in the range of 15 to 24 mills/kWh(th) while the NPP
achieves 12 mills/kWh(th). It can be seen that the NPP produces thermal energy more cheaply than the
CCGT but loses this advantage in the conversion of the thermal energy to electrical energy. Some
designers address this issue by changing the fuel, coolant, moderator or primary configuration (Super-
critical LWR, HTGR, LMR). These designs achieve higher thermal efficiencies at the expense of
present commercial experience.
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As experience with commercial water-reactor technology has been very successful, achieving
higher thermal efficiencies by building on current NPP technology seems an attractive approach.

Using hot exhaust gases from a conventional gas turbine to increase the outlet temperature from
the steam generators in an NPP has been recently studied in a number of countries, including
Argentina[3],[4]. This cycle can be called dual (two different energy sources) and combined (two
different energy conversion systems). Some issues need to be analyzed to achieve a better
understanding of this option.

The combination of CCGT plus NPP produces a completely new generation system with a total
unit energy cost lower than either a CCGT or an NPP alone. The total overnight unit capital cost is
significantly lower than that for an NPP and slightly higher than those for a CCGT, while the unit fuel-
cycle cost is slightly higher than that for an NPP and significantly lower than that for a CCGT.

2.2.1.1. Example of a Small Dual Combined NPP and GT[5]

Commercial gas turbines are simple and small, unlike commercial NPPs. Current gas turbine
power outputs do not exceed 250 MWe. Thus, a compatible reactor for use with present gas turbine
technology is a small and simple PWR design, with projected costs as close as possible to those of
current NPP generation costs.

An Integral PWR (IPWR) design, self-pressurized and cooled by natural convection is the
simplest PWR design that could be evaluated. For this technology, 150 MWe can be taken as the
practical size limit, with larger sizes adversely affected by complex feed-back effects. An available
design of a 141 MWe IPWR is assumed for the NPP in a dual-combined cycle. For such a plant
operating alone, the unit capital cost would be 15% higher than that of a current advanced design large
PWR and the unit fuel-cycle and O&M costs would be higher than those of the large PWR due to the
low power output and greater core leakage. Thus, the total unit energy cost would be about 20% higher
than that of the large PWR.

Of several possible gas turbine designs that could be used, the Siemens V94.2 design was
chosen, with an output of 151 MWe at 35% efficiency. This turbine is that used in the Siemens GUD
94.2 CCGT power plant. With an exhaust temperature of 540°C, the steam temperature from the IPWR
could be raised from 280°C to 510°C. With this temperature increase, the power output from the steam
cycle would increase from 147 MWe to 228 MWe, giving a power output from the whole plant of 379
MWe at an efficiency of 44% (with 56% efficiency for the nuclear-steam cycle).

An economic comparison of the dual-combined plant with a CCGT and the NPP alone was
made based on a capital cost of the dual-combined plant of 840 US$/kWe, a natural gas cost of 1.8
USS/GJ and a real interest rate of 10% per year. The resulting levelized unit energy costs (LUEC) are
about 28 mills/kWh for the dual-combined plant compared to about 38 mills/kWh for the NPP alone
and about 30 mills/kWh for the CCGT plant.

2.2.1.2. Example of a Large NPP and a GT

In a dual-combined cycle, several advantages of a large NPP are reduced compared to a small
NPP (100 to 300 MWe, according to the IAEA), considering current GT technology. For a large NPP,
the size of the heat exchanger (HX) to raise the steam temperature could be a technological limit.
Considering the compensating trends of fuel and capital costs, lower steam temperatures could be used
without a significant economic penalty. The lower steam temperatures would increase the log mean
temperature difference (LMTD) between the exhaust gas and the steam and thus reduce HX size.

For a 700 MWe PHWR reactor, similar to the Atucha II reactor now under construction in
Argentina, because of the large investment required (700 to 1200 million US$) and the low price of
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electricity in the market, the return interest rate (RIR) is 2% to 6% per year[6], making it difficult for a
private utility to build.

By adding two Siemens V94.3 (222 MWe) gas turbines at the reactor site and increasing the
steam generator outlet temperature from 271°C to 450°C, the power output of the whole plant increases
from 700 MWe to about 1550 MWe, more than doubling the original power, for about 200 to 300
million US$ additional investment. The reduction of the steam outlet temperature from 540°C, as in the
previous example, to 450°C results in the size of the HX being about one-third the value it would
otherwise have, reducing its cost substantially. The dual-combined project would increase the RIR to a
more attractive 12% to 15% a year.

2.2.2. Heavy Water Reactors

This section of the paper considers mainly the potential for advanced development of the
CANDU-PHWR in the long term. The key characteristics of the CANDU design that underlie its
current performance and future potential are:

(a) Heavy Water Moderator Separate from the Coolant
(b) Horizontal Fuel Channels in Pressure Tubes
(c) On-Power Fuelling with Short Fuel Bundles

These features will be maintained in future designs, whatever other modifications are made, to
capitalize on the benefits arising from their use as well as to continue to benefit from the large
investments in the various technologies involved.

2.2.2.1. Fuel Cycles

There are several options available for the use of advanced fuel cycles in CANDU reactors to
provide increased fuel burnup, lower fuelling cost, better resource utilization and simplified waste
management [7,8,9,10]. Some of these options are expected to be implemented in the medium term,
with their benefits enhanced by the use of an improved fuel bundle design, the CANFLEX bundle,
developed jointly in Canada and Korea.

Other fuel-cycle options for the CANDU could be available in the longer term. The use of
thorium in PHWR reactors has been under consideration since the early 1960s to take advantage of the
significant thorium resources in the world. Options being studied include once-through cycles burning
slightly enriched uranium (SEU, 1.2% U-235) oxide and thorium oxide in separate channels, with the
U-233 formed from thorium being burned in situ, and reprocessing cycles in which mixtures of ThO2
and enriched UO2 or PuO2 are used as fuel [7]. A non-reprocessing option is the use of natural uranium
with thorium, but to maintain reactivity the thorium inventory would be limited to about 20% of the
core with current core designs [9]. In addition to reactor physics studies, AECL is undertaking thorium
fuel fabrication development and irradiation testing of thorium fuels. CANDU reactors can utilize
thorium fuels with essentially no design modifications. Fuel management presents a challenge in once-
through thorium cycles, but the on-power fuelling of the CANDU reactor provides flexibility in this
area.

Eventually, taking advantage of the high value of thermal utilization for thorium in a thermal-
neutron flux and reducing even further the low parasitic neutron absorption in a current CANDU core
design, a self-sufficient thorium cycle (SSTC) should be possible, which would require no further
uranium or plutonium make-up [9].

Synergistic use of the CANDU with the liquid-metal fast breeder reactor (LMFR) is also
possible in the longer term to improve fuel supplies. In a CANDU-FBR synergy, a small number of
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efficient LMFRs could provide the fissile material for a larger number of existing lower-cost CANDU
reactors. About eight or nine CANDU units could be supplied by one LMFBR [8].

2.2.2.2. Passive Safety Features

There is a world-wide trend to greater use of passive safety features in nuclear power reactors.
Current CANDU designs rely on a mix of active and passive features to ensure safety. Current CANDU
reactors also incorporate certain features for operational purposes that provide, in addition, inherent
safety characteristics [11,12]. These features will be maintained in future CANDU reactors.

Future CANDU designs will provide enhanced safety by incorporating new passive features
[13] or by replacing active elements by passive elements in certain safety systems. These safety
enhancements include:

(a) a simplified emergency coolant injection system with additional passive features
(b) passive heat removal from the moderator
(c) passive cooling of the shield-tank water
(d) passive cooling of the containment atmosphere under accident conditions, utilizing natural

circulation of the steam-air mixture, elevated emergency water storage tanks and gravity-driven
heat removal in elevated condensers

(e) self-starting hydrogen recombiners using a developed wet-proof catalyst, located to assist
natural convection in the containment under accident conditions.

Some of these features will improve reactor economics as well as enhance safety. For example,
the simplified emergency coolant injection system will reduce the number of valves considerably and
simplify their design. Also, passive heat removal from the moderator will allow higher moderator
temperatures which permit recovery of this heat for useful purposes.

It is expected that such features will be introduced into CANDU nuclear power plants before
2015 and that they will be standard after that date.

2.2.2.3. Next Generation CANDU-PHWR Designs

AECL has established cost reduction targets for both operating and capital costs of CANDU
reactors. Operating cost reductions, with a target of 25% in the short term, will be accomplished mainly
by the use of advanced fuel cycles, although some will be achieved by design modifications. However,
achievement of the long-term cost reduction targets established by AECL, 50% for both operating and
capital costs, will require significant design changes. These changes can be achieved while retaining the
essential good characteristics of present designs discussed above.

The first major change would be introduction of a modified fuel channel with the pressure tube
in contact with the cool heavy water moderator, a solid insulating annulus with a thin fuel guide sleeve
on its inner surface [14]. This would permit the use of a much higher coolant temperature (and
pressure, if required) to increase the thermal conversion efficiency.

'A change of coolant was considered in order to achieve high temperatures. Candidate
coolants evaluated were hydrocarbons, fluorocarbons, N2O4, liquid metals, molten salts and gases;
all had certain drawbacks. The focus at this time is on water at supercritical pressures and
temperatures; heavy water in the shorter term and light water in the long term.

Supercritical water is attractive because steam turbines are available for it essentially off the
shelf, with four modern fossil units in operation and another 14 units under construction around the
world. Thermodynamic efficiencies approaching 50% are being realized.
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For CANDU, at a supercritical pressure of 25 MPa, two stages are envisaged at coolant core-
mean temperatures of 400°C [15] and 500 ° C. With heavy water coolant and a core-mean
temperature of 400 ° C, a conventional indirect cycle would be employed with heat transferred to a
secondary light-water system providing superheated steam at 19 MPa and 400 ° C to the turbine. A
unit cost reduction of about 20% would result from efficiency improvement. Additional benefits
would be reduced in-core density, providing lower void reactivity, reduced heavy-water inventory
and cost, higher specific heat, providing lower mass flow and pumping power, and high heat transfer
coefficients, providing a good chance of achieving acceptable performance with conventional
zirconium alloy fuel cladding.

For coolant core-mean temperatures approaching 500 ° C, unit cost reduction would
approach 30% from efficiency improvement and void reactivity would be further reduced, although
reduced coolant density and specific heat would result in increased flow rate and pumping power.
Zirconium alloy fuel cladding would no longer be satisfactory because of increased corrosion rates.
Chromium plating and SiC cladding [16] of the fuel are being examined. With heavy water
precluded from use in the turbine-condenser system, the plant could operate on an indirect cycle with
heavy water primary and light water secondary or with light water for both, or a direct cycle with
light water.

2.2.2.4. Advanced Heavy Water Reactor

An advanced heavy water reactor (AHWR) is under development in India. This novel reactor
design would utilize mixed oxides of thorium and U-233 in a natural extension of the once-through
thorium concept incorporating reprocessing and refabrication. The design will be of the vertical-channel
pressure tube type and cooling will be by boiling light water. The U-233 enrichment in the thorium will
be such that the system will be self-sustaining in U-233. This will require driver (seed) zones in the core
with channels fuelled by mixed oxides of uranium and plutonium. In this design, the composite core
will have a negative void coefficient of reactivity and will be cooled by natural convection. The design
will include other passive safety features including core-flooding in the event of an accident.

2.2.3. Light Water Reactors

2.2.3.1. Next Generation LWRs

The primary objective of current R&D activities for the improvement of LWRs is to improve
economics in order to ensure that they will be able to stay competitive in the power supply market
since nuclear power is expected to contribute strongly to the suppression of fossil fuel consumption
and thus to the protection of the global environment [17]. Needless to say, these activities take into
account the persistent public uneasiness about the safety of nuclear plants in the safety design,
including prevention as well as mitigation of severe accidents. The major strategy to attain this
objective is simplification: utilization of large fuel bundles and a shroud-less core and other
evolutionary ideas are under consideration in the design of the Improved Evolutionary Reactor (IER),
a next generation ABWR [18], and an optimal combination of active and passive safety systems and
the use of horizontal steam generators, in the case of the APWR [19]. A simplified 1200Mwe PWR
also is being explored as an evolution of the AP-600 [20]. All these candidates for the next
generation LWR are expected to be able to accept cores of 50% to 100% MOX for providing utilities
with a wide range of fuel cycle flexibility and opening up the choice for an optimized back-end
strategy in terms of disposal costs. The target burnup is set at around 60,000MWd/t for a UO2 core
and 45,000MWd/t for a MOX core [21][22].

2.2.3.2. Achieving Higher Conversion Ratios

A more innovative idea under preliminary consideration is to pursue a core with a higher
conversion ratio. Since two-phase flow heat transfer in the BWR is not very sensitive to the
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volumetric ratio of water to fuel in the core, the BWR neutron physics characteristics can be varied
without deterioration in the heat transfer characteristics by changing the water-to-fuel volumetric
ratio. Takeda et al propose to utilize this characteristic to attain a conversion ratio of 1.01 by MOX
loading with a core of which the height is almost half of the current core height, without changing the
steam quality at the exit or the temperature and pressure conditions of the reactor core[23].
Recycling of minor actinides in parallel with plutonium is also envisioned in this design. In order to
realize this concept, however, development and/or confirmation testing are necessary in such areas as
heat transfer characteristics in a short core made up of a tight lattice and reactor physics
characteristics which should satisfy the requirement of negative void coefficient of reactivity.

To achieve this core of low water-to-fuel volume ratio, a combination of a hexagonal tight-
lattice fuel bundle and a Y-shaped control rod is a preferred design option. However, it was found
that halving the core height has a potential of achieving a high conversion ratio of 0.95, and even
breeding, if a combination of a current square-lattice and a cruciform control rod design is used for
core design with an appropriate blanket. Thus, achievement of higher conversion ratios with this
strategy is part of the study on the next generation ABWR plant.

As for the PWR, a tight-lattice MOX-fueled high conversion-ratio PWR concept has been
proposed for better utilization of uranium resources since the 1970's, e.g. ref. [24]. In recent years,
however, a mixed-moderator PWR concept in which a certain amount of light water is replaced by
heavy water to boost the conversion ratio has been proposed. This is viewed as a more realistic
design for the next generation PWR in which the spectral-shift operation makes it possible to better
utilize uranium resources while maintaining the technology of the conventional PWR [25].

2.2.3.3. Achieving Higher Thermal Efficiency

At the time of the LWR introduction into the power market, it was considered that pursuing
scale merit rather than high thermal efficiency was a better solution for making the LWR
competitive, although supercritical steam boiler technology was already developed, as the cost of
nuclear fuel was relatively inexpensive at that time [26]. Nuclear power technology with high
thermal efficiency has been demonstrated by the High Temperature Gas Cooled Reactor, for which
high coolant temperature was pursued, as it was capital intensive due to its low power density.
Currently JAERI is constructing the HTTR for exploring the feasibility of the HTGR for steam-
reforming hydrogen production as well as power generation through a combined cycle [27].

However, the light water reactor has a potential for improving economics in this direction,
although raising thermal efficiency through higher steam temperatures would not be realizable
without painstaking efforts, especially for the development of fuel cladding. One such conceptual
proposal is a supercritical light water reactor which sends steam at 434° C produced under
supercritical pressure (25MPa) conditions to the turbine and achieves a thermal efficiency of 41.8%
[28]. Since the coolant density in this reactor core is well below that of a conventional LWR, this
reactor also has the potential of becoming a breeder.

2.2.3.4. Plutonium Incineration

Plutonium burning in LWRs via non-fertile matrices has been proposed as a means to
incinerate plutonium from dismantled nuclear weapons. The matrix materials can be divided into two
groups. One group includes such fluorite-type phases as Z1O2 and CeO2 which would be stable in
acid solutions. The other includes such compounds as AI2O3, MgO, MgAl2O4 (spinel) which have
higher thermal conductivity but lower chemical stability than the fluorite phase. Nitani et al proposed
rock-like fuels in a ZrO2(Y, Gd)-Al2O3-MgO system[29] and reported their preliminary results of
the study on the phase stability of this fuel in a fluorite+spinel system using plutonium, simulated
fission products and inert matrix materials [30].
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2.2.4. Molten Salt Reactors

Molten Salt Reactor (MSR) concepts offer the potential to contribute to the world's energy
supply in the time frame of interest in this paper. MSRs come in a great variety with many options
[31]. Only MSRs with on-line fuel processing and external cooling are considered in this paper.
External cooling means that the fuel itself serves also as the coolant and is circulated from the critical
core to a heat exchanger which is external to the core. Only fluoride salts are considered as they are
subject to the fluoride volatility process [32] which readily permits separation of the uranium from
the salt. MSRs are unique in that they do not have a fuel cycle in the usual sense. Also, MSRs have
extraordinary safety features [33] which derive primarily from their on-line processing and the fact
that the fuel is a fluid. Fuel expansion upon heating pushes the fuel out of the core resulting in a
strong negative reactivity temperature effect which provides control. The concept of a "meltdown"
accident is meaningless for MSRs.

On-line continuous processing results in an equilibrium fuel that requires only a very little
"excess" reactivity to compensate for control or "burn up" and hence there is no driving force for a
reactivity excursion accident. Also, the radioactive source-term of MSRs can be made quite small
via on-line fuel processing [37].

The "fuel cycle" of solid-fuel reactors is replaced in MSRs by a continuous equilibrium state.
Critical ity is maintained by continuous removal of fission products and the addition of fissile
material for a converter or the removal of fissile material for a breeder. The only remaining portions
of a "cycle" are the initial start up of a reactor with fresh fuel, and at the end-of-life of the reactor, the
remaining fuel. However, even these insignificant residues of a fuel cycle are rendered meaningless
if the reactor is started up with fuel from a previous reactor and the end-of-life fuel is transferred to
the next reactor. Thus, there is no meaning to "burnup" in MSRs. A particular "batch" of fissile
material can be burned completely (100% burnup) simply by leaving it in the reactor until it is
consumed. This is significant when one type of fissile material, such as plutonium, is used.
Plutonium can be burned completely and its last "residue" is replaced by another type of fissile
material such as uranium. [35]

MSRs can be used to completely dispose of plutonium while utilizing the plutonium for
energy generation. This property of total utilization of the fissile material, coupled with the high
efficiency of MSRs, and the ability to thrive on Th-U fuel results in optimal long-term resource
utilization with little environmental impact.

At the time MSRs were first studied, in the 1950s and 60s, the primary emphasis was on
high breeding ratio and short doubling time. The terminology "fuel cycle" referred to the synergism
of various reactor systems, rather than to the fuel management of a single reactor. The emphasis on
breeding performance [36] is not expected to regain its past importance in the near future. There is
now more room to develop and emphasize the non-proliferation and waste-simplification aspects of
the MSR [37, 38]. The ability to dispose of Pu and HEU have already been mentioned. The
utilization of Th-U-233 fuel also has non-proliferation advantages. The U-233 is protected by the
high energy gamma radiation of the daughter products of U-232 which accompanies the U-233.
The fluid nature of the fuel and its relatively high melting point require elaborate and sophisticated
means for handling and manipulation which makes diversion and subsequent proliferation extremely
difficult.

2.3. Other Concepts

There are many other thermal reactor concepts which could have been presented here, and
the authors make no claim that these are the only, or even the best, options available in every
circumstance
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2.4. Summary and Conclusions

This paper has examined some of the potential for long term development of thermal
reactors. There are many other concepts that may contribute to this potential. It is certain that
development of a new reactor type, or even modification of an existing type, is a major undertaking.
Nonetheless, as time progresses it may become essential to 'branch out' from familiar designs in
order to maintain competitiveness with other energy supply options. The concepts outlined in this
paper illustrate some of the alternative solutions which may find applications in general or
specialized situations.

It is anticipated that thermal nuclear reactors will continue to play a significant role in the
production of electrical energy and in other applications well beyond the year 2050. It is apparent
from present schedules for introduction of fast reactors in the world that this reactor type will not
become significant in the context of overall world energy supply until after 2050, and further that the
preferred nuclear energy system may, for several decades, remain as a mixture comprised of a large
population of thermal reactors and a relatively small but steadily growing population of fast reactors.
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