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Abstract 

During the 1960s and the early 1970s, the nuclear power plants entering service were 
dominated by plants with outputs falling into the small (less than 150 MWe) and medium (300 
MWe to 700 MWe) reactor size ranges. During the late 1970s and 1980s, the balance shifted to 
large size plants (900 MWe to 1400 MWe), as nuclear power plants entered service, 
predominately, to serve the requirements of industrialized countries such as the US, Japan, 
Germany, and France. However, in the 1990s, the pendulum has swung back in the direction of 
small and medium sized reactors; currently 65% of the nuclear power plants under construction 
fall into the small and medium reactor size ranges. This shift has resulted from a sharp reduction 
in the number of nuclear power plants being built in the industrialized countries, in combination 
with the continued construction of small and medium sized nuclear power plants in developing 
countries such as India, China, Pakistan, and Slovakia. 

Developing countries are often characterized by limited capacity electrical grid systems, 
limited financial capability, and rapidly expanding energy demand requirements. In addition, 
most of the developing countries in which rapid increases in population and energy demand are 
occurring have few or very limited indigenous energy resources. These countries are therefore 
very interested in acquiring energy sources (for electricity production and process heat) that can 
serve the needs of their people and industries, and which do not overburden their financial 
capabilities (balance of payments, national debt load. etc.). It is therefore not surprising that 
many developing countries have, particularly during the late 1990s, expressed an interest in 
small and medium sized nuclear power plants (SMRs). The requirements for SMRs often cited 
by developing countries include low absolute capital cost, short construction schedule, 
favourable economic operation, and infrastructure requirements within the technical and 
economic capability of their country. 

This paper reviews key issues that impact the technical and economic viability of Small and 
Medium Reactors (SMRs), provides information on trends world wide that are favourable to the 
application of SMRs, reviews technologies that are available to Small Reactors, and provides an 
overview of the potential applications of SMRs. A review of SMR related activities of the IAEA 
and member states is also provided. 
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1.0 Introduction 

During the 1960s and the early 1970s, the nuclear power plants entering service were 
dominated by plants with outputs falling into the small (less than 150 MWe) and medium (300 
MWe to 700 MWe) reactor size ranges. During the late 1970s and 1980s, the balance shifted to 
large size plants (900 MWe to 1400 MWe), as nuclear power plants entered service, 
predominately, to serve the requirements of industrialized countries such as the US, Japan, 
Germany, and France. However, in the 1990s, the pendulum has swung back in the direction of 
small and medium sized reactors; currently 65% of the nuclear power plants under construction 
fall into the small and medium reactor size ranges. This shift has resulted from a sharp reduction 
in the number of nuclear power plants being built in the industrialized countries, in combination 
with the continued construction of small and medium sized nuclear power plants in developing 
countries such as India, China, Pakistan, and Slovakia. 

Developing countries are often characterized by limited capacity electrical grid systems, 
limited financial capability, and rapidly expanding energy demand requirements. In addition, 
most of the developing countries in which rapid increases in population and energy demand are 
occurring have few or very limited indigenous energy resources. These countries are therefore 
interested in acquiring energy sources (for electricity production and process heat) that can serve 
the needs of their people and industries, and which do not overburden their financial capabilities 
(balance of payments, national debt load. etc.). It is therefore not surprising that many 
developing countries have, particularly during the late 1990s, expressed an interest in small and 
medium sized nuclear power plants (SMRs 

The IAEA generally defines Medium Reactors (MRs) as those reactors having an electrical 
output of between 300 MW and 700 MW, Small Reactors (SRs) as those having an electrical 
output between 150 MW and 300 MW, and Very Small Reactors (VSRs) as those that have an 
electrical output of less than 150 MW. However, for the purposes of this paper, Very Small 
Reactors and Small Reactors are considered together under the heading of Small Reactors. In 
addition, reactors that do not have the potential for economic electricity generation (for example, 
a heating reactor producing water at less than 100°C) are excluded from discussion in this 
background paper. 

All SMRs (MRs plus SRs) that are currently in commercial operation or under construction 
for commercial electricity production, ranging from the PHWR 220 (207 MWe net) to the 
CANDU 6 (670 MWe net), are water cooled reactors which incorporate the same basic 
technologies as current large nuclear power plants. Evolutionary SMRs proposed, for example, 
the AP 600, the W E R 640, the PHWR 500, and the latest CANDU 6, continue to be firmly 
based on the technologies utilized by previous water cooled reactor designs, and are in the MR 
size range. 

In order to be economical, and reliable, small reactors must incorporate new technologies 
and/or design approaches relative to the medium and large output power reactors that are 
currently in-service or planned; economy of scale considerations require that small reactors 
employ different approaches and/or technologies in order offset the economies of scale that 
benefit large reactors in order to meet economic goals. As a result, current proposals for new 
Small Reactor designs rely to a large degree on new technologies and/or novel applications of 
existing technologies (for example, PBMR, CAREM, and SMART). This review paper is 
intended to promote the new thinking necessary to achieve this result. 

Since advanced SRs incorporating novel technologies have not yet been commercialised, it 
is assumed that the broad based application of SRs will not take place until the year 2015 at the 
earliest. This time is required for the detailed design and construction of the initial 
demonstration or prototype SR, and for an operating period for the first SR of about five years to 
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demonstrate performance and capability, and thereby establish the viability of the SR technology 
adopted. 

As a result of the increasing trend toward cogeneration by energy producers, in combination 
with an increase in the number and scope of heat utilization processes, it is anticipated that a 
large proportion of the SRs constructed in 2015 and beyond will be operated in a cogeneration 
mode. Hence, the cost targets for small reactors for many applications should be established on 
the basis of megawatt thermal output. Comparison of the economics of the different SR designs 
that are appropriate for specific applications is facilitated by stating the costs inclusive of the 
nuclear power plant and it's support systems, but excluding heat utilization and power 
generation facilities. 

2.0 The SMR Competition 

The OECD/NEA publication "Projected Costs of Generating Electricity, Update 1998 [1] 
provides information on the projected costs of electricity generated by nuclear and fossil fuels 
for many areas of the world. This information provides a background for considering the 
principal competition for SMRs. 

Significant technical advances, leading to substantially improved economics, are being 
made in the area of renewable energy systems, particularly wind and solar. Although these 
technologies will continue to increase their market share, they are not capable of serving a 
substantial fraction of the rapidly increasing world-wide energy demand. Major future energy 
supply must therefore be derived from fossil fuels and/or nuclear power. 

Advances in coal fired power plant technology are continuing (for example in the design of 
pulverized fluidized bed boilers and in supercritical boilers); these units are expected to continue 
to play a substantial role in the energy supply market, particularly in areas that have substantial 
coal deposits, and/or which do not have access to natural gas supply pipelines. However, the 
principal fossil fired competition for SMRs over the foreseeable future will be the Combined 
Cycle Gas Turbine (CCGT). These units have capital cost as low as US$ 400/ kWe, are 
constructed on fast schedules (typically in the range of 24 months), are relatively easily 
accommodated by electrical grid systems, and are easily integrated into cogeneration 
applications. 

SMR designs must therefore not rely on reduced competition, as a result of greenhouse gas 
taxes or other interventions by governments. SMRs of the future must be capable of 
economically competing with major alternative energy producers; at the same time, they must 
meet all safety and regulatory (nuclear and non- nuclear) requirements and gain public 
acceptance. Hence, the implementation of a major SMR program in most countries will be very 
difficult and challenging. 

It has been stated many times that "the only constant that exists is change". Technologies 
are rapidly advancing in virtually every discipline. SMR designers must anticipate these 
advances in all areas that may impact the competitive position of SMRs, and develop SMR 
designs that take advantage of all appropriate technical advances; this is necessary to assure 
commercial success for SMRs into the 21st century. 
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3.0 Factors Effecting the Competitiveness of SMRs 

3.1 Factors Effecting SMR Economics 

3.1.1 General 

Since the early 1970s, many nuclear power plant vendors have focused on taking 
advantage of economy of scale. This very real effect is easily demonstrated; other things being 
equal, both specific capital and specific operating costs of a nuclear power plant tend to 
decrease with increasing reactor output. The capital cost of water cooled nuclear power plants 
of the same basic design, tends to be proportional to the ratio of power outputs to the 
exponent of 0.5 over the size range of about 300 MWe, to 1500 MWe. Even larger specific 
savings are realized on operations and maintenance costs, which increase at a relatively low 
rate with increasing plant output. However, there are several other factors which may impact 
the specific capital and specific operating costs of a nuclear plant that favour SMRs. These 
factors, which tend to substantially reduce energy costs, are not of equal importance to small 
reactors (SRs), and medium reactors MRs). Hence, the principal factors effecting economics 
are presented in the following sub-sections under "Factors effecting the economics of medium 
reactors", and "Factors effecting the economics of small reactors". Note, however, there are no 
firm lines separating the factors that influence the economics of the various reactor sizes, and 
the relevance of each factor sited in both sub-sections should be considered for each SMR 
design. 

3.1.2: Factors Effecting the Economics of Medium Reactor 

The following factors are of particular significance to Medium Reactors. 

a) Simplicity: As suggested by the economy of scale relationship presented above, the capital 
cost reductions available by reducing the size of components or systems are severely limited. 
Large capital cost reductions can only be achieved through the elimination of systems and 
components. Similarly, the largest reductions in O&M costs are achieved through the 
elimination of systems and components. The degree of simplicity that can be achieved by 
medium sized reactors relative to large reactors that utilize the same technologies is limited. 
However, several designs proposed, for example, the AP 600 and the W E R 640 make 
significant gains through the use of passive decay heat removal systems. This facilitates a 
reduction in the number and complexity of safety grade systems, thereby reducing both capital 
and O&M costs. 

b) Advanced Delivery Systems; Some current and most proposed medium reactor designs 
make extensive use of modularization, in which a significant portion of the plant is built as 
modules, which are fabricated outside of the principal buildings of the nuclear power plant. In 
some cases, the modules are fabricated off-site, to take advantage of existing fabrication 
facilities. Modularization serves to transfer a significant portion of the construction labour 
from within the principal buildings of the nuclear power plant to more easily controlled 
manufacturing environment. This serves to reduce capital cost and to shorten the construction 
schedule due to improved construction efficiency. If the modules are fabricated in established 
off-site facilities, the cost of the site construction infrastructure is reduced. 
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Other advanced delivery systems have been investigated by vendors. For example, the 
CANBAR system defined by AECL and Daewoo of Korea which could deliver the CANDU 3 
(450 MWe net) on two soft-water barges (NSP barge and BOP barge). It was proposed that the 
barges be fabricated in a shipyard, and delivered to the site by large ocean going transporters. 
The required structural and shielding concrete was to be pumped into the steel forms that were 
incorporated in the appropriate sections of the barges following siting. This method of delivery 
was estimated to reduce site labour by 75%, overall construction labour by about 30%, and to 
reduce the construction schedule by more than one year. 

c) Standardization: Standardization of all aspects of nuclear power plant fabrication and 
operation can serve to reduce both the capital and operating costs of nuclear power plants in 
all size ranges. Standarization is most easily achieved when a particular Medium sized reactor 
is in continuous production. Design changes can then be limited to those that are necessary to 
meet specific site or regulatory requirements, or which are dictated by operating experience 
and research. Examples of medium sized reactors that have achieved substantial 
standardization through this process are the CANDU 6 and the W E R 440. 

d) Construction Schedule: Medium sized reactors, when they did not experience financing 
or other non-technical delays, have historically achieved shorter construction schedules than 
large reactors; this can be attributed to reduced number of components that must be installed. 
Reduced construction schedules are currently projected for both large and medium sized 
reactors; however medium sized reactors should continue to retain their construction schedule 
advantage. Several factors that serve to determine the construction schedule, for example, 
commissioning, are largely independent of reactor size; this serves to limit the construction 
schedule reductions available to medium sized reactors. 

3.1.3 Factors Effecting the Economics of Small Reactor 

a) Simplicity: Some SR designs, for example, those based on the technologies discussed in 
Section 10, facilitate major reductions in the number of systems and components. Systems 
potentially eliminated range from dedicated accident mitigation systems (for example, 
conventional containment, and safety grade power supplies) to much of the conventional steam 
based energy conversion equipment. Simplification must be a principal focus of all SR design 
efforts. 

b) The economies of mass production: SRs, which are characterised by their relatively small 
size and a high degree of simplicity, are amiable to factory/assembly line production. For 
example, studies reported in [2] indicate that a manufacturing and assembly facility having a 
capital cost in the range of US$ 300 million could complete the production of twenty five SRs 
per year, utilizing modern assembly line operations. This estimate assumes that 60% of the 
value of the plants is provided by specialized "outside" suppliers. The small size of most SRs 
proposed facilitates the delivery of the SRs in the form of a small number of essentially 
completed modules. Depending on interest rate and rate of return on investment assumptions, 
this could result in a production cost of less than US$ 5 million for each SR. 

Factory production of SRs would also provide a substantial reduction in on-site 
construction costs, relative to those of large nuclear plants. [2] indicate that on-site costs can 
be limited to between 15% and 20% of the total overnight cost of a SR. Assuring that the 
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maximum advantage of modem fabrication and delivery technologies must be a principal focus 
of a successful SR designs. 

c) Standardization: The simplicity of some SR designs, assembly line fabrication, 
minimization of site construction work, and the necessary standardization of maintenance and 
operating procedures, facilitates a level of standardization in SRs that exceeds that achievable 
with large and medium nuclear power plants. 

d) Construction Schedule: SR designs, as a result of their simplicity and compatibility with 
assembly line production, may offer construction schedules that are competitive with those of 
combined cycle gas turbine plants (typically in the range of 18 to 24 months). The simplicity 
of some SR designs in combination with the feasibility of module testing prior to delivery may 
serve to substantially reduce on-site commissioning time. In order to take full advantage of 
these reduced schedules, efficient site qualification and licensing procedures must be 
established. 

e) Siting costs: Siting costs, including the provision of large exclusion areas around SRs, 
could have a strong negative economic impact, particularly if the SRs are distributed over the 
consumer network. Hence SR designs must minimize exclusion radius requirements, and to 
assure that the requirements that they impose on the surrounding area, including those for 
emergency planning, do not exceed the requirements imposed by conventional industrial 
facilities. 

Some SR designs have the potential of achieving a near zero exclusion radius 
requirement, thereby avoiding this penalty. Specifically, if the requirements suggested in 
Section 5 for SRs are satisfied, the SRs should be treated no differently than other major 
industrial facilities, thereby providing siting flexibility. 
Eliminating the requirement for a large exclusion radius would substantially reduce site area 
requirements, allow SRs to be located within populated areas, and allow their use of otherwise 
unused spaces. Below grade SR installations within large cities, for example, below grade at 
airports and large parking garages, and within established industrial facilities may be 
technically feasible. 

f) Transmission and distribution costs: Locating SRs in proximity to major electricity users 
essentially eliminates long distance transmission lines and greatly reduces distribution line 
loading. This results in substantial savings in transmission line capital cost and maintenance 
costs, and in electricity line losses. A recent World Bank report indicates that the norm for 
technical line loss world wide is 8.25%. However, total electricity losses are much higher in 
many countries, and are, in general, increasing. The components of electricity cost to the 
consumer in India in 1998 are illustrated in Figure 1, from [3]. In many cases, when 
transmission line capital and maintenance costs are included, over 20% of the cost of 
electricity to the consumer is attributable to transmission and distribution. 
The potential for large area blackouts due to transmission line failure (for example due to ice 
storms or tornado), is also greatly reduced by distributed generation. SRs, by minimizing 
capital expenditures on transmission and distribution systems, are of particular advantage to 
areas and countries that do not currently have a robust grid. 
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Maintenance Cost 
10% 

Capital Cost 
45% 

Cost of Fuel 
to cover 
losses 
15% 

Cost of Fuel to drive load 
30% 

Figure 1: Components of Electricity Cost in India (1998) 

g) Cogeneration: the technical and economic feasibility of cogeneration utilizing large 
nuclear plants is severely limited by the magnitude of their output of both high grade energy 
and waste heat. For example, it is impractical to economically utilize a significant portion of 
either the high pressure steam production or the 2500 MWth of waste heat typically rejected 
by a 4000 MWth nuclear plant as process heat. Due to the fact that it is economically 
impractical to use large quantities of process heat produced at a single location,, nuclear power 
plants have to date made a very small contribution to cogeneration, and have been largely 
limited to low temperature applications such as district heating. 

The relatively small output of SRs, and the feasibility of their geographic distribution 
according to demand overcomes this difficulty. In addition, the high temperatures available 
from some SRs technologies facilitates their providing energy to a broad range of process heat 
users, including many high temperature applications. 

In order to make a substantial contribution to the industrial cogeneration market, SR 
designs must be simple and relatively self contained, and not impose significant additional 
operational complexity to the industrial facility if they are to be accepted. 

h) Unattended remote operation: In order to achieve the required economics, SR designs 
must strive to minimize the man-power costs associated with the operation of SRs. The 
inherent reactor shutdown and decay heat removal capability of the technologies of some SRs 
designs, in combination with modem advanced communication systems, may facilitate remote 
unattended operation for many applications including all electricity-only generation units. SRs 
that are subject to remote unattended operation can take advantage of the security provided by 
the SR structures, and the capabilities of the local police and fire departments via reliable 
surveillance links. Analysis presented in [2] assumes that 25 SRs are remotely operated from 
each central control facility. The individual VSRs could be owned by different organizations, 
with their operation contracted to the central facility 

i) Centralized maintenance: SR designs must place a major focus on the minimization of 
maintenance costs. The provision of significant maintenance staff at each SR unit is unlikely to 
be within the necessary economic parameters. Hence, SR designs should strive to take 
advantage of the potential of providing major maintenance for a significant number of SRs 
from central maintenance facilities, by specialized maintenance crews that move between SR 
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sites on a regular schedule. Minor maintenance can be completed by a small number of on-site 
staff. Analysis presented in [2] credits a centralized maintenance facility with providing the 
maintenance requirements of 25 SRs. 

An alternate approach proposed by Russia incorporates two reactors of the KLT-40 type, 
previously used for ice-breaker propulsion in a barge. The barge mounted reactors could be 
operated by or under the supervision of the supplier, and be returned to a central location for 
maintenance. 

j) Refuelling: SR designs must strive to reduce the costs associated with refuelling, and to 
reduce the potential for diversion of irradiated fuel for clandestine applications. One option is 
to have refuelling services provided by a central refuelling organization, with crew dedicated 
to refuelling, visiting each site as required. SR designs should attempt to maximize the 
refuelling interval; as a minimum, the refuelling intervals for the SRs should be 3 years or 
longer. 

The barge mounted reactors proposed by Russia could be returned to a central location for 
refuelling. Efficiency would be improved if both maintenance and refuelling were provided by 
the same central facility. 

k) Specific Staff Requirements: Staffing reviews indicated that the specific staff 
requirements (persons per MWe) for some SRs may be equal to or lower than those for 
multiple unit large capacity nuclear power plants, and that the total staff for each VSR is 
consequentially relatively small. As a result, the man-power infrastructure requirements 
necessary for the introduction of SRs may be significantly less than those for medium and 
large capacity nuclear power plants. 

3.2 Non Technical Factors Effecting the Competitiveness of SMRs 

In addition to the largely technical factors directly impacting the economics of SMRs, 
several other factors effect their competitive position relative to fossil fuelled energy sources, 
particularly combined cycle gas turbines. Paramount among these are the durations of the 
project and construction schedules. The project schedule for many nuclear power plants to 
extends to ten or more years; this includes the time for site selection and qualification, the 
licensing of the plant by the host country, and the actual construction period. This is in sharp 
contrast to the situation for combined cycle gas turbine generating facilities, which often have 
project schedules as short as 2 years. 

Project and construction schedules of short duration offer several major advantages. First, 
they greatly reduce the planning burden placed on the utility or industry, since efforts to make 
accurate energy demand predictions extending 15 or more years into the future are largely 
avoided; the need to make long term projections in order to determine energy mix etc. 
however remain. The second major advantage is risk reduction. Many things can occur over a 
ten year project schedule; for example, governments can change, public opinion can change, 
and world, country, and industry specific economic conditions can change, and new 
technologies can emerge. 

Hence, to enhance their competitive position relative to alternate energy sources, SMRs 
must substantially reduce project and construction schedules. This requires reducing the time 
required for and simplifying site qualification, reducing the time required for and simplifying 
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licensing, and reducing the time required for construction. SMRs, particularly small reactors, 
have the potential for significantly reducing project and construction schedules. 

4.0 Requirements For SMRs 

A number if national and international organizations have established requirements for 
evolutionary water cooled reactors; for example, the Utilities Requirements Document (URD) 
produced by a group of European utilities and The Requirements for Evolutionary LWRs 
produced by EPRI in the US. In addition, EPRI has produced requirements medium sized 
passive reactors. In general, the "top tier" requirements provided in the various utility 
requirements documents are consistent and applicable to SMRs. 

In addition, the IAEA is currently preparing a document defining the criteria for 
establishing requirements for small and medium reactors in electricity and cogeneration 
applications (scheduled for completion in early 2000). 

In general, SMRs must be competitive with alternate nuclear and non-nuclear energy 
sources in all important areas and gain public acceptance in order to be to be commercially 
viable. Hence, on a specific output basis, SMRs should meet or exceed the capabilities of large 
modem water cooled reactors; for example, their capital cost per MWth output, their operation 
and maintenance costs per MWth output, and the risk posed to the staff and the public on a per 
MWth basis must not exceed those of large nuclear plants. In addition, they must be 
economically competitive with both fossil and renewable energy production facilities in a large 
number of applications. Obviously, the difficulty in meeting these requirements tends to 
increase as reactor size is reduced 

It is recognized that all of the technologies available to SMRs cannot meet all of the 
requirements suggested. However, plants not meeting a significant number of these 
requirements, are not likely to again broad based commercially success. All of the 
requirements suggested above should be seriously considered by SMR designers. 

5.0 SMR Applications 

5.1 General 

At present, world-wide, about 30% of the total primary energy produced is used for 
electricity generation. The remaining 70% is used for transportation and for domestic and 
process heating. About 16% of the electricity produced is generated utilizing nuclear power; 
this represents only about 5% of the total primary energy produced. Nuclear heat utilization, 
for other than electricity production, is limited to low and medium temperature applications 
such as district heating, and in largely military applications, for ship propulsion [4] In the 
future, a successful nuclear power programme must move beyond these limited applications, 
and serve a broad range of process heat applications [5]. Substantial new demands for process 
heat are emerging; these include desalination, hydrogen production, and commercial cooling. 
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There is a trend toward the use of heat at increased temperature as industrialization 
progresses in most countries.In Germany for example, about 65% of industrial heat is provided 
at temperatures above 800°C, with only 21% required at temperatures below 300°C [6]. 

Most SMR designs that are operating and which are proposed are suited to low and 
medium temperature applications. However, heat, unlike electricity, cannot be economically 
distributed over large geographic areas, and must be used within a few kilometers of where it 
is produced; this limits the fraction of the energy produced by medium sized reactors which 
can be used for domestic and industrial heat applications. In general, the percentage of the 
energy produced by a nuclear reactor that can be used as domestic or industrial heat increases 
with reduced reactor size; hence, SRs are often more suited to many heat applications. 

In addition, the technologies employed by some SRs designs facilitate their operation at 
relatively high temperatures (in the range of 800°C to 1000°C). This in combination with their 
small output, expands the range of SMR cogeneration applications, in both geographic and 
functional terms, relative to those of large nuclear power plants. The temperature capabilities 
of representative reactor types, and the temperature requirements for representative process 
applications are illustrated in Figure 2. In practice, a temperature difference between the 
temperature provided by the reactor and the temperature required by the user of between 50°C 
and 100°C is required to achieve economic heat transfer equipment sizes. 

Some SRs can potentially serve the power requirements of areas as diverse as densely 
populated cities and remote islands; there are over 800 islands in Indonesia alone that could 
benefit from SRs operating in a cogeneration mode. The provision of economic power to 
remote areas is essential to slowing or reversing the population move to large cities. 

In general, cogeneration serves to increase energy utilization, and hence to reduce overall 
specific capital and operating costs [2, 3]. Examples of potential cogeneration applications are 
provided in the following sub-sections. 
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Figure 2: Temperature Ranges for Representative Nuclear Reactors and Energy Users 
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5.2 Low and Medium Temperature Applications 

District heating and cooling: The heating and cooling of both residential and industrial 
facilities represents a substantial energy demand in many countries [4]. District heating uses 
hot water or steam distribution systems at supply temperatures ranging from about 85°C to 
220°C; most district heating systems operate in the range of 100°C to 150°C. The temperature 
of the return line is usually between 50°C and 70°C. The modem trend is toward low-
temperature hot water for new or replacement heat distribution systems for economic reasons. 
In addition, there is move toward using the distribution network to provide cooling with 
chilled water, utilizing absorptive shillers, during the summer air-conditioning season in order 
to improve system utilization. 

A co-operative heating system is viable when a group of users shares common or 
complementary needs and economies of scale provide benefits concerning efficiency, 
operation and maintenance, environmental emissions and unit energy cost. 

District heating provides more than 25% of all space heating in Germany, Denmark, Sweden 
and Finland. In Canada, the total capacity of existing district heating systems is only about 1.5 
GWth and includes systems ranging in size from 3.7 to 276 MW^. About 86% of these 
systems have capacities of less than 100 MWth. Typical users include major universities and 
large hospital complexes. 

World-wide, district heating systems range in size from about 600 MW^ to 1200 MWth 
in large cities, and from about 10 MW^ to 50 MWth in towns and villages. Load factors vary 
with the length of the heating season and can reach 50%. Many district heating systems 
provide energy for space heating as well as domestic hot water. There is an increasing trend 
toward using surplus heat from combined heat and power (CHP) systems and cogeneration 
facilities. 

Since district heating systems are capital-intensive, particularly to retrofit, the principal 
main near-term markets for nuclear district heat sources is as replacements for existing fossil-
fuelled sources, and as heat sources to serve new developments. SRs, because of their 
relatively small output and characteristics that allow siting in or near densely populated areas 
are ideally suited to these applications. 

a) Desalination: Desalination represents a rapidly expanding energy demand as natural fresh 
water supplies are rapidly depleted in many areas of the world. About three quarters of 
the world's population lack safe drinking water [7] particularly in the Middle East and 
parts of Africa, South America and Southeast Asia. The consequences of poor water 
quality are sobering: contaminated water is estimated to cause 80% of the disease in 
developing countries and kills 5.3 million people each year [8]. 
Seawater desalination is a good solution to shortages of potable water in many areas; 
however, it is an energy-intensive process. 

Many technologies for desalination are available [9-13]. Desalination processes 
include multistage flash (MSF), multi-effect distillation (MED) and reverse osmosis 
(RO); MSF and MED mainly require energy in the form of steam, while RO primarily 
uses electricity. The most energy-efficient desalination process is RO, which requires 
from 4 to 7 kWe- h/m3 of electrical energy, depending on water quality requirements, 
feed seawater salinity and temperature, and plant configuration. Optimized reverse 
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osmosis facilities have a substantial electrical demand, and utilize low grade heat for 
preheating the feedstock in order to increase production efficiency. Other methods, such 
as multiple stage flashing require steam at medium temperature. SMRs are well suited to 
provide all of the energy demands of all of the proposed desalination methods. 

b) Product Drying: A large amount of energy is used world wide, particularly in countries 
that have relatively cool climates, for the drying of various materials; such materials 
range from seaweed to grain and hay based animal feed concentrates. SMRs can 
economically serve these requirements. 

c) Pulp and Paper Industry: A large amount of both process heat and electricity are 
consumed around the world by the pulp and paper industry, particularly in the production 
of newsprint and cardboard stock. Pulp and paper production facilities are generally 
relatively large, with substantial energy consumption at each facility. SMRs are ideally 
suited to serve these energy requirements. 

5.3 High Temperature Applications 

a) Tar sands and heavy oil recovery: Tar sands represent a major energy and raw materials 
resource that increases in importance as world supplies of conventional crude oil are depleted. 
The oil potential from tar sands deposits in Canada, Venezuela, and the US are estimated to 
equal more than twice the world's known reserves of conventional oil. One method of 
recovering tar sands oil from buried deposits is by the injection of steam into the deposit [2]. 
The pressure and temperature of the steam required is dependent on the specific deposit and 
extraction technology used. Typical values for the nominal steam conditions desired at the 
injection well are 13.8 MPa (2000 psia) and 336°C (636°F). Additional heat energy and 
electricity are required for the operation of the oil recovery plant. 
b) Aluminium Production: Aluminium refining uses two major energy-intensive processes 
[3]. First, aluminium oxide or alumna is obtained from bauxite via the Bayer chemical process; 
this process uses a substantial amount of steam to react with bauxite and for mechanical drives, 
and electric power. Second, alumna is reduced to aluminium by electrolysis. This process 
requires large amounts of electric power. The plant entry steam conditions are typically about 
5 MPa and 325°C (720 psia and 615°F). 
c) Hydrogen production: Hydrogen consumption is predicted to increase rapidly over the 
next 30 years, initially for transportation, as world-wide efforts to reduce CO2, emissions 
escalate. Several techniques are available for the production of hydrogen [2, 14]. The most 
common methods currently in use are methane reforming and the low temperature electrolysis 
of water; these methods have a relatively low production efficiency, but offer low capital cost. 
Several high temperature production methods are available; while requiring greater capital 
investments than the above methods, these methods offer greater production efficiency. These 
methods, all of which require process heat in the range of 800°C (1470°F), include steam 
reforming of fossil fuels, high temperature electrolysis of steam, and thermo-chemical water-
splitting. Reverse fuel cell operation is now has the potential of low cost hydrogen production. 
A 13 MWe reversible fuel cell energy storage system is currently under construction [15]. 
Although being utilized for load levelling in an electrical grid, this facility will demonstrate the 
viability of reverse fuel cell operation. 

Reforming of fossil fuels is the least desirable method of hydrogen production due to the 
CO, released by the process. The high temperature processes, which require more capital 
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investment than the low temperature electrolysis process, are more energy efficient are 
expected to gain popularity as energy costs escalate. 
d) Coal Liquefaction: Coal liquefaction can produce clean, liquid fuel from high sulphur 
bituminous coals. Processes available include the solvent refined coal (SRC-11) process, and 
the H-Coal process. Both processes utilize high temperature steam, typically in the range of 
540°C (1000°F), and electricity for plant operation [2, 5]. 
e) Coal Gasification: several countries world-wide are developing plants to produce gaseous 
synthetic fuels derived from coal; these processes will assume increasing importance as low 
cost natural gas reserves are depleted. The Exxon Catalytic Coal Gasification (ECCG) process 
is one such method [2, 4]. ECCG requires first stage heat input at about 840°C (1545°F); this 
temperature is potentially within the range of the some SR designs currently proposed. 
However, about 85% of the energy used by the process is used at temperatures below 540°C 
(1000°F); it may therefore be of advantage to utilize fossil energy for the initial stage, and 
energy from SRs for the remaining stages. 
f) Methanol Production: A typical methanol from coal process system features the reformer, 
hydrogasifier, gas cleanup system, and methanol synthesizer [2, 4]. The primary process feed 
is coal; methane is used as a secondary process feed to balance the stoichiometry and eliminate 
production of CO, as a by-product. Both the steam and electricity requirements of methanol 
production plants can be served by SMRs. 
g) Steel Production: The steel industry, consumes large quantities of energy. Typically, the 
steel industry uses 35% of this energy in the form of electricity, fuel oil, or natural gas, with 
the remaining 65%, directly used in the production process, being provided by coal [2, 4]. The 
non-coal energy can be provided by SMRs, thereby conserving fossil fuel resources. 

5.4 World Experience and Programmes for Nuclear Heating Plants 

Global experience with nuclear heating plant systems, and nuclear heat plant development 
programmes is reviewed below on a country-by-country basis in alphabetical order [16]. 

1) Argentina 

The 27-MWe (100-MWt) CAREM-25 IPWR is being developed by the Atomic Energy 
Commission (CNEA) and INYAP SE for electricity generation, industrial steam production, 
seawater desalination or district heating. One application studied is the production of 
electricity and process heat for the extraction and purification of sodium sulfate at a remote 
mine site in the Northwest Puna region of Argentina. 

2) Bulgaria 

The Kozloduy Nucler Power Plant consists of four VVER-440 (408 MWe each) and two 
WER-1000 (953 MWe each) units. Since 1990, up to 230 MWth of steam has been extracted 
from the turbine cycle and used to generate hot water for district heating in the nearby town of 
Kozloduy. The safety requirements include: continuous radiation monitoring of the water in 
the boiler and heat distribution circuits and weekly laboratory chemical analysis, weekly 
analysis of the specific activity of corrosion products in the boiler circuit, and maintenance of 
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2 
a minimum positive pressure differential of 1.5 kg/cm between the output of the hot-water 
loop and the steam-extraction circuit [6]. 

3) Canada 

From 1979 to 1985, a portion of the heat output (-13 to 15 MWt) from the 60-MWth 
WR-1 research reactor was used to heat the plant site at Atomic Energy of Canada Limited's 
(AECL's) Whiteshell Laboratories (WL) in Pinawa, Manitoba, saving a total of 21 million 
litres of fuel oil. WR-1 was a prototype of the CANDU OCR (Organic Cooled Reactor) 
concept, in which the reactor coolant inside the reactor coolant system (including the pressure 
tubes) was a mixture of partially hydrogenated terphenyls. The reactor coolant circuit, used for 
process heating, operated at a relatively high temperature of about 345°C, but at a moderate 
pressure of only 2.4 MPa. 

At AECL's Chalk River Laboratories (CRL) in Chalk River, Ontario, low-temperature 
effluent heat from the heavy-water-cooled and -moderated 125-MW^ National Research 
Universal (NRU) reactor has been recovered on occasion and used to preheat building 
ventilation air and make-up water to various systems. Also, waste heat from the separate, high-
temperature U2 experimental loop (from 4.5 MWth to 8 MWth) has been used to supply 
process steam to the CRL site. 

The SLOWPOKE Energy System 10-MWth (SES-10) [16], pool-type heating reactor was 
developed by AECL in the 1980s as a source of low-temperature (85°C) water for building 
complexes, institutions and municipal heating systems. One SES-10 unit would heat 150 000 
m2 of floor area or about 1500 individual apartments. The cost of heat energy from the SES-10 
system is sensitive to the annual load factor, which is typically in the range of 50% to 80%, 
depending on the particular application; at an 80% load factor the cost was estimated to be 
about U.S. $0.02 per kWth- h [17]. 

AECL also studied a novel, heat-pipe-cooled, solid-core reactor concept known as the 
Nuclear Battery [18], which would generate about 600 kWe of electricity for remote 
communities or 2.4 MWth of steam heat at about 500°C. 

The use of CANDU PHWRs for process heat applications was reviewed recently by 
Meneley et al. [19]. Notably, the recently developed Steam Assisted Gravity Drain (SAGD) 
process for bitumen recovery in the Alberta Oil Sands using parallel horizontal wells is 
compatible with the medium-pressure steam available from CANDU [20]. 

The Bruce Nuclear Power Development (BNPD) operated by Ontario Power Generation 
(OPG, formerly Ontario Hydro) is one of the world's largest energy centres, containing two 
four unit stations (each of the units has a gross capacity of about 904 MWe), the Bruce heavy-
water plant (BHWP), a low-level radioactive waste storage facility, a nuclear training centre, 
central stores and maintenance facilities, and the Bruce bulk steam system (BBSS). Steam is 
extracted from the steam generators in a parallel cogeneration arrangement. The BBSS is 
capable of producing 5350 MWth of medium-pressure steam and was originally built to 
service the nearby heavy-water production plants. 

It operated as the world's largest nuclear heat plant system from 1977 to 1998, when the 
Bruce A units were laid up as part of OPG's performance improvement program. During 
operation, the typical demand for steam included 750 MWth for the BHWP, 15 MWth for the 
internal needs of the Bruce NPP, 3 MWth for the training centre and 72 MWth f° r the Bruce 
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Energy Centre (BEC). The customers at the BEC included: a 30 000 m2 greenhouse, a 
12 million L/a ethanol plant using locally grown com, a plastic film production plant, a 
90 000 tonne/a alfalfa dehydration, cubing and pelletizing facility, an apple-juice-
concentration plant, and an agricultural research facility. In the early 1990s, the cost of steam 
produced from natural gas was about 38% higher than that from the BBSS. The total length of 
the steam delivery system is about 6.4 km. 

CANDESAL Inc. of Ottawa, Ontario, has looked at the coupling of an RO 
desalination unit with a CANDU [21] as well as a Russian reactor [12]. Besides using nuclear-
generated electricity to power the RO units, waste heat from the turbine condensers is used to 
preheat the feedwater to the RO units, thereby improving their efficiency. 

4) China 

Energy used as heat at temperatures less than 150°C accounts for about 25% of the total 
energy consumption in China. 

R&D work on Nuclear Heating Plant (NHP) systems has been underway since 1982 at the 
Institute of Nuclear Energy Technology (INET) at Tsinghua University. Starting in 1983, a 
demonstration of nuclear heating was carried out over two heating seasons using an existing, 
pool-type experimental reactor. A Deep Pool Reactor (DPR) concept (B20) and an IPWR 
were studied for further development. 

In 1986, construction began on the Nuclear Heating Reactor 5-MWth (NHR-5) IPWR at 
INET. Key design features include natural circulation of the primary coolant at full power, 
dual vessel design, hydraulic in-vessel control-rod drive mechanisms, self-regulation of 
primary system pressure and flow process parameters. The NHR-5 system has been in seasonal 
operation since 1989 November and is currently the world's only dedicated NHP. Experiments 
have been conducted to study electricity generation with low-pressure steam in a cogeneration 
mode, air conditioning using a lithium-bromide heat-absorption process to produce chilled 
water at 7°C, and seawater desalination [4]. 

The commercial-scale Nuclear Heating Reactor design with a capacity of 200 MWth (the 
NHR-200) was developed by INET with assistance from Siemens/KWU of Germany. The size 
selected was based on analysis of the market demand for district heat. The annual base-load 
heating requirement varies from 3000 to 5000 h in North and Northeast China; combined use 
for heating and air conditioning could increase the annual load time period in Central and 
South China to about 4000 h. The first demonstration plant is under construction in Daqing 
City in Northeast China. Operation is possible with either fully pressurized primary coolant 
conditions or with some boiling, the latter mode enhancing coolant circulation. The use of the 
NHR-200 NHP to produce 150,000 m3/d of potable water has been studied for Dalian City. 
The production cost is estimated to be U.S. $1.2 per m3 [22]. 

Construction of the 10-MWt High Temperature Reactor (HTR-10) is nearing completion 
at INET based on pebble-bed reactor technology developed in Germany. It will deliver He at 
950°C for the demonstration of electricity generation (steam cycle), electricity/heat 
cogeneration, gas/steam combined-cycle electricity generation, and NPH applications such as 
coal gasification/liquefaction and steam reforming [23]. 
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5) Germany 

The Stade NPP consists of a 630-MWe (1892MWth) PWR. Since 1983, it has supplied 
about 30 MWth of steam heat to a salt refinery located 1.5 km away, and has supplied about 10 
MWth f° r space heating at the Schilling oil-fired power station and an adjacent tank storage 
facility. 

The Greifswald NPP consists of four VVER-440 model V230 PWRs. It supplied up to 
180 MWth for district heating until 1990 when it was shutdown following German 
reunification. 

6) Hungary 

The PAKS NPP consists of four VVER-440 model V230 PWRs. Since 1977, up to 
55 MWth of hot water from PAKS has been transported a distance of 6 km to the town of 
Paks. The heating system uses basic and peak heat exchangers in series. The basic heat 
exchanger heats the returning water to 100°C using steam extracted from the low-pressure 
turbine. The peak heat exchanger increases this to 130°C using steam from the high-pressure 
turbine. The heating system of one reactor supplies the internal needs of the NPP, while any of 
the other three units can supply the full heating load of the town. 

7) India 

A 425- m3/d MSF desalination facility has been operated at the Bhabha Atomic Research 
Centre (BARC) in Mumbai since 1984. A 6300 m3/d hybrid plant (MSF/RO) is planned for the 
Madras Atomic Power Station (MAPS) PHWR in Kalpakkam [4]. 

8) Japan 

Since 1973, Japan has used PWRs at the Ohi, Ikata, Genkai, and Takahama NPPs for 
nuclear desalination. Feedwater for the steam generators and on-site potable water is produced 
using RO, MSF or MED plants of from 1000 to 21 000 m3/d capacity [4]. 

The 30-MWth High-Temperature Engineering Test Reactor (HTTR) at the Oarai 
Research Establishment of the Japanese Atomic Energy Research Institute (JAERI) achieved 
initial criticality in 1998 November. The HTTR uses a prismatic-block-type graphite core with 
TRISO coated-particle fuel. It will be the first nuclear reactor to be connected to a high-
temperature process-heat utilization system, supplying heat at about 850°C. About 60% of 
Japan's total energy needs are for heat at temperatures above 1000°C. 

JAERI is developing a thermo-chemical method to produce hydrogen from water using an 
iodine-sulphur (IS) process (first proposed by General Atomics) that recycles the chemical 
components and generates no carbon dioxide [4, 23]. JAERI is also studying heat transport 
over long distances using tiny encapsulated particles containing phase-change materials 
(PCMs). For HTR applications, the PCM would likely be a molten salt with inorganic coatings 
similar to the TRISO particles. 
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9) Kazakhstan 

The Aktau NPP at the Mangyshlak Atomic Energy Complex on the Caspian Sea consisted 
of a 750-MWth BN-350 liquid-sodium-cooled, fast breeder reactor. It was a multipurpose 
experimental facility and the world's first demonstration plant for nuclear desalination, in 
service since 1973 using the MED process. It produced up to 125 MWe of electricity, up to 80 
000 m3/d of desalted water, and supplied hot water for district heating. The plant was shut 
down in 1999. 

10) Morocco 

Morocco is presently involved in a pre-project study of a 10-MWth NHR-10 NHP from 
China to produce 8000 m3/d of potable water using a MED process at the Tan-Tan coastal site 
in South Morocco [4]. 

11) The Netherlands 

In 1996-97, the Ministry of Economic Affairs funded a pre-feasibility study of a small 
40-MWt, He-cooled, pebble-bed CHP design known as INCOGEN (Inherently Safe Nuclear 
Cogeneration), capable of producing 16.8 MWe and 18.2 MWth of process heat at 150°C. It 
was found that the concept, while feasible, was not economical where natural gas is 
inexpensive [23]. Additional studies are being performed on a similar 40-MWth HTR concept 
known as ACACIA (Advanced Atomic Cogenerator for Industrial Applications) that is capable 
of producing 13.6 MWe and 17 tons/h of steam at 220°C. 

12) Republic of Korea 

The Korea Atomic Energy Research Institute (KAERI) has studied using a 330-MWth 
Integrated Pressurized Water Reactor (IPWR), known as SMART (System Integrated Modular 
Advanced Reactor), as a CHP system for seawater desalination that is capable of producing up 
to 40 000 m3/d [4]. 

13) Romania 

The 700-MWe class Cernavoda-1 CANDU 6 nuclear power plant went into commercial 
operation in 1996. It supplies steam to a district heating system serving about 60% of local 
residents [24]. 

14) Russian Federation 

All operating NPPs in Russia have associated heating systems for space heating, air 
conditioning and hot-water supply for the power station and nearby towns. Typically, these 
towns have populations of between 40 000 and 50 000, are located 3 to 15 km away, and have 
heat loads of 100 MWth to 200 MWth [4]. 
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NPH systems are especially attractive in the extreme north and northeast part of Russia, 
where about 80 to 90% of the cost of fossil fuel is determined by transport costs, and where the 
cost of electricity and heat are 10 to 20 times higher than in other regions. 

The 5-MWe (30 MWth) water-cooled, graphite-moderated AM reactor (First NPP) at the 
Institute for Physics and Power Engineering (IPPE) in Obninsk was the world's first reactor to 
produce significant quantities of electricity, beginning in 1954 June 27. In 1976 its turbine was 
dismantled and 10 MWth steam heat system was added; heat is distributed to local industries 
and to a district heating system in Obninsk. This unit is still in operation. 

IPPE has studied a pool-type NHP known as RUT A, ranging in size from 10 MWth to 55 
MWth; a 30-MWt unit has been proposed as a replacement for the AM plant and would supply 
85% of the annual heating load at EPPE. An underground NHP consisting of four 55 MWth 
RUTA reactors has been proposed for the town of Apatity in the Kola peninsula. 

The Bilibino Nuclear Cogeneration Plant (BNCP) in Chukotka consists of four 62 MWth 
water-cooled and graphite-moderated reactors that each supply 12 MWe and 19 MWth as heat. 
It has been in operation since 1974. The cost of electricity and heat from the BNCP is reported 
to be 2.0 to 2.5 times lower than fossil-fuelled alternatives. Three advanced channel-type 
ATU-2 reactors (40 MWe plus 58 MWth) are planned to replace the BNCP units. 

At the Research Institute of Atomic Reactors (RIAR) in Dimitrovgrad, two pilot-scale 
plants, the VK-50 BWR, which produces 50-MWe (250-MWth, and the BOR-60 sodium-
cooled fast reactor, which produces 12-MWe (60-MWt), provide electricity and heat that is 
sold to the surrounding region, including nearby greenhouses. A larger 250-MWe (750-MWt) 
VK-300 plant has been proposed for district heating and electricity supply. 

Starting in about 1958, water-cooled, graphite-moderated plutonium (Pu) production 
reactors of the AD and ADE types were used to provide electricity and heat to "closed" cities 
at the Tomsk-7 (now Seversk) and Krasnoyarsk-26 (now Zheleznogorsk) sites in Siberia. The 
remaining reactors at those sites are scheduled to be shut down in 2000 and various advanced 
reactor plants have been proposed as replacements. 

The AST IPWR NHP design was developed by the Experimental Machine Building 
Design Bureau (OKBM) in sizes ranging from 50 MWth to 500 MWth- In 1983-85, 
construction started on the 500-MWth AST-500 at Nizhny Novgorod, formerly Gorky, (one 
unit) and at Voronezh (two units), but construction was later interrupted. In 1996 construction 
resumed at Voronezh. Twin AST-500 units have been proposed as replacements for the 
Tomsk-7 reactors; it is planned to use some of the components previously delivered to the 
Gorky site. 

A 290-MWe (600 MWth) Gas Turbine - Modular Helium Reactor (GT-MHR) design 
developed jointly by General Atomics, OKBM and the Kurchatov Institute has been proposed 
as a replacement for the Tomsk-7 and Krasnoyarsk-26 reactors that would destroy weapons-
grade Pu while providing electricity and energy for district heating [25]. The reactor would 
heat helium (He) to 850°C at 7.02 MPa and achieve a conversion efficiency of about 47% in a 
direct Brayton cycle using a helium (gas) turbine. 

Russia has about 150 reactor years of experience with lead-bismuth-cooled systems 
(45% Pb - 55% Bi), such as those used for submarine propulsion. Based on this experience, 
the small 30-MWth ANGSTREM design has been developed as a modular, transportable 
power source for cogeneration, district heating or seawater desalination. 
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A floating NPP system, known as APWS-80 and consisting of two KLT-40 loop-type 
PWRs (up to about 160 MWth), has been designed based on more than 150 reactor years of 
experience for marine propulsion. The system has been proposed for electricity generation at 
Pevek in Northern Siberia as well as for seawater desalination in North Africa. The APWS-80 
could deliver up to 80 000 m3/d of desalted water or combinations such as 58 MWe and 
20 000 m3/d. The estimated cost of potable water is U.S. $1.0 to $1.5 per m3. Similar floating 
NPPs have been considered using the ABV IPWR. 

Russia has over 20 years of successful experience with more than 50 small nuclear 
desalination plants, ranging from 60 to 120 m3/day capacity, on its civilian nuclear-powered 
ships [12] 

15) Slovakia 

At the Bohunice V-2 NPP in Slovakia, steam has been extracted from the turbine cycle of 
two of the four VVER-440 type V-213 reactor units since 1987, to supply heat to the town of 
Tmava, about 23 km away. The maximum capacity of this system is 240 MWth- Heat delivery 
has increased gradually from 478 TJ in 1988 to 1104 TJ in 1995 [4]. Nuclear heat supplied 
about 60% of the total heat required by the district heating system in 1995 at about 60% of the 
cost of heat from fossil fuel. 

16) South Africa 

ESKOM, the state electricity utility in South Africa, is developing the 103-MWe 

(228-MWth) Pebble Bed Modular Reactor (PBMR) based on technology developed in 
Germany. Although the primacy focus is low-cost, high-efficiency (about 47%) electricity 
generation via direct coupling to a helium gas turbine, application for industrial purposes such 
as hydrogen production is also being evaluated. A half-scale model of the PBMR achieved 
criticality in 1999 June at the Kurchatov Institute's Astra facility [26]. 

17) Sweden 

Heat from the 12-MWe (68-MWth) heavy-water-cooled and moderated Âgesta CHP plant 
supplied heat to Farsta, a suburb of Stockholm, from 1963 to 1974. 

18) Switzerland 

The Beznau NPP, which consists of two 365-MWe (1130-MWth) PWRs located about 35 
km northwest of Zurich, operated by the utility NOK (Nordostschweizerische Kwaftwerke). 
Starting in 1983, heat was supplied to two nuclear research institutes: EIR (Eidgenössisches 
Institut für Reaktorforschung) and SIN (Schweizerisches Institut für Nuklearforschung), 
located 1.8 km from the Beznau NPP. The capacity of this system was expanded progressively 
to 80 MWth- In 1997, 141 GWth* h of heat was delivered by the REFUNA (Regionales 
Femwärmenetz Unteres Aaretal) district heating grid. 

Steam for district heating is extracted at 128°C from two of the four turbines between the 
high and low pressure portions. Initially this caused a loss of electricity generation at a rate of 



Development Status and Applications of SMRs 517 

0.161 MWe/MWth; however, the addition of a second heat-extraction stage at 85°C in Beznau 
I and new steam generators in 1993 reduced the loss rate to 0.12 MWe/MWth-

The REFUNA system supplies about 2160 private, industrial and agricultural customers 
through 35 km of main piping and 85 km of local distribution pipes. The cost to customers is 
somewhat higher than with individual oil heating, because they are spread over a wide area; 
however, most accept this as a contribution to environmental protection. 

The temperature of the hot-water grid is adjusted from 75 to 120°C to meet seasonal 
requirements. The heat losses at full power are about 6% in the main piping and 6-12% in the 
local networks (about 15% overall). Normal water losses are about 1.0 to 1.5 m3/d. 

The Gösgen NPP consists of a 970-MWe PWR located 35 km southeast of Basel. Since 
1979, steam has been extracted in a simple, parallel-cogeneration arrangement using a tertiary 
steam loop and piped over a distance of 1.75 km to the Niedergösgen cardboard factory. In 
1997, 142 GWth' h of heat was delivered. 

19) Ukraine 

Extensive nuclear district heating systems are associated with the multi-unit NPPs at 
Zaporozhe (capacity 1165 MWth), South Ukraine (534 MWth) and Rovno (291 MWth) [4, 6]. 

20) United Kingdom 

The first of the four 60-MWe CO2 gas-cooled, Calder Hall MAGNOX power reactors 
operated by British Nuclear Fuels Limited (BNFL) at Sellafield, in Cumbria, opened in 1956 
October, supplying process steam heat to a neighbouring fuel reprocessing plant and electricity 
to the grid. The reactor is still operating and is licensed to the year 2006. 

21) United States 
An RO desalination plant of 2200 m3/d capacity has been operated at the Diablo Canyon 

NPP at San Luis Obispo in California for on-site water supply since 1985 [4]. 
The technical feasibility of small nuclear reactor plants to produce heat, electricity and 

fresh water for local energy systems in remote locations was demonstrated in early 
development efforts, such as the U.S. Army "packaged" reactor program [27]. A variety of 
reactor designs were deployed in this program and operated from the mid-1950s to the early 
1970s in Alaska, Antarctica, Greenland and at several locations in the continental U.S. The 
thermal power used for space heating ranged from 0.3 MWth to 13 MWth-

6.0 Public Acceptance 

Public acceptance is essential to the implementation of any nuclear power program. 
However, gaining public acceptance may be more difficult for SMRs since a relatively large 
number of SMRs are required to produce a specific output (the number of reactors required is 
essentially inversely proportional to reactor size), their probable distribution over a large 
geographic area, and their potential location within densely populated areas. On the positive 
side, the public tends to look more favourably on small reactors than large reactors. 
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To gain broad based public acceptance, particularly in the case of SRs, designers should 
strive to achieve a high degree of public "comfort". To achieve this, SMR designs must 
eliminate complexity; they must change the time frame for mitigating action from one of 
seconds to days or possibly months, and their safety must be transparent, obvious and 
demonstrable. Some SR designs have the potential for allowing the safety of the reactor to be 
demonstrated. For example, the test program [28] completed for the AVR 15 in Germany (a 
small HTGR) demonstrated the safety characteristics of the reactor by subjecting the reactor to 
demanding postulated accident conditions. 

The ability to clearly explain and demonstrate the safety of the reactor should be a 
principal focus of all SMR designs. 

However, public acceptance issues extend beyond the SMR itself, and embrace the 
complete fuel cycle. A particular public concern in most countries is long term waste 
management; both SMRs and large nuclear power plants must resolve this concern to the 
satisfaction of the general public. 

7.0 Technologies Available to SMRs 

7.1 General 

A wide range of technologies are available to SMR designs, each with unique operating 
capabilities and safety features. SMR technologies that utilize water as coolant and moderator 
are limited to medium temperature applications. The maximum heat utilization temperature 
achievable with current water cooled reactor technologies is limited to about 250°C. In the 
future, utilization of supercritical water as could potentially increase this temperature to about 
550°C; the above temperatures provide for a sufficient temperature difference between the 
temperature provided by the reactor and the temperature required by the heat user to facilitate 
economic operation. 

SMR technologies employing coolants with high temperature capability and graphite 
moderator can serve most high temperature industrial applications. Heat utilization 
temperatures of about 800°C are feasible with currently established technologies; in the future, 
technical advances may increase this temperature to about 1000°C. In addition to being 
consistent with most high temperature process heat applications, the high temperature core 
outlet temperature provided by these technologies facilitates the use of a gas primary or 
secondary reactor coolant and the employment of gas turbines for electricity generation; this 
serves to eliminate the complex steam power generation equipment associated with current 
nuclear power plants. The thermodynamic efficiency of SMRs operated in an electricity only 
mode and the energy utilization of SMRs operated in cogeneration or process heat applications 
increases with increasing core outlet temperature; this serves to reduce the specific capital cost 
of SMRs. 

7.2 Established Water Cooled Reactor Technologies 

A number of SMRs utilizing established water cooled reactor technologies are currently in 
operation and under construction; these range in size from the PF1WR 220 (207 MWe net) to 
the CANDU 6 (670 MWe net). However, India is phasing out PHWR 220 construction in 
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favour of the PHWR 500 (470 MWe net), largely due to economic considerations, and AECL 
discontinued development of the CANDU 3 (450 MWe net) due to economic considerations. 

Evolutionary water cooled reactor designs that maintain most elements of the established 
water cooled reactor technologies, but which incorporate passive systems in order to reduce 
operating and O&M costs are in the advanced design stages (for example, the W E R 640 and 
the AP 600); these reactors are in the 600 MWe size range. 

The available information suggests that SMRs utilizing established water- cooled 
technologies, are not economically competitive in sizes below about 450 MWe net. Hence, it 
is anticipated that available reactors of this type will continue to be in the medium size range. 

The established water cooled reactor technologies (light water reactors and presurized 
heavy water reactors) are described in [29, 30]. 

Examples of innovative technologies proposed for thermal SR designs are discussed in the 
following subsections. In addition, several metal cooled fast breeder SR designs utilizing 
sodium or lead/lead alloy coolants have been suggested. 

7.3 Advanced Water Cooled Reactor Technologies 

7.3.1 General 

Efforts to achieve simplification and enhance the safety water cooled reactors while 
taking advantage of many aspects of established water cooled reactor technology has resulted 
in the proposal of several advanced water cooled reactor designs. 

7.3.2 Integral PWR Designs (ordinary water cooled and moderated) 

Several integral PWR designs have been proposed [29, 31-33]. A identifying feature of 
integral PWRs is the accommodation of the principal nuclear steam supply system components 
within a single large pressure vessel, in addition to the core; these components include the 
primary coolant pumps (if required), the steam generators, and the pressurizer (generally 
created by a volume at the top of the pressure vessel). Integral PWR designs proposed include, 
but are certainly not limited to, SIR (UK), CAREM (Argentina), SMART (Korea), and 
VPBER-600 (Russia). In addition, Russia has developed the conceptual designs for several 
other integral PWRs that employ natural circulation (for example, the ATETS family of 
reactors [31], and the V-500 SKD1, which employs natural circulation of the coolant at 
supercritical pressure. Russia also has considerable experience with the deployment of small 
integral reactors for ship propulsion [34]. The arrangement of the VPBER-600reactor is 
illustrated in Figure 3; a variation of this arrangement adopted by several integral PWR 
designs is the location of the primary coolant pumps above the reactor core. 

The reactor core configuration of integral PWRs employs established PWR design and 
fuel technology, and generally operate at a relatively low power density. 

Most integral PWR designs proposed are directed at specialized applications such as 
desalination or ship propulsion; integral reactor outputs range between 100 MWth and 
600MWth. 
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Enhanced safety is claimed for integral PWRs based on their elimination of the primary 
coolant circuit piping that is required to connect the major primary components of 
conventional PWRs, their operation at relatively low power densities, and their provision of a 
relatively large volume o primary coolant within the pressure vessel. 

7.4 Advanced Non-Water Cooled Reactor Technologies 

7.4.1 General 

A number of conceptual reactor designs have been proposed over the last several years 
that take advantage of the higher temperature capability offered by non-water coolants; many 
of these design concepts utilized graphite as the moderator. Graphite is an excellent moderator 
due to it's moderating capability, high neutron utilization efficiency, negative reactivity 
temperature coefficient, high temperature capability, high heat capacity, and high thermal 
conductance. 

The strong negative temperature reactivity coefficient of the graphite can provide an 
inherent shutdown capability to reactors utilizing graphite as moderator. Such reactors can 
achieve shutdown based on the temperature increase of the core following postulated 
accidents, without the need for control system or operator actions. 

The high temperature capability of the graphite moderator and coolant utilized in these 
reactors also facilitates decay heat removal from the core, by the radiation and conduction of 
heat to the environment, following postulated accidents without the use of any safety or safety 
support systems, if reactor size is limited to the range of 600 MW th to 800 MW th (design 
dependant). 

7.4.2 Direct Cycle High Temperature Gas Reactor (HTGR) 

The helium cooled, graphite moderated high temperature gas reactor has an extensive 
experience base; demonstration HTGRs established excellent operating records in the US 
(Peach Bottom) and in Germany (AVR15). Commercial HTGRs in the US (Fort St. Vrain) and 
in Germany (THTR 300), both in the 300 MW, size range, have been shut down. 

Current HTGR designs utilize a steel reactor pressure vessel. The pressure vessel diameter 
of a 450 MWth HTGR is in the range of 4 m (13 ft). Typical helium conditions at the core 
outlet are 6.2 MPa (900 psi) and 850°C (1560°F). Both the German and US HTGR designs are 
based on the TRISO fuel particles (Figure 4). TRISO particles, with an outside diameter of 
less than one mm, have a uranium or thorium oxide core with four coatings. The silicon 
carbide coating serves the containment function that is provided by the containment buildings 
of water cooled reactors. The porous pyrolytic carbon layer accommodates fission gasses. The 
pressure retaining capability of the TRISO particle is maintained up to 1600°C (2900°F). 

The German designed HTGR plants utilize a "pebble bed" core; TRISO particles, 
enclosed in a graphite matrix, are contained in tennis ball sized "pebbles" which occupy the 
reactor core volume within the graphite reflector structure; the helium coolant flows through 
the pebble bed. The pebble bed HTGR is refuelled on-power. 
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Figure 4: Composition of the TRISO Fuel Particle 

The US HTGR plants designed, designed by General Atomics, have a prismatic core, 
consisting of hexagonal graphite elements that contain the fuel and coolant flow passages. The 
TRISO fuel particles are contained in a graphite matrix within fuel compacts that occupy 
vertical wells in the fuel elements (Figure 5). The prismatic HTGR is batch refuelled off-
power. 

Inherent shutdown is provided in HTGR reactors primarily by the strong negative 
reactivity temperature coefficient of the graphite moderator. Passive fuel cooling is provided 
following postulated accidents by the conduction and radiation of heat from the fuel to the 
pressure vessel surroundings. This requirement limits the size of HTGRs to about 600 MWth, 
and limits coolant core outlet temperature to about 950°C; the use of advanced zirconium 
carbide coatings on the TRISO fuel particles in place of silica carbide has the potential of 
increasing this temperature to about 1100°C. 

A direct cycle HTGR (Figure 6) operating in the electricity only generation mode can 
achieve efficiencies of up to 50% [36]. Direct cycle HTGR development is currently underway 
by ESKOM in South Africa (called the Pebble Bed Modular Reactor, PBMR), and by a 
consortium consisting of General Atomics, Framatome, Fuji Electric, and nuclear 
organizations in Russia (prismatic core). A HTGR research reactor entered service in Japan in 
1998, and a similar unit will enter service in China in late 1999. 



Development Status and Applications of SMRs 250 

Prismatic Fuel Element 
Fuel P&rtfclßs 

Y * 

Fissile (Uranium 
<20% Enriched} 

Fertile (Thorium) 

356mm 

• 1ßrim 

Qriphte Matrix i 
Figure 5: Prismatic Fuel Element Composition 

Figure 6: Section Through Direct Cycle HTGR (ESKOM) 



524 J. Kupitz 

7.4.3 Lead Cooled Integral Reactor (LEADIR) 

The lead cooled, graphite moderated LEADIR illustrated in Figure 7, is a pool type 
reactor. The reference LEADIR core configuration [3, 36] is similar to the prismatic HTGR 
core design, utilizing TRISO fuel. Lead, with a boiling point of about 1620°C (2950°F) at 
atmospheric pressure, allows the reactor to operate at the maximum temperatures permitted by 
the fuel and the coolant system materials. 

Primary Heat 
Exchangers 
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Fuel Blocks 

Steel Sheilding 
Balis 

Confinement — v 
Wall-

Reactivity 
Mechanisms and 
Refueling Deck 

\ 

Air Discharge 
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Figure 7: Section through LAEDIR 

Lead does not "wet" graphite surfaces, thereby increasing corrosion resistance, and 
minimizing lead ingress into small cracks that may develop in the graphite. All non-graphite 
materials in LEADIR operate below a maximum temperature of 500°C; in these applications, 
low nickel ferritic steels are used. The primary heat exchangers, which are in contact with lead 
at temperatures of up to 1000°C are fabricated from co-extruded steel/zirconium; the inner 
steel tube provides the necessary strength, while the exterior zirconium portion of the tube 
provides corrosion resistance. 

Graphite is buoyant in the lead coolant; the reactor structures are therefore designed to 
assure that the graphite core is maintained in the design location under all postulated events. A 
CO2 cover gas is provided above the molten lead free surface. 

The 208 isotope of lead, which constitutes about 54% of naturally occurring lead, is 
transparent to neutrons; use of Lead 208 as coolant thereby provides a neutron economy 
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comparable to that of the HTGR. The bulk of the worlds experience with lead and lead alloy 
coolants exists in Russia [35]. 

Heat is transferred from the lead coolant to a secondary heat utilization circuit; suitable 
secondary coolants include helium, CO2, and supercritical steam. Helium as the secondary 
coolant allows LEADIR to utilize gas turbine electricity generation equipment of the same 
design as that being developed for the direct cycle HTGR. 
As with the HTGR, inherent reactor shutdown of LEADIR is provided by the strong negative 
reactivity temperature coefficient of the graphite moderator. Post shutdown decay heat 
removal is provided by conduction and radiation to the reactor pool surroundings; the 
convective air cooling system shown in Figure 7 provides an owners investment protection 
function, and is not required for safety. In the LEADIR conceptual design, the primary reactor 
pool vessel is surrounded by a concentric shield pool vessel, with the annulus filled with steel 
shield balls and ordinary lead. The outer portion of the annulus remains solid during normal 
plant operation, thereby minimizing heat loss: under postulated accident conditions, this lead 
melts, promoting circulation and heat rejection. The requirement to passively reject decay heat 
limits the size of LEADIR to about 1000 MWth. 

LEADIR provides a high temperature pool type reactor with inherent shutdown and decay 
heat removal capability, while eliminating the need for a reactor pressure vessel. 

7.4.4 Molten-Salt Reactor (MSR) 

Development of the molten-salt cooled, graphite moderated MSR was centred in the US at 
Oak Ridge National Laboratories (ORNL) [1, 37, 38]. The initial focus was the development 
of a large economic breeder reactor. However, the graphite moderated, molten-salt cooled M-
SR technology facilitates the design of high temperature pool type SRs. 

MSR fuel, as uranium or thorium fluoride, is dissolved in the molten-salt coolant. The 
configuration of the MSR is potentially similar to that of LEADIR, except that the fuel 
compacts are eliminated from the graphite core elements, and the coolant passage size is 
adjusted to give the required ratio of coolant/fuel to moderator. A helium cover gas is 
maintained above the free surface of the molten-salt coolant. 
The MSR is easily refuelled on-power through the addition of a small amount of uranium 
fluoride to the coolant stream. Studies indicate that a MSR could operate for a period of thirty 
or more years without the removal of fission products from the molten-salt coolant; this feature 
contributes to the proliferation resistance of the MSR. 
Heat is transferred from the molten-salt coolant to a secondary heat utilization circuit via heat 
exchangers. Helium as the secondary coolant allows the MSR to utilize the same power 
generation equipment as the direct cycle HTGR. 

Inherent shutdown capability is provided in MSR by the negative reactivity temperature 
coefficient of the graphite, in combination with the thermal expansion of the molten-salt in the 
core. The latter reduces the fissile content of the core as coolant temperature increases. In the 
very unlikely event that coolant is lost from the core, it quickly solidifies, and the reactor shuts 
down due to loss of reactivity. Cooling of the MSR reactor following postulated accidents is 
provided by conduction and radiation of heat from the reactor pool to the surroundings; this 
requirement limits MSR size to about 1000 MWth. 

ORNL operated a demonstration MSR for 32 months in the 1960s, with very few 
technical difficulties [37]. This loop-type reactor, called the Molten-Salt Reactor Experiment 
(MSRE) produced 8 MWth and operated with a core coolant outlet temperature of 650°C 
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(1200°F). The MSRE core, 1.37 m (54") in diameter with a length of 1.6 m (64"), consisted of 
51 mm (2") square graphite bars, with coolant flow passages machined in their surfaces. Since 
the molten-salt coolant/fuel does not wet the graphite, corrosion is minimal and the molten-salt 
penetration into small cracks that can develop in the graphite is minimal. 

The fuel salt used in MSRE was 'Li-BEF,-Zr,F4-UF, (65-29.1-5.0-0.9 mole %). The 
principal properties of this salt at 650'C (1200'F) are given in Table 1. The densities of 
graphite and molten salt at 650°C (1200°F) are essentially the same. A comprehensive review 
of molten salt chemistry is provided in [34]. The MSR can operate as a breeder, utilizing the 
thorium cycle [31]. The 233U produced by neutron capture in 212 This easily removed by 
bubbling fluorine through the molten-salt coolant: fluorine scavenges uranium, but does not 
remove actinides such as plutonium. The MSR is highly proliferation resistant due to the 
difficulty of removing plutonium from the molten-salt. 

The MSRE was the first reactor in the world to be fuelled with 233U. 

Table 1 

Principal Fuel Salt Properties 

Density 2.3 g/cm3 141 lb/ft3 

Specific Heat 2 X I O ' J/kg-'C 0.47 BTU/lb-'F 

Conductivity 1.3 W/m-°C 0.83 BTU/h-ft-°F 

Viscosity 29 kg/h-m 19 Ib/h-ft 

Melting Point 434°C 813°F 

8.0 Programmes for Small and Medium Reactor Development in IAEA Member States 

8.1 Status of Small Reactor Designs 

The design features and status of SMRs is reviewed periodically by the IAEA with the 
most recent results being reported in IAEA-TECDOC-881 "Design and development status of 
small and medium reactor systems" [39] produced in 1995, and IAEA-TECDOC-999 
"Introduction of small and medium reactors in developing countries" [6] produced in 1998. 
The various types of SMRs that have been considered recently span a large range of technical 
concepts and applications. 

The Medium sized Reactors that are currently in operation and under construction consist 
of the CANDU 6 (PHWR, 670 MWe net), and the W E R 440 - model 213 (PWR, 388 MWe 
net). There are eight CANDU 6 units in operation on four continents, the first of which entered 
service in 1983 and the latest of which entered service in 1999; in addition, there are 3 units 
under construction, two in China and one in Romania. There are many W E R 440 units in 
operation. The latest to enter service, in 1998, is Mochovce 1 in Slovakia; this unit features 
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many upgrades, particularly in the control and electrical systems, provided by Siemens. 
Mochevce 2 is under construction and is scheduled to enter service in 2000. 

Two units of the latest PHWR design produced by India, the PHWR 500 (PHWR, 470 
MWe net) are currently under construction; inservice dates are about 2006. 

The only commercial small nuclear power plants currently in operation and under 
construction are the PHWR 220 (PHWR, 207 MWe net) units developed by India, and the CN 
300 (PWR, 279 MWe net) units developed by China. There are eight PHWR 220 units in 
operation in India. An additional four units are under construction; two of these units are 
scheduled to achieve criticality in 1999. The only operating CN 300 unit is located at Qinshan 
in China. A second CN 300 unit is in the final stages of construction in Pakistan. 

Several IAEA member states have active small reactor, and medium reactor development 
programs. Many of these programs are focused reactors in the 300 MWe to 700 MWe size 
range. However, the technologies employed may be valid for small reactors An overview of 
the programmes in IAEA member states is provided below. 

a) Peoples Republic of China 

The People's Republic of China has a well developed small and medium reactor capability 
having designed, constructed and operated the 279 MWe Qinshan 1 PWR. A repeat of Qinshan 
1 is in the final stages of construction in Pakistan, and there are four medium sized reactors 
under construction in China; two PWRs of Chinese design, and two CANDU 6 PHWRs 
supplied by Canada. In addition, there is special interest in district heating reactors in China to 
help ease the enormous logistical problems of distributing the eleven billion tons of coal used 
each year for heating. Longer term plans call for development of a 600 MWe passive PWR 
system. A 5 MWth integrated water-cooled reactor was built and operated for several winter 
seasons for district heating. A 200 MWth demonstration heating reactor project is in progress. 
A 10 MWth high temperature gas cooled reactor is under construction for process heat 
application. The test Module HTR is been constructed at INET and is expected to go critical in 
1999. Several applications, including electricity generation, and district heat generation are 
planned for the first phase; "methane forming" is planned for the second phase. 

b) India 

India has eight PHWR 220 reactors (207 MWe net) in operation, and has four PHWR 220 
MWe units, developed within India, under construction; in addition, the first two PHWR 500 
(470 MWe net) are under construction. 

c) Japan 

Japan has a high population density and a shortage of suitable sites for nuclear reactors 
due to the large fraction of the landmass existing as mountainous terrain. This has led to a 
preference for large reactors in order to maximize the power output on the available sites. In 
spite of this, there is a very strong and diverse programme of reactor development supported 
by the big industrial companies, and by the national laboratories and the universities. Three 
large industrial companies developed conceptual LWR designs in the SMR range and the 
Japan Atomic Energy Research Institute (JAERI) has several innovative designs underway. 
The MONJU fast breeder reactor (280 MWe), a prototype plant, is currently undergoing safety 
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review as a follow up of an incident in 1995. Several different designs are currently underway 
in the SMR range; namely SPWR, MRX, MS 300/600, HSBWR, MDP, 4S and RAPID. 
SPWR and the MRX are integral PWRs. The MS series reactors are simplified PWRs; 
HSBWR is a simplified BWR. MDP, 4S and RAPID are small sodium-cooled fast reactors. 
Preliminary investigations show a high level of safety, operability and maintenance 

Japan also has a development programme for the HTGR in the small and medium size 
range. A High Temperature Engineering Test Reactor (HTTR) entered service in 1999 at 
Oarai. This 30 MW^ reactor will be the first of its kind to be connected to a high temperature 
process heat utilization system with an outlet temperature of 850°C. The system will operate as 
a test and irradiation facility, and be utilized to establish the basic technology for advanced 
HTGR designs for nuclear process heat applications. 

d) Korea, Republic of 
Republic of Korea has twelve nuclear power plants, twelve large PWRs, and four medium 

sized CANDU PHWRs, in operation. The Korean countryside is mountainous, in general 
encouraging the installation of large stations to maximize the power produced by the available 
sites. However an advanced integral reactor termed System Integrated Modular Advanced 
Reactor (SMART) is being developed, based on PWR technology; the power output of 
SMART is in the small reactor size range. SMART is intended for desalination and power 
generation. 

e) Russian Federation 

The Russian Federation has substantial experience in the development, design, 
construction and operation of several reactors in the small and medium size category. These 
reactors are used for electricity, heat production and ship propulsion. The Russian Federation 
plans to make the basic reactor dsigns used for icebreakers available for other applications 
within the Russian Federation and other countries for electricity generation in remote locations 
or for cogeneration applications. 

Currently a project is being implemented consisting of two reactors (KLT-40) mounted on 
a barge. These reactors, of the type used earlier for propulsion of icebreakers, will provide 
electricity to Perek in Northern Siberia. Barge mounted reactors may be a near term solution 
for other countries needing energy but presently without the infrastructure for the introduction 
of large nuclear plants. Barge mounted reactors could be operated under the supervision of the 
vendor and be returned to the vendor's location for maintenance and refuelling. Besides KLT-
40 (up to about 160 MW^) there are other small sized reactors under design in Russia, suitable 
for mounting on barges; these include the NIKA 75 (75 MWJ, UNITHERM (15 MWth) and 
RUTA-TE (70 MWJ. 

f) Argentina 

Development of the CAREM integral PWR in Argentina by the Atomic Energy 
Commission (CNEA) is currently suspended. CNEA subcontracted the design and 
development of the reactor to INVAP. Conceptual designs for the CAREM 25 and CAREM 
100 were undertaken: the CAREM-25 produces about 25 MW^, and the CAREM-100 
produces about 100 MW^ (25 MWe). The design and development of the fuel elements was 
carried out by CNEA. 
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The intended uses of the CAREM reactors are electricity generation, industrial steam 
production, seawater desalination, and district heating. CAREM is also intended to bridge the 
nuclear implementation gap that exists between a research reactor and a larger nuclear power 
plant by serving as a focal project for infrastructure development and the transfer of 
technology. This will facilitate launching of a nuclear power programme in countries without 
previous nuclear power experience. 

The basic design of CAREM-25 has been completed. A significant portion of the detailed 
design CAREM 25 was completed, and there was a comprehensive research and development 
effort. This consisted of relevant studies and testing rigs and installations, such as a critical 
facility, natural convection loop, full scale hydraulic control rod drives, protection system 
simulator, etc. A preliminary safety analysis report has been completed and presented to the 
national Regulatory Authority. 

g) Canada 

Canada maintains the continuous evolution of the mid sized CANDU 6 PHWR; eight of 
these units are now in operation on four continents; the first entered service in 1983, and the 
latest in 1999. Three CANDU 6 units are under construction in China (2) and Rumania (1). 
Development activities on the CANDU 3 (450 MWe) have been terminated. 

h) South Africa 

ESKOM, the electrical utility of South Africa is proceeding with the design of a pebble 
bed direct cycle HTGR, referred to as the PBMR, with an output of about 200 MW^. Several 
evaluation programmes are under way, including a feasibility co-ordinated by the IAEA. 
ESKOM believes that this design is economic, and meets all safety and regulatory 
requirements. 

i) Other 

A consortium consisting of General Atomics (US), Framatome (France), Fuji Electric 
(Japan), and Russia are developing the design for a prismatic core direct cycle HTGR with an 
output o about 100 MW^. In parallel, Framatome and Siemens (Germany) have initiated work 
on a 300 MW^ direct cycle HTGR. 

9.0 SMR Related Activities of the IAEA 

9.1 Overview 

Most IAEA activities that are directly applicable to small reactors are executed within the 
Nuclear Power Development Section, Division of Nuclear Power. This section currently 
maintains eight principal activities; these are listed below: 

• Small and Medium Reactors 

• Gas Cooled Reactors 
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• Co-generation and Heat Applications 

• Liquid Metal Cooled Reactors 

• Light Water Reactors 

• Heavy Water Reactors 

• Emerging Nuclear Energy Systems for Energy Generation and Transmutation of Actinides 

• Support to Technical Co-operation Activities. 

Although all of these activities have relevance to small nuclear power plants, the first four 
of these activities have the greatest direct application. 

The Division of Nuclear Power has the basic objective of providing the venue for the 
international exchange of information on development of technology and designs of SMRs, to 
enhance their performance, safety and economics. The SMR project includes development of 
an educational simulator operating on a personal computer and simulating the responses of a 
number of reactor types to operating and accident conditions. The purpose of this simulator is 
to provide students and young engineers, particularly from developing countries, with a visual 
aid to compare the operational characteristics of different reactor types. This simulator is not 
meant to be a detailed operator training tool nor is to be used in licensing. This computer 
simulator is being expanded, but presently includes a number of light and heavy water power 
reactor types in the SMR range. 

The Agency is also co-ordinating development of a users guide aimed specifically at the 
introduction of SMRs, in developing countries. A document containing guidance for the 
preparation of users requirements by developing countries, is soon to be published. This work 
is being closely co-ordinated with the Agency's nuclear power desalination programme due to 
the significant co-generation potential for these plants. 

Corresponding operating costs and the technical infrastructure required to support the 
programme are of significant concern to a Member State initiating an SMR project. In this 
regard, Advisory Group and Consultancy meetings are ongoing to collect SMR operating 
experiences, and to secure information on staffing requirements from existing SMRs and from 
vendors to guide members on numbers, disciplines and qualifications of staff required. 

Member States are giving greater attention to the need for the Agency to place priority and 
to strengthen SMR activities. An example of this increased interest was the incorporation of 
the SMR programme in General Resolution GC(41)RES/14 of the 1997 General Conference, 
which coupled application of SMRs with the desalination of water. The SMR programme is 
being closely co-ordinated with the Agency's desalination programme. It is also evaluating the 
possibilities of a broader choice of nuclear power options to meet the needs and applications of 
individual Member States. Included in this evaluation are power reactors originally designed 
for ship propulsion, for possible co-generation of electricity generation and desalination; the 
introduction of reactors which can be periodically returned to the vendor for off-site refuelling, 
to control non-proliferation of nuclear materials; and the development of small gas cooled 
reactors coupled directly to gas turbines. This report is also an element of the SMR program. 
An international seminar on small and medium reactors is planned for 2001. 
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9.2 Research Activities Co-ordinated by IAEA 

The research activities co-ordinated by IAEA summarized below have immediate and/or 
potential relevance to design and development of small nuclear power plants. These co-
operative efforts are carried out through Co-ordinated Research Projects (CRPs), typically of 
three to six years in duration, and often involving experimental activities. Such CRPs allow a 
sharing of efforts on an international basis and benefit from the experience and expertise of 
researchers from the participating institutes. The participants in each research activity are 
indicated in italics. 

• Establishment of a thermophysical properties data base for LWRs and HWRs 

Canada, China, Czech Republic, France, Germany, India, The Russian Federation, Ukraine, 
United States of America 

This CRP fosters international co-operation in exchange, review, and documentation of non-
proprietary information on thermophysical properties of materials for water cooled reactors in 
order to achieve improvements in design and safety. 

• Heat transport and after heat removal for gas-cooled reactors under accident 
conditions 

China, France, Germany, Japan, The Netherlands, Russian Federation, United States of 
America 

The scope of this CRP covers analytical and experimental investigations for reactor heat 
removal for a variety of conditions. 

• Optimization of the Coupling of Nuclear Reactors and Desalination Systems 

Argentina, China, Egypt, India, Indonesia, Republic of Korea, The Russian Federation, 
Tunisia 

This CRP encompasses research and development programmes in interested Member States 
pursuing coupling of nuclear systems with seawater desalination process in the field of nuclear 
reactor design, optimization of thermal coupling, performance improvement of desalination 
systems and prospects of advanced desalination technologies for the application of nuclear 
desalination. 

• Design and evaluation of heat utilisation systems for the high temperature 
engineering test reactor (HTTR) 

China, Germany, Indonesia, Israel, Japan, The Russian Federation, United States of America 

• Evaluation of high temperature gas cooled reactor performance 

China, Germany, Indonesia, Japan, The Netherlands, The Russian Federation, United States of 
America 

This CRP will provide for a review of experimental results and operating performances of 
experimental and prototype HTGRs. 
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• Intercomparison of analysis methods for predicting the behaviour of seismically 
isolated nuclear structures (1996-1999) 

India, Italy, Japan, Republic of Korea, The Russian Federation, United Kingdom, United 
States of America and EC. 

The purpose of this CRP is to validate reliable numerical methods used for the detailed 
evaluation of the dynamic behaviour of isolation devices and isolated nuclear structures of 
different nuclear power plant types. The experimental data have been provided by Japan, Italy, 
USA, Russia, Republic of Korea and United Kingdom. 

10.0 Summary 

Information presented in this paper indicates that there is the substantial potential and 
justification for small and medium sized nuclear power plants, and confirms that technologies 
are available to assure the success of SMRs. This paper also demonstrates that there is a 
substantial potential market for SRs that are economically competitive with alternate energy 
sources. 

By 2030, over 60% of the worlds electricity generating capacity could be operating in a 
cogeneration mode. If the appropriate SMR technologies are pursued with reasonable haste, 
SMRs could provide up to 25% of this capacity; beyond 2030, SMRs could dominate the 
energy production market. 

SMRs, particularly SRs, are also ideally suited to serving the electricity and process heat 
requirements of remote or isolated areas (for example, relatively small islands and arctic 
settlements). It is therefore recommended that SRs should be given increased attention by both 
reactor designers and their potential users. 

To achieve broad based commercial success, SMRs must take the necessary steps to gain 
the support of all stakeholders, including the public. Hence, simplicity, transparent safety, and 
the management of radioactive waste must be demonstrated. 
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