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FOREWORD

Potable water is a basic requirement of human life. In coastal areas with insufficient
supply of natural fresh water, seawater desalination offers a realistic alternative to cope with
water shortage problems. Electricity and/or heat are required for the desalination process. In
view of the importance of the potential application of nuclear energy for this purpose, the IAEA
analysed the feasibility of using nuclear reactors for seawater desalination. A Technical
Document (IAEA-TECDOC-574) provided an up-to-date review of seawater desalination
technologies, and summaries of various studies on the coupling of nuclear reactors with
desalination processes. Another Technical Document (IAEA-TECDOC-666) analysed the
economic competitiveness of nuclear desalination. Also a feasibility study on "Nuclear
Desalination as a Source of Low Cost Potable Water in North Africa" was performed by the
relevant institutions in the participating countries, with assistance provided by the IAEA.

The economic assessments performed for these studies indicated that nuclear energy
would be competitive with fossil energy for desalination in a range of situations. However, in
view of remaining technical and economic uncertainties, a need appeared to identify a practical
set of nuclear reactors and desalination technologies from which one or more demonstration
facilities with well defined objectives might be chosen.

This report responds to Resolutions GC(XXXVm)/RES/7 in 1994 and
GC(XXXIX)/RES/15 in 1995 at the IAEA General Conference, which requested the Director
General to initiate a two year Options Identification Programme to identify and define practical
options for demonstration of nuclear desalination and to submit a report on this programme to
the General Conference of 1996. This programme was implemented by a Working Group,
consisting of experts from interested Member States and IAEA staff, through a combination of
periodic meetings and individual work assignments. It resulted in identification of a few
practical options, based on reactor and desalination technologies which are themselves readily
available without further development being required at the time of demonstration. The report
thus provides a perspective how to proceed with demonstration of nuclear desalination, which
is expected to help solving the potable water supply problem in the next century.

The report is published in the context of other technical reports on nuclear power, nuclear
safety, energy planning and isotope hydrology compiled by the IAEA and listed in the
Bibliography. It is hoped that the information contained in this report will be valuable for
decision-makers and the technical community of interested Member States who are considering
seawater desalination to increase potable water supply.

The generous support by Member States of this IAEA activity and the valuable
contributions from experts in providing information as well as drafting and reviewing this report
are highly appreciated.



EDITORIAL NOTE

In preparing this publication for press, staff of the IAEA have made up the pages from the
original manuscript(s). The views expressed do not necessarily reflect those of the governments of the
nominating Member States or of the nominating organizations.

Throughout the text names of Member States are retained as they were when the text was
compiled.

The use of particular designations of countries or territories does not imply any judgement by
the publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered)
does not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement
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EXECUTIVE SUMMARY

1. INTRODUCTION AND BACKGROUND

The worldwide availability of potable water substantially exceeds the amount of water
consumed. However, water resources are not evenly distributed and about three quarters of the
world's population lack an adequate supply of safe potable water. Furthermore, growth in
population and industry intensifies the issue of fresh water availability. The high population
growth rate in regions with potable water deficit is a clear indication of the seriousness of future
water supply problems. The problems are compounded by increasing pollution and salinity of
natural fresh water resources.

Seawater is the largest water source available. Compared with natural fresh water
resources, seawater is practically unlimited. In many parts of the world, where fresh water is not
easily available, desalination offers one of the most promising alternatives for the supply of
required potable water. The worldwide cumulative seawater desalination capacity has steadily
increased in the past few decades, and this trend is expected to continue in the future.

As early as in the 1960s, the IAEA surveyed the feasibility of using nuclear reactors for
seawater desalination. But the interest in this application was at that time less than in electricity
generation, district heating and industrial uses of process heat. In 1989, renewed interest in
utilizing nuclear energy for seawater desalination indicated by several Member States led to
Resolution GC(XXXIII)/RES/515 at the IAEA General Conference, which requested the Director
General to proceed with studies to assess the technical and economic potential of using nuclear
reactors as an energy source for seawater desalination in the light of experience gained in recent
years.

Two IAEA Technical Documents were issued, providing (a) an up-to-date review of
seawater desalination technologies, and summaries of various studies on the coupling of nuclear
reactors with desalination processes in IAEA-TECDOC-574, and (b) an analysis of economic
competitiveness in IAEA-TECDOC-666. Also a feasibility study on "Nuclear Desalination as
a Source of Low Cost Potable Water in North Africa" was performed by the relevant institutions
in the participating countries, with assistance provided by the IAEA. The assessments performed
for these studies have indicated that nuclear desalination would be technically feasible and
economically competitive with fossil and renewable energy in a range of situations. It was also
found that a demonstration of nuclear desalination which would be representative of commercial
production facilities would be needed in order to build up confidence in this application.

In view of the encouraging prospects and in response to the increasing level of interest
in nuclear desalination1 expressed at the 1993 session of the General Conference, the IAEA
convened Consultants meetings in March and June 1994 and an Advisory Group meeting
(AGM) in June 1994. The main conclusion of the AGM was that there was a need to establish

"Nuclear desalination" is taken here to mean the production of potable water from seawater in an integrated facility
in which both the nuclear reactor and the desalination system are located on a common site and the energy used for
the desalination process is produced by the nuclear reactor.



a programme for identifying a practical2 set of options from which one or more demonstration
facilities with well-defined objectives might be chosen. Accordingly, it was recommended that
the IAEA should undertake an Options Identification Programme (OIP). With the endorsement
of the AGM's recommendation at the General Conference in its 1994 session, a two-year
programme was initiated to identify and define a set of practical options for demonstration of
nuclear desalination.

The objective of the OIP was to identify candidate reactor and desalination technologies
that could serve as practical demonstrations of nuclear desalination, supplementing the existing
expertise and experience.

To carry out the OIP, a small Working Group was established consisting of
representatives from interested Member States and IAEA staff. The group, under the co-
ordination of the IAEA, took the responsibility for definition and performance of all activities
necessary to identify and characterize a set of practical demonstration options.

The Working Group carried out its activities through a combination of periodic meetings
and individual work assignments. The group called upon the services of a variety of specialists,
as required, to address specific issues. Throughout the duration of the programme, peer review
meetings were convened by the IAEA, through Advisory Group and Technical Committee
meetings. An interim report of OIP activities was submitted to the General Conference of 1995.
In response to the discussions at that General Conference, the IAEA continued relevant activities
and consultations to complete the programme. This Technical Document contains the results and
conclusions of the OIP.

2. PRACTICAL NUCLEAR DESALINATION OPTIONS FOR DEMONSTRATION

In the course of identifying practical options for demonstration, the list of available
reactors was reviewed and several reactors were identified as being most appropriate. A set of
screening criteria based on design status and licensing status was used as a filter. Applying these
criteria, the reactor technologies currently available or which might become available within a
period of approximately the next ten years were identified. Additional screening factors were
then considered, including:

BWRs are likely to require installation of additional systems in order to prevent
radioactive release to the heat recipient systems.
LMRs and HTGRs are unlikely to be commercially available in the near term.
Large reactors are unlikely to fit the electricity grids of most water-short countries.
Small reactors currently appear to be economically less competitive. However, they may
be feasible at sites with low water demand and where alternative systems for potable
water production are also expensive.
Various reactor designs which are not commercially offered were screened out.

2For an option to be "practical", the following conditions should be fulfilled:
- There is no technical impediment to implementation and a suitable site exists;
- It is technically feasible to be implemented on a certain predetermined schedule;
- The investment cost can be estimated within an acceptable range;
- Nuclear and desalination technologies used have promising prospects for future commercial

application;
- Design and performance characteristics would be representative of commercial production facilities.



Consideration was also given to the desalination technologies suitable for coupling to a
nuclear reactor. Desalination of seawater by the reverse osmosis (RO) and the multi-effect
distillation (MED) processes appear to be most promising, due to relatively low energy
consumption and investment costs, as well as high reliability. Originally, the multi-stage flash
(MSF) process was also considered as a candidate. However, the MED process has lower energy
consumption and appears to be less sensitive to corrosion and scaling than the MSF process.
Also, its partial load operability is more flexible. Therefore, MSF has been excluded as a
candidate, having no inherent advantages over MED.

The desalination processes for demonstration do not need a large scale commercial
production capability. Two or three trains or units could provide design and operational
performance characteristics which are fully representative of larger scale production facilities,
as the larger plants are simply multiple trains or units operated in parallel.

When combining a nuclear reactor and a desalination process to form an integrated
facility, their compatibility was taken into account in the selection procedure. Scheduling,
infrastructure and investment requirements were also considered for their significance in
identifying the practical options for demonstration.

As a result of the above screening, three options were identified as recommended
practical candidates for nuclear desalination demonstration. These options use well proven
water cooled reactors and desalination technologies.

Option 1 corresponds to a RO desalination plant of limited size in combination with a
nuclear power reactor, preferably of medium size, being constructed or with construction
expected in the near term. There are more than a dozen power reactors under construction on the
seashore, and one in the Republic of Korea is a medium size PHWR. Other reactors are in an
advanced design stage, and their construction is expected to start on a relatively short term,
including some medium size PHWRs and PWRs.

Option 2 corresponds to RO desalination, as above, in combination with a currently
operating reactor with some modification for integration. Nearly 70 nuclear power plants are
operating on the seashore worldwide. Most of them are multi-unit stations covering a wide range
of sizes. Several reactors suitable for demonstration could be available.

Option 3 corresponds to MED desalination of up to 80 000 m3/d capacity combined with
a small reactor. There could be several suitable small reactors available. The Russian
Federation's power reactor originally developed for icebreakers and China's heat-only reactors
might be suitable options.

3. ISSUES FOR IMPLEMENTATION OF A DEMONSTRATION PROGRAMME

Although the OIP itself does not include an implementation of demonstration projects,
the process of identifying and characterizing demonstration candidates required considering
many issues which must be addressed for the demonstration of nuclear desalination as well as
for commercial deployment.

A demonstration programme is intended to promote confidence and to confirm specific
characteristics or parameters considered to be important in the design, construction, operation
and maintenance of a nuclear desalination facility. A number of subjects were identified for



more thorough examination and evaluation, covering technical, safety and economic issues. Such
specific subjects for investigation include:

interaction between nuclear reactors and desalination systems;
nuclear safety requirements specific to nuclear desalination systems;
the impact of feedwater preheating on the performance of RO systems.

Desalination facilities connected to NPPs in Kazakhstan and Japan have been producing
desalted water for many years. This valuable experience should be taken into account in order
to determine what issues should be specifically addressed in other ongoing or planned activities
and projects on nuclear desalination. Currently, there are relevant ongoing activities in Canada,
China, India, the Republic of Korea, Morocco, and the Russian Federation. Studies in some other
interested Member States may also lead to the implementation of further projects.

In the Republic of Korea, the design of a 330 MW(th) advanced reactor is in progress
as a co-generation demonstration nuclear plant for seawater desalination. Construction is
scheduled to start at the turn of the century. Morocco is about to undertake a joint "Pre-project
Study on Demonstration Plant," with China. The IAEA has provided assistance to the
Government of Morocco since 1995, within the framework of a Technical Co-operation Project.
India has activities concerning demonstration using a PHWR-220. The Russian Federation has
designed a floating nuclear desalination facility using a nuclear reactor originally developed for
icebreakers. In Canada, design studies have been performed for nuclear desalination plants using
CANDU reactors.

These national and bilateral activities and projects will contribute to international
experience in nuclear desalination. For other interested Member States it will be important to
utilize this experience. Such projects will undoubtedly be useful for commercial deployment,
thus contributing to the solution to the potable water supply problem in the next century.

The infrastructure requirements for nuclear desalination plants are primarily determined
by what is required for nuclear facilities. These requirements are major issues for Member
States without previous nuclear power experience. A demonstration project, if implemented in
such a Member State, could be a very effective and practical framework for developing its
nuclear infrastructure, in particular its nuclear regulatory structure.

4. ISSUES FOR COMMERCIAL PRODUCTION FACrLITIES

There are a number of issues related to commercial production facilities. Most of the
technical aspects could be addressed through the mechanism of demonstration. Doing so would
ultimately enhance the level of confidence in commercial deployment. The following issues are
particularly important and should be thoroughly addressed before commercial deployment:

User requirements;
General aspects, such as site selection and site qualification, scheduling, manpower and
organizational requirements;
Local and national infrastructure development.

National policies of importance to nuclear desalination are:

National development plan, including priorities for industrial and rural development;

10



National energy plan, including objectives for energy supply assurance, diversification
and environmental protection;
National potable water supply assurance plan;
Policies concerning international relations, including non-proliferation aspects and
regional co-operation;
Policies in financing, governmental involvement and promotion.

The following requirements will be essential for the success of commercial nuclear
desalination deployment:

Long-term potable water supply deficit;
Suitable coastal site(s) within acceptable distance to water consumption centres;
Firm governmental commitment, based on national policies and plans, and adequate
international arrangements;
Economic competitiveness with alternative supply options;
Plant design based on proven nuclear power and desalination technologies;
Regulatory issues resolved before the start of construction;
Efficient project management with tight control of quality, costs and schedule;
Secured financing.

5. CONCLUSIONS

In response to the increasing interest of Member States in nuclear desalination, the IAEA
has performed a two-year Options Identification Programme, as requested by the 1994 General
Conference. The main findings of the OIP are summarized below.

(1) Demand for seawater desalination

There is a clear demand for the increased use of seawater desalination, confirming the
results obtained in earlier studies, both in those countries and regions which already deploy this
supply option, and in others which will face potable water shortage in the medium and longer
term.

According to the market survey performed within the framework of the Off, worldwide
demand for desalination is expected to double approximately every ten years in the foreseeable
future. Most of the demand is in the Gulf and the North African regions, but will expand to other
regions as well.

It is expected that most desalination plants to be built will be in three distinct size ranges,
i.e. small (capacity of less than 10 000 m3/d), medium (50.000 to 100 000 rri /d) and large
(200 000 to 500 000 m3/d). Due to the relatively high cost of water transport, it seems doubtful
that plants larger than 500 000 m3/d would be economic, except under unique circumstances.

(2) Prospects for nuclear desalination

Technical feasibility, compliance with safety requirements and reliability have been
proven by experience through many years of successful operation of cogeneration nuclear
reactors supplying electric power and energy for district heating or for industrial use. Also a few
small scale nuclear desalination plants have been operated successfully. Large scale commercial
deployment of nuclear desalination will mainly depend on economic competitiveness with
available alternative options and on adequate confidence in this application.

11



Should these conditions be satisfied, there seem to be sufficient incentives for nuclear
desalination plants to penetrate the potable water market, just as nuclear power reactors have
penetrated the electricity market worldwide. It would not be reasonable to expect nuclear
desalination to replace currently operated fossil-fuelled desalination plants, nor to displace such
options completely in the foreseeable future, but it could be commercially deployed in situations
where new facilities are being considered. The continuing and increasing interest shown by the
IAEA's General Conference, as well as the monetary and in-kind support received by the IAEA
from many Member States, are clear indications of increasing attention paid to desalination of
seawater with nuclear energy.

(3) Role of a demonstration programme

A demonstration programme, as well as any individual demonstration project, must have
the ultimate objective of facilitating and promoting commercial deployment of nuclear
desalination. Therefore, the programme and the projects have to be directed to those issues
which are relevant to commercial projects. These issues include technical, economic, financial,
safety, infrastructural and institutional aspects. Demonstrations would provide a very useful
support for promotion and confidence building, which is a gradual process. Some issues, in
particular those technical features which have a major impact on economic competitiveness and
on the overall economics of nuclear desalination, do need demonstration to confirm assumptions
and estimates.

Several countries have on-going activities on nuclear desalination. Kazakhstan and Japan
continue operation of nuclear desalination facilities, and Canada, China, India, the Republic of
Korea, Morocco and the Russian Federation are proceeding with relevant activities or projects.
All these serve the purpose of demonstration, and will undoubtedly contribute to building-up of
confidence in nuclear desalination both in these countries and worldwide.

(4) Practical demonstration options

The main objective of the OIP was to identify suitable practical options which, if
implemented, will facilitate and promote commercial deployment of nuclear desalination.

Nuclear reactors and desalination processes which would themselves need no further
development at the time of project implementation and which could be combined into an
integrated nuclear desalination facility were selected. A few nuclear reactors (PWRs in the
600 MW(e) and 50 MW(e) ranges, PHWRs in the 450 to 600 MW(e) range, and heat-only
reactors of up to about 200 MW(th)) were identified as preferable. Among the desalination
processes, reverse osmosis (RO) and multi-effect distillation (MED) were selected because
these were found to be the most promising systems in the medium to long term.

The combination of the selected reactors and desalination processes led to the
identification of the following practical demonstration options:

Option 1: RO desalination in combination with a nuclear power reactor being constructed
or with construction expected in the near term. The preferred capacity of the
reactor would be in the medium-size range. Two or three RO trains, up to 10 000
mVd each, would provide a suitable demonstration. A newly constructed reactor
offers the best opportunity to fully integrate the RO and reactor systems,
including feedwater preheating and system design optimization. Such

12



demonstration could readily be extrapolated to larger scale commercial
production facility.

Option 2: RO desalination, as above, in combination with a currently operating reactor.
Some minor design modifications may be required to the periphery of the existing
nuclear system. Advantages include a short implementation period, a broad
choice of reactor sizes and the availability of nuclear infrastructures. A reactor
in the medium size range would be preferred, as it provides a system close to that
which would most likely be used in commercial production facilities.

Option 3: MED desalination in combination with a small reactor, which would be suitable
for demonstration of nuclear desalination with capacities of up to 80 000 mVd.

It has been concluded that these demonstration options could be implemented, if
interested investors should decide to do so. The investment required would be on the order of
US $ 25 to 50 million for the RO options and US $ 200 to 300 million for the MED option, the
latter including the cost of the reactor.

The infrastructure requirements for nuclear desalination plants are primarily determined
by those required for nuclear facilities. If a demonstration project is implemented in a Member
State initiating a nuclear power programme, it could be a very effective and practical framework
for developing its nuclear infrastructure, in particular the necessary nuclear regulatory structure.

(5) Implementation

The next step for proceeding with a nuclear desalination demonstration programme would
be for one or more Member States to initiate the project related preparatory steps towards
demonstration including identification of user requirements, site selection and qualification,
project specifications and the development of infrastructures as required for project
implementation. Upon request, the IAEA could assist Member States in moving ahead with
these activities.
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1. INTRODUCTION AND BACKGROUND

1.1. WATER DEMAND AND RESOURCES

Worldwide availability of fresh water resources substantially exceeds the amount of water
being used. However, water resources are not evenly distributed and about three quarters of the
world's population lack an adequate supply of safe drinking water.

Water is required by households to ensure an adequate quality of life, by industry and by
agriculture, where irrigation may be needed to complement rainfall. Population growth,
increased water pollution and salinity and reduction of ground and surface water resources are
expected to increase water supply problems, in particular in arid regions and large population
centres.

Among alternative solutions to this problem, seawater desalination is often recognized
as the best. Seawater is the largest water resource on earth. Its availability is essentially
unlimited and most of it is still relatively unpolluted. There has been a rapid increase in the
installed seawater desalination capacity during the last few decades. The extent and distribution
of seawater desalination capacity indicates that there are regions and countries which have
already exhausted other less expensive potable water supply options, and which are expected to
continue to expand their water supply by desahnation [1].

In 1994, about 13.5 million mVd of seawater desalination capacity was contracted
worldwide [ 1 ]. It is expected that during the period up to the year 2015, an additional 25 million
mVd of seawater desalination capacity will be installed for municipal supply, mainly in those
countries and regions which already use this resource. This represents a substantial market for
the desalination industry.

1.2. NUCLEAR DESALINATION

It has been common practice in previous documents and meeting reports to use the terms
"seawater desalination using nuclear energy" or "seawater desalination using nuclear reactors as
energy sources." Although this is cumbersome, the term "nuclear desalination" has been
avoided, to a large extent on the technical basis that desalinated water is not a direct primary
product of the application of nuclear energy. In such an application the reactors serve only as
a source of electrical or thermal energy. There has also been, with respect to the use of reverse
osmosis (RO), some ambiguity regarding the question of whether or not the nuclear energy
source and the desalination system are co-located and effectively integrated.

It is essential, therefore, in the context of this work to have a clear understanding of what
constitutes nuclear desalination. In order to facilitate discussion, the following definition has
been adopted for the purposes of this report:

Nuclear desalination is defined to be the production of potable water from
seawater in a facility in which a nuclear reactor is used as the source of energy
for the desalination process. Electrical and/or thermal energy may be used in the
desalination process. The facility may be dedicated solely to the production of
potable water, or may be used for the generation of electricity and the production
of potable water, in which case only a portion of the total energy output of the
reactor is used for water production. In either case, the notion of nuclear
desalination is taken to mean an integrated facility in which both the reactor and

15



the desalination system are located on a common site and energy is produced on-
sitefor use in the desalination system. It also involves at least some degree of
common or shared facilities, services, staff, operating strategies, outage
planning, and possibly control facilities and seawater intake and outfall
structures. Non nuclear desalination is understood to be the production of
potable waterfront seawater in a facility in which a fossil-fuelled plant and/or
the electrical grid is used as the source of energy for the desalination process.

1.3. EXPERIENCE WITH NUCLEAR DESALINATION

The various reasons which have led to the deployment of nuclear power for electric
energy generation are applicable to the choice of nuclear desalination. These reasons include
economic competitiveness in areas which lack cheap fossil fuel resources, energy supply
diversification, conservation of limited fossil fuel resources, promotion of technological
development and environmental protection through avoiding emissions causing acid rain and
climate change which originate from the burning of fossil fuels. On the other hand, the reasons
which have led certain countries to reject the nuclear option or to slow down their nuclear
programmes also apply to nuclear desalination.

Two countries, Kazakhstan and Japan, have seawater desalination systems using nuclear
energy. In Aktau (Kazakhstan), the liquid metal cooled fast reactor BN-350 has been operating
as an energy source for a multi-purpose energetic complex since 1973, supplying regional
industry and population with electricity, water and heat. The complex includes the reactor, a gas
and/or oil fueled thermal power station, as well as Multi-Effect-Distillation (MED) and Multi-
Stage-Flash (MSF) desalination units. The total water production capacity which has been built
and commissioned in the Aktau complex is about 160 000 mVd [1]. A part of this capacity has
now been decommissioned.

In Japan, all of the nuclear power plants are located on the seaside. Several nuclear power
plants of the electric power companies Tokyo, Kansai, Shikoku and Kyushu, have seawater
desalination systems using heat and/or electricity, in order to produce feedwater for the steam
generators and for on-site potable water supply (Table 1).

In Ashdod, Israel, an integrated plant was built which was designed to simulate the
coupling of a MED plant with a nuclear reactor. A low temperature horizontal tube multi-effect
(LT-HTME) unit having a production rate of 17 400 m7d was coupled to an old 50 MW(e) oil-
fired power plant. The steam to the desalination LT-HTME unit was supplied by modifying the
steam conditions to simulate a nuclear power plant and flashing cooling water used in the back
pressure turbine condenser. The Ashdod unit operated continuously for over a year as a
demonstration plant and fulfilled the design requirements. It was stopped in 1983 because of the
high oil price as it was too expensive to operate the low-efficiency 50 MW(e) unit.

The experience gained so far is encouraging. However, it does not cover all aspects of
interest to future users and designers.

1.4. IAEA ACTIVITIES

As early as in the 1960s, the IAEA surveyed the feasibility of using nuclear reactors for
seawater desalination. However, the interest in this application was at that time less than in
electricity generation, district heating and industrial uses of process heat. In 1989, renewed
interest in utilizing nuclear energy for seawater desalination indicated by several Member States
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Table 1 PRESENT STATUS OF NUCLEAR DESALINATION PLANTS

Country

Kazakhstan

Japan

Name

BN-350

Ikata - I,H

Ikata - III
Ohi -1,11

Ohi - 111,1V
Genkai - III

Takahama
Kashiwazaki-I

REACTOR
Location

Aktau

Ehime

Ehime
Fukui

Fukui
Fukuoka

Fukui
Niigata

Type

LMR

PWR

PWR
PWR

PWR
PWR

PWR
BWR

Capacity*
(MW(e))

90

566
890

1175

1180
1180

826
1100

Grid
connection

1973

1977/1981

1994
1977/1978

1991/1992
1993

1974
1985

Process

MED/MSF

MSF

RO
MSF
MSF
RO

MED
RO

MED
MSF

DESALINATION
Capacity
(m3/d)

65 000**

2000

2000
1300
2600
2600
1000
1000
1000
1000

Date of
service

1973

1975

1992
1973
1976
1989
1992
1988
1983
1885

Remarks

125 000 m3/d (max.)

1000 m3/d x 2 units

1000 m3/d x 2 units

1300 m3/dx 2 units
1300 nrVdx 2 units

not in operation
: Gross capacity [3], ** : Average water production capacity (1995,1996)



led to Resolution GC(XXXm)/RES/515 at the IAEA General Conference, which requested the
Director General to proceed with studies to assess the technical and economic potential of nuclear
reactors as energy source for seawater desalination in the light of experience gained in recent
years.

The IAEA's activities were carried out since that time, under the general heading of "A
plan for producing potable water economically". Two technical documents were compiled; one
on the state-of-art technologies for seawater desalination and nuclear coupling [2] and the other
on the technical and economic feasibility evaluation of seawater desalination using nuclear
energy [3].

Recognizing their limited regional water resources and the possible role of nuclear energy
in seawater desalination, the five North African Countries: Algeria, Egypt, Libyan Arab
Jamahiriya, Morocco and Tunisia submitted a request to the IAEA in 1990 for assistance in
carrying out a feasibility study on the economical use of nuclear energy for seawater desalination
at some selected sites to cover their short-, medium- and long-term needs for potable water
production.

In the North African regional feasibility study [4], emphasis was placed on analysing the
electricity and potable water demand and the available energy and water resources in the
participating countries. Included within the scope of the feasibility study were the selection of
representative sites for seawater desalination, the analysis of site specific economics for various
combinations of energy source and desalination process appropriate for each site, financing
aspects, local participation, infrastructure requirements and institutional and environmental
aspects. These activities were performed by the relevant institutions in the participating countries
with assistance provided by the IAEA. The North African regional feasibility study has been
completed and a corresponding report is expected to be published soon.

The results of the study indicated that the estimated overall regional water deficit by the
year 2025 will be in the order of 40 million m3/d. Seawater desalination could play an important
role in covering this deficit economically. The interest in nuclear desalination is continuing to
increase, and is now also drawing attention from the non-nuclear desalination community.

In view of the increasing level of interest, the 1993 session of the General Conference in
resolution GC(XXXVII)/RES/617 requested the Director General to "consult with interested
States, the relevant organizations of the United Nations family and other relevant international
organizations concerning the implementation of demonstration facilities". In response to that
resolution, all Member States were approached by the IAEA and asked to provide information
about their interest in a possible demonstration facility.

The responses of Member States to the IAEA request showed a growing level of interest
in both nuclear seawater desalination and a demonstration of that capability. The objective of
such a demonstration programme would be to build confidence, through the design, construction,
operation and maintenance of an appropriate facility or facilities, that nuclear desalination can
be successfully accomplished technically and economically, while meeting established relevant
safety and reliability criteria.

The IAEA convened an Advisory Group meeting (AGM) in 1994. The main conclusion
of the AGM was that there is a need to establish a programme for identifying a practical set of
options for coupling desalination processes to nuclear reactors, from which one or more
demonstration facilities with well-defined objectives might be chosen. As a first step, the AGM
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recommended adoption of an "Options Identification Programme" to adequately identify, define
and characterize the most practical set of options for demonstration. That recommendation was
reported to the General Conference in its 1994 session. The General Conference endorsed the
recommendation and referred it back to the IAEA for action in its resolution GC(XXXVm)
/RES/7.

1.5. THE OPTIONS IDENTIHCATION PROGRAMME

The purpose of the Options Identification Programme (OIP) was to recommend candidate
reactors and desalination technologies that could serve as practical demonstrations of nuclear
desalination, supplementing the existing expertise and experience. The OIP does not include
implementation of any demonstration projects.

To carry out the OIP, a small Working Group was established, consisting of
representatives from interested Member States and IAEA staff. The group, under the co-
ordination of the IAEA, took the responsibility for defining and performing all activities
necessary to identify and characterize a set of practical demonstration options. Support
consisting of funds as well as the services of cost-free experts was received from several Member
States.

The Working Group carried out its activities through a combination of periodic meetings
and individual work assignments. The group called upon the services of a variety of specialists,
as required, to address specific technical issues necessary to identify practical options. A number
of other issues related the implementation of demonstration programme and commercial
production facilities were also discussed. Throughout the duration of the programme, peer
review meetings were convened by the IAEA, through Advisory Group and Technical Committee
meetings.

An interim report of the O P activities was presented to the General Conference of 1995.
The status of the IAEA's activities on nuclear desalination as of March 1996 was presented to the
interested Member States in April 1996 at the Vienna International Centre, Vienna. Nineteen
representatives from eighteen Member States attended this presentation. The status of the OIP
was reported to the Board of Governors in June 1996. Discussions and comments at these
presentations have been incorporated in finalizing this Technical Document.
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2. PRACTICAL NUCLEAR DESALINATION OPTIONS FOR DEMONSTRATION

2.1. GENERAL

The objective of the Off* was to identify practical demonstration options based on reactor
and desalination technologies expected to be readily available without further development at the
time of demonstration. The purpose of this chapter is to describe the process by which that
objective was achieved.

The practical demonstration options were assumed to meet the following conditions:

There is no technical impediment to implementation and a suitable site exists;
It is technically feasible to be implemented on a certain predetermined schedule;
The investment costs can be estimated within an acceptable range;
Nuclear and desalination technologies used have promising prospects for future
commercial application;
Design and performance characteristics are representative of commercial production
facilities.

2.2. AVAILABLE TECHNOLOGIES FOR NUCLEAR REACTORS AND
DESALINATION PROCESSES

2.2.1. Nuclear reactors

Worldwide, as of the end of 1995,437 nuclear power plants in 30 countries were operated
to produce electricity and 39 were under construction [5]. These reactors were listed by type and
power range rather than individually due to their large numbers. They include all principal
reactor types, i.e. water-, liquid metal- and gas-cooled reactors. Reactors described in Refs
[3,4,6] have been added to this list. These technologies, including reactors which are being
constructed or which are in an advanced design stage with construction expected in the near term,
could be regarded as readily available. A list of these reactors considered in the selection process
is given in Table 2.

2.2.2. Desalination processes

Previous work has been relied upon for the initial choice of desalination technologies to
be considered. TECDOC-574 [2] reviewed a wide variety of desalination technologies, including
Multi-Stage Flash (MSF), several variations of Multi-Effect Distillation (MED), Reverse
Osmosis (RO), Vapor Compression (VC), and Electrodialysis (ED). Several other less
commonly used commercial processes such as freezing processes and solar stills were also
reviewed. TECDOC-666 [3] selected RO, MED, MSF and VC as the most interesting large scale
water production processes. All are proven by experience and are commercially available.

The increase in contracted seawater desalination capacity from 1985 to 1995 has been
about 7 million m3/d. In 1985, about 96% of the seawater desalination plants ordered were
distillation plants (MSF, MED, VC), RO represented about 4%. In 1996, the market share of
RO plants is expected to be about 14%, while 86% corresponds to distillation plants [1].
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Table 2 LIST OF REACTORS FOR SCREENING

Name

4S
ABV
ABWR
AC 600
AGR
AP600
AST 500
ATS 150
ATU2
BN350
BN600
BN800
BWR800
BWR600
BWR90
CANDU3
CANDU6
CAREM25
E49
GCR
GEYSER
GT-MHR
HS/BWR
ISIS
KLT40
MARS
MDP
MHTGR
MHTR
MRX
NHR
NP300
PHENIX
PHWR220
PHWR500
PHWR700
PHWR900
PIUS
PWR
PWR
PWR
QP300
RKM
RUTA
SAKHA
SBWR
SES10
SIR
SPWR
SUPERPHENIX
THERMOS
TRIGA
VPBER600
WWER440
WWER1000

Type

LMR
PWR
BWR
PWR
GCR
PWR
PWR
PWR
PWR
LMR
LMR
LMR
BWR
BWR
BWR
PHWR
PHWR
PWR
PWR
GCR
PWR
GCR
BWR
PWR
PWR
PWR
LMR
GCR
GCR
PWR
PWR
PWR
LMR
PHWR
PHWR
PHWR
PHWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
BWR
PWR
PWR
PWR
LMR
PWR
PWR
PWR
PWR
PWR

Country

Japan
Russia
Japan/USA
China
UK
USA
Russia
Russia
Russia
Kazakhstan
Russia
Russia
Several Countries
Germany
Sweden
Canada
Canada
Argentina
Russia
UK
Switzerland
USA
Japan
Italy
Russia
Italy
Japan
USA
Germany
Japan
China
France
France
India
India
Argentina
Canada
Sweden
Several Countries
Several Countries
Several Countries
China
Russia
Russia
Russia
USA
Canada
UK
Japan
France
France
USA
Russia
Russia
Russia

Capacity
MW(e)

48
6

1356
600
610
600

180
40
90

600
800
800
750
720
450
660

25
70

540
2

287
600
205

35
170
325
173
80

300
250
220
500
700
915
640
600

900/1000
1200/1500

300

1
600

320
600

1200

630
440

1000

MW(th)
125
38

3900

1933
500
536
125
520

1470
2100

2200
2350
1439
2158

100
178

23
600

1800
650
160
600
840
450
200
100
200
950
568
743

1673

2000

1000
150
20

7
2000

10
1000
1800
3000

150
64

1800
1335
3200
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2.3. METHODOLOGY AND CRITERIA FOR THE SELECTION OF OPTIONS

2.3.1. Nuclear reactors

hi order to provide an initial screening of the preliminary list of nuclear reactors, a set of
criteria based on design status and licensing status was used as a filter (Table 3).

The list was condensed to a reduced set (Table 4), by applying the screening criteria to
eliminate reactors with only conceptual or basic design status or where the designs have not yet
been submitted for licensing.

In a second stage of the selection process, the above criteria and the following
considerations were applied:

Boiling water reactors (BWRs) are in general regarded as less attractive than pressurized
water reactors (PWRs) for integration with desalination processes. BWRs may require
an additional system in order to prevent radioactive materials from the heat recipient
system. This additional heat transmission system may add to the cost of water produced.
There does not appear to be any current effort to develop a BWR design for desalination
purposes.

Liquid metal cooled reactors (LMRs) do not seem to offer economically competitive
conditions on a short or medium term in the nuclear power market.

The prospects of high temperature gas cooled reactors appear promising on a longer term,
but there seem to be no major ongoing design efforts leading to a reasonable expectation
of short term commercial availability.

Very small power reactors (below 50 MW(th)) do not appear to be economically
attractive at the present time, while very large size power reactors (above 1000 MW(e))
can only be installed into the electricity grids of a few countries with significant demand
for seawater desalination. Their application for nuclear desalination seems remote.

Various reactor designs which are not commercially offered were screened out.

Consideration of the above resulted in the following list of reactors which could be
considered for nuclear desalination, and which appear to offer the best prospects for near term
commercial deployment, following a demonstration programme:

(1) Large size PWR (900-1000 MW(e)) various designs

(2) Medium size PWR (400-800 MW(e)) AP-600(USA)
AC-600 (China)
PWR (several countries)

(3) PHWR (400-800 MW(e)) CANDU-3 (Canada)
CANDU-6 (Canada)
PHWR-500 (India)

(4) Small size PWR KLT-40 (Russia)

(5) Low temperature heat reactors NHR-200 (China).
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Table 3 REACTOR SCREENING CRITERIA

Category Point
A Design Status

Conceptual or Basic Design
Detailed Design
In Operation or Under Construction

B Licensing Status
Not submitted for licensing
Licensed or in licensing

0
1
2

0
1

Table 4 SCREENED LIST OF REACTORS

Name

ABWR
BWR600
BWR800
BWR90
SBWR
AGR
GCR
MHTGR
BN350
BN600
BN800
PHENLX
SUPER-PHENIX
CANDU3
CANDU6
PHWR220
PHWR500
PHWR 700
PHWR 900
AP600
KLT-40
NHR200
PWR
PWR
PWR
QP300
SES10
W E R 1000
W E R 4 4 0

Type

BWR
BWR
BWR
BWR
BWR
GCR
GCR
GCR
LMR
LMR
LMR
LMR
LMR

PHWR
PHWR
PHWR
PHWR
PHWR
PHWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR

Capacity
MW(e) MW(th)

1356
600
800
720
600
610
555

4x173
90

600
800
250

1240
450
660
220
500
700
915
600

35

600
900/1000

1200/1500
300

1000
440

3900
2200

2350
2000

4x450
520

1470
2100
568

3000
1439
2158

743
1673

1933
160
200

1000
10

3200
1335

Criteria
A
2
2
2
1
1
2
2
1
2
2
2
2
2
1
2
2
1
2
2
1
2
2
2
2
2
2
1
2
2

Criteria
B
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Screened
Value

2
2
2
1
1
2
2
1
2
2
2
2
2
1
2
2
1
2
2
1
2
2
2
2
2
2
1
2
2
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Regarding large size nuclear power plants, several proven designs are readily available.
They could be combined with desalination plants with some minor changes in the secondary
circuit, depending on the desalination process selected. Their deployment, however, does require
large electricity grid capacity.

Medium size nuclear power plants appear to be the most suitable choices for the electricity
grids of most countries with significant demand for seawater desalination. They also offer
favorable economic conditions as dual purpose plants, when compared with non-nuclear
desalination plants.

Regarding the PHWR type, the CANDU-3 has been under development in Canada for a
number of years. Extensive studies have been performed on the reactor both as an electricity
generation plant and as a concept combined with desalination. It could be commercially available
within ten years. The CANDU-6 is currently available on the commercial market. It is proven
by wide experience and has been licensed in several countries. India is operating a number of
PHWRs of about 200 MW(e). It has proposed to use elecricity and steam from one of those
reactors for a combined MSF-RO desalination demonstration facility. The PHWR-500
constitutes the follow-up model to the 220 MW(e) units and is expected to be deployed in that
country on a short term.

Among medium size PWRs, the design of the AP-600 under development in the USA,
is expected to be completed and licensed within a few years. Though there have been no specific
studies performed for a dual-purpose application of the AP-600, this could be done on a short
term. Construction of a PWR-600 designed in China is expected to start soon as a follow-up to
the 300 MW(e) reactor operating at Quinshan. Though it has not been designed for integration
with seawater desalination, this could be done on a short term. China is also developing an
advanced PWR, the AC-600. Various other medium size PWR designs have been developed and
implemented by several countries; they could be available if required by the market.

Small size nuclear reactors appear to be less attractive from the economic point of view
than medium or large size units at the present time. However there seems to be a market potential
for their deployment as integrated nuclear desalination plants in several countries and locations
with small electrical grids. The KLT-40 has been used in Russian icebreakers accumulating
many years of experience. A design applying this reactor to provide heat and electricity to a
floating desalination facility has been developed and is being offered for construction.

Regarding low temperature heating reactors, the NHR-200 is under development and
design in China. Though this project is not combined with desalination, it could be readily
adapted for this purpose.

Reactors with the most promising prospects have been selected with the intention of
arriving at a practical set of options, according to current knowledge, experience and
expectations. Some of the reactors which have not been included in the short list, might appear
on the market and could be considered in the future.

From the viewpoint of immediate commercial availability, fulfilling the criteria of
provenness and licensability, only the CANDU-6 and the KLT^40 could be considered in addition
to the large 900-1000 MW(e) PWR units, which are operating at the present time. All others
require further efforts in order to achieve a similar status.
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2.3.2. Desalination processes

Desalination processes were screened considering their design characteristics, operating
experience and development potential.

While Reverse Osmosis (RO) requires electricity, Multi-Stage-Flash (MSF) and Multi-
Effect-Distillation (MED) use mainly thermal energy and to a less extent electrical energy. Each
process has a proven record of industrial application for several years. The MSF process is the
most widely used desalination process, especially in the middle eastern countries, where oil is
plentiful. Inherently, however, the MED process has lower energy consumption, lower
investment cost, and appears to be less sensitive to corrosion, scaling and fouling than the MSF
process. In addition its operational flexibility in partial load is higher. Based on these factors,
MSF has been excluded as a practical option for demonstration, having no inherent advantages
over MED. RO has the lowest energy consumption, the lowest water production cost under a
range of conditions, and the largest development potential. MED and RO were selected as
preferable technologies.

23.3. Combining nuclear reactors and desalination processes

In addition to factors related to the desalination technology itself, the choice of the
desalination method also depends on factors related to the interaction between the reactor and the
desalination process. These might include factors such as the complexity of the coupling, as well
as the operability and maintainability of the coupled systems. Where the energy required for
desalination is only a relatively small fraction of the total energy output of the reactor, RO would
be preferable for coupling.

2.4. CONSIDERATION OF DEMONSTRATION APPROACHES IN THE SELECTION
PROCESS

Any option selected as a candidate for nuclear desalination demonstration should have an
applicability broader than the individual country and site at which a specific demonstration is
carried out. Since large scale desalination systems are typically constructed of multiple parallel
trains of a basic unit, it is practical to use appropriately scaled desalination systems for
demonstration. The results of such a demonstration could be easily scaled up for predictions of
performance and economic characteristics for full scale production facilities. The same is not
true, however, for the reactor plant. Reactor designs are not easily scaled from one size range to
another. Accordingly, a demonstration project should be based on a reactor in the size range
which will be required for a commercial production facility.

Considering all aspects, there are three possible approaches to the demonstration of
nuclear desalination technology. These are:

(1) Demonstration through the design and construction of a nuclear desalination facility

This would involve the design, construction and operation of a nuclear desalination
facility using commercially available reactor and seawater desalination technologies. The
demonstration project would be implemented as an integrated facility in which the
desalination capability was appropriately matched to the energy supply capability of the
reactor. As a facility dedicated to the demonstration of nuclear desalination (which might
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include the production of both water and electricity), the demonstration project could
serve as a prototype or first-of-a-kind unit for a commercial facility.

This approach would provide results most closely matched to those expected from a
commercial production facility, and offers the greatest opportunity to fully integrate the
desalination system with the nuclear power plant and to take advantage of any design
enhancements or system optimization techniques that can be applied to an integrated
facility design. However, this approach may incur the highest investment costs and take
the longest to implement, since it involves construction of a nuclear power plant as well
as a desalination plant.

(2) Demonstration of nuclear desalination as an addition to an electricity generating nuclear
power plant

This would involve the addition of an appropriately scaled desalination plant to a nuclear
power plant whose primary role is electricity generation. The nuclear plant could be an
existing operating plant, a plant currently under construction, or a new plant which had
been contracted for construction. Since the nuclear plant design would be specific to
electricity generation, a careful assessment would be required to ensure that the
desalination demonstration could be implemented in a way that was representative of, and
therefore beneficial to, the interest of future commercial nuclear desalination facilities.
In this approach, a demonstration project carried out in conjunction with a new reactor
construction would be preferable since it provides the opportunity for the greatest degree
of integration of systems. Since the investment cost in this case involves only the
additional cost of the desalination system, plus some costs for design changes associated
with the integration of the two systems, it is anticipated that a demonstration of nuclear
desalination could be achieved at much more modest cost and in a much shorter time
frame than for the previous approach.

(3) Demonstration based on simulation of nuclear desalination

This would involve the use of a non nuclear energy source for the desalination plant,
rather than a nuclear energy source, with appropriate changes in the energy supply
conditions such that they represented the energy available from a nuclear power system.
While some beneficial information could be achieved from such a demonstration, the
amount of useful information derived from such a simulation is expected to be more
limited than either of the other approaches described above. Due to the expected lower
benefit, this aproach is not believed to warrant further consideration in the context of this
OEP. Nevertheless, there may be situations in the development of individual national or
bilateral programmes where such simulations could prove to be useful, and in that event
the results should be made available to the international community.

Considering of the above aspects, various combinations of reactor type and desalination
process have been evaluated in a screening matrix, presented in Table 5.
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Table 5 SCREENING MATRIX FOR SELECTION OF PRACTICAL DEMONSTRATION OPTIONS FOR

REACTOR/DESALINATION COMBINATIONS AVAILABLE WITHIN THE NEXT 10 YEARS

Plant Characteristics
Reactor

Category

Large size

PWR

Medium size

PWR

Medium size

PHWR

Small size

PWR

Heating

Reactor

Net Capacity

900 MW(e)

600 MW(e)

450-650

MW(e)

20-50

MW(e)

200 MW(t)

Desalination

Process

MED

RO
MED

RO

MED

RO
MED

RO
MED

RO

Suitability

L

M

L
H
L
H
H
M
H

N/A

Water (U)2

1000 m3/d

500

500
500
500

500

500

80

80

144

Water & Electricity Production

Electricity to

Grid, MW(e)

775
795
475
495

330-525

345-545

3-33

3-34
N/A

Water (L)3

1000 rnVd

300

30

220

30

18-260

30

20

30

110

Electricity to

Grid, MW(e)

820

894

540
594

400-580
444-644

13-43
14-44
N/A

Potential

Demo.

Candidates

•

•

•

•

Notes

1,4

5

6

7

8,9

9,10

10,11

10

Notes:
1. Electrical ratings are net electrical power, and are expressed as typical values only.
2. The upper bound (U) on water production is determined by the maximum practical plant size.
3. The lower bound (L) on water production is established on the basis of 3 trains of RO production or on the minimum economically practical size for MED.
4. Abbreviations used in the table include: N/A-not applicable; L,M,H-low,medium,high; N,Y-No,Yes.
5. Chosen as representative of currently operating reactors in the range of 900 MW(e) and above.
6. The large reactor design is as suitable for RO as other designs. However, the proportion of electricity going to water production is relatively small so that these become

primarily electrical generating stations with a desalination add-on.
7. Typical of currently operating reactors in the 600 M W(e) range as well as reactors currently under development or in construction.
8. Upper bound values based on largest power rating in range. Lower bound values based on lowest power rating in range.
9. Design for these reactor/desalination processes is already in progress, and could be finalized in the near future.
10. These combinations are being developed for specialized applications. They may well have a wider applicability, but may not be applicable in all areas.
11. The small reactor design is as suitable as larger designs for RO. A rating of suitability M is given because of the expected higher cost of water produced by small reactors.



2.5. RESULTS OF THE OPTIONS IDENTIFICATION PROGRAMME

2.5.1. Practical options

As a result of the above considerations and analysis, three options are recommended as
practical candidates for demonstration of nuclear desalination. These options use well-proven
water-cooled reactors and desalination technologies.

Option 1: RO desalination in combination with a nuclear power reactor being constructed
or with construction expected in the near term. The preferred capacity of the
reactor would be in the medium-size range. Two or three RO trains, up to 10 000
m3/d each, would provide a suitable demonstration. A newly constructed reactor
offers the best opportunity to fully integrate the RO and reactor systems, including
feedwater preheating and system design optimization. Such demonstration could
readly be extrapolated to a larger scale commercial production facility.

Option 2: RO desalination, as above, in combination with a currently operating reactor.
Some minor design modifications may be required to the periphery of the existing
nuclear system. Advantages include a short implementation period and a broad
choice of reactor sizes and the availability of nuclear infrastructures. A reactor in
the medium size range would be preferred, as it provides a system close to that
which would most likely be used in commercial production facilities.

Option 3: MED desalination in combination with a small reactor, which would be suitable
for demonstration of nuclear desalination capability of up to 80 000 m3/d.

Concerning option 1, more than a dozen power reactors are under construction on the
seashore, and one in the Republic of Korea is a medium size PHWR. Further units are in an
advanced design stage, and their construction is expected to start on a relatively short term,
including some medium size PHWRs and PWRs. Concerning option 2, nearly 70 nuclear power
plants are operating on the seashore worldwide. Most of them are multi-unit stations covering
a wide range of capacity. Several reactors suitable for demonstration as defined above would be
available. For option 3, there are several small reactors offered [6]. The Russian Federation's
power reactor used on its icebreakers and the People's Republic of China's heat-only reactors are
possible candidates.

For options 1 and 2, the investement in the RO facility is estimated to be about US $ 25~35
million with 2 trains of 10 000 mVd each, with 3 trains it may be up to US $ 50 million. It will
require 2 to 3 years to install. Modest costs are also expected for some minor modifications of
the cooling system of the nuclear power plant and for monitoring the quality of the coolant at the
condenser outlet, part of which would become the feedwater of the RO plant. Levelized water
costs would be in the range of US $ 0.9 to 1.2 per m3 product water depending on the electricity
costs charged for the RO plant and on the site conditions.

For option 3, the cost distribution between the desalination system and energy source is
more complex than for options 1 and 2. For example, the investment for an integrated plant of
about 150 MW(th) which generates about 20 MW(e) net saleable power and produces about
50 000 mVd potable water will be about US $ 200 to 300 million. US $ 60 to 100 million are
directly allocated to the investment of the desalination part. The balance is charged to the dual
purpose plant. About 40% of this are charged to the water production cost (electricity and heat)
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and the balance to the saleable power. The levelized water cost would be about US $ 1.3-1.5/m3.
It would take about 5 years or more to install the plant.

The above described nuclear desalination demonstration options have the advantage that
they could be implemented in the relatively near term. The medium and small size reactors
would be consistent with the requirements for nuclear desalination production facilities. The
desalination processes combined with reactors do not need to have full production capability.
Two or three trains will provide design and operational performance characteristics which are
fully representative of larger scale production facilities, as the larger plants are simply multiple
trains operated in parallel.

Other combinations of reactors and desalination facilities are of course possible, and may
better correspond to specific countries's experience, capabilities and development targets.
Relevant nuclear desalination activities of Member States are presented in Chapter 3 and
Annexes II and JR.

2J5.2. Financing aspects

In Options 1 and 2, financing of the costs from internal resources of the utility should not
create major difficulties due to the modest investment requirements.

Option 3 would require a larger financing commitment and would imply a larger
commercial risk than Options 1 and 2. It is thus essential that every effort be made by the parties
involved in the project to reduce cost and schedule uncertainties, and to agree on a fair division
of risks. Financing issues are discussed in more detail in Section 4.4.6.
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3. ISSUES FOR IMPLEMENTATION OF
A DEMONSTRATION PROGRAMME

3.1. GENERAL

The implementation of a demonstration programme can encompass a full range of
activities, starting with small scale projects intended to demonstrate in the near term a very
limited set of characteristics or parameters. It can then progress through increasingly more
sophisticated and complex projects which demonstrate more comprehensive sets of
characteristics and parameters, as well as their interaction. The final outcome could be the
implementation of an integrated nuclear desalination facility. This would not necessarily entail
the construction of a reactor solely for the purpose of the demonstration, but rather that the
construction of a new reactor as part of a country's national energy plan would provide the
opportunity for addition of a desalination facility. This approach would provide comprehensive
demonstration of the entire range of design and performance characteristics of nuclear
desalination.

Three candidates for demonstration have been selected in the OIP. The decision to
proceed with an implementation programme for any of these or eventually some other options
will be up to interested Member States and will depend on their needs, resources and
development targets.

Currently, there are major ongoing relevant activities in Canada, China, India, the
Republic of Korea, Morocco, and the Russian Federation (Annex II), in addition to the nuclear
desalination plants being operated in Kazakhstan and Japan (Annex HI). Studies in some other
interested Member States may also lead to the implementation of projects.

A specific nuclear desalination implementation programme in a given country depends
on the prevailing conditions and structures of the country. The user will have to consider aspects
such as national policies; the fuel cycle concept and the degree of national participation; the
existence of an adequate regulatory structure; project implementation aspects such as project
management; risk management; project phasing and overall schedule; equipment procurement,
manufacture and installation; the economic viability of the project within a defined market; and
financing. The final decision to proceed with a project should be made only when a user is
convinced that the detailed planning, assessment and preparatory phases of the project have been
satisfactorily completed and that the project is fully viable.

Some of the main considerations for the implementation of a specific nuclear desalination
project are discussed briefly in the following sections.

3.2. DEMONSTRATION OF NUCLEAR DESALINATION

The objective of a demonstration programme for nuclear desalination is to build
confidence that nuclear technology can be utilized as a technically viable and economically
competitive energy source for seawater desalination, thus helping to solve the increasingly severe
potable water shortage problems in many countries.

With respect to technical aspects, a demonstration is intended to confirm specific
characteristics or parameters which are important for the design, construction and operation of
a nuclear desalination facility. Subjects identified for more thorough examination and
evaluation, covering technical, safety and economic issues are:
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Confirmation of intended design performance of additional and modified components
that are not included in the original nuclear power plant nor in the desalination system,
but are introduced when combining the two systems;

Confirmation of existing components of individual plants that are operated under
different conditions in the combined plant;

Confirmation of the validity of acceptable, controllable and predictable mutual
interactions of the combined nuclear and desalination systems, as well as environmental
effects;

Verification of the estimated benefits and penalties resulting from the integration;

Validation of improved performance of some components of the individual technologies;

Establishment of nuclear safety requirements specific to nuclear desalination systems;

Assessment of the impact of feedwater preheating on the performance of RO systems.

3.3. USER CONSIDERATIONS

33.1. Siting

Detailed site studies are required because sites that are adequate for the location of non-
nuclear desalination plants may not satisfy the requirements for siting a nuclear desalination
plant. The main considerations in evaluating site characteristics and requirements include:

Engineering aspects and requirements;

Effects of site related phenomena on the plant safety;

Other requirements and impacts of the plant on the site (including radioactive release,
exclusion zone);

Site related costs.

The location of a nuclear desalination plant may differ from the siting of either single
purpose nuclear power plants or non-nuclear desalination plants and should be optimized with
respect to the distance from the water consumption centres and regulatory requirements.

33.2. Scheduling aspects

The time needed to complete the acquisition, licensing, construction and commissioning
of the nuclear system would need to be carefully integrated into the overall schedule. This time
could be as short as 5 years after contract award in an ideal project environment, but could in
other cases be around 6-8 years, whereas for the desalination plant it may take only 2-3 years.

Thus the optimum time for installation of the desalination plant during the nuclear plant
construction must be determined. It could be constructed early if an alternate source of energy
is available for the desalination system and if the potable water produced could be used during
plant construction or to generate early revenues from the facility. Alternatively, it could be
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constructed late in the schedule to minimize capital investment over time during the period of
reactor construction. Another factor which might be considered is the potential for
improvements in desalination technology during the period of reactor construction.

Another consideration is the potential requirement for additional potable water production
capacity at some time after plant construction. For systems which require mostly heat energy
from the nuclear plant, additional heat exchangers may be needed later to meet a possible potable
water demand increase. Design modifications to the nuclear system could then require additional
licensing efforts that may impact the project schedule. On the other hand, the addition of excess
capacity during the initial construction would require extra investment and result in unnecessarily
high product costs prior to the requirement for that additional capacity.

An economic evaluation is required to properly assess these scheduling issues.

3.3.3. Operability and reliability of the integrated demonstration facility

Operation and maintenance of a commercial nuclear desalination facility will be one of
the key areas to benefit from information obtained during the operation of a demonstration
facility. Operation and maintenance of nuclear reactor systems and of desalination systems is
well understood. The integration of these two technologies into a single facility introduces the
possibility of operational transients in one system having an impact on operation of the other
system. The concern is that the impact may be adverse, although through proper design the two
systems may interact in ways which have an overall benefit on system performance. Some
experience is available, as noted in Section 1.3. One objective of the nuclear desalination
demonstration project should be to document all aspects of the operation and maintenance, with
particular attention to the ways in which they differ from operating individual reactor and
desalination systems.

In general, the availability of desalination systems, either distillation or RO, is expected
to be significantly higher than that of reactor systems. The typical average energy availability
of reactors is on the order of 80%, while desalination systems can be expected to perform with
an availability of 90% or more. The mismatch in system availabilities introduces the need for
special considerations in the design of the integrated nuclear desalination facility in order to
achieve the required availability of water production. In the case of RO systems, this is
relatively straightforward; electrical energy for the operation of the system can be taken from the
grid rather than directly from the power station when the nuclear plant is shut down. In this case,
the condenser cooling water is not available as preheated RO feedwater. The RO system will
then rely on feedwater at ambient seawater temperature, resulting in a reduction in water
production. In the case of a MED system the situation is more complex. Shut down of the
reactor eliminates the source of thermal energy used for water production. One alternative to
continue production of potable water during reactor shutdowns is to use a standby boiler as an
alternative heat source. However, the addition of a standby boiler to the plant increases the
capital cost and would lead to higher energy cost due to not using the benefit of cogeneration of
heat and electricity. A detailed economic analysis is required to assess the cost and benefit
relative to the other alternatives for the supply of potable water during periods of reactor
shutdown.

The operating parameters for an RO system are designed to take into account feedwater
conditions, including temperature, total dissolved solids (TDS), aquatic biota and requirements
for product water quality. When feedwater conditions are expected to deviate significantly
during the course of a year, the design of the system must properly accommodate these deviations
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in order to maintain potable water quality within required standards. The design must be
properly optimized to maintain an appropriate balance between operating pressure, system
recovery ratio and energy consumption.

Pretreatment of the feed water is an important step. Some typical pretreatments include:

(a) Removal or minimization of fouling constituents
(b) Acid addition or threshold inhibitor addition for scaling control
(c) Chlorination for biologic micro-organism control (and de-chlorination if chlorine

sensitive membranes are used)
(d) Micron cartridge filtration.

The degree of pretreatment required depends on the characteristics of the feedwater, and
is greatly affected by the type of intake structure adopted. More detailed information is provided
in Annex 1.2.

For seawater RO, recovery ratios typically vary over the range from 30 to 50%,
depending on the salinity of the feedwater and the pressure capability of the membranes used.
Low corrosion materials can be used as operation takes place at low temperatures. In principle,
the operation of RO facilities is very simple; the process requires little supervision. With proper
design and operation, RO plants can achieve 90~95% plant availability.

MED plants can produce potable water with very low salinity regardless of the fluctuation
in seawater conditions. Variations in salinity or temperature will hardly affect the quality of the
product water. The recovery ratio of thermal processes is, however, dependent on feedwater
quality and operating temperature. The difference between feedwater temperature and operating
temperature provides the driving force for water production. At a higher temperature difference,
the plant will produce more potable water per m3 of total seawater intake (feedwater and cooling
water). Operation at higher temperatures does require more attention to materials selection, and
may require more careful control of operating conditions. The operation of MED plants is
generally stable, and large variations in feedwater conditions can be tolerated. With proper
design and operation, distillation plants can be expected to achieve plant availability in excess
of 90%.

3.3.4. Common intake/outfall structures

The amount of required seawater is about 2-3 times the product water for RO plants and
4-10 times for MED plants. Seawater intake and outfall, including intake and outlet pipes or
channels, filtering system, intake basins and seawater pumps with all auxiliary equipment, are
often among the most expensive components of the desalination plant. Nuclear plants also need
seawater intake and outfall for cooling. Consequently common use of seawater intake and outfall
in the nuclear desalination plant can reduce the capital cost and energy consumption, improving
economics.

3.4. INTERNATIONAL ASPECTS

Sound and consistent policies concerning international relations are important for the
implementation of a nuclear desalination project since the international community has a wealth
of technical experience and expertise, which it can make available through co-operation
agreements and commercial contracts. Also the project management will make use the
international market for nuclear and desalination equipment, nuclear fuel, fuel cycle services and
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technology transfer. National policies aimed at good international relations can do much to
support nuclear technology development.

3.4.1. Non-proliferation

International concerns regarding assurance of the use of nuclear energy for exclusively
peaceful purposes are related to the nuclear reactor and its fuel cycle. A country will obtain
nuclear technology, materials, equipment and related technical support or assistance from a
foreign supplier only if it provides adequate evidence of their exclusively peaceful uses, to the
full satisfaction of the potential supplier and the international community. This requires
accession to the Non-Proliferation Treaty (NPT) or to a regional nuclear weapon free zone treaty,
and a comprehensive safeguards agreement with the IAEA. This situation prevails now and will
also be the case for the foreseeable future.

3.4.2. International conventions

Accession to a number of international conventions would facilitate the introduction of
a nuclear power programme, even if they do not have the same mandatory character as non-
proliferation commitments and IAEA safeguards. These conventions came into being through
a general desire among many countries to obtain assurance that strict standards for nuclear safety
and physical protection against theft of nuclear materials or sabotage are applied everywhere and
that there would be mechanisms for notification and assistance in the case of an accident in any
country. This is the reason why many countries which do not have nuclear power plants have
also acceded to them. The same will likely apply to a convention on radioactive waste
management and disposal which is now being worked out under the aegis of the IAEA. The
most relevant international conventions are the following:

Convention on Early Notification of a Nuclear Accident
Sets up the organizational and communications links with the IAEA and neighbouring
countries in the event of a nuclear accident (in force since 1986).

Convention on Assistance in the Case of a Nuclear Accident or Radiological Emergency
Sets up co-operation links between countries for assistance in case of an accident (in
force since 1987).

Convention on the Physical Protection of Nuclear Material
Obligates parties to make arrangements and follow defined standards for physical
protection of nuclear materials and nuclear facilities (in force since 1987).

Convention on Civil Liability for Nuclear Damage
Sets up the principles for third party liability and insurance for the operators of nuclear
installations (established in 1963, currently under review).

Nuclear Safety Convention
Obligates parties to follow fundamental safety principles for nuclear power plants and to
report on the implementation of safety measures to a conference to be held periodically.

Radioactive Waste Management Convention
Now being developed, in parallel to the Nuclear Safety Convention.
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Accession to relevant international conventions implies commitments by the government
and the plant operator, and will facilitate international co-operation and technology transfer.

3.4.3. International co-operation and technology transfer

The initial phase of a nuclear programme will be facilitated by long-term bilateral
cooperation agreements between supplier and recipient governments as well as between owners
and their counterparts abroad. National policies must support such agreements. This will
facilitate the build-up and strengthening of the nuclear infrastructure. Likewise, technology
transfer agreements with the suppliers of nuclear and conventional equipment and of nuclear fuel
services will facilitate national participation in plant design, engineering, equipment fabrication,
plant construction and fuel supply.

The dependence on the international market or a bilateral partner for supplies of nuclear
equipment, fuel, fuel cycle services and technology transfer is likely to last for many years into
a nuclear programme.

3.5. TECHNICAL ASPECTS

3.5.1. Identification of subjects for investigation

(1) Specific features of nuclear desalination

It is assumed that demonstration of nuclear desalination will be based on nuclear and
desalination technologies readily available and proven by the time of demonstration.
Nevertheless, there are various relevant subjects for investigation to address coupling and
interaction of nuclear and desalination plants. These can be grouped as follows:

Design aspects

(a) Overall concept for integrating desalination plant with reactor.
(b) Unique features in the coupling scheme which have not been used in currently

operating systems.
(c) articular aspects of the coupling scheme which have the potential to introduce

uncertainty or concerns over risks.
(d) Verification of integrated system design modeling.
(e) Performance requirements for integrated facility.
(f) Radioactive content of feed stream.

Operational aspects

(a) Operational interactions between reactor and desalination system.
(b) Impact of reactor system transients and partial load on performance.
(c) Emergency response systems and operator actions.
(d) Validation of operating parameters which are relevant inputs to the safety analysis.

Safety aspects

(a) Performance characteristics of features added to the design to satisfy safety
objectives.

(b) ffectiveness of safety features in meeting their design objective.

35



Economic aspects

(a) Design and performance characteristics that have a substantial impact on economics.
(b) alidity of demonstration plant capital cost estimate.
(c) Validity of water production cost estimate.

(2) Specific elements of coupling reactor and desalination plants

There can be additional components that are not included in nuclear power systems nor
in the desalination units, but that are included in the nuclear desalination plant due to the
coupling of the desalination process to the nuclear power source. The performance of these
components may require to be demonstrated. In case of coupling a new desalination system to
an existing nuclear system which was originally not designed for coupling to a desalination
process, design modifications are needed and should be tested. These tests should include
defense barriers at the interface between the two systems and interactive transient behavior.

The additional components to be considered in a MED nuclear desalination plant are
mainly in the heat transmission, the backup heat source and heat sink systems. The heat is
transmitted by brine recirculation (mainly), water recirculation or steam. Each of these
alternatives includes pumps, piping (with valves, instruments, controls) and various types of heat
exchangers arranged in a few subsystems. Some of the issues associated with these components,
the design modifications and their interaction behavior may need demonstration.

One possible benefit of nuclear desalination using the RO process is the use of waste heat
from the nuclear power plant to preheat feedwater for improved water production efficiency and
system design optimization. The demonstration of preheating, with its technical characteristics
and economic benefits, would provide confidence in the use of this approach and in the
applicability of the design optimization and performance analysis techniques.

(3) Safety considerations for nuclear desalination

Criteria and ground rules

Reactor safety is a key issue in nuclear desalination. Licensablity was one of the criteria
applied to select available reactors. It is recognized that the licensing of a nuclear reactor is a
national responsibility and obligation, which cannot be assumed by other countries or
organizations. It requires in each country the establishment of a comprehensive regulatory
structure, which is a substantial effort. International co-operation in safety assessment and
review of nuclear desalination projects constitutes a sound approach in this field.

Licensing of nuclear power plants involves considerable interaction between the nuclear
regulatory authority and many other national authorities. In case of nuclear desalination this will
additionally involve authorities dealing with water supply and public health.

Another important aspect of implementing nuclear desalination is to establish or
strengthen a national Quality Organization to take the responsibility of harmonizing quality
assurance technology, systems and quality culture of the country, based on best international
practices.
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High technology projects require a high level of educational and training expertise and
industrial capabilities in order to ensure the quality and quantity of manpower in different
disciplines, which has to be planned early. Without qualified manpower no nuclear desalination
project can be planned, built or operated properly, and there can be no assurance of the safety and
reliability of the plant.

Experience from nuclear district heating

The following concepts based on the accumulated operational experience of district
heating using nuclear power plants [7] provide examples of the measures which might be adopted
to prevent the ingress of radioactive materials into the potable water, if nuclear heat is used for
seawater desalination:

(a) Special regulatory standards are provided for the operation of the heat transmission
system from nuclear power plants. Criteria, requirements and measures to ensure
radiological safety of the consumers are established in the standards. The main
radiological objective is to prevent population exposure from the district heating
systems beyond the specified limits at normal operation and accidents.

(b) The systems are designed to strictly meet the requirements necessary to prevent
ingress of radioactive materials into the district heating system at normal operation
and accidents. To achieve this, one additional protective barrier is provided between
the primary and the heating system. The content of radioactive materials in the
intermediate system and the district heating system is monitored continuously.

(c) The pressure in the district heating system is always higher than that of the extracted
steam at normal operation. In case of decrease of this pressure, the heat exchanger
is isolated from the heating system.

(d) Important parameters to secure radiological safety are displayed in the nuclear power
plant control room and registered continuously. If these parameters exceed the
specified limits, the heating systems are promptly isolated from the nuclear power
plant.

Coupling of nuclear plant and desalination plant

The safety of a nuclear desalination plant depends mainly on the safety of the nuclear
reactor and the interaction between the nuclear plant and the desalination plant. This interaction
should be analyzed in various situations to assess its effect on the safety of the reactor and the
overall nuclear desalination system, both in normal operation and accident situations. In
particular, it is vital that the design and performance of a coupling system shall ensure protection
of the product water against radioactive contamination.

A brief discussion of the safety implications in various coupling situations is given
below [8]:

(a) In case of a reactor which is coupled to an RO plant thermally through the use of
condenser cooling water as feedwater to the RO system [9,10], the operational and
physical interactions between the reactor and desalination plants are kept to a
minimum. Since the condenser cooling water is discharged from the nuclear plant
before it is used in the desalination plant, there is little likelihood for feedback from
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the desalination plant to the nuclear plant. Further, operational problems in the
reactor affect only the preheat temperature in the RO feedwater and accordingly
influence the efficiency of water production but do not pose any safety concern nor
affect water quality significantly.

(b) In thermal processes, energy is supplied mainly in form of low temperature process
steam or water. Coupling is accomplished via a heat transmission loop. Since
radioactivity may in principle penetrate from the primary loop to the secondary steam
or hot water, there is a risk of contamination of product water. This risk can be
reduced by adding an intermediate loop. Mechanisms, systems or components
which could lead to carryover of radioactive materials to the product water should
be determined and the risk from such' scenarios needs to be assessed in order to
establish the specifications for the intermediate loop, including design modifications
to isolate this loop in case of accidental radioactivity carryover.

Whatever desalination process is used (RO or MED), nuclear safety and radiation
protection constitute important aspects of a nuclear desalination plant. Adjacent siting, the
sharing of facilities, systems and services, and the transmission of heat in addition to electricity
from the nuclear reactor to the desalination system, has to be taken into account when safety and
radiation protection criteria, rules and procedures are established.

There might be even stricter requirements than those applicable to stand-alone nuclear
power plants for radioactive release under normal conditions, as well as for acceptable levels of
risk regarding potential accidents, in order to reduce the risk of contaminating the potable water.
Monitoring of feedwater and product water for radioactivity is an important requirement.

The cost estimates of the present study have been based on prevalent safety and radiation
protection criteria, standards and practices, as applied in co-generation nuclear plants combined
with desalination plants, district heating systems, or heat for industrial installations. Should
stricter or additional safety requirements be imposed by the national regulatory authority of a
country where a nuclear desalination plant is to be implemented, this could increase costs.

(4) Evaluation of RO with feedwater preheating

It is well known that RO membrane performance is affected by temperature. Increased
feedwater temperature results in the increase of productivity and/or lower pressure operation,
which in turn result in lower capital and/or operating costs. There are accompanying
disadvantages, which include potentially greater compaction rates, resulting in shorter membrane
life and lower membrane efficiency, and higher content of total dissolved solids in the product
water. In spite of the potentially rewarding net benefits, higher temperature operation has been
applied only in cases with high value products. The food industry is one example where high
temperature operation has been used. It has not yet been applied for use in seawater
desalination.

Due to the large amount of waste heat available at a nuclear power plant, the potential net
benefits of operation at higher temperature are worth examining. Though, at this date, there are
no RO plants operating which use preheated feedwater, there are many examples of plants which
are operating at temperatures in the range from 18°C to over 30°C. The operation of a nuclear
desalination demonstration facility would provide a good opportunity to further evaluate RO
systems with feedwater preheating.
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3.5.2. Identification and management of unknowns and risks

In moving ahead with a nuclear demonstration programme, it is essential to achieve the
highest likelihood of success. This can only be possible if those unknowns which might cause
problems, delays or otherwise impede the satisfactory implementation of the demonstration are
identified and dealt with in a manner which significantly reduces the risk of an adverse impact.
This risk management process must be an integral part of the demonstration programme
throughout its entire duration.

There are many factors which may adversely impact the successful implementation of a
demonstration programme, and which must therefore be addressed. These include the technical
validity of the coupling scheme(s) adopted, impact of the desalination plant (including normal
operation and failure modes) on reactor safety and reliability, possibility of product water
radioactive contamination, industrial and institutional requirements, financing, regulatory
approvals, and political and public acceptance. Most of these factors are country, site and project
specific. They should be considered and addressed in a comprehensive risk management plan.

In order to build confidence in the technical performance, the time-related (particularly
the project scheduling) and the economic aspects of the nuclear desalination plants, the
demonstration must yield information on these risks and the unknowns which are associated with
them.

Unknowns and risks could also be reduced with relatively low costs by intermediate steps
before or in conjunction with recommended demonstration options, aiming at gradual, partial and
progressive confidence building.

Such intermediate steps might be for RO:

(a) Small scale preheated seawater desalination with reverse osmosis (RO);
(b) Small scale RO integrated with a NPP;
(c) Larger scale RO integrated with a fossil-fueled power plant.

Similarly, intermediate steps for demonstrating MED might be:

(d) 2 or 3 parallel MED units with a heat source simulating NPP conditions;
(e) A small scale MED unit connected to a NPP which is operating or under construction.

The possibility of such intermediate steps was discussed at the early stages of the
exploratory work on the demonstration programme. Some applications corresponding to these
steps are already taking place, the degree of integration and relevant data collection, however,
could be increased. It appears worthwhile to go through these intermediate steps if proper
opportunities are found and if progress in the recommended demonstrations is slow.
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4. ISSUES FOR COMMERCIAL PRODUCTION FACILITIES

4.1. GENERAL

In addition to considerations directly related to the implementation of a nuclear
desalination demonstration programme, a number of considerations related to the design, siting,
construction and operation of commercial nuclear desalination plants arose during the OIP.
They did influence the selection of candidates for demonstration of nuclear desalination, and will
certainly become important issues in order to ensure that any demonstration programme is
implemented in a way which will provide information of most benefit to those involved in the
planning and implementation of commercial nuclear desalination plants.

4.2. TECHNICAL ASPECTS

4.2.1. Optimization of nuclear desalination plants

The thermodynamic optimization of distillation processes aims at determining the optimal
temperature profile and pressure profile, flow rates, dimensions of vessels and piping. The
optimization is basically an economic optimization, which depends on the parameters that
determine costs, including cost of equipment, cost of fuel, energy efficiency, construction time,
load factor, equipment life, discount and interest rates.

The characteristic features relevant to distillation processes combined with nuclear
compared to fossil-fuelled cogeneration plants are lower turbine efficiencies (due to higher
exhaust steam moisture) and lower energy costs driving towards somewhat higher exhaust steam
temperature while slightly reducing the investment. The cost of water due to such optimization
will, however, hardly be affected.

The integration of RO seawater desalination systems with nuclear energy sources offers
the opportunity for optimization of both the reactor and desalination system designs with respect
to performance characteristics and electricity and water production costs. Because RO systems
take electricity as their primary energy source, the nuclear power plant with which the RO system
is integrated would be designed for optimum performance as an electrical generating station.

If thermal coupling between the reactor and the desalination system is also provided
through, for example, the use of discharged condenser cooling water as preheated feedwater to
the RO system, performance characteristics of the RO system can be improved. Through proper
design optimization techniques, this performance improvement can be used in a variety of ways,
including reduced number of membrane elements, reduced energy consumption per unit of water
produced, increased water production for a fixed feed flow rate or for a fixed system size. On
the other hand, membrane life and produced water quality may be reduced, and more expensive
pretreatment of the feedwater might be required. The optimum design and operating
configuration will depend on site specific conditions, and can only be determined through a
detailed design and economic evaluation to assess the relative contributions of the various factors
to quantity and costs of potable water production.

4.2.2. Lifetime of nuclear plants and desalination systems

The technical life is the time span after which a plant or facility is expected to be
decommissioned because of physical deterioration or technical obsolescence of the plant to the
extent that it cannot sustain safe operation at high load factors. The economic life of a plant will
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end when its marginal costs for continued operation, including costs of repair and refurbishment,
will be higher than the levelized production cost from an equivalent new plant.

In general, the main components of the nuclear plant are designed for about 40 years.
During operation, they will deteriorate due to wear, corrosion, irradiation, thermal and
mechanical stress. Deteriorated components may be repaired or exchanged after thorough
technical and economic analysis. Current nuclear plant designs avoid early deterioration of key
components by using appropriate and proven materials, avoiding excessive stress and corrosion,
radiation damage, and tight control the water quality and other operating parameters. The aim
is to raise the technical life of key components to 60 or more years.

To date, there is insufficient experience with modern RO and MED plants to firmly
justify an economic life of 30 years. However, this assumption seems reasonable for either type
of plant. In a RO plant, the shorter life components are the membranes and filters which are
replaced at regular intervals. Pumps, vessels and piping usually are designed for a 30 year life.
New membranes with a lifetime of more than 5 years are available. MED vessels and piping are
similar to those of MSF plants of which some units are now approaching a 30 year life. MED
systems with aluminum tubes must anticipate retubing at 15 year intervals. Titanium or stainless
steel alloy tubes may last 30 years.

For the purpose of this report, electricity and water production costs are levelized over
30 years, which is assumed to be the economic life of the nuclear desalination plant. After this
time, the initial investment costs of the nuclear plant and the desalination plant are assumed to
be written off.

4.23. Environmental and health impacts

Concerning environmental and health impacts, some of these are common to nuclear and
fossil fired plants like those resulting from the discharge of brine, waste heat (usually cooling
water) and chemicals. Other impacts are specific to the fuels and technologies, like those from
the airborne pollutants of fossil fuelled desalination and the radioactive wastes and effluents of
nuclear desalination. All environmental impacts and health risks should be properly evaluated
and put into perspective with other criteria and objectives of water and electricity production.
Thus, early in the project a detailed environmental impact analysis should be prepared for the
proposed site and the type of plant that is expected to be constructed and operated.

The following three sub-sections refer to the routine operation of plants. The fourth sub-
section presents a tentative comparative assessment, including the risk of accidents.

(1) Environmental impacts common to nuclear and non-nuclear desalination plants

Both nuclear and non nuclear desalination plants discharge brine and waste heat, usually
seawater which is about 10°C wanner than the ambient seawater temperature. The brine may
also contain chemicals which originate from intake water pretreatment, cleaning wastes, plant
drains and sanitary wastes. The chemical contents of these discharges will vary from plant to
plant but will not substantially differ among nuclear and non nuclear desalination. The same is
true for the brine which must be discharged into the sea. The discharge of brine can have an
adverse environmental impact on aquatic life unless properly accounted for in the design of the
discharge system. Common discharge of brine and cooling water could help to dispose of the
brine and reduce its environmental impact.
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(2) Atmospheric emissions of fossil-fuelled desalination plants

Fossil-fuelled desalination plants emit substantial amounts of air pollutants, most notably
nitrogen oxides (NOx), sulphur oxides (SOx) and carbon dioxide (CO2) that contribute to smog,
acid rain and global warming. A daily water production of 10 million m3 by oil fired desalination
would cause the following emissions:

2 000 000 tons of CO2 per year
200 000 tons of SO2 per year

60 000 tons of NOx per year

Gas-fired systems would largely avoid SOx emissions; also, NOx and SOx emissions can
be reduced significantly by advanced pollution abatement technologies and/or advanced
combustion processes. Nevertheless, CO2 emissions and the risk of global climate change
remain an issue with fossil fueled systems.

(3) Radiological impacts of nuclear plants

Nuclear plants have only minimal impacts on the environment in normal operation since
all radioactive wastes are collected and kept separate from the biosphere. This sub-section
explains the nuclear waste management in some detail; it is thus longer than the other sub-
sections.

The dominant environmental concern resulting from nuclear power is with radioactive
waste and releases and their effects on the biosphere, especially on human health. Owing to this
concern, strict dose rate limits are established, protective measures devised and their application
enforced. Nuclear plants produce radionuclides, most of which are contained in the spent fuel.
Strict controls must therefore be applied to the handling, storage, eventual reprocessing (if
applicable) and final disposal of the spent fuel or reprocessing waste, to ensure that these
materials are not diverted, misused or leaked to the environment.

A minor part of the fission products may leak from the nuclear fuel into the reactor
coolant through defects in the fuel cladding. In addition, some elements of structural materials,
neutron absorbers, corrosion products and coolant-borne materials may become radioactive by
neutron irradiation and contaminate the primary cooling system. The radioactivity of the coolant
is therefore monitored continuously. Part of the coolant flow is processed through cleaning
systems, together with collected drainage and leakage from valve stems and pump seals.
Radioactive substances are separated from the coolant, drainage and leakage, and as much water
as possible is recycled. The waste products removed during processing are concentrated,
solidified, placed in drums and eventually disposed in a safe manner.

Gaseous fission and activation products are stripped from the reactor coolant, processed
in a gaseous waste treatment system that provides residence time for the decay of short-lived
gaseous radionuclides and discharged in a controlled fashion. Gaseous waste from valve and
equipment leakage is processed by air filters.

Radioactive waste control systems produce low level radioactive solid waste, including
spent demineralizer resins, evaporator concentrates, filters from liquid processing systems,
charcoal and particulate filters from gas processing systems as well as contaminated rags and
clothing. The waste is reduced in volume, conditioned for storage and transport and shipped to
waste treatment or burial sites.
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In addition to these wastes from operation, provisions must be made to manage and
dispose of wastes from decommissioning at the end of the reactor life.

Recent experience with decommissioning has brought attention to special issues, which
are being studied by national and international organizations. These issues include estimation
of the radiation doses during decommissioning and waste volumes, identifying sites for waste
disposal and storage and defining records on the location of entombed facilities and waste
repositories. The primary concerns in solid waste burial are possible leaching of radioactive
materials into groundwater and migration of radioactivity to the surface environment. To reduce
risks, precautions are taken to ensure that burial sites are distant from the water table.

Summing up, all radioactive wastes are collected, controlled and kept separate from the
biosphere. All effluents from the nuclear plant and from waste handling, storage and disposal
faculties are monitored and controlled in order to ensure that their radioactive contents are below
internationally accepted limits, which are set far below those which would cause adverse
environmental or health impacts.

(4) Comparative assessment

Comprehensive comparative assessments of various fuel cycles used in electricity
production were performed for the Helsinki Senior Expert Symposium on Electricity and
Environment, for the Rio Conference and for the Intergovernmental Panel on Climate Change
(IPCC) [11,12].

The assessments refer to the complete energy chains. They include mining, fuel transport
and processing, plant construction and decommissioning, electricity generation and waste
management.

Concerning the health and environmental impacts of normal operation, it was concluded
that the impacts of the nuclear and natural gas chains are considerably lower than those
of the oil and coal chains.

Concerning the risks of severe accidents, it was concluded that such risks exist for all
energy systems and at all stages of their fuel cycles. They include nuclear incidents and
accidents which are systematically reported to and analyzed by the IAEA, as well as
oil and gas spills, explosions and fires. To minimize the risks of accidents, it is vital that
nuclear as well as oil and gas facilities are designed, operated and maintained in a manner
which meets internationally accepted safety standards.

Concerning the inclusion of environmental and health impacts into policy, planning and
decision making, an important recommendation was that comprehensive energy and
electricity planning has to take into account the estimated costs of the environmental and
health impacts and risks which are relevant components of the full social cost of energy
supply. The experts also recognized the importance of a major policy change towards
a global strategy to reduce climatic impacts resulting from emissions of CCh and other
greenhouse gases.

4.2.4. Shared facilities and services

Since the power plant needs cooling water and the desalination system needs feedwater,
shared seawater intake and outfall structures and systems can be used. In principle, the capacity
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needed by the reactor plant should be adequate for the desalination system also. Some issues
have to be examined for each project.

Larger intake/outfall capacity may be needed for very large desalination plants combined
with relatively small nuclear reactors.

In cases where surface seawater is preferred for the power plant and deep seawater or
seawater wells for RO, sharing the intake structure may not be optimal for the integrated
plant.

Environmental impacts of brine discharge need to be evaluated for separate outlet
systems structures.

Proper arrangements have to be made for operating the intake and outfall systems during
outages of either the power plant or the desalination plant.

Regardless of whether the nuclear desalination plant is owned by a single entity or by
multiple entities, a single operating organization should be set up. Plant management has to be
approached from an integrated facility standpoint. Integration provides the opportunity for
optimizing overall plant performance, developing changes to the plant as needed to improve
operation, sharing common facilities, having a joint crew for maintenance and common use of
workshops. It is also advisable to centralize the control system in a single control room, although
the operating crew could still be separated. Common use of service systems is already normal
practice in nuclear co-generation plants.

4.3. NATIONAL POLICY AND INFRASTRUCTURE

4.3.1. Energy and water supply policy

Desalination projects, as well as other projects of importance to the public, will have to
be consistent with long term national policies and plans for the development of energy and water
supply. This is particularly important when nuclear energy is considered for electricity and/or
water supply. The special features of nuclear energy require sound national and local
infrastructures including organizational structures, highly competent personnel, technical
infrastructures, and substantial financial resources. A single nuclear desalination plant not
integrated into a national nuclear development programme may not be justified.

The following national policies and plans will be relevant to nuclear desalination:

National development plan
Most countries have a national development plan, which will define priorities for
development, set targets for the sectors of the national economy, and provide a
framework for consistent policies in different areas.
National energy plan
National water supply plan
Both the energy plan and the water supply plan will include demand forecast, resource
analysis and production targets. They may also include policies for public and private
supply, rules for competition and energy pricing, and objectives for supply assurance,
diversification and environmental protection.

National policies concerning international relations were discussed in Chapter 3.
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4.3.2. Organizational structure

The formulation and implementation of a nuclear desalination programme require
adequate organizational structures for management of activities at the governmental level, as
well as in the utilities, industry, research, development and educational institutes involved.

An organizational unit or project group will have the task of defining the nuclear
desalination programme in policy, scope, capacity, schedule, budget, manpower requirements
and the assessment of available domestic resources and capabilities for participation in its
implementation. This group could be initially part of a ministry or a governmental organization
concerned with nuclear activities, energy resources and production, or water supply.

At the beginning only a small group with relatively few but highly qualified professionals
working as a project team will be required. The project implementation phase starts when the
decision is reached to proceed with planning of a specific nuclear desalination project. The
organizational structure requirements for the management of the activities during this phase
depend to a large extent on the contractual approach adopted for project implementation. In any
case, the owner's organization has the overall responsibility for the project.

The owner(s) of the nuclear desalination plant will probably be the electric and water
supply utility or utilities. The utilities may decide to set up a separate company to own and
operate the plant. Partners in this company may include state/provincial/municipal entities, local
industry, foreign industry, or international investors.

Reasons for setting up such a separate joint venture company with several parent
companies may include risk sharing, securing the markets for electricity and water, and securing
the financing.

433 . Regulatory structure

For the implementation of a nuclear desalination programme, it is essential that
consideration be given at the earliest stage to the legislative aspects in order to achieve the timely
establishment of an adequate legislative framework with which the execution of the project may
be carried out, subject to appropriate authorization, co-ordination, control and supervision.

The major components of nuclear legislation can be identified as dealing with the
following topics: licensing requirements and other regulatory aspects such as radiological
protection, nuclear safety, environmental protection, transport of radioactive materials,
radioactive waste management, physical protection of nuclear materials and facilities, state
system for accounting and control of nuclear materials, and third party liability.

Regulatory actions and licensing of nuclear desalination facilities constitute a national
responsibility which cannot be transferred elsewhere nor shared internationally. Each country
has it own regulatory and licensing authority, with its own structure, rules, guides and
procedures.

The role, responsibility and organization of the regulatory body are described in more
detail in the IAEA's Code on the Safety of Nuclear Power Plants: Governmental Organization,
Safety Series No. 50-C-G(Rev.l) (1988) (currently under review).
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4.3.4. Local infrastructure availability

The deployment of significant local resources and efforts to the nuclear desalination plant
is only possible if there is a firm commitment by the government to the programme. Due to the
special nuclear features, many local agencies could potentially become involved in the siting of
the nuclear desalination plant. Any local regulations, additional to the national regulations, must
be known early.

For implementing the nuclear desalination project, a basic industrial infrastructure,
technical manpower and educational infrastructures are essential. In a country without a nuclear
industry, technology is usually acquired from a country with nuclear expertise, able and willing
to transfer it. However, for successful transfer of technology, the recipient country must be
capable of absorbing the technology, and the key point in this is the availability of qualified
manpower. The available local industrial infrastructure should be closely associated with the
programme. Some competent construction and erection companies should be available. They
will probably not have all the technology, know-how, level of quality, competence and expertise
necessary for nuclear systems, but these capabilities may be acquired through technology
transfer.

The nuclear desalination plant, except in the case of a heat-only reactor, will normally
generate a surplus of electricity. The electrical grid must have an adequate interconnected
capacity corresponding to the size of the power reactor chosen.

Each country has overall responsibility for the planning and implementation of its own
national nuclear desalination programme. National participation is very essential for assuming
this responsibility. The extent of such participation will significantly depend on the existing
industrial capabilities and on the availability of local resources for the supply of necessary
materials, services, equipment and qualified manpower.

The benefits expected from local participation have to be balanced against the risks of
potentially higher costs, schedule delays and deficient quality of workmanship. This requires
detailed and in-depth analysis of the capabilities of the local industry for the provision of goods
and services required. Therefore, right at the start of the decision making process the
responsible authorities must take stock of the situation with a thorough survey of national
industries and realistic assessment of their present and potential capabilities.

43.5. Public acceptance

Public acceptance is vital for the implementation of a nuclear programme and for nuclear
facilities. In many countries, a major part of the public is concerned about the risk of a serious
reactor accident and the nuclear waste issue. In some countries, public opposition has halted or
prevented nuclear projects.

It is therefore essential to inform the public early through a carefully designed, long-term
information and education programme, based on correct and objective information. The public
should be informed on the precise nature of the planned facility, experience with this kind of
facility elsewhere, its costs, safety concept, environmental impact, and potential benefits for the
local community. The information has to be complete and correct, and should be presented early
and in a well understandable fashion.
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Public participation in the early stages of the strategic planning and decision making
process can be an effective mechanism for identifying and resolving public concerns regarding
all aspects of the project. Participatory involvement and resolution of public concerns has been
seen to be one of the most effective methods of achieving public acceptance.

4.4. ECONOMIC ASPECTS

The IAEA has been studying the economic viability of seawater desalination by using
nuclear energy in comparison with fossil-fuelled and renewable energy plants [2^4]. The results
of the economic assessments have shown that nuclear energy would be competitive with fossil
energy for desalination in a range of situations. For large unit sizes (900 MW(e) or above), the
nuclear option could have a cost advantage, for medium unit sizes (range of 600 MW(e)) energy
and water costs could be similar, and for small sizes, nuclear might be competitive where
alternative systems are also expensive. Renewable energy sources (in particular wind and solar
energy) were also studied but were generally found more expensive than nuclear or fossil energy,
except solar energy for small scale desalination ([4], see below).

In the North African feasibility study, emphasis was placed on analysing specific
economics for a wide range of combinations of energy sources and desalination processes at five
different sites, which were selected based on potable water demand and on electricity grid size
limitation. An economic assessment was performed using cost data for nuclear energy sources
provided by various vendors and cost experience data for desalination and fossil-fired plants
available on the international market. To consider the site conditions, the costs were modified
by appropriate adjustment factors. The economic analysis resulted in about the same water
production costs for both nuclear and fossil-fuelled plants. Water production costs were in the
range of US $ 0.7 to US $ 1.0 /m3 for dual-purpose plants (cogeneration of electricity and heat)
and about US $ 2.0 /m3 for small MED plants (24 000 m ?d) being supplied by heat-only nuclear
or fossil-fuelled plants or solar ponds. Assumptions included 8% real interest rate and US $
15.5/bbl crude oil price with 2% real escalation. RO plants coupled contiguously (i.e. on the
same site) with the energy source and using waste heat from the power generation process for
feedwater pre-heating yielded the lowest water costs. Water costs of MED plants coupled to
dual-purpose energy sources were some US $ 0.1-0.2 /m3 higher than for RO plants.

In the following, economic aspects related to the demonstration options for nuclear
desalination available within the next 10 years, which were identified in Chapter 3 (see Table 5)
are discussed. Most of these aspects are based on reviewed and updated economic data and
assumptions applied in Refs [3,4,13]. Additionally, some economic aspects which were not
addressed or addressed only in a general way in these two documents are identified and
quantified in more detail.

4.4.1. Energy consumption and costs

Desalination of seawater is an energy intensive process. The form and amount of the
energy input depends on the process used. RO requires only electrical/ mechanical energy.
Roughly 4.5-7 kW(e)-h of electricity is required for producing one m3 of potable water,
depending on the design, unit size, site conditions, water quality requirements, membrane
properties, seawater temperature and salinity as well as implementation of energy recovery. For
MED, the energy input is mainly in the form of low temperature heat (hot water or steam) and
some electricity, which is about 1.0 -2.5 kW(e)h/m3. The heat consumption depends on the
design, in particular the "gain-output ratio" (GOR), which in turn is related to the temperature
difference between the heat source and the seawater and the number of effects or stages of the
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distillation plant. For MED, the specific heat consumption is in the range of 25-120
kW(th)-h/m\ which is equivalent to about 4 to 7 kW(e)h/m3 power generation penalty for
nuclear dual purpose power plants.

Although substantial progress was achieved in increasing energy efficiency of the
desalination systems over the last decade, the energy portion in specific water production cost
is still a large cost component. The specific energy costs are primarily dependent on the unit size
(output capacity) of the energy source and, in the case of distillation processes, on whether
cogeneration of heat and electricity (dual purpose plants) can be applied or not. Specific energy
costs become higher if the energy source is a small unit and if a heat-only plant is used. For
nuclear dual purpose desalination plants, typical energy portions in specific water production
costs are in the range of 25 to 35% for MED and 28 to 37% for RO. For single purpose heat-only
nuclear plants, typical energy portions are in the range of 45 to 60% for MED.

4.4.2. Capital requirements for desalination plants

Table 6 shows estimates of desalination plant unit base costs for locations on the North
African coast. These costs are consistent with data published by the International Desalination
Association (IDA). These data was adjusted to the site conditions in the North African countries
[4]. The costs for all desalination processes are based on utilization of high grade materials,
bearing in mind the required economic life of 30 years. To the unit base cost, the following cost
items have to be added: water intake/ outfall structure cost, intermediate loop cost, cost of backup
heat boiler for MED plants, owner's cost (5%), contingency (10%), and interest during
construction.

Table 6 ASSUMPTIONS FOR SPECIFIC UNIT BASE COST OF DESALINATION PLANTS

Process

MED

MED

MED

RO*

RO*

GOR

11.5

17

21

N/A

N/A

Number of
effects or stages

14

23

27

1

1

Unit size (m3/d)

24 000

24 000

24 000

24 000

12000

Specific unit base cost (US $/(m3/d))
reference cost typical range

1440

1600

1680

1125

1290

1000-1500

1100-1700

1200-1800

900-1200

1000-1300

*:WH0 standard, N/A: not applicable.

If more than one desalination unit is built at the same site, which is the usual case, the
specific unit costs are reduced by appropriate cost reduction factors (Figure 1) [14]. These
factors include consideration of shared engineering, erection, supervision, infrastructure, as well
as better purchasing conditions, learning curve effect during manufacturing and reduced
management and insurance cost.

Further correction factors related to the economies of scale of the desalination units and
the numbers of effects or stages in a desalination unit have to be taken into account.

4.4.3. Operating and maintenance cost

Operating and maintenance (O&M) costs for various desalination plants comprise
personnel (management and labour), maintenance (repair, replacement parts, consumables,
services), chemicals, and in the case of RO, membrane replacement. Table 7 shows O&M-cost
ranges of 24 000 m3/d desalination plants at typical locations in North Africa.
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Table 7 O&M COST OF 24 000 mVd DESALINATION PLANTS

Personnel

Maintenance

Chemicals

Membranes

Total

US $/m3

US $/m3

US $/m3

US $/m3

US $/m3

RO

0.08-0.12

0.03-0.07

0.05-0.07

0.07-0.12

0.23-0.37

MED

0.08-0.12

0.05-0.07

0.02-0.05

N/A

0.15-0.23

N/A: not applicable.

Personnel costs depend on the number of persons employed and the salaries applicable.
Figure 2 provides an estimate of personnel costs for a location on the North African Coast, as a
function of plant size [15]. The effects of plant size on maintenance, chemicals and membrane
replacement costs are relatively minor.

The types and quantities of chemicals required depend on the desalination process and
the feedwater quality. When feedwater is supplied from seawater wells, less chemical treatment
is needed, whereas feedwater from an open seawater intake requires more pretreatment and more
chemicals, and may also reduce the plant availability.

Membrane replacement cost is dependent on the membrane replacement rate and the
membrane element cost itself. Although membrane life is usually guaranteed only for 5 years by
the manufacturer, operating experience in the Middle East and elsewhere have shown
replacement rates as low as 7 to 12% per year at properly operated and maintained RO systems.
Furthermore, membrane element prices are currently low, so that membrane replacement costs
are at the lower end of the costs indicated in Table 7.

4.4.4. Economic analysis of integrated plants

To estimate the cost of power and water for the nuclear desalination options, the IAEA
Cogeneralion/Desalination Economic Evaluation (CDEE) spreadsheet programme [15] was used,
which is an improved version of what was already applied in Refs [3,4]. Some improvements
and additional features were implemented to take into account site specific conditions and to
widen the field of application. The following main modifications were incorporated into the
original spreadsheet programme:

an algorithm to cover the effect of feedwater temperature in RO systems;
a generic steam extraction performance routine, to allow the input of different MED plant
maximum brine temperatures for optimum coupling;
the incorporation of the backup heat fuel costs of distillation plants, which arise at times
during which the power plant is not available as energy source of the water plant.

The methodology used in the CDEE to perform the comparative economic evaluations
is that of the lifetime levelized unit cost of the potable water produced, expressed in US $/m3.
This levelized cost is obtained by dividing the sum of all the expenses related to the production
of water (capital charges, energy charge, O&M cost) by the total amount of water produced,
where proper discounting is done using a predetermined discount rate.
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The electricity input costs of a desalination plant are determined by multiplying the
levelized kW(e)h cost of the power plant and the electricity consumption of the desalination
plant. For MED plants coupled to a dual purpose plant, the value of the heat for distillation is
taken to be the revenue that would have accrued from electricity generation lost due to the
delivery of heat. For single purpose heat-only plants, the levelized heat costs are calculated with
the same procedure as for single purpose electricity only plants. The electricity required is
assumed to be purchased from the grid.

As a representative example, it was assumed that the nuclear desalination plants would
be located at the North African coast or other sites with similar conditions. The main economic
and performance parameters adopted are summarized in Table 8. The cost data used in the
economic assessment are based on considerations discussed in Sections 4.4.2 and 4.4.3. The
construction, decommissioning and operating costs of the nuclear power plants were taken from
Refs [3,4,16].

Tables 9 and 10 contain a summary of the levelized water costs of the nuclear
desalination options analysed. These values should be considered as representative since water
production costs depend also on site-specific conditions.

All values of parameters and costs adopted in the economic analysis are best estimates
or assumptions based on available information and experience. They correspond to selected
reference values within reasonable ranges. Significant uncertainties result from pre-determining
the discount rate on a long term. The influence of the discount rate on both the capital charge
and the energy cost of the desalination plant is relatively large. Figure 3 shows the effect of
varying the discount rate on water costs for various nuclear desalination options.

Table 8 MAIN ECONOMIC INPUT PARAMETERS

Reference currency

Operation reference date

Economic life

Operating regime

Lifetime average load factor

Nuclear power plants

Nuclear heating reactors

Desalination plants

Backup heat boiler for MED plants

Real escalation rate of nuclear fuel

Real interest and discount rate

Assumed location

Product water standard

US $ (1995 Dec.)

1 January 2005

30 years

Base Load

80%

91%

90%

8% (Sensitivity values: 5% to 10%)

North African coast

World Health Organization (WHO)
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Table 9 LEVELIZED WATER COSTS OF RO PLANTS

Large size PWR
900 MW(e)

Medium size PWR/PHWR
600 MW(e)

Medium size PWR/PHWR
450 MW(e)

Small size PWR
2 x 35 MW(e)

Lcvelized power cost $/kW(e)h

RO plant capacity
Electricity to the grid
Investment cost of RO plant*

Annual operating costs of RO plant:
Fixed capital charge, 8%, 30 years
Electric power charge
O&M cost
Total annual water RO cost

Levelized specific water cost $/m

0.042 0.049 0.052 0.099

m3/d
MW(e)
M$

M$/y
M$/y
M$/y
M$/y

504 000
792
509

50.8
36.3
41.7
128.8

288 000
839
308

29.5
20.8
24.5
74.8

36 000
892
51

4.7
2.6
3.8
11.1

504 000
492
509

50.8
41.9
41.7
134.4

288 000
539
308

29.5
23.9
24.5
77.9

36000
592
51

4.7
3.0
3.8
11.5

504 000
342
509

50.8
45.0
41.7
137.5

288 000
389
308

29.5
25.7
24.5
79.7

36 000
442
51

4.7
3.2
3.8
11.7

144 000
39
165

15.2
24.2
12.9
52.3

72 000
55
95

8.7
12.1
6.9
27.7

36 000
62
51

4.7
6.0
3.8
14.5

0.77 0.78 0.93 0.80 0.82 0.96 0.82 0.83 0.98 1.09 1.16 1.22

•Without interest during construction.



Table 10 LEVELIZED WATER COSTS OF MED PLANTS

Levelized power cost
Purchased power cost

MED plant capacity
Gain-output ratio
Electricity to the grid
Investment cost of MED plant***

Annual operating costs of MED plant
Fixed capital charge, 8%, 30 years
Electric power charge
Heat charge
Fuel cost of backup heat source
O&M cost
Total annual MED plant cost

Levelized specific water cost

$/kW(e)h
$/kW(e)h

mVd
kg/kg
MW(e)
M$

M$/y
M$/y
M$/y
M$/y
M$/y
M$/y

$/mJ

Large size PWR
900

(

504 000
12.3
763
750

74.8
18.2
24.4**
13.0
16.4
146.9

0.89

1 MW(e)

).O42
N/A

288 000
12.3
822
450

43.1
10.4
13.9**
7.4
10.0
85.0

0.90

Medium size PWR/PHWR

504 000
12.3
456
752

75.0
21.0
28.1**
13.0
16.4
153.7

0.93

600 MW(e)

0.049
N/A

288 000
12.3
518
451

43.3
12.0
16.1**
7.4
10.0
88.9

0.94

216 000
12.3
539
347

33.3
9.0
12.1**
5.6
7.8
67.7

0.96

Medium size PWR/PHWR

504 000
12.3
306
754

75.2
22.6
30.2**
13.0
16.4
157.5

0.95

450 MW(e)

0.053
N/A

288 000
12.3
368
452

43.4
12.9
17.3**
7.4
10.0
91.1

0.97

216000
12.3
389
348

33.4
9.7
13.0**
5.6
7.8
69.4

0.98

Small size PWR
2x

144 00C
12.3
31

246

22.7
12.1

16.2**
3.7
5.6

60.4

1.28

35 MW(e)

0.099
N/A

I 72 000
12.3
15
131

12.1
6.1
8.1**
1.9
3.3
31.4

1.33

Heating reactor
200 MW(th)

N/A
0.06

144 000
19.3
N/A
294*

27.2
7.1

20.7
2.4
5.9

63.3

1.34

•Does not include the investment cost of the energy source, which is estimated at US $ 138 million (included in heat charge).
** Heat charge is taken to be the revenue that would have been accrued from lost electricity generation (due to delivery of heat).
*•* Without interest during construction.
N/A: Not applicable.
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4.4.5. Evaluation of benefits and costs of integrated plants

Starting from the economic considerations in Refs [3,4], some economic aspects were
identified and quantified in more detail. These economic aspects focus on the evaluation of
potential economic benefits and additional costs of nuclear desalination options, beyond the
consequences of cogeneration of electricity and heat for MED plants. The following economic
aspects were identified and analysed:

RO feedwater preheating;
Common use of seawater intake/ outfall systems (sub-surface intake assumed);
Sharing of common facilities, services and staff;
Transport of potable water and electricity.

(1) RO feedwater preheating

As previously noted, a RO nuclear desalination plant provides the opportunity for using
waste heat from the nuclear power generation process for feedwater preheating. RO membrane
performance is affected by feedwater temperature. Increasing the temperature of the feedwater
improves the efficiency of the RO process, with the resulting benefits of decreased number of
membrane elements for a predetermined potable water output and/or lower pressure operation.
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But there are also some accompanying disadvantages, which include higher product water
dissolved solids, which may lead to a reduction of the recovery ratio or a more expensive two-
stage RO system to reach the required water quality and greater compaction rates for hollow fiber
membranes, resulting in lower product water recovery ratios.

In November 1995, the IAEA held a Consultancy for identifying and quantifying the
potential economic benefits of RO feedwater preheating. It was found that for hollow fiber
designs, the optimal economic operating temperature is between 25°C and 30°C; for spiral
wound thin film composite designs, this temperature appears to be higher. WHO standards were
utilized in this analysis, with the controlling factor being chlorides equal to or less than 250 mg/1
after 5 years operation. The estimated savings in total water costs resulted from sample
calculations using the IAEA CDEE Spreadsheets [15]. The savings can be achieved by holding
both feed pressure and potable water production constant and accounting for reduced number of
membrane elements. The potential savings are in the range of 1 to 3% of total levelized water
cost, depending on the site conditions, seawater temperature and TDS, plant size and energy
costs. Similar analyses can be made by either holding the number of membrane elements and
potable water production constant and reducing the feed pressure, or by holding both pressure
and membrane area constant and accounting for increased potable water production. In all cases,
care must be taken to remain within the required water quality limits. Cost changes due to
possible change of the pretreatment required for control of biofouling were not considered.

There is abundant operating experience in RO systems with feedwater temperatures up
to about 30°C in locations where such temperatures occur naturally. However, preheating of
feedwater has not yet been used in commercial RO plants.

Recent advances in seawater spiral wound membrane technology have resulted in
increased salt rejection and higher allowable operating pressure. This means better performance
and economics in high salt content and high temperature seawater.

(2) Common use of seawater intake/outfall systems

Nuclear desalination plants provide the opportunity to share the intake and outfall systems
which provide seawater supply and brine discharge for the desalination plants and cooling water
for the condenser of the power plant. Principle structures within the intake/outfall system, which
is also environmentally sensitive, include the intake structure and the intake and discharge
conduits.

The IAEA CDEE Spreadsheet Code enables cost estimation of open seawater intake/
outfall structures as a function of seawater mass flow rate. The estimation is based on
extrapolating data from experience.

For the RO plants considered in the economic analysis, the economic benefit in using the
intake/outfall system of the power plant is about 7% to 23% in total water plant investment cost
compared to stand-alone plants, for the upper (500 000 m3/d) and lower (36 000 n! /d) water
production capacities, respectively. This results in about 2% to 9% savings in total levelized
water cost.

For an integrated MED desalination facility, somewhat larger seawater intake/outfall
structure are needed than for the power plant itself. The economic benefit of sharing the
intake/outfall system is smaller than for RO facilities. It is in the range of 6 to 10% of total water
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plant investment cost, depending on the plant size and design. This results in about 2 to 5%
savings in total levelized water cost.

(3) Common use of facilities, including infrastructure, maintenance facilities, service systems

Co-location of a nuclear power plant and a desalination plant makes it possible to share
facilities, such as:

harbour, road and/or rail access,
shipping and receiving facilities,
maintenance shops and storage facilities,
personnel accommodation, parking lots, administration premises and canteen.

For the large-scale desalination plants examined in the economic analysis, the savings in
total specific water cost by means of sharing facilities were found to be about 3 to 5% in total
investment cost. That means, the savings in total levelized water cost would be about 1%.

(4) Joint plant staffing

The operation and maintenance functions of the nuclear plant and the desalination plant
must be closely coordinated. For this reason it is anticipated that, regardless of whether the plant
is owned by a single entity or by separate entities, a single operating organisation would be set
up to run the entire complex. This provides the opportunity for staff sharing, which includes
essentially management, administration, engineering, maintenance and general services staff.

Corresponding to Figure 2, the influence of personnel costs in total specific water costs
is reduced when the water production capacity is increased. For large scale desalination plants
(>200 000 m3/d), the savings in total levelized water costs due to sharing staff are less than 1%,
assuming a reduction of approximately 30% of desalination plant staff [15].

(5) Summary of economic benefits

Table 11 summarizes the economic benefits of large-scale nuclear desalination plants
(>200 000 m3/d), established in the preceding analysis. The benefits are shown in proportional
savings in total levelized water cost.

With reference to the levelized water costs calculated in the economic analysis, the
benefits of integration are in the range of 0.03 to 0.08 US $/m3.

Table 11 SUMMARY OF THE SAVING IN TOTAL WATER COST OF
LARGE SCALE INTEGRATED PLANTS

RO MED
Feedwater preheating %
Common use of seawater intake/outfall systems %
Common use of facilities %
Joint plant operation staff % < 1 < 1
Total savings % 4^8 3-7

N/A: not applicable.
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(6) Transport of potable water

Li the economic assessment which has been performed, the costs of water transport and
distribution were not considered. The cost components are site dependent and can only be
analysed on a case by case basis. While water distribution costs, which only depend on the
particular characteristics of the consumption centres, would be essentially the same for the supply
of potable water from alternative sources, water transport costs could be higher for nuclear
desalination plants than for stand-alone or non-nuclear supply options, due to more stringent
siting requirements for the nuclear plant.

Transport would normally involve the construction of pipelines, with corresponding
capital charges. Pumping will be needed in all cases, both due to the distance to be covered, and
also for differences in altitude. Also, water losses will occur even with very efficient transport
systems. Figure 4 shows typical costs for transportation of water, based on extrapolated cost
data from specific regional experience in Arabian Gulf countries [14]. The approximate specific
cost are 0.005 to 0.003 US $/m3/km for 50 and 300 km respectively.
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I 0-6 -I

0.4
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50,000 m3/d

50 100 150 200

Transportation Distance, km

250 300

3 .FIG. 4 Typical transport cost per m in Arabian Gulf countries in US $ [14]
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4.4.6. Financing

The availability of financing at reasonable terms is a key factor for the feasibility of every
large power/desalination project, in particular with nuclear power.

There are four relevant characteristics of commercial nuclear desalination projects which
make the arrangement of adequate financing difficult. These are: high investment costs, longer
construction times than for non-nuclear desalination plants, a high degree of uncertainty with
respect to costs and scheduling, and potentially significant public opposition. These
characteristics imply significant financial risks.

The primary difficulty in financing a nuclear desalination project is the magnitude of the
investment. The initial investment cost for a 600 MW(e) size nuclear power plant would range
between about US $ 1300-1800 million. Investment costs for a large desalination plant may
range from about US $ 200 million for a 200 000 m3/d RO plant to about US $ 850 million for
a 500 000 mVd MED plant, which would result in about US $ 1500-2650 million for the
complete power and desalination project.

The large capital requirement for a nuclear desalination plant may approach or even
exceed the overall available credit limits identified by lenders for an individual developing
country. Also, lenders may be reluctant to concentrate their financial risk in a single project of
this magnitude. During the construction period, the owner is confronted with two problems
which are more severe for nuclear than for non nuclear desalination projects owing to the longer
construction times:

The financial requirement to pay interest (debt servicing) during construction, and
The initial lack of revenue from the project, since no electricity or water is being
produced.

It can be noted, however, that if alternative energy sources are available (such as
electricity from the grid or heat from an auxiliary boiler) early construction of the desalination
plant could allow potable water production which could be used to satisfy construction site
requirements and could allow for revenues from the project prior to the completion of the nuclear
plant.

Experience in various countries has shown that a nuclear power project can face
uncertainties which may lead to construction times being longer than expected. Relevant
reasons included regulatory difficulties, legal or political intervention, and financial difficulties.
Longer construction periods lead to large cost overruns, thus higher financing requirements, and
possible renegotiation of financing arrangements as well as an increase in the debt servicing
payments.

In addition to these cost related considerations, public acceptance of nuclear energy has

become an important issue. Public concern with regard to nuclear risks has had a direct and

profound influence on the feasibility, schedule and costs of nuclear power projects worldwide-

It is thus essential that every effort be made by all parties involved in the development

of a nuclear desalination project to reduce the uncertainties and risks. It is important to have:

Firm governmental commitment, based on sound national policies and plans, and
adequate international arrangements,
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Economic competitiveness with equivalent alternative supply options,

Plant design based on proven nuclear reactor and desalination technologies;

Regulatory issues resolved before the start of construction;

Efficient project management with tight control of quality, costs and schedule.

The implementation of a demonstration project could help to reduce cost and schedule
uncertainties. The investment climate is also improved through a good record of consistent and
fair dealing with lenders and investors by the government and the owner organization, by
adequate risk sharing between the vendor, the owner and the financing institutions, and by setting
the electricity and water tariffs at a level necessary for the financial strength of the utility. This
is important since, in a period when many countries are facing difficulties in servicing their debt,
commercial banks as well as the governmental organizations of exporting countries may be
reluctant to lend these countries additional funds, especially to build a nuclear power plant which
lending organizations view as a risky project.

Sources of foreign currency financing include bilateral arrangements through export
credit agencies and suppliers' credits, financing arrangements through commercial banks
guaranteed by export credit guarantee agencies, multilateral development institutions (including
the World Bank Group and regional development banks), and international capital markets.

Concerning bilateral arrangements, the OECD countries had concluded a "consensus" on
financing which foresaw a 1 % higher interest rate for nuclear projects than for conventional
energy projects. More recently, this interest rate differential was lowered to 0.75%. The
consensus allows for 85% of the exported value to be covered by a main credit, with a
complementary credit for the other 15% that can be used to finance either capitalized interest
during construction or the local part of the contract. The loan is made generally with seven years
grace period (the construction period) and paid back over 15 years.

Multilateral development institutions provide financing for projects which would raise
the standards of living in developing countries, including electricity and water projects. Co-
financing of nuclear projects was considered by some institutions, e.g. by the EBRD (European
Bank for Reconstruction & Development), but is not favoured by others.

The lending organizations display high prudence in the selection of borrowers. Only a
country with acceptable credit ratings would qualify for bank loans and other credits for
financing such a project. Sound economic policies and good debt management are essential for
an acceptable credit rating of the country concerned.

As much as possible of the total project costs, but in any event the local portion of these
costs, should be financed with domestic funds. Sound sources of local currency funding for
investment in a public utility project would be funds of the project's operating
organization/utility, both from equity and from accumulated earnings set aside especially for
such a planned investment, and the government budget. These sources could be supplemented
by credits raised in the domestic capital market. A well-functioning domestic capital market is
particularly important for organizing local financing.
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Adequate local financing must be arranged in good time and, in the case of loans, for a
reasonable credit period. Realistic electricity and water tariffs which cover the full costs of
generation, transmission and distribution will likely be a must for plant owners to achieve the
sound financial strength needed to finance investments from its own resources and to be
considered creditworthy by banks.

As foreign currency financing of local costs would increase the foreign debt burden and
carry a significant foreign exchange risk, it is vital for successful project implementation to
secure sufficient local financing. Some countries do not allow foreign currency sources to be
used for the purpose of local cost payment due to national economic and monetary reasons.

It has often proved difficult to raise enough money for the local financing from local
capital sources. Consequences of local financing constraints could be that a project may not be
feasible, or, if the project is started nevertheless, that costly delays occur during implementation.

With a view to overcome problems with conventional financing schemes, some
alternative financing approaches were investigated by the IAEA. Alternative financing
approaches [17] include:

Build-own-operate (BOO) and build-operate-transfer (BOT) arrangements;
Expanded Co-Financing Operations (ECOs);
Counter trade arrangements.

BOO schemes (with or without ECOs) were applied at a number of conventional power
projects, e.g. in Indonesia and Pakistan. They offer the following advantages:

Attraction of foreign capital;
Reduction of risks related to construction and operation.

On the other hand, experience with negotiation of BOO schemes for nuclear power plants
has shown that the division of responsibilities and risks among the parties concerned is more
difficult, contracts would be more complicated, and the energy and water produced would cost
more than with a conventional financing approach. BOO schemes and other alternative financing
approaches could be applicable in situations where:

conventional financing is difficult,
foreign investors are interested in the project,
the investors would likely achieve attractive capital return.

Summing up, alternative financing approaches are in principle possible but untested
options for financing nuclear desalination projects.

Nuclear projects are usually financed in several packages, according to the different
vendors of the nuclear steam supply system (NSSS), the turbine generator (TG), balance of plant
(BOP) and nuclear fuel. The packages will differ in timing, currency, and loan conditions. It
will be advisable to have a separate loan arrangement for the desalination plant since its timing
will differ from that of the nuclear plant, and concessionary financing terms may apply.

For successfully implementing a nuclear desalination project in a developing country, it
is essential for the host government/utility to:
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Commit itself to the nuclear desalination project with necessary government support;

Make a thorough financial analysis, together with an economic analysis for evaluating
the feasibility of the project;

Maintain generally acceptable credit ratings in order to obtain investments and debt
financing;

Finance as much as possible of the local cost component of the project in local currency
from sources within the host country itself - the importance and complexity of this are
often underestimated;

Utilize thoroughly a full range of expertise to deal with the technical, financial and legal
complexities;

Set electricity and water tariffs at a level necessary for sound financial strength, since one
of the major sources of financial difficulties in utilities is often uneconomic pricing.

In general, as long as the debt servicing situation of a country is a cause for concern,
lenders, exporters and governments of developed countries will remain hesitant to finance
nuclear desalination projects, with their high degree of uncertainty in costs and schedule. The
uncertainty could be reduced by implementation of a demonstration project. Moreover, it is
highly advisable that the countries concerned make every effort to become and remain
creditworthy; this would eventually qualify them for the financing which is needed for such
projects.
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5. CONCLUSIONS

In response to the increasing interest of Member States in nuclear desalination, the IAEA
has performed a two year Options Identification Programme, as requested by the 1994 General
Conference. The main findings of the OIP are summarized below.

(1) Demand for sea water desalination

There is a clear demand for the increased use of seawater desalination, confirming the
results obtained in earlier studies, both in those countries and regions which already deploy this
supply option, and in others which will face potable water shortage in the medium and longer
term.

According to the market survey performed within the framework of the OIP, worldwide
demand for desalination is expected to double approximately every ten years in the foreseeable
future. Most of the demand is in the Gulf and the North African regions, but will expand to other
regions as well.

It is expected that most desalination plants to be built will be in three distinct size ranges,
i.e. small ( capacity of less than 10 000 m3/d), medium (50 000 to 100 000 n? /d) and large
(200 000 to 500 000 m3/d). Due to the relatively high cost of water transport, it seems doubtful
that plants larger than 500 000 m3/d would be economic, except under unique circumstances.

(2) Prospects for nuclear desalination

Technical feasibility, compliance with safety requirements and reliability have been
proven by experience through many years of successful operation of cogeneration nuclear
reactors supplying electric power and energy for district heating or for industrial use. Also a few
small scale nuclear desalination plants have been operated successfully. Large scale commercial
deployment of nuclear desalination will mainly depend on economic competitiveness with
available alternative options and on adequate confidence in this application.

Should these conditions be satisfied, there seem to be sufficient incentives for nuclear
desalination plants to penetrate the potable water market, just as nuclear power reactors have
penetrated the electricity market worldwide. It would not be reasonable to expect nuclear
desalination to replace currently operated fossil-fueled desalination plants, nor to displace such
options completely in the foreseeable future, but it could be commercially deployed in situations
where new facilities are being considered. The continuing and increasing interest shown by the
IAEA's General Conference, as well as the monetary and in-kind support received by the IAEA
from many Member States, are clear indications of interesting attention to nuclear desalination.

(3) Role of a demonstration programme

A demonstration programme, as well as any individual demonstration project, must have
the ultimate objective of facilitating and promoting commercial deployment of nuclear
desalination. Therefore, the programme and the projects have to be directed to those issues
which are relevant to commercial projects. These issues include technical, economic, financial,
safety, infrastructural and institutional aspects. Demonstrations would provide a very useful
support for promotion and confidence building, which is a gradual process. Some issues, in
particular those technical features which have a major impact on economic competitiveness and
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on the overall economics of nuclear desalination, do need demonstration to confirm assumptions
and estimates.

Several countries have ongoing activities on nuclear desalination. Kazakhstan and Japan
continue operation of nuclear desalination facilities, and Canada, China, India, the Republic of
Korea, Morocco and the Russian Federation are proceeding with relevant activities or projects.
All these serve the purpose of demonstration, and will undoubtedly contribute to building-up of
confidence in nuclear desalination both in these countries and worldwide.

(4) Practical demonstration options

The main objective of the OIP was to identify suitable practical options which, if
implemented, will facilitate and promote commercial deployment of nuclear desalination.

Nuclear reactors and desalination processes which would themselves need no further
development at the time of project implementation and which could be combined into an
integrated nuclear desalination facility were selected. A few nuclear reactors (PWRs in the 600
MW(e) and 50 MW(e) ranges, PHWRs in the 450 to 600 MW(e) range, and heat-only reactors
of up to about 200 MW(th)) were identified as preferable. Among the desalination processes,
reverse osmosis (RO) and multi-effect distillation (MED) were selected because these were
found to be the most promising systems in the medium to long term.

The combination of the selected reactors and desalination processes led to the
identification of the following practical demonstration options:

Option 1: RO desalination in combination with a nuclear power reactor being constructed
or with construction expected in the near term. The preferred capacity of the
reactor would be in the medium-size range. Two or three RO trains, up to 10 000
nrVd each, would provide a suitable demonstration. A newly constructed reactor
offers the best opportunity to fully integrate the RO and reactor systems,
including feedwater preheating and system design optimization. Such
demonstration could readily be extrapolated to a larger scale commercial
production facility.

Option 2: RO desalination, as above, in combination with a currently operating reactor.
Some minor design modifications may be required to the periphery of the existing
nuclear system. Advantages include a short implementation period, a broad
choice of reactor sizes and the availability of nuclear infrastructures. A reactor in
the medium size range would be preferred, as it provides a system close to that
which would most likely be used in commercial production facilities.

Option 3: MED desalination in combination with a small reactor, which would be suitable
for demonstration of nuclear desalination with capacities of up to 80 000 m3/d.

It has been concluded that these demonstration options could be implemented, if
interested investors should decide to do so. The investment required would be on the order of
US $ 25 to 50 millions for the RO options and US $ 200 to 300 millions for the MED option, the
latter including the cost of the reactor.

The infrastructure requirements for nuclear desalination plants are primarily determined
by those required for nuclear facilities. If a demonstration project is implemented in a Member
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State initiating a nuclear power programme, it could be a very effective and practical framework
for developing its nuclear infrastructure, in particular the necessary nuclear regulatory structure.

(5) Implementation

The next step for proceeding with a nuclear desalination demonstration programme would
be for one or more Member States to initiate the project related preparatory steps towards
demonstration including identification of user requirements, site selection and qualification,
project specifications and the development of infrastructures as required for project
implementation. Upon request, the IAEA could assist Member States in moving ahead with
these activities.

64



REFERENCES

[I] WANGNICK, K., IDA Worldwide Desalting Plants Inventory Report No. 13,
Gnarrenburg, Germany (1994).

[2] INTERNATIONAL ATOMIC ENERGY AGENCY, Use of Nuclear Reactors for
Seawater Desalination, IAEA-TECDOC-574, Vienna (1990).

[3] INTERNATIONAL ATOMIC ENERGY AGENCY, Technical and Economic
Evaluation of Potable Water Production through Desalination of Seawater by using
Nuclear Energy and Other Means, IAEA-TECDOC-666, Vienna (1992).

[4] INTERNATIONAL ATOMIC ENERGY AGENCY, Feasibility Study of Nuclear
Desalination as a Possible Source of Low Cost Potable Water in North Africa (draft
report).

[5] INTERNATIONAL ATOMIC ENERGY AGENCY, Nuclear Power Reactors in the
World, April 1996 Edition, Reference Data Series No. 2, IAEA, Vienna (1996).

[6] INTERNATIONAL ATOMIC ENERGY AGENCY, Design and Development Status of
Small and Medium Reactor Systems (draft report).

[7] INTERNATIONAL ATOMIC ENERGY AGENCY, "The Experience with Nuclear Heat
Applications: District Heating, Process Heat and Desalination"(draft report).

[8] HUMPHRIES, J.R., CANDESAL INC., personal communications.
[9] CANDESAL INC., "CANDESAL, An Advanced Water Energy Production System;

Egypt Application Study", Report CI-9403, Ottawa (1994).
[10] HUMPHRIES, J.R., MIDDLETON, E., "CANDESAL, A Canadian Nuclear Desalination

System", paper presented at US/Middle East Joint Seminar on Desalination Technology,
. CI-9404, Washington D.C., 10-14 April 1994.

[II] INTERNATIONAL ATOMIC ENERGY AGENCY, Senior Expert Symposium on
Electricity and the Environment", Key Issues Papers (Helsinki, Finland, 1991), IAEA,
Vienna (1991).

[12] INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE (IPCC), Climate Change
(1995).

[13] INTERNATIONAL ATOMIC ENERGY AGENCY, Case Study on the Feasibility of
Small and Medium Nuclear Power Plants in Egypt, IAEA-TECDOC-739, Vienna (1994).

[14] LENNOX, F. H., International Bechtel Incorporated, personal communication.
[15] INTERNATIONAL ATOMIC ENERGY AGENCY, Energy and Environmental

Solutions, Cogeneration/Desalination Economic Evaluation Spreadsheet (draft report).
[16] BARANAEV, Y.D., Institute of Physics and Power Engineering, Obninsk, Russia,

personal communication.
[17] INTERNATIONAL ATOMIC ENERGY AGENCY, Reference Book on Financing

Arrangements for Nuclear Power Projects in Developing Countries, Technical Reports
Series No. 353, IAEA, Vienna (1993).

65



ABBREVIATIONS

BOO

BOT
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CANDU
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FOAK
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IACRS
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LMR

build-own-operate

build-operate-transfer

boiling water reactor

Canada deuterium-uranium (reactor)

co-generation/desalination economic evaluation

European Bank for Reconstruction and Development

electrodialysis

Food and Agriculture Organization of the United Nations

fast breeder reactor

first of a kind

General Conference of the IAEA

gas cooled reactor

gross national product

gain-output ratio

high temperature gas cooled reactor

horizontal tube multi-effect distillation

Inter-Agency Committee on Radiation Safety

International Commission on Radiological Protection

International Commission on Radiation Units and
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International Desalination Association

International Energy Agency (OECD)

Intergovernmental Panel on Climate Change

litres per capita per day

liquid metal cooled reactor
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O&M
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PHWR

ppm

PWR

RO

TDS

TG
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VTE

WHO

low temperature horizontal tube multi-effect distillation

multiple effect evaporation

multi-effect distillation

multi-stage flash distillation

mechanical vapour compression

nuclear heating reactor

nuclear power plant

Treaty on the Non-proliferation of Nuclear Weapons

nuclear steam supply system

Nuclear Safety Standards (IAEA)

operation and maintenance

Organisation for Economic Co-operation and Development

options identification programme

pressurized heavy water reactor

parts per million

pressurized water reactor

reverse osmosis

total dissolved solids

turbine generator

vapour compression

vertical tube evaporator

World Health Organization
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Annex 1.1
SMALL AND MEDIUM SIZE NUCLEAR REACTORS

M.A. Al-Mugrabi
International Atomic Energy Agency, Vienna XA9642987

1.1.1. INTRODUCTION

The purpose of this appendix is to provide up-to-date technical information relevant to
the deployment of SMRs. It summarizes the status of SMRs and discusses areas of relevance to
their utilization, including seawater desalination; and in particular their simplicity, their
flexibility for a variety of applications and the use of passive safety features as fundamental to
most of these designs. In response to important commercial developments, the energy range of
small and medium reactors (SMRs) is now taken as being up to around 700 MW(e). Detailed
information on SMR designs can be found in the IAEA report on The Design and Development
Status of Small and Medium Reactor Systems 1995 [1.1-1].

The assessment of the world market projection for seawater desalination carried out as
part of the options identification programme concluded that a sufficiently large demand in the
years 2015 and beyond will support the installation of desalination facilities in the range of
200 000 to 500 000 mVd. Plants of this range of production capacity would be required in
several countries. In addition, it appears that there is also a sizable market for desalination in the
size ranges of 50 000 to 100 000 mVd. These ranges correspond to 100-250 MW(e) and 25-50
MW(e) net power output. The most convenient size of the reactor would be in the SMR range,
both if the reactor power be used totally for desalination or if the reactor is to operate in a
cogeneration mode.

1.1.2. OVERVIEW OF THE SMR MARKET

(1) The SMR market

The current growth of population and energy demand is dominated by developing
countries. There are many places and applications where this increased demand will be best met
by power plants in the SMR range, due to a small grid system or for application in a remote area
or for a special purpose.

The world primary energy consumption amounts to well over 300 000 petajoules and
over half of that is used as hot water, steam and heat. Only a few nuclear power plants are being
used for heat applications (district heating, heat for industrial processes, and seawater
desalination). Potential nuclear heat applications include enhanced oil recovery, petroleum
refining, petrochemical industries, and methanol production from hard coal. The need for potable
water in some parts of the world is large, vital for sustaining development, and ever increasing.
Clearly nuclear heat and power production could play a major and important role.

Nuclear power at present is used mainly for electrical power generation which only
forms 30% of the energy market. There have been numerous studies on the use of SMRs for heat
applications rather than electrical generation and some of these studies have shown the SMR
option to be viable both technically and economically [1.1-2]. Future expansion of nuclear
application, beside addressing large power generation demand, may also come from more spread
energy market involving smaller units for process heat applications and small scale power
generation in remote areas.
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(2) SMR projects

With such a range of possible applications in many different parts of the world, a large
number of different R&D and design projects have been set up. Figure 1.1 -1 lists those for which
descriptions have been submitted to the latest IAEA review on the subject and indicates the status
of their development. LWRs, HWRs, GCRs and sodium cooled reactors all have active
development work in various Member States.

Over the past 30 years there have been many market surveys for SMRs. They have
shown a potential for sales of a large number of reactors before the turn of the century. These
estimates of the market have turned out to be grossly overoptimistic but have encouraged
developers to continue their efforts. In spite of a moderate response from the market, there is still
a very large development effort continuing but few of the advanced SMR designs have yet been
in operation to demonstrate their capabilities. Indeed, few of them have been funded through the
detailed design stage to make them ready for construction. They do, however, present a variety
of solutions to the problems of reactor design for future designers to draw on and to give an
impression to purchasers of the capabilities of current designs, which could be developed to meet
their needs. The IAEA is currently involved in a study on the market potential of SMRs which
is expected to be concluded in 1997.

There is thus a gap between the designs available but not built, and their exploitation in
what appears to be a potentially large market.

(3) Bridging the gap

Possible ways of bridging the gap would be for vendors to collaborate on one design to
spread the design and development costs and for users to collaborate to define an SMR
requirements document for particular applications. There have been some notable vendor
collaborations in industrialized countries demonstrating that this is a possible way forward.
Requirements documents have been produced for power generation and requirements have been
harmonized on a regional basis (Asia, eastern Europe, western Europe and North America).
Developing Member States having similar technological and financial circumstances could
establish their version of requirements for an identified market (e.g. desalination). Such
requirements could be taken up in some of the developing projects to enhance their prospects for
constructions. An other important aspect to the deployment of nuclear power in developing
countries is the development of the required manpower and infrastructure for a successful
programme.

(4) Incentives for development

Small and medium size reactor development has many incentives; some are economic
others are safety related. The motivation for these developments has included the need to
enhance public acceptance of nuclear power. The simplification of designs should improve the
transparency of their reactor safety. Another incentive to SMR development has been its
suitability for the implementation of new design approaches. Innovative and evolutionary
designs with novel features have been implemented in the SMR range. A passive safety
approach has so far been the technology of small and medium reactors. SMRs have particular
characteristics which can enable them to be economically viable in spite of losing the advantage
of the economics of scale.
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The incentives for the development of SMRs can be summarized as follows:

Simpler design,
An SMR can be modularised more easily and constructed in a shorter time than larger
plants, thus reducing constructions costs (including interest during construction) and
generating earlier revenues.

Increased safety margins leading to a longer grace period,
Passive safety features simplify the design and attain the required safety objective in a
different way compared to large plants with more active safety systems. This could
reduce cost and facilitate the presentation of the safety of the reactor to both regulatory
authorities and the public.

Lower severe core melt frequency and minimum accident consequences.

Better match to grid requirements,
SMRs can provide a better match to small grids or to a slow growth of energy demand.
Taking into consideration the potable water demand and the corresponding energy
requirement, a SMR would be a suitable candidate for a developing country starting its
nuclear programme.

Better use of nuclear industry infrastructure and manpower skills in countries with small
nuclear programmes.
One 600 MW(e) unit every 2 years is preferable to one 1200 MW(e) unit every 4 years.

SMRs could open up energy markets,
SMRs can be used for process heat, desalination, district heating and enhanced oil
extraction as well as power generation.

Lower financial risk due to:
• lower financing requirements per unit,
• shorter and better predictable construction schedule.

(5) Objectives and requirements for SMRs

Development or deployment of SMRs could take place in a programme under the
following general objectives:

1. The size of reactor is appropriate to a geographical location, distribution network or
application.

2. It should be economic within the constraints of the other objectives.
3. It must be demonstrably safe and licensable.

These general objectives are applicable to reactors of any size but there are particular
aspects of SMRs which help in meeting them.

1. Size. SMRs are appropriate for remote regions with limited load. They are appropriate
for utilities with small grid systems. They are appropriate for some dedicated
applications such as desalination, district heating or process heat possibly in a co-
generation mode.
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2. Economics. SMR designs all aim to simplify the design to reduce costs and offset to
some extent the economies of scale. Modularisation allows a greater element of factory
construction and assembly and is generally less expensive than work on site. It leads to
shorter construction times and savings in interest during construction. The reduced
capital requirements compared with large plants may well be attractive to purchasers.

3. Safety. Most SMRs make extensive use of inherent safety features and passive safety
systems. Such systems are appropriate to SMRs and are harder, if not impossible, to
engineer on large reactors. They tend to be simpler than active systems resulting in a
simpler safety case and easing the problems of public acceptability.

While objectives provide for general and long-term applicable targets for nuclear reactors
of present and future designs, requirements provide more specific, clear and complete statements
by utilities in a given country. The requirements are usually grounded on well proven technology
and long experience of commercial operation. The design requirements usually take into
consideration problems of the past and incorporate new features assuring simple, robust, and
more forgiving designs. They also provide for a common ground for regulators and vendors on
licensing issues. Well defined requirements agreed upon by regulators, vendors and utilities
provide for investor confidence. The design requirements usually cover the whole plant (i.e.
NSSS, BOP, safety systems, etc.) and provide clear specifications with regard to performance,
maintainability and plant economics. Taking into consideration infrastructure and experience,
requirements in most developing countries and some industrialized countries are expected to
be easily fulfilled by a small or medium reactor.

1.1.3. PROGRAMMES FOR SMR DEVELOPMENT

(1) Current activities in Member States

Nuclear energy plays an important role in supplying a significant portion of the world
electricity demand. Reactor generated heat has been utilized in several parts of the world for
district heating, process heat application, and seawater desalination. It should be noted here that
over 50% of the world energy demand is utilized for either hot water or steam production. Such
processes could be carried out more efficiently and cleanly utilizing nuclear energy.

Some South and East Asian countries believe strongly that nuclear power will be a
principle source of energy for many years to come. Small and medium reactors form a major
part of this activity. China has a well developed nuclear capability having designed, constructed
and operated nuclear reactors. A 300 MW(e) PWR (QP300) has been in operation for three
years and two 600 MW(e) reactors are under detailed design and site preparation. Longer term
plans call for development of a 600 MW(e) passive reactor (AC600). A 5 MW(th) integrated
water cooled reactor has been built and operated for five winter seasons (since 1989) for district
heating. Another purpose of the 5 MW(th) reactor is the development work for other
applications such as desalination. Construction of a 200 MW(th) demonstration heating reactor
has been started aiming at start of operation by the year 1998. A 10 MW(th) high temperature
gas cooled reactor for process application is also under construction.

India has adopted a prime policy target of self reliance in nuclear power development,
based on heavy water moderated reactors. Five units of the 220 MW(e) PHWR type are under
construction and all are expected to be in operation by the year 1997. An additional four units
of the same type and an extra four units of a scaled up 500 MW(e) type are planned.
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Japan has a preference for large reactors on the available sites to maximize the power
output from them. There is a very strong and diverse programme of reactor development
supported by the big industrial companies, by the national laboratories and by the universities.
At least seven different designs are currently being worked on in the SMR range; namely SPWR,
MRX, MS 300/600, HSBWR, MDP and 4S. SPWR and the marine reactor MRX are integrated
PWRs. The MS series are simplified PWRs. HSBWR is a simplified BWR. MDP and 4S are
small sodium-cooled fast reactors. Preliminary investigations have shown a high level of safety,
operability and maintenability. The economics of these systems are promising and they are
expected to form part of Japan's next generation of reactors.

Japan has also a development programme where gas cooled reactors in the small and
medium size range are under development. A High Temperature Engineering Test Reactor
(HTTR 30 MW(th)) has been under construction since 1991 at Oarai.

Korea has ten PWRs and one PHWR in operation and has an ambitious programme for
the further development of nuclear power. Most of the existing plants are of the large PWR type,
but, since April 1984, there has been a policy to install medium size PHWR (-700 MW(e)) to
diversify supply and operation. Three more PHWRs are under construction. In addition, a
relatively small 330 MW(th) integral reactor is also currently under development for a
cogenaration purpose.

Indonesia has a very rapid growth of population spread over 13 000 large and small
islands. There is a clear future potential for reactors in the SMR range. However, the main
island has over half the current population and could take a large station; a feasibility study
covering this and other aspects of Indonesia's possible nuclear programme has been undertaken.
The outcome is in favour of the nuclear power option. 7000 MW(e) of nuclear capacity is being
considered up to the year 2015. Optimal plant size is being looked at and a number of 600 to 900
MW(e) units are being considered. Indonesia has deposits of tar sands for which extraction based
on nuclear heat using HTGRs is being investigated. A programme on public acceptance is being
executed.

Thailand has just started a feasibility study on the construction of a nuclear power plant.

The current Russian programme is largely based on 1000 MW(e) units but the 500-600
MW(e) range is well represented in the development programme. Two units of 600 MW(e) each
are planned in the Far East region of the country for the period 2000-2010. Two others in
Karel'ska are planned for the same period.

Russia is a country with a clear scope for the deployment of smaller plants due to its huge
land mass with remote communities living in areas with harsh winters. The nuclear energy
option seems to have favourable economics compared to conventional sources for application
in remote areas, including domestic heating. Several reactors of small size (5-35 MW(e)) are
planned for construction around the year 2000.

Eastern Europe has WWER units of the 440 MW(e) size but for the future larger units
are considered. In western Europe, most utilities have opted for large nuclear power plant
(1000-1500 MW(e)) if they have opted for nuclear at all. On the basis of several different
national development programmes on SMRs, many innovations using a wide variety of coolants,
fuel, containments and safety features have been worked out. More recently, SMR-specific
development effort in western Europe has decreased because of reductions in governmental
funding.
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In the USA, the AP600 in the SMR range is being supported and aggressively marketed
worldwide, in addition to a large reactor design (ABWR). In Canada a perceived need for a
simpler, cheaper reactor which could be more easily demonstrated to the public as safe has led
to the development of a smaller version of the CANDU line. Design and safety requirements for
the next generation of reactors have been identified both in Canada and in the USA by the
utilities and governmental agencies. In North America, medium size reactors are expected to
supply a significant share of nuclear electricity in the future.

In Argentina the work on Atucha 2 (745 MW(e) PHWR) is continuing. Argentina has
carried out a development effort for the design of a small pressurized water cooled reactor
"CAREM". The system has a total power of 100 MW(th) and it is of the modular integrated
type. The basic design of the system is complete and it is currently undergoing detailed design.

North African and Middle Eastern countries have identified a strong need both for
electricity and for power for desalination and several of them are looking at the nuclear option.
The reserves of fossil fuel are massive in some countries but others rely largely on imports. The
water problem is compounded by low rainfall, a rising population with increasing expectations
for its standard of living and by a lowering of the water table in the traditional sources under the
desert sands. A study for the North African countries of the economic feasibility for nuclear
desalination has been completed [1.1-3]. A feasibility study for a demonstration facility for
seawater desalination in Morocco is expected to start in 1996. In Egypt, a feasibility study has
been completed for a medium sized NPP [1.1-4].

From information provided by Member States (see Table 1.1 -1), it can be seen that several
nuclear power plants in the SMR range are under construction around the world. Nuclear power
investment on a worldwide basis has preferred large units due to the economy of scale, especially
in the industrialized countries. This can be clearly seen from the number of nuclear power plants
in operation today (Fig. 1.1-2). The number of units currently under construction in the SMR
range is in the same range as that of the big power plants. These data show that SMRs could play
an important role in many industrialized and developing countries.

Table 1.1 -1 SMRs UNDER CONSTRUCTION

Country

Argentina
India
Rep. of Korea
Pakistan
Romania
Slovak Rep.
Russian

Federation

Number
of units

1
4
3
1
2
4
2

Name

Atuchall
PHWR 220

Chashnupp

Mochovce
AST 500

Type

PWR
PHWR
PHWR
PWR
PHWR
PWR
PWR

Capacity
(net)

692 MW(e)
202 MW(e)
650 M(e)
300 MW(e)
650 MW(e)
388 MW(e)
500 MW(th)

Expected date of
commissioning

1998
1998-1999
1997-1998-1999
1999
1996-2002
?
1998
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1.1.4. SUMMARY OF TECHNICAL DEVELOPMENT

(1) Passive safety features

The use of safety systems operating on passive principles is a feature of many SMR
designs. The original incentive was to produce designs which could cope with any accident
initiating event coupled with the failure of all engineered safety systems. Reliance would be on
natural processes, such as gravity and natural convection, only. There should be no need for
operator intervention for a long, perhaps indefinite period. Two reactors have achieved this in
their design, the Swedish PIUS reactor and the Modular HTGR. In these two designs, the safety
systems are passive both in initiation and in operation. Other designs need some form of stored
energy (e.g. batteries, springs or hydraulic reservoirs) to initiate the passive systems but are then
passive in operation, requiring no safety grade power sources such as diesel generators. There
are thus different degrees of passivity and the recent IAEA document on reactor terminology has
gone to some lengths to include all the different types of system for which their designers claim
passivity [1.1-5].

The important feature of all these systems, however, is not their degree of passivity but
their performance and reliability in carrying out the function for which they were designed. All
reactors have to achieve the same standards of safety as a minimum but the passive systems may
be able to achieve this standard more easily provided their performance and reliability can be
demonstrated. The driving forces of natural convection are generally lower than those of pumped
circulation systems and the flow in natural convection does not always follow the path which a
first analysis might suggest. Programmes of experimental verification are needed. There are
further issues on whether a single natural convection system, relying only on the force of gravity
for its operation, would be adequate or if some element of redundancy would still be needed.

(2) Dedicated nuclear heating reactors (NHRs)

The power range of nuclear heating reactors is generally lower than SMR power reactors.
They are rated from about 2 to 500 MW(th). Apart from the high temperature reactors, their
outlet temperature is aimed mainly at district heating or sea water desalination and does not
exceed 130°C. This corresponds to a primary circuit temperature of around 200°C, and a power
density ranging from 2 to 60 kW(th)/l.

The smaller size and lower pressure resulting from these requirement leads to
simplification of the overall design and allows for the maximum utilization of natural processes.
Simplifications have been achieved through a less massive RPV, through integration of the
primary circuit in the RPV, and in the safety systems and containment. Further simplifications
have been made in the use of natural circulation for normal heat removal (made possible by the
large safety margins in the NHR design) and by the use of passive safety systems.

Over a dozen reactor designs are known worldwide, most of which have originated in
developing Member States. The economics of these reactors, however, can only be justified in
remote regions isolated from a national grid. Only a few of the concepts have been constructed
(e.g. AST-500 in Russia, HR5 in China and SLOWPOKE in Canada). As a result there is only
little operational experience.
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(3) Water cooled and moderated nuclear power plants

It is this area of SMR development to which most attention has been given. Common to
most SMR developments is the pursuit of passive safety systems based on the premise that such
systems are easier to implement in plants smaller than the current 1000 -1500 MW(e) units and
that they will lead to savings in overall plant cost. The prime objective is to prolong the grace
period in case of an accident from the current 30 minutes, which is commonly required by safety
authorities, to a period of several days before active measures initiated by operators are required
for long-term cooling of the reactor core. Generally, the grace period is directly proportional
to the amount of water in the passive cooling systems and inversely proportional to the nominal
thermal power. During this time, the decay heat is removed from the core by natural circulation.
Heat removal from the core cooling water is accomplished by the emergency heat removal loops
which also operate by natural circulation. The ultimate heat sink is either the atmosphere or large
water tanks within or outside the containment.

Designers have sought innovation in the areas of:

Shut-down,
Residual heat removal,
Make up water supply,
Protection against LOCA.

In addition the goal of simplification has been pursued with vigour.

In the PWR field there have been two main approaches; by development of smaller loop
type reactors or through the integral reactor route. There are more designs of the integral type
(SPWR, MRX, VPBER-600, NHR-200, SIR, SBWR, etc.), but the loop approach (AP-600,
AC-600) is more advanced in terms of market readiness. Boiling water reactors are by their very
nature of the integral type and some of their traditional features, such as pressure suppression
containment systems have been adopted by some of the PWRs.

In the pursuit of more readily demonstrable safety, design objectives have been to
increase the design margins and to enhance operating flexibility in comparison with larger
reactors. The SMR designs envisage larger specific pressurizer volumes and water inventories
above the core (in terms of m3/MW(th)). Contributions to this end are also expected from the
10 to 60 per cent lower power densities of the SMR cores than those of large reactors.

Simplification

Generally, the term plant simplification means simplification of the arrangement of
systems and equipment, of operations, inspections, maintenance and quality assurance
requirements, resulting in significant reductions in equipment and bulk material quantities.
Significant simplification of the systems throughout the plant as well as an increased application
of modularised and prefabricated construction are key design features of the advanced SMR
technologies. All new designs lay emphasis on simplification and its benefits. Most designs
have sought to reduce the number of components, such as valves or the number of cable runs,
by as much as 80% in the most favourable cases. Factory prefabrication of modularised
components, including sections of reinforced structures, and ease of decommissioning (small
components, cast iron vessels, boron tanks) are further key claims of the SMR technologies. All
principal components are to be built in a factory where full quality control and production line
techniques can be used. They are completed as modules which are then installed on site.
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The use of passive safety systems leads directly to simplification in design since it
eliminates the need for multiple redundant safety systems with their redundant safety grade
power supplies. A system which relies only on gravity for its operation has no problem about
the availability of its power supplies and has a reliability determined only by the integrity of its
piping and flow channels.

Traditional control rod drives require a lot of space either above or below the core. There
are possibilities to use liquid absorber materials, which do not require the space for rod drives
and for in vessel storage when withdrawn. There have also been designs for in vessel
mechanical drives (PSR, MRX, HR 200). These eliminate the need to consider control rod
ejection which is one of the main, but unlikely, reactivity accident initiators. A more radical
solution is in the SPWR design where liquid filled tubes are used instead of control rods.

The elimination of large primary circuit pipes in integral PWRs allows an easing of the
containment specification. Pressure suppression systems for PWRs become feasible and several
versions have been proposed.

There are very significant developments in instrumentation and control systems allowing
simplification and an increase in reliability at the same time. Many proposals use process
computers and digital electronics leading to a complete redesign of the architecture of the control
system.

(4) Heavy water reactors

Heavy water reactors have demonstrated their safety, reliability and economical viability
in several countries. Their neutron economy gives them a wide flexibility in the choice of the
fuel cycle paving the way for a better uranium utilization. Natural uranium, slightly enriched
uranium, recovered uranium from reprocessing MOX fuel, thorium or spent LWR fuel form
options for the fuel cycle of PHWRs. Most of the PHWR designs are of the channel type
allowing on power refuelling making the excess reactivity of the core small at all times. The
Canadian CANDU design and the Indian PHWR type reactor form the main technology
development activities at the commercial level.

(5) Gas cooled reactors

Gas cooled Magnox reactors have been operated in the UK since 1956. They are based
on uranium metal fuel rod technology with magnesium alloy cladding and CO2 as the coolant.
This design puts a limitation on maximum outlet temperature and consequently on the efficiency
of the plant. The later AGR reactors (also in the SMR range) obtained much higher efficiency
through a high gas temperature and stainless steel clad UO2 fuel rods.

High temperature gas cooled reactors on the other hand are based on ceramic coated
particle fuel allowing for high outlet temperature. The basic fuel design utilizes a uranium oxide
or carbide particle coated by pyrolytic carbon and silicon carbide able to withstand 800 bar of
internal pressure. The stability of this fuel at high temperatures has permitted the design of
reactors with a truly passive response to loss of all safety systems, including all gas cooling,
provided the overall diameter of the reactor and its vessel is small enough.
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(6) Liquid metal reactors (LMRs)

A fast neutron spectrum allows production of more fissile material than that consumed
for heat generation. In a fast reactor liquid metal such as sodium is normally used to remove the
heat, and it has a minimum effect on the moderation of fission neutrons. Sodium as a coolant
has an excellent heat capacity, low operating pressure and natural convection capability.

Sodium coolant has very good thermal conductivity. In the event of failure of the main
sodium pumps, heat can be transferred to the vessel boundary by conduction and natural
convection without large increases in temperature. Provided the reactor is small enough, decay
heat can then be transferred through the vessel wall to a natural convection air flow.
Alternatively a small additional heat exchanger in the sodium pool can be used to take heat to
an external heat sink by natural convection. Thus the sodium and the small size permit a passive
decay heat removal system.

1.1.5. CONCLUDING REMARKS

Small and medium reactor systems provide an attractive option for a wide range of
applications worldwide. The design approach and design characteristics of the SMRs with regard
to size, economics and safety appear to provide favourable conditions. Specific requirements on
these topics will provide a common ground for the suppliers and interested users to further the
discussion on specific design requirements such as performance, operability, maintainability,
reliability. For successful deployment, overall cost must be competitive with other alternatives,
taken into consideration the main objectives.

Among existing reactor designs, the pressurized water reactor of the integral type seems
to be well suited for a wide range of low power applications, including seawater desalination.
Integral reactors using natural circulation of the primary coolant and utilizing passive safety
systems appear to be technically capable of achieving a high degree of safety and reliability.

An important aspect to the introduction of nuclear power in a developing country is a well
planned and executed programme on the development of the required infrastructure according
to the objectives of the programme.
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Annex 1.2 XA9642988

DESALINATION PROCESSES AND TECHNOLOGIES

D.H. Furukawa
Separation Consultants Inc., United States of America

1.2.1. BACKGROUND

Desalination has become an important method for improving water quality and supply
throughout the world. It has become increasingly important as the world has become aware of
unacceptable water quality, inadequate supplies, drought situations, and difficulties with inter-
regional water transfers.

Desalination is a process discovered centuries ago, but one which has undergone
technology breakthroughs in the past four decades. The significant changes which have taken
place are the result of rising population in arid areas with poor water resources other than the
ocean, industrial development and population which has outgrown traditional water sources.
The arid middle eastern countries have experienced the most pressing need for drinking water,
and, aided by the abundance of petro-dollars in the last three decades, has spurred the rapid
development of desalination processes, particularly distillation.

In other parts of the world, industrial growth has caused the need for high quality water
for industrial processing operations. In addition the resulting wastewater has created a dual need
for a cost effective, energy efficient process. The membrane processes filled that need with
development of low cost membrane separations which are widely used in Europe, Pacific Rim
and the USA.

Another factor spurring the development of desalination processes is newly found
knowledge of contaminants in drinking water which are detrimental to human health. For
example, chlorinated hydrocarbons such as tri-halomethanes (THMs) are now recognized as
carcinogens. Giardia muris and cryptosporidium parvum outbreaks (protozoan organisms) in
the USA have caused additional health concerns and renewed energy toward better water
treatment processes. The recent development of nanofiltration and ultra low pressure reverse
osmosis offers cost efficient methods for removal of these contaminants.

In fast developing urban coastal areas, continued withdrawal of groundwater supplies has
resulted in the intrusion of seawater, causing increasing salinity in the groundwater basins. An
innovative method is widely used in southern California to deter seawater intrusion. Municipal
wastewater is reclaimed utilizing traditional primary and secondary treatment, followed by
reverse osmosis and disinfection, then injected into a series of wells along the coast which act
as a barrier to intruding seawater. The coastal barriers have been extremely effective.

The thermally driven multi-stage flash evaporation (MSF) process is still the most widely
used desalination process. This is particularly true in the middle eastern countries, where
petroleum is plentiful. Fast developing as a preferred method are the membrane processes,
which are non-thermal, and electrically driven. The processes are more cost effective and utilize
electricity from existing power grids. In remote areas, alternative energy sources can be used
such as solar or wind energy.

There is a serious interest in the use of nuclear power for desalinating seawater. Led by
the IAEA, strong efforts are underway to understand the implications of combining nuclear
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produced energy with desalination. A study has been made of various desalination processes
and reverse osmosis (RO) has been selected as one of the processes with most promise,
combining low energy consumption with little possibility of contamination with radioactive
water. On the other hand, multi-effect distillation (MED) and MSF depend less on feed water
quality and, in the case of poor feedwater quality, RO needs more sophisticated pre-treatment and
monitoring.

Today, more than 70% of the world desalination capacity is in the middle eastern
countries, with Saudi Arabia having the greatest capacity. MSF comprises most of this sub total.
The USA is second in world capacity, but nearly all of the installed capacity is comprised of
membrane systems. RO comprises most of this sub total.

1.2.2. CURRENT DESALINATION TECHNOLOGIES

(1) Global perspective

Most of the major commercial desalination plants have been built in the Middle Eastern
countries. Of these, the majority are seawater desalination plants with integrated power
production and desalination. Some recent large plants have been built combining distillation and
RO, to take advantage of the merits of both.

In the Americas, the predominance of desalination activity has been with brackish water
plants. Most of them are RO and electrodialysis processes. The state of Florida leads the
production of desalinated drinking water with more than 570 000 mVday of installed capacity.
Nearly all of this capacity is low pressure RO, or nanofiltration, for desalination of brackish
water. Few seawater plants have been constructed and few are projected for the future. There
is great activity, however, in using membrane processes for reclaiming wastewater for secondary
reuse, and a leading edge project in California to re-purify reclaimed effluent for direct placement
in a drinking water reservoir.

Japan has played a leading role in the development of membrane processes. Since the
demise of the USA government effort they have led the continued development of RO
membranes. Many Pacific Rim countries have been active in the design and construction of
large plants, many in the middle eastern countries. Korean and Japanese companies have been
particularly active. Although several small RO plants have been installed with Japanese nuclear
plants, seawater desalination has not been applied on a large scale in Japan. The biggest
advances have been in utilization of RO and ion exchange for production of ultra pure water.

The countries of the European Union have played a major role in design and construction
of many middle eastern desalination plants, and the only graduate program in desalination in the
world was established in Scotland. European countries have been leaders in developing
desalination processes for industrial use.

Eastern European countries have been slow to develop desalination expertise, but are
actively pursuing use of desalination technology. Their primary thrust has been to utilize the
technology to accelerate industrial development.

North African countries have used desalination for decades, but mostly with small plants
for arid and remote locations. The popular tourist areas are now beginning to use desalination
extensively. A few systems in the 10 000 mVd range have been successfully installed. The use
of nuclear energy to power RO systems is being actively pursued in a number of countries.
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South Africa has been active for many years in desalination technology and has spawned at least
one active RO manufacturer.

World-wide installed capacity grew to 18 678 000 m3/d by the end of 1993 when the last
world inventory was conducted [1.2-1] and has grown more than 15% in the past two years.
There were never more desalination plants built than in the 1992/93 biennium; it exceeded the
previous biennium by 22%. Continued growth equal to or exceeding the growth rate in the last
biennium is anticipated. The majority of desalination capacity is still located in Saudi Arabia
[1.2-1]:

INSTALLED DESALTING CAPACITY BY COUNTRY

Country Capacity (m3/d) Percent of total (%)

Saudi Arabia
USA
United Arab Emirates
Kuwait
Libyan Arab Jamahiriya

5 020 324
2 749 816
2 081 091
1 523 210

677 750

26.9
14.7
11.1
8.2
3.6

Although distillation processes, primarily MSF have dominated world capacity, RO has
grown steadily and now constitutes more than 32% of the installed capacity of land based plants.
Saudi Arabia, Kuwait and the United Arab Emirates operate more than 69% of the MSF capacity.
The USA has greater RO capacity than any other region, but most of the capacity is for brackish
water.

INSTALLED CAPACITY BY PROCESS

Process Capacity (m3/d) Percent of total

Multi-Stage Flash (MSF)
Reverse Osmosis (RO)
Electrodialysis (ED)
Multiple Effect Distillation (MED)
Vapor Compression (VC)
Membrane Softening (MS)
Other

9 633 347
6 100 224
1070005

765 143
686418
341 299
104811

51.5
32.7
5.7
4.1
3.7
1.8
0.6

Even though MSF continues to command the largest percentage, that percent of total
capacity has steadily declined from 1984 when it comprised 67.6% of the total. By comparison,
RO has stabilized at 32.7% from 20.0% in 1984. Membrane softening (MS) is a relatively new
process, which gained favor in the USA when trihalomethanes (THMs) became recognized as
carcinogenic constituents in many drinking water supplies. Although THMs are not well
removed with membranes, their precursors are removed very well. The practice is to remove
the precursors with membrane softening prior to disinfection. MS is a low pressure RO
technology.
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(2) Reverse osmosis

When solutions of two differing concentrations are placed on either side of a semi-
permeable membrane, water passes through the membrane toward the more concentrated side
in an effort to equalize the concentrations. The force created by this water movement is called
osmotic pressure. For the purpose of seawater desalination or water cleaning, mechanical force
is applied to the more concentrated side with a hydraulic pump. Once the osmotic pressure is
overcome, water molecules are transported across the membrane to the side with lower
concentrations.

Even though there are several membrane processes including RO, electrodialysis,
membrane softening, and electrode ionization, the balance of this report will discuss only RO,
since it is the only commercial membrane process capable of desalinating seawater economically.

RO utilizes semi-permeable membranes through which water is forced under hydraulic
pressure. Water is transported through the membrane, excluding inorganic ions and most
organic molecules. The mechanism for transport is generally recognized to be ion diffusion.
Currently two basic membrane types are available:

(a) Asymmetric: cellulose acetate polymers which are inexpensive, but require two passes
for seawater to reach potable water quality. Polyamide hollow fibers are
more costly, but allow production of potable water quality with a single
pass.

(b) Thin film: generally polyamide thin films which are cross linked with underlying
porous polymer support. They can obtain potable quality water from
seawater with just one pass through the membrane. They are more
expensive than cellulose acetate, have better chemical resistance and
better salt removal, but tend to foul with biologic matter more easily.

The spiral wound design for membrane elements is a unique design incorporating flat
sheet membranes into a compact cylindrical configuration. The membrane packing density is
vastly improved over tubular and plate and frame designs.

The hollow fiber design is comprised of millions of small diameter fibers (typically
50-80 microns o.d., 20-40 microns i.d.). Feedwater flows around the outside of the fibers and
is forced through the fiber walls to the lumen, which conveys the product to the end plate where
it is collected.

Pre-treatment of the feed water prior to the membrane section is an important step in RO.
Some typical pre-treatments include:

(a) Removal or minimization of fouling constituents
(b) Acid addition or threshold inhibitor addition for scaling control
(c) Chlorination for biologic micro-organism control (and de-chlorination if chlorine

sensitive membranes are used)
(d) Micron cartridge filtration.

The degree of pre-treatment required is dependent on the characteristics of the feedwater,
and is greatly affected by the type of intake structure adopted. Since RO requires feedwater with
low turbidity and suspended solids, natural seawater wells are preferred. The vast majority of
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seawater RO systems constructed with seawater well fields for intakes have operated superbly.
For these systems, only minimal pre-treatment is required, usually consisting of chemicals
addition, and micron filtration.

Where seawater well fields are not possible due to the hydrogeology of the site area,
submerged or open seawater intakes may be required. Submerged intakes are more successful
than open intakes, but still require more rigorous pre-treatment than seawater wells, due to higher
turbidity and abundance of ocean biota. Successful plants have been built using bacteriostat and
chemical addition, followed by conservatively designed multi-media filtration (low throughput
per square foot) and micron cartridge filtration.

Common siting of a reverse osmosis plant with a nuclear plant suggests that the two
plants can share intake and discharge structures. Due to the large volume of water required for
nuclear plant cooling, an open intake system would be the least expensive to construct.
Unfortunately, many membrane fouling problems have incurred with open seawater intakes.
Shallow intakes require extensive pre-treatment which may include coagulation, sedimentation,
followed by dual or multi-media filtration, chemical addition and micron cartridge filtration.
The solutions have been documented, so the proper pre-treatment can be established, but the cost
may exceed other alternatives.

Co-location would allow utilization of available thermal energy to raise the feedwater
temperature, which may be attractive in areas where seawater temperature is cold. Higher
temperature lowers the operating pressure at constant flux, or results in higher flux at the same
pressure. These factors would reduce the operating cost and/or the capital cost. Raising of
feedwater temperature must be done judiciously, since elevated temperature also results in higher
product water salinity, generally results in more rapid membrane fouling (requiring more
frequent cleaning), may cause greater membrane compaction (resulting in lower flux or higher
pressure), and may reduce membrane life. The savings in total water cost by elevating
temperature from 15~18°C to 30°C is expected to be in the range of 3%.

A factor which has become more prominent in recent years is the disposal of the brine.
Even though large plants have been operating for many years with brine disposed to the ocean,
there has not been a significant amount of research conducted on the effect on local environment.
Recent research efforts have resulted in the development of a computer code which approximates
the behavior of the discharge plume under various conditions [1.2-8]. The mixing of RO brine
with copious volumes of cooling water discharge minimizes the possibility of high salinity brines
reaching the ocean floor, which may cause environmental damage. Research indicates that
brines can be safely discharged into the ocean environment, but the design of the discharge line
and methodology used is site sensitive. The environmental impact will be an important aspect
in the design of future plants.

It is doubtful that a large nuclear plant could be built close to a large urban area. This
would necessitate the conveyance of product water for a relatively long distance, incurring the
additional cost for piping and pumping. Separately located facilities, on the other hand, would
require construction of separate intake and discharge structures. All of the advantages and
disadvantages of siting must be weighed to determine the most cost effective solution for a
particular site.

RO has become widely used because of its effective removal of dissolved solids
(approaching 99.5% removal of sodium chloride), organic contaminants, bacteria, and viruses.
The removal efficiency of thin film membranes are stable with time, and membrane life is now
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about five years. Low corrosion materials can be utilized, and operation takes place at low
temperature. One of the features which makes it attractive to operators is its simple operation;
the process requires little supervision. With proper design and operation, RO plants can achieve
90-95% plant availability.

The recovery rate of a water treatment process is defined as the volume of product water
produced from unit volume of feedwater. For seawater RO, the recovery ranges from 30 to 50%,
depending on the salinity of the feedwater and the pressure capability of the membrane used.
Since RO is a pressure driven process, the driving force must exceed the osmotic pressure of the
solution, which increases with the recovery rate.

The product water achieved by reverse osmosis with a single pass varies with the degree
of recovery employed. Quality exceeding WHO standards can be achieved. Due to the
characteristic of membranes to remove multivalent ions much better than monovalent ions,
remaining ions are nearly all sodium chloride. The result is a negative Langelier Saturation
Index (LSI), which is corrosive to distribution piping. Chemicals such as lime are commonly
added to increase the LSI to a positive level, before distribution.

With regard to equipment, energy recovery devices have been utilized for more than two
decades. The early designs were either not very efficient, or unwieldy to incorporate into
systems. Recent products seem to avoid both deficiencies, and the energy consumption for
seawater desalination has decreased to a standard of about 4.5 kW(e)h/m3. Highly efficient
energy recovery systems have successfully operated for six or more years, at about
3.2 kW(e)h/m3, but these are not yet suitable for large systems. A new energy recovery pumping
system has been recently developed and will begin prototype testing soon. Energy consumption
in the range of 2.5 to 3.2 kW(e)-h/m3 is anticipated.

The desire to minimize brine discharge, which necessarily increases feed pressure
required to raise the recovery rate, has induced companies to explore higher operating pressures.
Pressures of 8.4 MPa for spiral wound elements and 9.8 MPa for hollow fiber elements are now
available for commercial products.

The process has developed steadily, having been commercialized in just the last 30 years.
Remarkably, the same cellulose acetate formulations developed in the 1960s are still in use
today. The thin film membranes were introduced in the late 1970s and represented a true
technology breakthrough. Research and development efforts in the last 20 years have not
resulted in signs of any new breakthroughs.

Due to intense competition in the past few years, the cost of RO membranes has been
reduced considerably. Recent commercial offerings indicate capital cost as low as US
$1000/m3/d installed capacity and water cost of about US $1.00/m3 (based on standard basis for
costing [1.2-9]. The lower cost of membranes and improved equipment and technology will
continue to reduce the cost of desalination with reverse osmosis.

(3) Thermal process

The thermal processes discussed in this section [1.2-9] include those processes which
commercially deployed acceptance for seawater desalination, and include:
(a) Multi-Stage Rash Evaporation (MSF)
(b) Multiple Effect Distillation (MED)
(c) Vapor Compression Distillation (VC)
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The total dissolved solids (TDS) content of seawater varies considerably depending upon
specific site location, and may vary from 15 000 to 50 000 ppm TDS. In addition to this
inorganic content, various organic species may be present.

Thermal processes are generally excellent for removing dissolved minerals from water.
Typically, a unit in good mechanical condition and operated properly can achieve water quality
of less than 1.0 mg/1. The removal of organics, including volatile organics is also good.
Although volatile organics can evaporate with the pure water, there is little chance of re-
dissolving them in the product water if the venting system in the condensing section is designed
and operated properly. The volatile substances are removed from the condensing section with
the "sweep" steam, used to ensure that all gases are removed from the unit.

The extent of pre-treatment required for thermal systems varies with the design of the
system. For higher temperature operation, more complex pre-treatment is required to prevent
scaling and minimize corrosive effects.

PRE-TREATMENT REQUIREMENTS

Process

Multi-Stage Flash
Multi-Stage Flash

Vapor Compression
Vapor Compression

Operating
temperature (°C)

88
113

Ambient
88

Pre-treatment*
requirements

Polyphosphate
Acid or polyelectrolyte
Degassification
Deaeration
None
Polyphosphate

(*Seawater requires chlorinationfor biological control)

The recovery rate of thermal processes is dependent upon feedwater quality and operating
temperature. The difference between the feedwater temperature and the process operating
temperature is the driving force for water production. Thus, as the temperature difference
increases, greater recovery rates are possible.

MAXIMUM RECOVERY RATES FOR
THERMAL PROCESSES

Process

Multi-Stage Flash
Multi-Stage Flash
Multiple Effect Distillation
Multiple Effect Distillation
Vapor Compression
Vapor Compression

Operating
temperature

88
113
71

113
Ambient

88

Maximum
recovery

12
20
30
40
40
50
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The temperature difference driving force is produced by raising the operating
temperature, normally by steam. Each process also uses electricity for pumping purposes.

A commonly used term in thermal processing is "performance ratio" which is the quantity
of distillate produced for a given quantity of energy consumed in the process. It is determined
by considering the efficiency of the heat cycle used to produce process energy. The following
table shows process energy, primary energy and equivalent oil use at maximum attainable
performance rates.

Thermal desalination plants can benefit from dual purpose arrangements, i.e. plants which
produce both electricity and water. Benefits accrue from the allocation of energy and costs to
each of the processes and are further increased by a reduction in steam costs.

Reliability is very important to plant owners. Processes that operate at high reliability
offer the potentially lowest water costs. All desalting processes have demonstrated plant
availabilities of over 85 percent.

ENERGY USE PROJECTIONS - SINGLE PURPOSE PLANTS

Process

Multi-Stage Flash

Multiple Effect
Distillation

Vapor Compression

Recovery

(%)

21

31

50

Process
&pump
Use

53.7 kW(th)h/m3

2.6 kW(e)h/m3

43.0kW(th)-h/m3

1.32kW(e)h/m3

15.8 kW(e)-h/m3

Equivalent
fuel oil use
(m3 oil/m3 water)

6.3 x 10"3

4.2 x 10"3

3.6 xlO"3

Process operational flexibility is also an important factor to allow plants to operate at off-
design conditions. Flexible operation is required when there are increases or decreases in water
demand, changes in feedwater temperature, and cleaning of process surfaces (e.g. heat exchanger
tubing). For small changes, demand can be met from available storage capacity. For large
changes, operational changes must be made. This requires changes in maximum operating
temperature or mass flow rate through the unit or both simultaneously. The ability of a process
to meet changing demands must be accommodated in the plant design. Thermal processes can
operate at minimum partial load of 25%.

Thermal processes are designed with different plant configurations, which generally
refers to the particular arrangement of the heat exchanger tubing. The common arrangements
for multi-stage flash, multiple effect distillation and vapor compression respectively are: once
through, recycle, single or multiple decks; horizontal tube, vertical tube, feed forward;
mechanical compressor or steam-driven-compressor.

The product from thermal plants is of high quality, with TDS in the 1 ppm range. The
resulting Langelier index of about - 8.1 is extremely corrosive, and chemicals (usually lime and
caustic) are added before distribution.
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As with reverse osmosis, brine disposal is an important consideration. In addition to
concentration of naturally occurring components from seawater, heavy metals may be present
and higher brine temperature will be experienced. Existing seawater thermal desalination plants
return the brine is returned to the ocean.

Although it is difficult to generalize when discussing process costs, one may chose fairly
standard conditions used by most technologists [1.2-9] and the following comparisons can be
made:

DESALINATION COST COMPARISON
(40 000 m3/d plant capacity)

Process Capital cost Water cost
(US $/m3/d) (US $/m3)

Single purpose Dual purpose

Multi-Stage-Hash 1945 2.2 1.78
Multiple Effect Distillation 1430 1.81 0.95
Reverse Osmosis 1000 0.92

The key environmental concerns for thermal processes are land use, noise, brine disposal
impacts, air quality, and construction impacts; however, amenable solutions for these potential
problems can be found for nearly every plant.

1.2.3. FUTURE POTENTIAL OF DESALINATION

There is always the potential of improving desalination technology to make the processes
more efficient and more cost effective. There are also new concepts which are being researched
today which show promise. Although there have been no major breakthroughs in technology
since the discovery of thin film composite membranes in RO, subtle improvements were made
with each decade. The evaporation processes have exhibited improvements in materials and
scale prevention chemicals to make the processes more reliable and more economic.

(1) Reverse osmosis

The greatest potential for improvement in desalination is with the RO process. There
have been great strides made in membrane development in the last 30 years which has resulted
in improvement of salt rejection from 85% to 99.5%, and improvement in flux from 0.33 to 0.61
m3/m2/d at 5.6 MPa. There are other anticipated improvements:

Membranes. Bacteria and chlorine resistant membranes for seawater service may be just
around the comer. Significant research and development effort continues in this area.

Membranes. Higher pressure membranes and modules continue to develop. Hollow
fiber membranes have already exhibited 9.8 MPa capability and flat sheet spiral wound
membranes are now available up to 8.4 MPa. These developments will continue,
although there are economic trade-offs between increased recovery and energy
consumption.
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New membranes. The attraction of new polymers for desalination will continue. New
concepts such as block grafting and surface chemistry may result in an entirely new
membrane to augment current products.

Improved pre-treatment. Increasing emphasis on improved pre-treatment will result in
new techniques and improvements in traditional methods. Both microfiltration and
ultrafiltration offer this possibility.

Larger membrane elements. The largest membrane elements to date are 30 cm diameter
and 152 cm length. With improvement of pre-treatment methods, longer membrane life,
and simplified cleaning methods, the handling factor becomes less important and larger
membrane elements are feasible.

Larger membrane modules. Since RO plants are already fabricated in "trains," the
commercial availability of pre-constructed standard train packages is close at hand.
Packages of 10 000 m3/d are being prepared for commercial offering. This should
further reduce capital cost.

Efficient energy recovery. For seawater desalination, the recovery of energy for RO is
still a key element in reduction of power consumption and hence, operating cost. Several
energy recovery devices of higher efficiency are currently being tested and a promising
low energy pump/recovery unit is being developed.

(2) Multi-stage flash evaporation

Much of the improvement of thermal processes has already occurred, but additional
improvements are anticipated:

Increasing maximum operating temperature. This can be accomplished by removing
scaling components and/or developing better scale inhibitors. The former is feasible by
utilizing nanofiltration to pre-treat seawater, which would remove the hardness
components. Although this has not yet been done, the concept is sound and
nanofiltration is an accepted technology. Improvement of chemicals is the subject of
extensive research. The result would be reduction of heat transfer surface area,
decreasing evaporator size, and hence, capital cost.

Development of new materials. There has been a considerable effort to improve
construction materials of both shells and tubes. There will be continued improvement
with new high temperature plastics, coatings for steel, concrete, and tube materials.
These improvements should reduce both capital and operating cost.

Increase size of evaporator module. There is movement in this direction toward a
"standardized design" of -90 000 mVd.

Raising operating ratio. Through improved new philosophy regarding proper
maintenance and possibly larger capacity storage tanks, a higher operating ratio is
possible.
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(3) Multiple-effect distillation

High temperature operation. Operation at higher temperatures in the 130~140°C range
is possible through improved pre-treatment and uniform liquid dispersion on the heat
transfer surface.

Improved materials. Although aluminum tubes have now been used for some time,
improved materials are needed. The difficulty is in achieving the required heat transfer
coefficients while using low cost materials which resist corrosion.

(4) Vapor compression distillation

Larger compressors. The challenge of building larger compressors for this service with
reliability and cost effectiveness continues. This should become a reality in the future,
increasing module size and reducing both capital and operating cost.

Cogeneration plants. The combination of vapor compression units with small scale
power generation plants (diesel or gas turbine) should be considered.

(5) Alternative energy sources

In addition to nuclear energy, considerable progress is being made in developing
alternative energy sources.

Fuel cells. Several options are being considered including use of fuel cell waste heat for
evaporation, operating electrodialysis with the generated DC power, and operating RO
by converting the generated DC to AC power.

Geothermal. Some geothermal resources are already used as a heat source for heating
buildings and are projected for use for pre-heating seawater prior to RO desalination
processes.

Photovoltaics (PV). Several years ago, PV was considered for desalination and several
small systems were built. The PV cells are improving considerably, and may now be
approaching outputs which make it a viable alternative energy source, particularly when
used concurrently with improved membranes, pumping and energy recovery systems.

(6) Environmental considerations

Insufficient resources have been utilized to examine the environmental effects of
desalination processes. Some of the ongoing research is directed to solution of the following:

Mitigating the potentially lethal effect of hypertonic solutions on marine organisms
Oil contamination countermeasures for seawater plants
Environmentally suitable intake and discharge systems for seawater plants.

(7) Future research approach

There is much room for continued improvement in desalination processes. It will require
concerted focus on these problems to achieve the desired results, rather than the isolated,
independent studies common to date. With the diminishing availability of research funds, there
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are added pressures to consolidate research efforts with co-funding from several entities. Joint
funding is an approach already embraced by several research institutes and organizations in the
USA.

The National Water Research Institute (NWRI) utilizes private funds to seek matching
funds from government agencies, research institutes, and private industry to jointly fund water
research projects. It is an institute "without walls." That is, none of the research is conducted
within the walls of the institute. In a concerted effort to reduce the cost of research, funds are
provided to the principal investigator to conduct the research at his own facility, or one which
can be provided for him. The next stage of the development will be establishment of National
Centers for Research. Facilities at the centers will be made available for researchers to use,
supported by the NWRI. They have been joined by the USA Bureau of Reclamation and the
USA Department of the Army in this effort.

The establishment of the Middle East Desalination Research Centre is an example of
using funds from several different countries to support water research. The Center will also be
one without walls, funding R&D at any of several research laboratories and universities in the
Middle East. One of the principal assets of the Center will be a communications network in the
Middle East, providing access to shared research results. Several countries have already made
funding commitments to this effort, and more are expected. The Center was established by
efforts initiated by the Sultanate of Oman within the Multi-lateral Water Resources Committee,
Middle East Peace Process.

Continued pooling of resources is encouraged to advance the current state of the art in
desalination technology. Although the competitive energies of commerce tend to keep research
efforts confined, it is hoped that eventually, combined research programmes among
complementary companies will be adopted. There is no question that desalination technology
is critical to the continued development in many parts of the world.
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CANADIAN NUCLEAR DESALINATION/

COGENERATION TECHNOLOGY DEVELOPMENT

J. R. Humphries
CANDESAL Inc., Ottawa, Canada

E. 1.1. BACKGROUND

Canada has long recognized the importance of nuclear technology to the industrial and
economic development of a nation. The CANDU reactor has played a significant role in the
supply of electrical energy in many countries, and its use for the supply of process heat has been
successfully demonstrated. Its application as an energy source for seawater desalination has
been the focus of activities aimed at the development a nuclear desalination/cogeneration
capability based on the integration of two well proven and reliable technologies; the CANDU
reactor as a source of electrical and thermal energy and the reverse osmosis (RO) water
purification process for seawater desalination.

It is recognized that one of the most pressing problems facing the world today is that of
inadequate supplies of safe, fresh drinking water. The severity of the problem is increasing as
populations grow, countries become more highly industrialized, and supplies of naturally
occurring fresh water diminish. Because of the abundance of seawater, desalination offers one
of the most attractive solutions to this problem. However, most countries facing severe water
shortages also face shortages of electrical energy and this creates an impediment to the
introduction of seawater desalination, which is an energy intensive process. The Canadian
approach to addressing this problem has been the development of an integrated system for the
efficient and economic cogeneration of both potable water and electricity.

H.I.2. PURPOSE AND GOAL

The goal of the CANDESAL program has been to develop innovative applications of
existing technologies that would offer an energy efficient, cost effective mechanism for the
production of potable water and electricity. Large scale seawater desalination will be an
important element in the solution of the global water shortage problem. For nuclear desalination
to capture a significant share of this growing market, it must be economically competitive, as
well as offer other advantages over more traditional fossil-fueled alternatives. The focus of
activities in Canada has been on development of the technology in directions that would result
in improved water production efficiency, reduced energy consumption, reduced environmental
burden and reduced costs.

H.I.3. CONCEPT OF NUCLEAR DESALINATION

(1) Reactor type

The CANDESAL development activities have been based on using the highly successful
and well proven CANDU reactor as an energy source for desalination. Both the currently
available CANDU 6 and the newer, lower power designs such as CANDU 3 and CANDU 80
have been evaluated in detail and found to be well suited to nuclear desalination application. The
integration of reactor and desalination technologies as described below allows the use of a
standardized reactor design, thereby eliminating the need for reactor design changes to
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accommodate the desalination application and retaining maximum efficiency of electrical
generation from the nuclear power plant.

(2) Desalination system

Reverse osmosis has been selected as the desalination technology for the Canadian system.
It is recognized as being the most energy efficient process currently available. It also has the
advantage of offering the most potential for further technological improvements which could lead
to additional improvements in water production efficiency and reduced costs.

(3) Integrated plant concept

Proper design integration and optimization of performance characteristics are essential to
achieving the objectives of improved efficiency and reduced costs. In addition to electrical
coupling required for RO systems, the Canadian approach to system integration uses the reactor
condenser cooling water discharge stream as preheated feedwater to the RO system. This
provides a significant improvement in RO system efficiency, thereby reducing both capital cost
and unit water production costs. Further improvements are achieved by using advanced
feedwater pre-treatment, energy recovery systems, and sophisticated RO system design
optimization techniques similar to those used in the nuclear industry. Potential savings in unit
water production costs on the order of 8-12% are considered achievable. Water production can
vary over a range from a few tens of thousands of cubic meters per day to a several hundred
thousand cubic meters per day, depending on user requirements and on the particular CANDU
reactor being used. Up to 25% of the reactor's electrical power production can be economically
used for water production, with the balance being distributed to the grid.

H. 1.4. SCHEDULE

Pre-design feasibility studies and conceptual design work have been completed. Economic
studies have been carried out to assess the benefits of the design innovations introduced.
Preliminary design and detailed engineering will be carried out on a project specific basis. The
technology is low risk due to its reliance on existing reactor and desalination systems, and at this
stage is considered ready for deployment in commercial production facilities.

H.I.5. PROGRAM ORGANIZATION

The CANDESAL nuclear desalination/cogeneration development program is being carried
out by private industry in Canada, with support and cooperation from government through
Atomic Energy of Canada Limited. Industry has taken the lead in design integration and system
optimization, and in the development of innovative approaches to the application of the RO water
purification process.

n.1.6. INTERNATIONAL COOPERATION

Canada has cooperated with the IAEA through extra-budgetary contributions and through
active participation in all aspects of their nuclear desalination development program. In addition,
Canada is prepared to cooperate on a bilateral or multi-lateral basis with other countries in a
nuclear desalination demonstration program or in full scale deployment of production facilities.
Continued cooperation with the IAEA in their programs is expected.
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Annex II.2
THE NUCLEAR DESALINATION DEMONSTRATION PROJECT IN CHINA

Dong Dou
Institute of Nuclear Energy Technology, Tsinghua University, China

H.2.1. BACKGROUND

Based on the huge energy demand and limited on resource supply, nuclear energy will
inevitably play an important role in China. There are three commercials nuclear power reactors
in operation with a total output of 2100 MW(e). Another two nuclear power projects with a total
output of 3000 MW(e) will be started to construction. At the same time non-electric application
of nuclear energy has been developed due to huge market potential. They are mainly used for
house heating and seawater desalination. The first 5 MW(th) heating reactor has been putted into
operating in 1989. The demonstration heating reactor with output of 200 MW(th) has been
approved to be built in northern part of China.

H.2.2. PURPOSE AND GOAL

A small full scope nuclear seawater desalination demonstration plant, using 5 MW(th)
nuclear heating reactor, with a capacity of 3500 mVd will be built at the Chandao county in the
north coast of Sandong peninsula in China. The Chandao county is composed of 32 islands with
total land area of 56 square kilometers. There are about 44 000 residents in the county. Chandao
island is in great shortage of fresh water supply because it is poor in term of precipitation and
groundwater resource. It has severely affected on the living of local residents and economic
development. The nuclear desalination demonstration project could meet the need of fresh water
in the near future.

A commercial nuclear desalination plant, based on the 200 MW(th) nuclear heating reactor,
with a capacity of 150 000 m3/d is also planed to be built in Dalian City at the end of this century.

E.2.3. CONCEPT OF NUCLEAR DESALINATION

(1) Reactor type

Based on the experience of 5 MW(th) nuclear heating reactor HR-5, developed by Institute
of Nuclear Energy of Technology, Tsinghua University, the nuclear reactor is a vessel type three
circuits light water reactor with integrated arrangement, natural circulation self-pressurized
performance in the primary loop, and with dual vessel structure. The hydraulic control rod drive
system and passive residual heat removal system are used in the design. Due to the safety
features this kind heating reactor could be built near the city for supply heat for seawater
desalination or space heating. The pressure of the intermediate circuit is higher than the primary
circuit to avoid radiation leakage and contamination to the desalination plant. The operating
pressure in the primary circuit is 2.5 MPa and the outlet temperature at the reactor outlet is
213°C.

(2) Desalination system

The MED process is used to couple the nuclear heating reactor with desalination system.
The nuclear heating reactor parameters perfectly match the requirements of MED process. The

99



heat produced from the nuclear heating reactor could be connected through the third circuit to
the MED desalination plant with a maximum brine temperature of 120°C.

(3) Integrated plant concept

Based the operation experience of 5 MW(th) heating reactor, the nuclear heating reactor
has a good load-follow characteristic, so the interaction between the desalination process and
reactor could be minimize. Due to the inherent safety features of the nuclear heating reactor, the
nuclear desalination plant could be built directly near the final user. Then the water transport
cost could be dramatically reduced.

H.2.4. SCHEDULE

The Chandao 5 MW(th) nuclear desalination demonstration programme will be carried in
three phases. The feasibility study and license application phase, it will take about 1.5 years. The
engineering design and construction phase will be about 4 years and the commission phase will
be about 0.5 year. The total project is planed to put into operation before 2003 if the finance
problem could be solved.

H.2.5. PROGRAM ORGANIZATION

The Government of Chandao county will be the owner of Chandao demonstration nuclear
desalination plant under the financial support of the State Scientific and Technology Commission
of China. The Institute of Nuclear Energy and Technology, Tsinghua University has the
responsibility of project management and reactor design. Some international vendors they are
interested in the demonstration of nuclear desalination will offer the MED desalination part and
sharing the experience of the demonstration.

H.2.6. INTERNATIONAL COOPERATION

China would welcome international cooperation, based on agreements beneficial to all
parties involved, in the Chandao project for nuclear seawater desalination.
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Annex II.3
THE NATIONAL PROJECT ON NUCLEAR DESALINATION IN INDIA

B.M. Misra
Bhabha Atomic Research Centre, India XA9642991

H.3.1. BACKGROUND

BARC (Bhabha Atomic Research Centre) has successfully developed both thermal and
membrane desalination technologies for seawater and brackish water desalination.

We have operated a 425 m3/d Multi-Stage-Flash (MSF) desalination plant producing good
quality water from seawater suitable for drinking and industrial water requirements. We have
also developed knowhow for Low Temperature Vacuum Evaporation (LTVE) desalination plants
utilizing waste heat. Reverse Osmosis (RO) technology developed at the centre has been
successfully demonstrated.

n.3.2. PURPOSE AND GOAL

The experience obtained from the above plants has been utilized for designing a large scale
hybrid desalination plant based on MSF and RO for augmenting the drinking water supply in
water scarcity coastal areas.

A 6300 m3/d (1.4 MG/d) MSF-RO hybrid desalination plant is being set up at one of our
reactor sites. It will blend product water of MSF and RO plant to get drinking water (250-300
ppm TDS) from seawater. In case of nonavailability of steam from nuclear power station, RO
plant will continue to produce fresh water. A part of the high quality product water (around
20 ppm) from the MSF plant is used for make-up water requirement of the nuclear power plant
after polishing. At a later stage, utilization of reject stream of RO to MSF plant will be tried.

H.3.3. CONCEPT OF NUCLEAR DESALINATION

The cost steam/power produced from coal based power plants in water scarcity coastal areas
is relatively high as they are located at fairly long distance from pit head. The cost of steam from
nuclear power station dose not depend on its location. Nuclear desalination also helps in
checking the release of CO2 and other harmful substances to the environment. The waste heat
of the D2O moderator is also utilized for producing make-up water for the power station from
seawater.

(1) Reactor type

The power reactor is India are Pressurized Heavy Water Reactor (PHWR) with natural UO2

as fuel and D2O as coolant as well as moderator. Pressurized D2O coolant transfers the nuclear
heat from fuel bundles to the steam generators to produce steam at 250°C and 4 MPa. PHWR
is safer for nuclear desalination as it has an additional barrier fluid between reactor coolant and
the fluid used as heating media for the desalination plant. To rule out any radioactive
contamination steam from other source will be used in the vacuum ejector.
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(2) Desalination system

Thermal desalination technology developed by us is based on MSF process wherein low
pressure steam from the power station is used for seawater evaporation. It is based on long tube
design concept having 33 flash stages. It has recirculation type and produce 9 kg water/kg of
steam. It has lower capital cost because of lower fabrication cost in India compared to
international costs. It provided high quality product water useful for industrial needs as well.
Membrane desalination is based on seawater Reverse Osmosis (SWRO). It uses present day
seawater RO membrane for producing fresh water.

(3) Integrated plant concept

MSF plant uses the steam from the low pressure (LP) turbine of the nuclear power plant for
heating the brine. The brine in the brine heater is maintained at sufficiently higher pressure than
the steam so that the direction of leakage in the brine heater, if any, is from the desalination
system and not into it. Thus, the probability of radioactive contamination of the desalted water
is extremely low.

Conventional SWRO is electrically coupled to power plant. The thermal coupling of
SWRO plant with power plant condenser discharge seawater stream (35~40°C) of nuclear power
plant to achieve higher membrane flux and higher energy recovery from the reject brine using
Energy Recovery Turbine (ERT) is also proposed to be explored.

H.3.4. SCHEDULE

The project has been taken up in the Dtth five year plan and is expected to be completed by
1999 end.

H.3.5. PROGRAMME ORGANIZATION

The plant will be set up by BARC in collaboration with the concerned nuclear power
station.

n.3.6. INTERNATIONAL COOPERATION

India would welcome international cooperation, based on agreements beneficial to all
parties involved, in the combined MSF-RO desalination plant.
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Annex II.4

DEVELOPMENT OF A NUCLEAR CO-GENERATION PLANT FOR
SEAWATER DESALINATION IN THE REPUBLIC OF KOREA

M.H. Chang
Korea Atomic Energy Research Institute (KAERI), Republic of Korea

n.4.1. BACKGROUND

Since the first installation of nuclear power plant in 1978, nuclear energy has largely
contributed to the national economy development and is considered as an essential energy source
for the continuous economy improvement. Long-term national efforts with respect to nuclear
energy utilization now came up with a successful establishment of the self-reliance in commercial
nuclear technology including nuclear infrastructures. Based on the well established commercial
nuclear technology and experiences in nuclear power utilization, Korea is now ready to further
expand the peaceful utilization of nuclear energy technology to the various non-electric
applications such as for seawater desalination.

Among non-electric applications of nuclear energy, nuclear seawater desalination has
received a growing attention as a possible promising solution for better human life by resolving
the fresh water shortage problem. The fresh water shortage problem has already been faced in
some parts of the globe. The forecast on this problem is even worse in coming future. To be
ready for the future and also to expand the nuclear energy utilization, Korea has set up to a
programme for developing an integrated nuclear seawater desalination system with an advanced
cogeneration reactor to produce potable water and electricity safely and economically.

H.4.2. PURPOSE AND GOAL

The purpose of the on-going program mainly lies on the development of relatively
small-sized advanced nuclear reactor to be utilized as an energy source for seawater desalination.
The well established desalination technology in Korea is ready to be coupled with a reactor on
demand of desalination process and water production capacity. The program aims to complete
the design and construction of a nuclear co-generation plant by the year of 2005 for seawater
desalination as a demonstration purpose of nuclear energy utilization in non-electric applications.

H.4.3. CONCEPTS OF NUCLEAR DESALINATION

(1) Reactor type

A reactor type currently under conceptual development is a light water-cooled advanced
integral reactor with 33OMW thermal power. Existing and proven PWR technologies will be
basically utilized for the reactor development. Various intrinsic and passive features will be
implemented to enhance the safety and reliability of the reactor. The reactor safety systems thus
primarily function in a passive manner when required. The reactor power is considered as a
suitable size for energy supply to the industrial complexes and/or to the remotely isolated areas.

(2) Desalination System

Most suitable desalination technology (process) to be coupled with a reactor to compose an
integrated nuclear desalination system will be selected on the basis of further and in-depth
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considerations of various factors such as safety, economy, technical aspects, etc. The related
desalination technology is already well established in Korea.

(3) Integrated plant concept

The basic and overall concept of an integrated nuclear desalination plant is currently under
study. Nuclear power plant and desalination plant will locate at common site on the seashore.
The products of the integrated plant will be both potable water and electricity. The amount of
water production will be approximately 40 OOOmVd. However, it will be dependent on the
desalination technology to be coupled. The excess of energy produced in the form of electric will
be connected to the grid.

n.4.4. SCHEDULE

The program will be carried out in three phases; conceptual design phase (1996-1997) for
both reactor and desalination systems, basic design phase (1998-2000), and site-specific detailed
design and construction of an integrated plant (2001-2005). As mentioned above, major efforts
will be put on the reactor development to meet the project schedule.

n.4.5. PROGRAM ORGANIZATION

The program is a first large-scale nuclear program to be executed through wide-range joint
cooperation between government and private nuclear industries in Korea with respect to
non-electric application of nuclear energy. The government leads the program by financial
support for the reactor development. Korea Atomic Energy Research Institute (KAERI) has a
major responsibility of project management and reactor/fuel development. Nuclear industries
carry out the design of BOP systems and desalination systems, and equipment
development/manufacturing, based on the division of responsibility between participating entities
in the program. Basic technology development including thermal hydraulic (T/H) tests for
elemental technologies are performed in cooperation with universities. In addition, the licensing
authority involves at the beginning of the programme to jointly resolve any technical and
licensing issues related to the development of integral reactor and integrated nuclear desalination
system.

E.4.6. INTERNATIONAL COOPERATION

Korea has cooperated with IAEA through the extra-budgetary contribution to the Agency's
"Options Identification Programme" for seawater desalination with nuclear energy. The main
areas for the international cooperation regarding this on-going program will possibly be those for
small/ medium integral reactor development. Continued cooperation with the Agency's relevant
programmes and activities in those areas is expected.
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Annex II.5
THE NUCLEAR DESALINATION PROJECT IN MOROCCO

International Atomic Energy Agency, Vienna
Office of National Potable Water, Morocco

H.5.I. BACKGROUND

In July 1995 the Government of Morocco requested the IAEA to organize a high level
mission to Morocco to discuss, at the ministerial level, the possibility of assistance in establishing
a nuclear seawater desalination project as part of the Government's effort to combat the water
crisis due to the severe drought which struck Morocco in several years past. As a conclusion,
Government of Morocco decided to perform a pre-project study on a demonstration plant for
seawater desalination using nuclear a small heating reactor, within the framework of an IAEA
Technical Co-operation project in a joint undertaking with the China.

H.5.2. PURPOSE AND GOAL

The objectives of the seawater desalination demonstration plant in Morocco are to buildup
the technical confidence in the utilization of nuclear heating reactor for seawater desalination; to
establish a data base for reliable extrapolation of water production costs for a commercial nuclear
plant; and to further strengthen the nuclear infrastructure in Morocco. The water production
capacity of the demonstration plant would be about 8000 mVd.

The objectives of pre-project study are to establish a reliable basis for a decision on a
nuclear desalination plant in Morocco, using a small Chinese heating reactor and to train the
Morocco experts in reactor technology and licensing aspects.

The Morocco authorities expect that the implementation of a project with such a heating
reactor will contribute to establish a nuclear infrastructure in Morocco pave the way for future
introduction of nuclear power for the generation of electricity and at the same time will produce
drinking water.

n.5.3. CONCEPT OF NUCLEAR DESALINATION

(1) Reactor type

The design of the proposed 10 MW(th) heating reactor is based on the 5 MW(th) version,
which has been successfully operated since 1989 at the INET of Tsinghua University, China. It
is a vessel type low pressure and low temperature water reactor with integrated arrangement,
natural circulation, self-pressurization and a dual vessel structure. The core is located at the
bottom of the reactor pressure vessel. The primary heat exchangers are arranged on the periphery
in the upper part of the pressure vessel. The system pressure is maintained by inert gas and
steam. A containment fits tightly around the pressure vessel so that the core will not become
uncovered under any postulated coolant leakage within it. Reactor coolant is circulated by
density differences between the hot and cold regions inside the pressure vessel. A hydraulic
control rod drive system is adopted in the heating reactor, which is designed on the "fail-safe"
principle. The residual heat removal system is designed with passive characteristics. The decay
heat will be dispersed to the ultimate heat sink by natural circulation.
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Based on the design features, the core meltdown accident could be excluded for this kind
of nuclear heating reactor, and no emergency plan for evacuation of persons living nearby would
required.

(2) Desalination system

The most suitable desalination processes to be coupled with a heating reactor are the MSF
(Multi-Stage-Flash) and MED (Multi-Effect-Distillation) process because they use mainly
thermal energy. Because the MED has a smaller energy consumption and is less sensitive to
corrosion, scaling and fouling than the MSF process, the MED process will be adopted in the
design.

(3) Integrated plant concept

The integrated plant concept will be discussed during the pre-project study.

n.5.4. SCHEDULE

The pre-project study will take about 18 months. The scope of the pre-project study will be
as follows:

conceptual design and technical review of the seawater desalination plant using small
heating reactor;
Identification of regulations, rules, standards and design criteria and licensing procedure
in Morocco;
site consideration and site evaluation;
environment impact assessment;
project cost estimation and financing;
project management;
market prospect and economic evaluation of a commercial size seawater desalination
plant using a heating reactor.

E.5.5. PROGRAMME ORGANIZATION

The National Electricity Utility (Office National de 1'Electricite, ONE) is nominated by
Ministry of Energy and Mines of Morocco to take responsibility of the pre-project study. The
Center of National Energy and Science and Technology of Nuclear (CNESTEN), the Office of
National Potable Water (ONEP), and University of Rabat will also participate the pre-project
study.

As the Chinese counterpart INET, authorized by the Chinese National Scientific and
Technology Commission, will take responsibility mainly to the nuclear reactor plant and coupling
with MED parts.

n.5.6. INTERNATIONAL COOPERATION

The IAEA will provide assistance to the Government of Morocco, to plan and execute the
pre-project study on nuclear desalination through the provision of expert services for
consultancies and review the study results and conclusions. The Chinese side will provide the
nuclear plant and a third party will be invited to supply the desalination part.
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Annex n.6

CURRENT ACTTVmES ON NUCLEAR DESALINATION IN THE
RUSSIAN FEDERATION

Y.D. Baranaev
Institute of Physics and Power Engineering, Obninsk, Russian Federation

H.6.1. BACKGROUND

Nuclear technology has played a significant role in the industrial and economic
development of the Russian Federation. Since the mid 50s industrial application of nuclear
energy for electricity production, co-generation, district heating, ship propulsion, and seawater
desalination has been developed, including all required design, construction, operation,
maintenance and life-cycle management capabilities and infrastructure.

Experience with nuclear desalination in comparison with other applications of nuclear
energy is relatively modest, but it includes design, construction, and operation since 1974 of the
only implemented commercial nuclear desalination facility in Aktau (Kazakhstan) as well as
small scale desalination facilities in nuclear powered ships (icebreakers, lighter carrier).

E.6.2. PURPOSE AND GOAL

The goal of the RF desalination programme has been to develop small power floating
nuclear seawater desalination complex based on KLT-40 reactor, originally developed for ship
propulsion, as an energy source. Russia has sufficient fresh water resource rather evenly
distributed over country territory (except for several specific conditions where sea or brackish
water desalination is required for reliable long term potable water supply) and only limited
internal deployment of this system is expected. Therefore, the development programme is mostly
oriented to external market.

Development of the floating nuclear desalination complex goes in parallel and is backed by
the project of floating nuclear electricity and heat cogeneration plant using two KLT^tO reactors.
This plant producing up to 70 MW(e) of electricity and up to 50 Gcal/ of heat for district heating
is now at the basic design stage and planned to be implemented around the year 2000 in Russia,
at the Arctic Sea area.

H.6.3. CONCEPT FOR NUCLEAR DESALINATION

(1) Reactor type

KLT-40-type reactors have for years (since the late 1950s) been used in Russian's nuclear
powered icebreakers accumulating about 150 reactors - year of successful operating experience
in harsh Arctic conditions. They have high reliability and an excellent safety record. The KLT-
40 is an upgraded modification of this type of reactors designed according to up-to-date national
standards and the IAEA's recommendations in nuclear safety. The KLT-40s are used in the last
icebreakers and "Sevmorput" lighter transport ship which is presently plying international routes
calling at foreign posts.

Main design performance of the KLT-40 are: thermal power up to 160 MW(th), steam
production capacity up to 200 t/h, steam temperature of 300° C and steam pressure of 4 MPa.
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(2) Desalination system

Design and manufacturing of sea and brackish water desalination technology and equipment
has been developing in Russia for about 40 years as well as construction and operation of
commercial desalination facilities. This is resulted in the design of upgraded HTME distillation
units DOV GTPA-840, which is supposed to be used for nuclear floating desalination plants.
Technical characteristics of the DOV GTPA are: capacity of 20 000 mVd, heat consumption of
35 MW, electricity consumption of 1MW, unit weight of 1400 tons and Unit dimensions of 25 m
x 23 m x 27.5 m.

Experience with RO technology is relatively short in Russia and nuclear desalination
projects using this technology basically rely on membranes from foreign suppliers.

(3) Integrated plant concept

Depending on utility requirements some options for floating desalination complex are
considered.

MED Option: Current development programme covers tow design concepts: Nuclear
Desalination station APES-40 equipped with one KLT-40 reactor and two DOV GTPA-840 unit
and APES-80 with two reactors and four desalination units. In both cases the KLT-40 reactor is
operated at a reduced power of 80 MW(th). Backpressure turbine are used in the nuclear and
desalination coupling scheme, this provides a possibility to produce electricity for home use and
for grid (15MW(e) net in case of APES-80).

RO Option: This design concept based on utilization of floating nuclear power plant
equipped with two KLT-40 reactors (160 MW(th) each) as an energy source for barge-mounted
RO desalination facility. Such a complex can produce up to 320 mVd of portable water or supply
electricity to grid with corresponding reduction of water production capacity.

H.6.4. SCHEDULE

Development of nuclear floating desalination plant is suspended now at the conceptual
design stage. The period of 5-6 years is sufficient to finalize design, construction and put into
operation such plant.

n.6.5. PROGRAMME ORGANIZATION

The development programme for nuclear desalination is being carried out by the design
organizations which are involved in the nuclear icebreaker programme and is co-ordinated by the
Ministry of the Russian Federation for Atomic Energy (MENATOM).

E.6.6. INTERNATIONAL CO-OPERATION

Russia has co-operated with the IAEA through participation in relevant programmes,
scientific and technical meetings. Several meetings in the framework of the IAEA's nuclear
desalination activities were hosted by Russia. Further co-operation in this area is expected and
appreciated. In addition, Russia has bilateral and multilateral contacts with other countries
interested in the development and/or implementation of floating nuclear desalination project.
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Annex III.l
EXPERIENCE WITH NUCLEAR DESALINATION IN KAZAKHSTAN

E. Nikolskiy, P. Lebedev
Mangyshlak Atomic Energy Complex, Kazakhstan XA9642995

m.1.1. BN-350 REACTOR

BN-350 is a loop type reactor cooled with liquid sodium. The nominal thermal power of
the reactor is 1000 M (currently operated at 520 MW(th)). In fact, only part of the thermal power
is used to produce 90 MW of electrical power, the other part is used to produce up to 65 000 tons
of desalinated water per day. Operation of the reactor started on 29 November 1972 and since
that time the plant has been providing electricity, heat and fresh water to the area.

The reactor vertical cross-section is shown in Figure HI. 1-1:

1- Vessel, pipes between the reactor vessel and isolation valves are fitted with a safety shell
2- Big rotating plug
3- Small rotating plug
4- Central column, there are 12 mechanisms with control rods
5- Assembly handling mechanism
6- Handling box
7- Handling elevator
8- Fixed upper box
9- Refueling mechanism
10- Core
11- Reactor rest
12- Lateral protection
I- Sodium inlet

II- Sodium outlet

The reactor building dimensions and main equipment are shown in Figures HI. 1-2 and
m.1-3. The reactor has 6 primary loops located in individual air-tight rooms. The main
components of a primary loop are the primary pumps and the intermediate heat exchangers.
There are six secondary loops, located in two rooms situated directly beneath the reactor hall, on
opposite sides of the reactor vessel. The principal results of the BN-350 reactor operation from
1973 to 1995 are shown in Table El. 1-1.

Table m. 1-1 PRINCIPAL RESULTS OF THE REACTOR BN-350 OPERATION
FROM 1973 TO 1995

Parameters

Power level operation 159 921 hours
Average power 592 MW(th)
Average load factor 0.85
Fuel reloading number 56
Number of the unplanned power decrease 62
Fuel burnup increase from 6.3% to 11.8% a.t.
Average irradiation level 0.2 rem/(man-year)
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FIG. III. 1-1. Vertical section ofBN-350 reactor
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FIG. III.]-.3 Horizontal section of BN-350 power plant



Table IE. 1-2 MAIN TECHNICAL PARAMETERS

Parameters

Thermal power 750 MW(th)
Electric power up to 125 MW(e)
Desalinated water production up to 100 000 m3/d
Inlet/outlet sodium temperature of the primary loops 288/437°C
Inlet/outlet temperature of the secondary loops 260/420°C
Overheat steam pressure 4.5 MPa
Overheat steam temperature 405 °C
Overheat steam flow 1070 t/h
Loop number 5

Maximum of the reactor installation BN-350 technical parameters for the whole operation
period was achieved in 1984. The main parameters are shown in Table HI. 1-2. The reactor
worked according to these parameters during May 1984 - January 1989. The operation
experience of the BN-350 has proved its high safety and environmental cleanness. The
intermediate sodium circuit is a reliable border separating the radioactive primary sodium and
steam generator. Due to this fact, leakages of the steam generators are not radiation accidents.

The most important advantage of the reactor is its minimal radiation influence on the
environment; the average radioactive gas release being 10-15 Ci per day, with the permissible
level of 500 Ci per day. The exhaust air includes inert radioactive gases such as Xenon, Krypton
and Argon. These gases have short half-life periods and are not harmful to the population.

The operating history of BN-350 is shown in Figure HI. 1-4.

m.1.2. REACTOR BN-350 PERSPECTIVE

The BN-350 was designed to operate for 20 years. This period was ended in May 1993.
Thorough inspections let authorities come to the conclusion that safe and reliable reactor
operation up to 2003 would be possible.

An additional research programme has been prepared. A set of modernizations to increase
the safe and reliable reactor operation level was implemented in May 1993 and June 1994.
Authorities permitted the next year of operation as the result of the realization of the programme.

Now the reactor has been stopped for the 56th fuel reloading, preventive maintenance and
repair and research works according to the programme mentioned above.

m . 1.3. THE THERMAL SECTION OF THE NUCLEAR DESALINATION COMPLEX

Aktau is the only town in Kazakhstan consuming merely desalted water, the main
component of which is distillate, produced from seawater in distillation desalination units (DDU).
A steam generating station including fast reactor BN-350 is the thermal energy source.
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DDU complex in Aktau is the largest center of commercial thermal desalination in
Kazakhstan (before USSR). The capacity of operable desalination units is 65 000 m3/d. Some
new units will be put into operation in the near future.

Development of seawater desalination technology and equipment began in the former USSR
in 1961, when a seawater desalination testing ground was erected on the eastern deserted Caspian
seashore. The first evaporation distillation unit had an output up to 70-120 mVd. As a result of
complex tests of this unit the multi-stage thermal evaporation desalination process was selected
to equip Aktau Distillation Production Factory (DPF). A scheme of the nuclear desalting
complex is shown in Figure HI. 1-5.

The thermal section of the nuclear power plant includes the tertiary loop (turbine system)
and forms an integral part of the turbine system (Figure EL 1-6). The nuclear steam supply
system and the turbine system have the following elements in common: the water preparation
including chemical treatment, pre-heating and deaeration; the pumping units and feed pipelines;
the 5 MPa steam feed pipelines coming from the reactor steam generators with a cross-flow
collector and the condensation and back-pressure turbine conductor piping; four 100/50 (decrease
from 10 MPa to 5 MPa) fast reduction cooling units providing steam feed during refueling the
reactor; two 50/14 (from 5 Mpa to 1.4 MPa) reduction cooling units providing the emergency
operation in case of the condensation turbine assembly trouble and also six 50/6 (from 5 MPa to
0.6 MPa) fast reduction cooling units for the emergency duplication of the desalination units
steam feed in case of the back-pressure assembly disconnection. So no any marked pressure
fluctuations at the reactor steam generators and in the collector preceding the desalination units
are caused by an emergency disconnection of the turbines.

The steam leaving the back-pressure turbine with 0.6 MPa pressure, enters the central
collector and is then directed to the desalination plant. The steam coming from this collector is
also utilized for the turbine system needs including the steam feed of the 180 Gcal/h total output
peak boilers used for the heat supply of the industrial enterprises and settlements located within
7 km from the nuclear desalination complex.

The steam generators feedwater supply is effected by six electric pumps, each being of the
315 m3/h production capacity, connected to the central section collector and delivering water from
the high-pressure deaerators. Three independent feedwater sources connected to the deaerated
water circuit and to the emergency feed water tanks are provided to supply the reactor during its
emergency cooling down. Such a technological scheme maintains operation of all its elements
irrespective of planned or emergency disconnection, load increase or drop in without any
influence to the reactor output and without physical changes in the reactor core operation.

The plant operates as follows: Caspian sea water with 13 500 ppm salt content is heated to
96-98°C while passing successively through end condenser, deaerators, system of regenerative
pre-heaters, and enters the first evaporator. Then, flowing successively from the first evaporator
to the fifth one, it is evaporated to 45 000 ppm salt content and is discharged back to the sea. In
the first apparatus evaporation takes place owing to heat of heating steam, supplied by nuclear
reactor and in the following ones - owing to heat of secondary steam, formed in the previous
apparatus; feedwater is also heated by secondary steam.

The condensate (distillate) from heating chambers of evaporators, except the first one, pre-
heaters, and condenser is supplied to potable water production (purification) and to consumers
after cooling it with seawater.
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The 30 years operation experience of the Aktau desalination complex and the 20 years
operation experience of the reactor let scientifically substantiate and practice the main issues in
nuclear desalination based on heat produced by a nuclear reactor, work out an optimum seawater
desalination technology, including additional purification and distillate produced by the
desalination plants, and improving water and chemistry of the BN-350-DU technological scheme.
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Appendix III.2

EXPERIENCE WITH NUCLEAR DESALINATION IN JAPAN

Y. Shiota, Sasakura Engineering Company Ltd
International Atomic Energy Agency, Vienna

51 nuclear power reactors were operated by the ten electric power companies in Japan as
of Dec. 1995. Some of them have a desalination facility in order to secure the fresh water supply
for the start-up, make-up, etc. The capacities of the desalination units are rather small and mostly
depend on the location.

m.2-1. INTRODUCTION

In Japan, the seawater desalination facilities were used mainly for potable water in remote
islands and industrial water such as boiler feedwater. In order to produce potable water,
distillation processes, Electrical Dialysis (ED) and Reverse Osmosis (RO) were used in the past.
The distillation facilities were used to produce boiler feedwater, however, RO facilities are now
used for this purpose, such as the nuclear desalination facilities with capacities of 2600 m3/d,
2000 m3/d and 1000 mVd, in Kansai Electric Power Co., Ltd., Shikoku Electric Power Co., Inc.
and Kyuhshu Electric Power Co., Inc., respectively. The RO process is becoming a main stream
of desalination because the process has a low energy consumption.

m.2-2. DESALINATION SYSTEMS IN JAPAN

All of the nuclear power facilities in Japan are located at the sea side because they need the
seawater as a coolant. Some nuclear power plants, such as Tokyo, Kansai, Shikoku and Kyuhshu,
have a seawater desalination system using heat and/or electricity from these plants, in order to
produce boiler feedwater and/or potable water for other purposes in these plants.

The capacity of each desalination plant is in the range of 1000 to 3000 mVd. The Japanese
electric utilities are using three kinds of desalination processes, Reverse Osmosis (RO), Multi
Effect Distillation (MED) and Multi Stage Flash (MSF). Although the capacity of the
desalination facilities is smaller than of commercial production facilities, useful operating and
maintenance experience are accumulated.

Table m.2-1 shows the specifications of the nuclear desalination systems with distillation
processes (MED and MSF) and Table 2 shows those with RO. In Table m.2-1, a B WR was used
for the distillation process of the desalination system. The system is not operated at the present
time because the local government currently supplies the potable water to the nuclear power
plant. Table m.2-3 shows the operating records of the nuclear desalination systems in three
nuclear power plants in Japan.

All of the desalination facilities were and are operated without serious problems and there
was no leakage of radioactive materials into the product water until now.
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Table III.2-1 SPECIFICATIONS OF SAEWATER DESALINATION SYSTEMS
- DISTILLATION SYSTEMS -

(1) Energy Source
1) Plant Name
2) Reactor Type
3) Capacity (MW(e))

(2) Desalination System
DType
2) Number of Stages

3) Capacity (m3/d)
(lines)

4)G0R
5) Inlet Seawater

a) Brine Temp. (°C)
b) TDS (ppm)

6) Potable Water
a) Conductivity (uS/cm)
b) TDS (ppm)

(3) Start of Operation

Kashiwazaki
BWR
1100*

MSF
18

1000
2x500

8

120
37 000

20

1985***

Ohi-I,II
PWR
1175*

MSF

1300**
1x1300

35 000

10
10

1973

Ohi-I,n
PWR
1175*

MSF

2600**
2x1300

35 000

10
10

1976

Takahama
PWR
870*

MSF

1000**
2x500

35 000

1983

Ikata-I.II
PWR
566*

MSF
27

2000
2x1000

116
35 000

10
5

1975

Genkai-IV
PWR
1180*

MED
8

1000
1x1000

35 000

10
5

1992

* : gross capacity, ** : at 22 °C, *** : this system is currently not operated.



Table III.2-2 SPECIFICATIONS OF SEAWATER DESALINATION SYSTEMS
- REVERSE OSMOSIS SYSTEMS -

(1) Energy Source
1) Plant Name
2) Reactor Type
3) Capacity (MW(e))

(2) Desalination System
1) Film Type

2) Capacity (rnVd)
3) Trains
4) Number of Modules

5) Inlet Pressure (MPa)
6) Recovery Ratio (%)

7) Inlet Seawater
TDS (ppm)

8) Potable Water
Conductivity (uS/cm)
TDS (ppm)

(3) Start of Operation

Ohi-IV
PWR
1180*

Cellulose Acetate
Hollow Fiber

2600 (at 10 °C)
2x1300

RO Vessel-95x2 lines
(lst-65,2nd-3O)

6.5
27.9 (at 10 °C)

35 000

30 (at 25 °C)
15

1989

Ikata-IU
PWR
890*

Cellulose Acetate
Hollow Fiber

2000
2x1000

RO Vessel-36x2 lines

6.8
40 (at 17 °C)

33.3 (at 10 °C)

35 000

700
350
1992

Genkai-III
PWR
1180*

Cross Linked
Polyether

1000
1x1000

RO Vessel-42xl line

6.5
25-40

35 000

300
150
1988

: gross capacity



Table IH.2-3 OPERATIONAL RECORDS OF SEAWATER DESALINATION FACILITIES

(1) Reactor name: IKATA-HJ (Desalination process: reverse osmosis)
Fiscal year 1992 1993 1994

1) Operational period (months) 6 12 6
2) Produced water (mVy) 222 000 457 000 290 000
3) Load factor (%) 62 63 81

(2) Reactor name: OHI-I,n (Desalination process: multi-stage-flash)
Fiscal year 1992 1993 1994

1) Operational period (months) 12 12 12
2) Produced water (mVy) 644 000 601000 572 000
3) Load factor (%) 70 68 65

(3) Reactor name : OHI-IIIJV (Desalination process: reverse osmosis)
Fiscal year 1992 1993 1994

1) Operational period (months) 12 12 12
2) Produced water (mVy) 725 000 629 000 524 000
3) Load factor (%) 71 60 71

Table DI.2-4 SPECIFICATIONS OF SEAWATER DESALINATION SYSTEMS IN IKATA

Type
Capacity

Inlet seawater
-TDS

Potable water
- Conductivity
-TDS
RO film
- Module
- Recovery rate

- Inlet pressure

IKATA-m

Reverse osmosis
2 x 1000 mVd
(max. 2400m3/d)

35 000 ppm

<700 uS/cm
<350 ppm
Cellulose acetate hollow fiber
RO vessel-36 x 2 lines

40% (at 17°C)
33.3% (at 10°C)
6.8 Mpa

IKATA-IJI

MSF (27 stages)
2 x 1000 m3/d
(max. 2400 nrVd)

35 000 ppm

<10 jiS/cm
<5ppm

m.2.3. EXPERIENCE WITH NUCLEAR DESALINATION IN IKATA

(1) Type and specification

Reverse osmosis is used for the following reasons:
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- Corrosion will be low and operation/maintenance will be easy because seawater
is used with normal temperature;

- Technological development such as performance of film is being advanced recently and
its technology has a future prospect.

The specifications of the nuclear desalination systems in IKATA are shown in Table JE.2-4.

(2) Flow diagram of desalinated water

Each nuclear power plant of IKATA-IJI and m needs about 1000-2000 m3/d as
supplementary water and drinking water for each plant during operation so that desalination
system needs the capacity to supply the amount of required water.

The quality of water desalted with MSF in IKATA-I and II is similar to one of the water
purification system with 2-floors and 3-towers. The quality of the water desalted with RO in
IKATA-III is the same as of IKATA-I and H through the water purification system with 2-floors
and 3-towers. The total desalted water is controlled at the storage tank between IKATA-1,11 and
IKATA-III.

The desalted water, which is stored in the storage tank, is used as supplementary water for
the plant through the polishing filter. A part of it is transported to the filtration tank and also is
used as household water which is mixed with filtered mountain water.

(3) System description of desalination plant of IKATA-III

The desalination system of IKATA-IH consists of seawater intake pump, pre-treatment for
filtration of seawater and the RO system.

1) Seawater intake

The seawater is drawn up by intake pump (capacity of 700 m3/h) and a part of
seawater(20%, 140 m3/h) is transported to the pre-treatment system. The rest of seawater (80%)
is leased to the discharge pit to dilute the brine from the RO system.

2) Pre-treatment system

This system is designed to obtain filtered water with SDI (Salting Density Index) less
than 4.

3) RO system

After pre-treated seawater passes through the filter to protect RO membranes, it is
transported to the RO module with high pressure and constant flow rate (125 mVh). It is
separated in the RO module into desalted water and brine. RO module has 36 RO vessels and
these vessels are arranged in parallel. The desalted water is transported to the purification system
through another tank and the brine is discharged to the pit through the brine/seawater tank.

4) Electricity

A part of electricity from the generator of the nuclear plant is used for the RO facility.
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5) Capacity

If the recovery rate of the system is high, some concentration may occur on the surface of
the membrane and some scale such as calcium sulfate may be deposited. As the result, the
performance of membrane would decrease. So the maximum recovery rate is designed to be 45%
in this RO system, however, the recovery rate is 40% in the normal operation. 20% of the RO
membranes is planned to be exchanged each year to maintain the recovery rate of 40%.

6) Control system

The flow rate of seawater at the inlet of RO is constant(125 m3/h). The recovery rate or
operating pressure is designed to be constant in accordance with temperature of the seawater.

(a) Operation of constant recovery rate

When the temperature of seawater increases the pressure of feedwater is decreased.

(b) Operation of constant pressure

When the temperature of seawater is below 17°C, the pressure will be increased to a
maximum pressure of 6.8 MPa. At that time, the amount of desalted water is determined in
accordance with the temperature of seawater.

7) Operation and maintenance

(a) Operating status

Table in.2-5 shows the present status of operation from October 1992. The conductivity
of desalted water, which is shown in Table IQ.2-6, is about 60-70% of the design value.

(b) Maintenance status

The scheduled maintenance was carried out after the plant began its operation and about
20% of membranes were exchanged annually according to the schedule. The changing rate of
membranes could be decreased because fine control such as sampling of several membranes
during operation and its performance and lifetime evaluation will be carried out in the future.

However, small corrosion was found in the stainless steel casing, so some countermeasures
will be needed.

Table m.2- 5 OPERATING RECORDS OF SEAWATER DESALINATION SYSTEM
INDCATA-m

Fiscal year

Operating month
Produced water (xlO3m3)

Load factor (%)

1992

6
222

62

1993

12
457

63

1994

6
290

81

Total

24
969

67*

* Average during last 24 months.
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Table m.2-6 CONDUCTIVITY OF DESALTED WATER (at 25°C)

Conductivity (uS/cm)
Initial value after 1 year

Design value
Operating value

A-unit
B-unit

420

194
207

470

261
343

(4) Desalination systems of IKATA-I and II

1) System description

Multi-Stage-Flash is used for each desalination system of IKATA-I and II. The seawater
is heated up to 116°C. Thus the heat energy from the nuclear power plant is used for the
desalination process.

2) Status of operation and maintenance

The operation of the desalination systems of IKATA-I and II started in November 1975.
They were operated for about 20 years and contributed to supply the plant water. During the
operation there were no troubles in the control of the system, however, there were some troubles
in the repair and maintenance, such as reduction of thickness by corrosion inside the tubes of
brine-heater, evaporator and seawater piping. The following parts were repaired until now.

Equipment

1) Brineheater

2) Evaporator

3) Piping

Status

• thickness reduction
inside tube

- thickness reduction
inside tube

• corrosion of internal
structure
corrosion

• thickness reduction

Countermeasure

exchange of tube

exchange of tube

stainless lining, painting or
exchange
exchange the material
from carbon steel to CuNi steel
from FRP tube to polyethylene
lining tube
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Annex IV
LONG-TERM MARKET PROSPECTS/DEMAND FOR

SEAWATER DESALINATION FOR MUNICIPAL SUPPLY

D.H. Furukawa, Separation Consultants, USA
Z. Zimerman, Israel XA9642997

The current status of the seawater desalination market was reviewed, and the expected
evolution of installed capacities up to the year 2015 was projected in five year intervals by:

Individual countries;
Unit size;
Desalination process used.

The assessment was carried out by a consultancy [TV-1] in the IAEA from 27 to 31 March
1995. The following steps were performed:

Review the current municipal installations between 1973-1993 of seawater desalination
equipment for the individual countries (existing and planned installations with capacities
of more than 10 000 mVday).

Estimate the saturation limit for seawater desalination equipment (maximum total
demand) for individual countries.

Estimate the seawater capacity projections for 1995 to 2000 based on the current projects
being considered in individual countries.

Estimate the total installed capacity (mVday) in the year 1999 for the individual countries.

Estimate the future growth rate of the seawater desalination installations (in percentage)
for each individual country.

Estimate the future total installed capacity and the increments of seawater desalination for
the years 2005,2010 and 2015, using an exponential growth rate of the market.

The world market for desalination equipment (new installations) in 1993 has been
reported by Wagnick [IV-2] to be 1.4 million mVday. Out of this market 62% were for seawater
desalination, 25% for brackish water, 6% for river water and 7% for other water categories. The
seawater market in 1993 was about 870 000 mVd. This market is distributed according to the
main users as follows:

83% municipal 712 000 mVd
13% industrial 113 000 mVd
2% power 17 000 mVd.

The assessment of projections of needs were based on the population growth, historical
records of instaUed seawater desalination capacity, known orders for new capacity to be installed
over the next several years and the experience and expertise of desalination specialists. In
addition, the incremental installed capacity, from 1999 to 2015, takes into account the
replacement capacity of seawater desalination plants built up to 1990, a 5% capacity
compensation for plant unavailability and 15% capacity compensation for pipe/transport losses.
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Based on the analysis the projection for total global demand for installed municipal supply
seawater desalination capacity is shown in Figure IV-1. It is expected that the total installed
capacity of seawater desalination will reach a 35 million m3/d in the year 2015.

The new installed seawater desalination capacity, during each 5 year time interval from
1995-2015, is shown in Figure IV-2. It is expected to be exponential at the average annual gross
rate of about 5.5% to be as follows:

Periods Annual average installations (m3/d)

1996-2000 871000
2001-2005 970 000
2006-2010 1 364 000
2011-1015 1941000

As an example, during the 5 year time interval 2011-2015, new seawater desalination
capacity of about 1.9 million m3/d is expected to be installed annualy on the average for a total
of 9.5 million m3/d or more of new capacity over this five year period. In individual countries,
where the annual increment is above 100 000 m3/d, the new incremental capacity over the period
among 2011 to 2015 may be as the follows:

USA
Iran
Saudi Arabia
UAE
Total

2010-2015 (m7d)

773 000
1257 000
3 067 000
1222 000
6319000

The total for these countries is about 6 319 000 mVd, i.e. 65% of the total 9 500 000
mVd seawater desalination world market for municipal supply over the five year period. In those
countries, the installation of large projects in the capacity range of 200 000 mVd to 500 000 m3/d
is expected. The market study also identified several countries with future requirements in the
same time period requiring installations in the capacity range 80 000 to 100 000 m3/d of desalted
water.

Manufacturers of equipment for the various desalination technologies have developed
equipment in a modular manner with the maximum size of water production modules for each
technology being limited by considerations such as available pump sizes, transportability or
standardization criteria. The modular capacities for the different processes are as follows:

PRESENT NEAR FUTURE

mVd Limitation m3/d Limitation
RO 10 000 pump size 15 000 pump size
MED 20 000 largest transport size 30000 economic
MSF 50 000 standardization 50000 standardization

Although some of these sizes may increase in the future, the design framework for typical
modular desalination plants and typical nuclear power plants, including their coupling
requirement, can be foreseen from the data.
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IAEA Code and Safety Guides on Quality Assurance (1996)

Code on Quality Assurance for Safety in Nuclear Power Plants and Other Nuclear Installations

Safety Guides:

Ql: Establishing and Implementing a Quality Assurance Programme
Q2: Non-conformance Control and Corrective Actions
Q3: Document Control and Records
Q4: Inspection and Testing for Acceptance
Q5: Assessment of the Implementation of the Quality Assurance Programme
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Q7: Quality Assurance in Manufacturing
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Q9: Quality Assurance in Siting
Q10: Quality Assurance in Design
Q11: Quality Assurance in Construction
Q12: Quality Assurance in Commissioning
Q13: Quality Assurance in Operation
Q14: Quality Assurance in Decommissioning
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