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Abstract

As the global consumption of water increases with growing population and rising levels of
industrialization, major new sources of potable water production must be developed Desalination
of seawater is an energy intensive process which brings with it a demand for additional energy
generation capacity. The Candesal nuclear desalination/cogeneration system has been developed
to address both requirements, providing improved water production efficiency and lower costs. To
meet large scale water production requirements the Candesal system integrates a nuclear energy
source, such as the candu reactor, with a reverse osmosis (ro) desalination facility, capturing the
waste heat from the electrical generation process to improve the efficiency of the ro process. By also
using advanced feed water pre-treatment and sophisticated system design integration and
optimization techniques, the net result is a substantial improvement in energy efficiency, economics,
and environmental impact. The design is also applicable to a variety of conventional energy sources,
and applies over the full range of desalination plant sizes. Since potable water production is based
on membrane technology, brackish water and tertiary effluent from waste water treatment can also
be used as feed streams to the system.

Also considered to be a fundamental component of the Candesal philosophy is a technology
transfer program aimed at establishing a complete local capability for the design, fabrication,
operation and maintenance of these facilities. Through a well defined and logical technology
transfer program, the necessary technologies are integrated into a nation '5 industrial capability and
infrastructure, thus preparing local industry for the long term goal of manufacturing large scale,
economical and environmentally benign desalination facilities.

Introduction

In many regions of the world the supply of renewable water resources is inadequate to meet
current needs, and that from non-renewable sources is being rapidly depleted. Since the world-wide
demand for potable water is steadily growing, the result is water shortages which are already reaching
serious proportions in many regions, with the threat of global water starvation continuing to grow.
To mitigate the stress being placed on water resources, additional fresh water production capability
must be developed. For many regions seawater desalination is the best alternative. The main
drawback of desalination, however, is that it is an energy intensive process. Therefore, the increasing
global demand for desalted water creates a tremendous collateral demand for new sources of
electrical power. Since water is an undeniable life sustaining resource, improvements in the efficiency
of energy utilization must be considered a significant benefit to both the environment and the
consumer. Candesal Inc., is a Canadian company working internationally to improve the energy
efficiency and economics of fresh water production and to deliver that technology to markets where
such facilities are most required.

The Candesal Nuclear Desalination/cogeneration System
Development of the Candesal Design

Because of the pressing need for additional large scale water production capability, the focus
of Candesal's early design concept development work [1,2] was placed first on the use of theCANDU
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nuclear reactor as an energy source for desalination. Two approaches were considered in preliminary
studies: the use of electrical energy for reverse osmosis (ro) and the use of process steam from the
nuclear steam supply system to provide the energy for a multi-effect distillation system. This latter
approach, however, was found to require changes to the balance of plant design that were both
expensive to implement and led to reduced electrical generating efficiency to such a degree that the
total water and electrical production capacity was not as great as that which could be achieved using
RO.

Having selected the RO process, it was then recognized that improvements in the efficiency
of energy utilization could be achieved by taking advantage of waste heat normally discharged from
the reactor through the condenser cooling system. Use of the condenser cooling water as preheated
feedwater to the ro system improves the efficiency of the ro process, and therefore the economics of
water production. As the development work progressed, it was also found that further improvements
could be achieved by taking a systems approach to optimizing the design. Hence a strong emphasis
has been placed on the integration of the energy and water production systems into a single,
optimized design for the cogeneration of both water and electricity.

This approach to the integration of seawater desalination systems with nuclear reactors has
the advantage of maximizing the benefits of system integration while at the same time minimizing the
impact of physical interaction between the two systems. In essence, the reactor operates without
"knowing" that there is a desalination plant associated with it. Transients in the desalination plant do
not have a feedback effect on reactor operation. This is extremely important, since there must be a
high degree of assurance that unanticipated operating transients in the desalination unit do not have
an adverse impact on either reactor safety or operational reliability. Conversely, it would also be
undesirable to have reactor shutdowns, whether unanticipated or for planned maintenance, that would
require shutdown of the water production plant.

Hence as the Candesal nuclear desalination/cogeneration system design has developed, it has
evolved in a direction which allows standardized off-the-shelf reactor systems to be used without
modification, while at the same time accruing significant benefits from the systems integration due
to improved performance characteristics and energy utilization.

Benefits of cogeneration

In addition to allowing the use of the standardized candu reactor design, the beneficial use of
waste heat from the nuclear power generation process and the ability to optimize the overall system
design, there are several other benefits that result from an innovative cogeneration systems design.
These can be generally expressed in terms of their impact on the plant design and its key performance
parameters, ease of operation and maintenance, and plant reliability. Although not the only important
factor, the benefits are frequently quantified as reductions in plant capital cost and the cost of potable
water production.

A fully integrated cogeneration design based on co-located nuclear energy and desalination
systems allows for shared land acquisitions and commonality of many on-site facilities including water
intake and outfall structures, maintenance facilities and staff, and administrative facilities and staff.
These all have clear economic benefits. Fresh water and electrical transportation costs may also be
reduced through the use of common rights-of-way to bring these two resources to their markets. By
designing the power plant and desalination facility to operate independently of each other even though
they are thermally coupled, the Candesal system allows the flexibility of phased increases in the size
of the desalination plant with no collateral requirement to modify the power plant.

134



Additionally, coupling the reactor with the desalination system in this manner provides the
flexibility of varying water production without adversely impacting the operation of the power plant.
The nuclear power plant can be operated at maximum electrical production efficiency, while the
desalination plant is operated so that fresh water production meets or exceeds requirements under
various operating conditions, including annual variations in site specific feed water conditions and
daily variations in demand. During periods where the power plant is off-line and the preheat is
therefore unavailable to the desalination plant, the desalination process can still continue, although
at a reduced efficiency.

Through this combination of design and performance optimization, along with the unique
electrical and thermal coupling of the energy source and desalination system, significant
improvements in water production efficiency and reductions in desalination plant capital cost are real-
ized. The result is, of course, a reduction in levelized water production costs. Although the costs for
any given facility are highly specific to the site, seawater conditions, and other design requirements,
detailed cost assessment models nevertheless indicate that savings on the order of 20-40% in plant
capital cost and 10-15% in water production costs are achievable. These savings are generally
independent of plant size.

Key features of the Candesal design

Certain features of the Candesal design are considered to be integral to the concept. Already
mentioned is the use of reactor plant condenser cooling water as a preheated feed stream for the
desalination plant. Substantial gains in fresh water production efficiency can be achieved, resulting
in reduced plant capital cost as well as reduced energy consumption per unit of water produced.

Ultrafiltration (uf) pre-treatment is used to provide high quality feed water to the RO process.
This serves to protect the RO membranes and enhance their performance, thereby reducing the total
number of RO membranes required and increasing their lifetime. The result is reduced plant capital
cost and a reduced requirement for membrane maintenance and replacement.

Sophisticated analysis techniques drawn from reactor design experience are used in the
Candesal desalination/cogeneration system design. Drawing on the combined expertise of desalination
system and nuclear power plant designers, the design is numerically modeled to allow design
optimization and integrated system performance analyses. This comprehensive design optimization
allows further performance enhancements and reduced costs.

Maximum use is made of energy recovery techniques. Much of the electrical energy consumed
in RO desalination is used to pressurize the RO feed stream to the high operating pressures required
for optimum performance. Since there is relatively little pressure drop through the RO membranes,
a significant portion of this energy can be recovered, thereby reducing energy consumption and hence
energy costs and water production costs.

System design integration and optimization studies

As previously noted, the engineering development of the Candesal design has been based on
taking a systems view of the design and its operation. This formed the basis of the design approach
which lead to an optimization of design features, performance characteristics and costs, all based
upon individual site specific operating parameters. The results of this design approach centered
around an optimization code for plant design and operation which provides for significant
impRovements in the efficiency of the desalination pRocess, with a corresponding reduction in plant
capital cost and potable water costs.
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This optimization code permits the plant to be designed and operated at peak efficiency by
taking into account realistic operating parameters and annual variations in site specific feedwater
conditions. The code is pRoprietary, but is based on an iterative optimization algorithm which
examines the plant operating characteristics and optimizes the design and/or operation for a selected
set of parameters and operating limits on those parameters.

The RO process depends on a set of complex relationships between a variety of operating
parameters including the preheated feedwater temperature, feedwater analysis, RO system operating
pressure, membrane feed flow rate, recovery, permeate quality and flow rate, and brine concentration
and flow rate. Design optimization thus involves carrying out a large number of parametric analyses
to assess the impact of variations in one or more of these parameters on system performance. The
objective is to obtain the best balance of performance characteristics which will achieve specified
requirements. This is done by the design optimization code based on user selected evaluation criteria.

Achieving an optimum design with enhanced performance characteristics and improved
economics introduces the possibility of approaching design limits in one or more areas. Of particular
concern with respect to RO membrane lifetime is the potential for precipitation and scale formation
due to excessive brine concentrations. Parametric studies have been carried out to evaluate the
discharge brine concentrations as a function of RO system recovery and RO feedwater temperature
for various operating conditions. Typical results of such an analysis are shown in figure 1 for a 1000
psi operating pressure and seawater at 38,500 and 42,000 ppm total dissolved solids. Data from such
analyses have then been used to determine maximum allowed discharge brine concentration under
various operating conditions. A typical result is plotted in figure 2, representing an upper operating
limit on the allowed brine discharge concentration for the seawater and RO system conditions shown
in figure 1.

The upper limits of acceptable operation are defined, for the specific conditions of this
analysis, by the limit lines shown in figure 2. Not only does the eflSciency of water production increase
with feedwater preheat, but the likelihood of precipitation and scaling problems decreases as the
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feedwater reaches temperatures in the range of 3 5-45° C (45 °C is the current operating temperature
limit defined by the manufacturer for the membrane used in this analysis.) operation with RO system
parameters which fall to the right of these limit lines will ensure satisfactory performance. Operation
with RO system parameters which fall to the left of these limit lines exceeds membrane performance
limitations and is likely to result in system performance degradation and possibly premature
membrane failure. This is of particular interest in the regions of north africa and the middle east,
where relatively high ambient seawater temperatures prevail, as it illustrates that the economic
benefits of feedwater preheat can still be realized even where average ambient seawater temperatures
reach 25-30°C.

The Egypt applications study

An applications study [3] encompassing a technical and economic evaluation has been carried
out for a Candesal nuclear desalination/cogeneration system located at the el dabaa site in egypt. This
site was selected for the applications study because it has been qualified as a nuclear site and is under
consideration as a potential site for a CANDU 6 reactor. Two cases were evaluated in order to
consider a range of water production capabilities: one in which the full reactor condenser cooling flow
was used as input to the RO system, and one in which only about a quarter of the flow was used. The
system design was carried out in accordance with the approach described above. The design analyses
used a 9Cc preheat, as that is representative of the condenser cooling water 6t for the CANDU 6
under consideration for El Dabaa. The economic evaluation was carried out in accordance with the
assumptions and methods used by the international atomic energy agency (IAEA) in their evaluation
of the technical and economic viability of nuclear desalination [4,5].

The results of the study indicated that for a design capacity of 240,000 m3/d the levelized cost
of potable water is about $0.70US/m3. For a potable water production capacity of 1,100,000 m3/d,
corresponding to the full condenser cooling water flow, the cost is essentially the same, dropping
slightly to $0.69US/m3. These figures represent a cost reduction of approximately 13% relative to
the cost of water produced by a reference plant without preheat or design optimization. The similarity
in water price over the wide production range is expected, since in both cases the full benefit of
preheat and design optimization is realized.
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The Egypt applications study concluded that the Candesal system "provides a readily available
and economically attractive solution which meets both of these needs (water and electricity) without
contributing to the ever-increasing global pollution problem. It offers a safe, reliable, proven source
of electricity coupled with a well established desalination technology. This combination provides a
cogeneration system capable of producing both water and electricity in proportions which can be
optimized to satisfy client requirements."

Application to other energy sources

As previously noted, the initial Candesal development work was carried out for large scale
water production systems using the CANDU reactor as an energy source. However, it became
apparent as the development work progressed that the principles of design optimization and waste
heat utilization being applied to large scale nuclear desalination/cogeneration systems are equally
applicable to large fossil fueled power stations and to smaller scale systems based on small reactors
or conventional energy sources. Engineering studies have demonstrated that this is the case, and that
the improvements in water production efficiency, energy utilization, fuel consumption and water
production costs with small scale systems can be expected to be on the same order of magnitude as
those for the very large nuclear desalination systems.

Diesel generators as an energy source

For smaller scale systems using a diesel generator as the energy source, the process flow is
essentially the same as for larger systems. The primary difference is that instead of using condenser
cooling water, the waste heat is utilized through the diesePs jacket cooling water and exhaust gas heat
recovery systems. With these small scale systems, as with the much larger systems, the optimum
performance improvements are found to occur with cooling water flow rates which give about 10-
15°C temperature rise, and with use of the full preheated cooling water flow stream as feedwater to
the desalination system.

Operating in a cogeneration mode, these small systems using diesel generators require about
one quarter to one third of their electrical supply for water production. The rest is available for sale
to the grid, or to offset the cost of purchased power for other uses. A study has been done for a 435
m3/d plant in which the savings in the cost of water production due to feedwater preheat was
evaluated as a function of the difference in the cost at which electricity could be purchased from the
grid and the cost at which it could be generated. Even when the cost of generated electricity was the
same as that of purchased electricity, the savings in water production costs due to the availability of
waste heat from the diesel generator to provide preheated feedwater exceeded 10% where purchased
power exceeded the cost of generated electricity by only $0.01/Kw-hr a cost savings of over 15% was
realized in the production of potable water. These results, which are quite consistent with those
obtained from much larger energy sources, are shown in figure 3.

Gas turbines as an energy source

Another interesting application has recently been developed in which the energy source for
desalination is derived solely from the exhaust gas discharged from a gas turbine. Recognizing the
importance of cogeneration as described above, the system uses an exhaust gas heat recovery boiler
to produce steam. The steam is used in a steam turbine to generate electricity, and the condenser
cooling water flow for the steam cycle is used as feedwater for the RO system. As an example,
preliminary analyses were carried out for a 20,000 shaft horsepower gas turbine assumed to be used
as a pumping engine. The thermal energy recovered from the exhaust gases of this turbine was
sufficient to allow the production of about 2000 mVd of potable water using an optimized RO system
drawing electricity from the turbo-generator. In addition, approximately 2 MWe of electrical energy
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was available for distribution to the electrical supply grid. Because the energy to operate the
desalination system and provide the preheat necessary for optimized performance is obtained as a free
resource, this design results in extremely attractive water production costs [6].

Small nuclear reactor as an energy source

In remote regions or small communities which do not require the large scale water and
electrical production capacities provided by a CANDU based system, but where nuclear energy still
offers attractive advantages as an energy source, the Candesal design RO design process can be
applied to small reactors. As an example, a preliminary design study has been carried out [7] in which
the RO design techniques described above have been applied to a cogeneration system based on the
russian federation's KLT-40 reactor design. As a base case, an RO system design was established
which did not take advantage of preheat or design optimization. This base case system produced
80,000 mVd of potable water and about 50 Mw of electricity. Three design cases were then analyzed:
one in which the only change was the use preheated RO feedwater, and two in which various degrees
of design optimization were applied. In all cases the feedwater flow rate remained constant, as did
the pumping power required and hence the amount of electricity delivered to the grid. Water
production rates at this constant feed flow rate showed the expected increases due to feedwater
preheat and design optimization. Potable water production rates of 88,400 mVd, 90,400 m3/d and
92,900 m3/d were achieved for the cases of preheat, preheat plus moderate design optimization and
preheat plus a more highly optimized design. These correspond to increases in water production rate,
and hence decreases in unit water production cost, of about 10%, 13% and 16%, respectively.

Regional benefits as a basis for industrial growth

In addition to helping meet the basic humanitarian need for an adequate supply of fresh water,
a fundamental component of the Candesal philosophy is a technology transfer program aimed at
establishing a complete local capability for the design, fabrication, operation and maintenance of
cogeneration facilities. Through a well defined and logical technology transfer program, the necessary
technologies are integrated into a nation's industrial capability and infrastructure, thus preparing local
industry for the long term goal of manufacturing large scale, economical and environmentally benign
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desalination facilities. This positive contribution to national and regional development results from
a program of industrial growth benefits, technology transfer, job creation, and export development.
In addition, the Candesal system can effectively serve to stabilize international relations in regions
which are experiencing critical shortages of potable water. This could be particularly true in the
middle east, where water shortages are already quite severe and are a source of tension amongst a
number of countries.

The design's application to smaller systems permits the early introduction of the technology
into a developing industrial base through the implementation of a series of small scale plants,
gradually increasing in capacity and design sophistication. The longer-term goals of a comprehensive
development program include demonstrating that nuclear desalination can be successfully
incorporated as one element of a national and international cooperative program to develop energy
sources, water resources, and foster industrial growth, while meeting established safety, reliability and
environmental objectives.

With specific regard to the Candesal nuclear system, the CANDU reactor has been designed
to enhance the ease of technology transfer to the purchaser. It was designed specifically to facilitate
installation in modestly industrialized regions where technology transfer programs can be effectively
implemented in order to enhance the local industrial infrastructure. CANDU does not require the
advanced technology necessary for enrichment, nor does it require the heavy industry associated with
large pressure vessel fabrication.

The Candesal desalination/cogeneration system allows for the associated technologies to be
easily acquired and applied in developing regions [8]. since a large part of the design and construction
work can be done locally, the technology transfer program and the high degree of regional
involvement in all aspects of a project result in the development of technological capabilities over a
wide variety of disciplines. These include the many aspects of plant design and engineering, normal
and emergency operating procedures, test and maintenance procedures, operations and maintenance
skills, and experience.

The industrial benefits arising from the installation Candesal systems span the full range of
economic sectors and will assist the development of a regional industrial infrastructure as well as
promote international export markets in the technology. The design, construction and operation of
a desalination plant will create a large number of jobs, in a variety of sectors from high technology
fields through to support services. Additionally, the benefit of having increased availability of both
electrical power and fresh water, at lower costs, cannot be underestimated in its impact on the further
development of the industrial base. By making these two key industrial resources readily available to
the market, a true stimulus for growth and development is achieved.

Environmental impact

Desalination is an energy intensive process, and any technological advances which improve
the efficiency of water production result directly in a reduction in the energy consumption per unit
of water produced. Such reductions have the dual benefit of improved resource utilization and
improved economics. For large scale systems using nuclear reactors the economic and environmental
benefits are clear. For smaller scale systems using other energy sources the improvement in resource
use reflects itself in terms of reduced fuel consumption for a given water production capacity. With
respect to the environment, it means reductions in both resource depletion and production of
environmental emissions.

The design and performance optimization analysis tools provide additional confidence in the
long term development of large scale nuclear and conventional desalination systems. The
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environmental impact of the transition from conventional to nuclear power systems as the energy
source for water production is very large and positive. In many regions of the world, the demand for
potable water production is expected to triple over the next two decades. Even at current production
rates (12-15 million m3/d), the global production of potable water by conventional desalination results
in environmental emissions of about 30 million t/yr of CO2, 300,000 t/yr of SO2 and 90,000 t/yr of
NOX. Such emissions will not be present with a nuclear energy source. Hence, in addition to the
economic benefit, an immense environmental benefit accrues in the long term.

Conclusion

The use of nuclear power as a source of energy for potable water production is both
technically viable and economically competitive. CandesaFs system integration and design
optimization techniques provide significant improvements in the efficiency of energy use and the
economics of water production. These features will allow nuclear desalination to play an important
role in the solution to the growing global demand for water and electricity.

The Candesal desalination/cogeneration system provides a readily available and economically
attractive solution which meets the increasing global demand for both water and electricity. It offers
a safe, reliable, and proven source of electrical energy coupled with a well established desalination
technology. The system is designed for the cogeneration of electricity and fresh water, using the
waste heat from the electrical generation process, in proportions which can be optimized to satisfy
local or regional requirements.

In addition to the economic advantages, the benefits accruing from the installation and
operation of a Candesal desalination/cogeneration system are many. They arise because the system
provides a contemporary, unique approach to solving the increasingly severe problem of water and
energy shortages. In helping to meet the basic humanitarian need for an adequate supply of potable
water, the Candesal system is environmentally benign and serves to mitigate the impact of power
production on the ever-increasing global pollution problem. In addition, the system contributes
positively to a national or regional economy through cogeneration of electricity, job creation,
industrial benefits, technology transfer, and the potential export of both technology and products
through the continued operation and development of the system.

These results are extremely positive. Through a combination of design integration and
optimization, significant improvements in water production efficiency and reductions in desalination
plant capital costs have been realized. The result is a reduction in levelized water production costs.
The costs for a facility of this type are highly site specific, depending on seawater conditions, design
requirements, and operating and maintenance strategies. Nevertheless, the results of this work
demonstrate the benefits of design integration and optimization, and suggest that substantial cost
savings are achievable.
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