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i. INTRODUCTION

In nearly all optimization studies conducted to estimate the cost of water
and power resulting from nuclear dual-purpose power and desalting plants,
operation at base load is usually assumed. Accumulated operating experi-
ence in power plants indicates that this assumption is rather doubtful.
It is a well known fact that power grids tend to base load the latest,
most efficient plants, while using the older ones as spinning reserve and/
or for peaking applications. If the power generator in a dual-purpose
plant is not connected to a power grid, as would be the case in isolated
development areas, the assumption of continuous base-load mode of opera-
tion is not possible at all.
The demand for each of the two products of a dual-purpose plant may vary
from time to time in a manner which may not be met by the supply capabili-
ties of the plant. The life-span base-load mode of operation, with fixed
power to water ratio, imposes a severe restriction on the application of
such a design to a real situation. Such mode of operation can be achieved
only in rather restrictive situations, and even there, the lack of flexibi-
lity imposes some hardships on the operation of the plant.
Plant economics and primarily the cost of product-water, are directly link-
ed to the mode of operation. The life-span base-load mode of operation
should be looked upon as a unique case, by all means not universal, of ope-
ration of a dual-purpose plant. It is recognized that different unit pro-
duct water costs will result if the plant is designed more realistically,
i.e. for non-base load application. If not properly designed, non-base
load operation of the plant may result in severe penalties on the product
water cost.
The dual-product feature of the plant, however, offers attractive economic
advantages to a mode of operation making the maximum use of the heat sou-
rce, while continuously varying the ratio of power to water production.
Moreover, a dual-purpose plant design incorporating a wide range of opera-
tional flexibility, may also prove the power and desalting plant to be
more effective by a better utilization of the heat source for the produc-
tion of more power, in case a portion of the desalting plant is down, or
for the production of more water when turbine is down.
The economic advantages achieved from a dual-purpose system designed to
operate at varying power to water ratio, while maintaining uniform load
on the heat source, are further augmented if a capital intensive nucl-
ear reactor is used as the prime steam supply. Furthermore, annual reve-
nue from power sales may increase considerably due to production of more
valuable peak power.
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The International Atomic Energy Agency recognized the above mentioned
benefits resulting from non-base load design and has, therefore, instiga-
ted a coordinated study of a nuclear dual-purpose desalination plant
suitable for non-base load applications.
In this presentation that part of the study, coordinated and partially
supported by the IAEA, which was conducted in Israel, and is now being
continued for a second year, will be summarized. The scope of investi-
gation for the first and second year study, the method of approach and
the findings of the first year study, will be discussed.

2. SCOPE OF INVESTIGATION

2.1 Objectives
The objectives of the present study are :
a. to determine the performance, additional investment and

operating costs of plants designed to permit substantial
increase in the power to water ratio during power peak-load
periods compared to the investment and operating costs of a
plant designed for base-load operation.

b. to compare the additional annual costs and the increase
in annual revenue, which could accrue due to generation
of the more valuable peak load power.

c. to conclude on the feasibility and potential economic
advantages and applicability of non-base load design.

2.2 Reference Plant Design
The reference base plant chosen for the present investigation is a
dual-purpose plant producing 300 MWe and 100 MGD at a plant factor
of 85 percent. The program of the first year study included desalt-
ing plant design of the multistage flash evaporator (MSF) type only.
The scope of this year effort is to extend the study to include
desalting plant designs of the vertical tube evaporator (VTE) type.
The power base of the investigated reference plants consists of a
1593 MWt (standard size) light water boiling reactor and a back-
pressure turbine.

2.3 References Plant Design Modification
For non-base load applications, design and operating modifications
of the turbine cycle and desalting plants were considered.

2.4 Cost Data and Results
The cost data for the power plant portion (nuclear reactor and turbine
cycle) of the reference plants and for the MSF evaporator are based on
the engineering feasibility and economic study conducted by Kaiser
Engineers in association with Catalytic Construction Company for a
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large nuclear dual-purpose desalting plant to be constructed in Isra-
el (1)*. Construction costs of the VTE desalting plant are based on
recent designs furnished by Oak-Ridge National Laboratory(2) for cost
evaluation and comparison by Fluor Corporation(3).
In order to generalize the results of this study as far as possible,
the economic data is evaluated at three different fixed charge rates
(6%, 9% and 12%) and as a function of the peak-to base-load operating
time ratio.

2.5 Description of Systems Considered
The benefits obtained by designing a flexible dual-purpose plant
have been recognized by others. Systems incorporating pumped stor-
age, flexible back-pressure turbines, low pressure condensing turbi-
nes, desuperheating turbine bypass, variable extraction turbine and
other systems have been evaluated preliminarily and reviewed compre-
hensively by Franzreb and Spiewak (4).
Some of the systems proposed, do offer some degree of solution to
the need for flexibility.
Pumped hydro-storage plants are a proven economic means of providing
peak power. The excess energy available during off-peak periods is
stored in a high level water storage reservoir to be utilized during
peak demand hours. This system requires an additional capital invest-
ment in the pump hydraulic turbine-reservoir systems and presupposes
that the site topography will be such that a suitable location for
the elevated storage is available.
Desuperheating turbine bypass provides substantial flexibility and
may be desirable for a startup and operating control, but utilizes
prime steam inefficiently. The provision for a dump condenser in
this system may even increase the operational flexibility, but
again, the utilization of prime steam is inefficient.
Systems incorporating flexible or low pressure condensing turbines
do offer a high degree of flexibility and effective use of prime
steam, provided the desalting plant can be operated at low to full
capacity. These systems have therefore been selected for further
investigation in the present study.
Flexib-le Turbine - Parallel MSF (FT System). In a system incorpora-
ting a variable back-pressure turbine, flexibility is obtained due
to the substantial increase in turbine cycle efficiency at lower
back-pressure (especially in saturated steam turbine cycles as used
in nuclear PWR and BWR plants). Operating at lower back-pressures
results, therefore, in a higher power output and a reduced steam
flow at a lower temperature to the desalting plant. This will obvi-
ously reduce the water production due to the lower heat input and
lower economy ratio, as a result of the lower possible top brine
temperature corresponding to the lower heating steam temperature.

* Number in parenthesis refers to same number in the list of
references.
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The basic design modifications for such a system would be that of the
back-pressure turbine, as well as some arrangements for adjustable
interstage flow orifices in the flash evaporator units. As for the
design of variable back-pressure turbines, Allis-Chalmers has repor-
ted (5,6) that such machines could be provided and operate with a
back-pressure varying in absolute pressure by a factor of 5 with
normal efficiencies over most of this range. The required modifica-
tion of the turbine, such as reinforced casing, strenghthened exhaust
end blading, and larger exhaust end flow annulus for reduced back-
pressure, result in only slightly higher cost than that of a standard
back-pressure turbine.
As for variable interstage flow orifices, various methods have been
proposed, e.g. adjustable orifice dampers such as applied in the
ones designed by Baldwin-Lima-Hamilton 1 MGD plant in Eilat (7),
adjustable dams as proposed by Aqua-Chem Incorporated (8), or the
method of automatic adjustable orifices by inflated tubes proposed
by C.F. Braun and Company (9).
Low pressure Condensing Turbine - Parallel MSF (LPCT-P System). As
shown in Fig. 1, a portion of the steam exhausting from the back-
pressure turbine (which is operating at constant back-pressure) can
be diverted from the brine heater steam supply and utilized to drive
a low pressure condensing turbine generator. Obviously, the amount
of steam available to the brine heater is reduced correspondingly.
This system has more flexibility than the previous one, provided that
the desalting plant can be designed to operate at varying heat input
to the brine heaters. This could obviously be achieved by the simp-
lest way of shutting down several of the parallel operating evapora-
tor trains. It is, however, more efficient to operate all evaporator
trains, thus utilizing all the available heat transfer area resulting
in a higher economy ratio and yielding a higher water production for
the same heat input. Here again, as in the previous system, the eva-
porator flows and the interstage orifices must be adjustable.
For very high decrease in heat input to the desalting plant, as may
be required for a high degree of flexibility, it might not be possi-
ble to operate all evaporator trains in parallel, because the brine
flow in the flashing chambers and the tube side velocities may reach
values below some permissible limit. This may, however, be overcome
by adopting a novel operating system suggested by the IAEA, which
applies a series-parallel hook-up of the flash evaporator units as
described below.
IAEA Parallel-Series MSF System (LPCT-PS System). A possible arrange-
ment of the parallel-series system is illustrated in Fig. 2, Fig.
2a shows the flow at the normal base load case. In this case, Units
I and II are operating as conventional multi-stage flash evaporators
and steam from a back-pressure turbine is supplied to the brine hea-
ters of both units.
When power demand is at its peak, the two flash evaporators, Units I
and II, are connected in series, as shown in Fig. 2b. In this case,
the plant utilizes twice as much heat recovery stages resulting in
a substantially higher economy ratio. The steam supplied to the
brine heater of Unit II is no longer required, and can be utilized
to generate peak load power in a low pressure condensing turbine.
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Basically, the parallel-series system could also be arranged to
operate as a two effect multi-stage flash evaporator, while connec-
ted in the series hook-up. For such an arrangement, however, for-
ward feed for the sea water make-up would have to be useá and would
therefore require two different tube bundles for the make-up and
the recycle feed. It was thus concluded, that the single effect
arrangement would be a simpler one, and any advantages, such as
slightly higher performance, which might result from the two effect
arrangement, would not overcome its extra cost.
Flexible Back-Pressure + Low Pressure Condensing Turbine-Parallel
VTE (FLPCT-PV System). In case of the FT systems, lowering the
back-pressure results in additional peak power generation traded for
lower water production of the MSF plant, because of its reduced
flashing range; the total heat input to the water plant being almos.
constant or even somewhat higher.
In case of the LPCT systems, back-pressure is held constant but a
portion of the steam is diverted to a low-pressure condensing tur-
bine where peak power is generated. In this case water production
is lower because of the reduced heat input to the desalting plant;
the flashing range maintained almost constant.
For MSF systems, heat input and steam pressure are seen to be inde-
pendent parameters. The possible range of variation of these para-
meters were determined.
For VTE systems, however, these two parameters are interdependent,
as concluded from the following :
The heat load in each evaporator effect (OJ is given by: Q = UAAT
where U is the overall heat transfer coefficient, A is the total
heat transfer area, and AT is the temperature difference between
the heating vapor and the brine in the evaporator tubes.
For a fixed geometry plant A is constant. If U is also assumed,
for the purpose of this analysis, to be constant, A is proportio-
nal to AT. It is noted that any variation in steam temperature
will affect AT and thus also the heat load, Q.
It can therefore be concluded that a flexible back-pressure turbine
alone will not be adequate, because the VTE could not accept all
the steam exhausted from the turbine at a lower pressure. On the
other hand in a system utilizing a constant back-pressure turbine
and an additional low-pressure condensing turbine (LPCT system), the
steam to the desalting plant would have to be throttled to a lower
pressure while operating with lower heat inputs to the VTE. This
would result in an economic loss. An economic solution should there-
fore include a hybrid system composed of a flexible back-pressure
turbine and a low-pressure condensing turbine. A possible intercon-
nection of such a system is shown in Fig. 3.
At base load operation, all of the steam exhausted from the back-pres-
sure turbine is utilized in the desalting plant. At peak power
generation additional power is generated by lowering the pressure of
the flexible back-pressure turbine in addition to the power generated
by the low pressure condensing turbine, to which low-pressure steam,
which cannot be accepted by the VTE, is diverted.
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Fig. 1 - Connection Diagram of Nuclear Dual-Purpose MSF Desalting Plant with Low-Pressure
Condensing Turbine (LPCT-P System).



(a) Parallel Flow for Base Load Operation
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Fig. 2 - Connection Diagram of IAEA Parallel-Series MSF System (LPCT-PS System),
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The possible range of application of this system and the interdepen-
dence between the heat input and steam to a fixed geometry reference
VTE plant will be investigated with the aid of a now being developed
VTE "off-design" computer program.

3. METHOD OF INVESTIGATION

The following approach has been adopted in the present study:
a. Computer programs for the optimization of nuclear dual-purpose

MSF and VTE desalting plants were developed and used to deter-
mine the lowest cost base loaded reference plants.

b. Appropriate interconnection schemes between the defined power
plant and the considered desalting plants were analysed and
selected for detailed investigation.

c. Computer programs were developed for performance evaluation
of the reference plants at various "off-design" conditions.

d. The MSF "off-design" computer program has been used to evaluate
performance of the three investigated (FT,LPCT-P,LPCT-PS) sysv-
terns,contemplated for the dual-purpose MSF desalting plant, for
non-base load application. This included a parametric study to
establish the range of application of each system as well as an
investigation of possible improvement in desalting plant effec-
tiveness by using plant flexibility in accommodating equipment
outages. Similar investigations for the VTE plant (FLPCT-PV
System) will be performed in the second year research program.

e. An overall economic evaluation of the investigated systems has
been made with the aid of a computer program. Tyo adopted cost-
ing procedures for the three different charges rates, as a func-
tion of peak to base load operating time ratio, were used. In
one costing procedure, incremental peak power generation was
calculated by allocating all additional costs, and the loss of
water revenue during peak power periods, to the peak power gene-
ration. This costing procedure is termed "Incremental Peak Power
Cost." In the second costing procedure, unit water cost was cal-
culated as a function of the actual peak power value. This cost-
ing procedure is termed "Peak Power Value".

4. RESULTS OF FIRST YEAR INVESTIGATION

4.1 Parametric Study of the Investigated MSF Systems.
For the three investigated MSF systems, hydraulic parameters such as
the tube side brine flow, dynamic head and power of recycle pump, as
well as the economy ratio and water production, were evaluated as a
function of the turbine exhaust temperature in case of FT system, and
as a function of the heat input to the desalting plant, expressed as
a percentage of the heat input to the base loaded plant, in case of
LPCT-P and LPCT-PS systems.
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*Tube side brine flow, minimum dynamic head and minimum power of the
recycle pump, versus turbine exhaust temperature, are plotted in
Fig. 4.
The economy ratio and the water production versus turbine exhaust
temperature are plotted in Fig. 5.
Tube side velocity, minimum head and minimum power of the recycle
pumps, versus heat input to the desalting plant, are plotted in
Fig. 6.
The economy ratio and the water production, versus heat input to
the desalting plant, are plotted in Fig. 7.

4.2 Summary of Suitable Range of System Application
From the parametric study of the three investigated MSF systems it
was concluded that the most suitable operating range is quite diffe-
rent for each system, and the desired incremental peak power genera-
tion might, therefore, be the dominating factor in selecting the
appropriate system, provided the economics are favourable.
While the flexible turbine (FT) system is suitable for a relatively
small additional peak power generation, the low pressure condensing
turbine parallel (LPCT-P) MSF system is suitable for larger incre-
mental power generation and the parallel-series MSF (LPCT-PS) system
is the most suitable if relatively large peak power generation can
be absorbed. From this point of view, the three investigated sys-
tems are therefore complimentary.
Constrained by the possible variations in flow parameters in the
base plant and reasonable variations in pumping power, the possible
range of the incremental peak power generation for the investigated
systems was determined.
The possible range of net incremental peak power generation was
found to be approximately 20 - 38 MW for the FT system, 45 - 90 MW
for the LPCT-P system and 90 - 135 MW for the LPCT-PS system, or
with respect to the 300 MW base load power generation, these corres-
pond to an incremental peak power generation of 7 - 13%, 15 - 30%
and 30 - 45%, respectively.

4.3 Effect of System Flexibility on the Overall Plant Operating Factor.
The plant operating factor is defined as the ratio of the actual
product (power and/or water) produced to the product that would be
produced if the plant had been operating 100 percent of the time at

* The head and power of the recycle pump is calculated for redesigned
conditions. However, for non-base load application it is doubtful if
a single set of pumping units could be designed for optimum conditions
at both of the two different working conditions, even if two-speed
pumps are applied. The required head and power of the recycle pump
is therefore termed "minimum" to indicate that these values are the
lowest theoretical possible values.
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100 percent of its rated capacity. In developing the plant operat-
ing factor, the average annual plant effectiveness has to be estima-
ted. The average annual plant effectiveness, defined as the actual
annual plant output divided by the nominal annual output, depends
on the equipment performance and maintenance procedures, as well as
on the effects that equipment failure and degredation will have upon
the plant product (power and/or water) output capacity.
Due to the high importance of the plant operating factor on the
economics of desalting plants, and especially on large nuclear dual-
purpose desalting plants which are capital intensive, the possible
improvement of the plant effectiveness may yield considerable econo-
mic benefits.
In the present investigation, several design modifications such as
variable interstage orifices and additional pumping units are incor-
porated in the design to be used for non-base loaded applications.
These design variations, as well as the fact that at peak load peri-
ods some of the desalting plant equipment is not fully utilized at
its nominal rated capacity, has a considerable effect on the overall
plant-effectiveness and was therefore considered in the economic
evaluation of systems suitable for non-base load applications.
The possible improvements in flexible plant effectiveness by accom-
modating equipment outages were investigated with the aid of the MSF
"off-design" computer program. The results have shown that incorpo-
rating flexibility features provide the possibility to increase the
desalting plant operating factor up to 3.2 percent.
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4.4 Results of Economic Evaluation
In order to evaluate the possible economic benefits of non-base load
design, an economic model has been developed; the additional revenue
from peak power sales, as well as that from the improved plant
effectiveness, were compared with the incremental cost of the system
modifications.
The non-base load systems which have been evaluated in the parame-
tric study and for which an economic evaluation has been performed,
are summarized in Table 1.
TABLE 1 - Main Data of Evaluated Non-Base Load Systems

No.

1
2
3
4
5
6
7
8
9
10
11
12

System

FT
FT
LPCT-P
LPCT-P
LPCT-P
LPCT-P
LPCT-P
LPCT-P
LPCT-PS
LPCT-PS
LPCT-PS
LPCT-PS

Net PcMWiBase
Load
300.0
300.0
300.0
300.0
300.0
300.0
300.0
300.0
300.0
300.0
300.0
300.0

>wer
Peak
Load
320.1
337.8
345.5
354.4
363.6
372.7
382.0
390.9
395.9
409.3
422.6
434.9

Water Production
M^PBase

Load
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0

Peak
Load
94.3
88.1
82.5
78.7
74.5
70.2
65.9
61.2
61.4
56.3
50.5
44.3

Trade of power
£nr Watp-rMWe KWhr

MGD cu.m.
3.52 22.33
3.18 20.19
2.60 16.48
2.55 16.18
2.50 15.84
2.44 15.46
2.40 15.23
2.34 14.84
2.49 15.79
2.50 15.87
2.48 15.70
2.42 15.35

Investment per
Incremental
Peak Power
Unit, $/KWe

80
69
76
76
76
75
75
75
91
85
82
79

4.6

The incremental peak power cost as a function of incremental net
peak power, at different fixed charge rates, is shown in Fig. 8.
The required peak power value (expressed as the ratio of peak power
value to base power value) to obtain a breakeven water cost, as a
function of incremental net peak power, is shown in Fig. 9.

Discussion of Rresults
4.6.1 Incremental Peak Power Cost

Flexible Turbine - Parallel MSF (FT system). Table 1 shows that
the highest trade of power for water is obtained from the FT
systems. As the incremental investment, of approximately 70-80
$/KWe, is approximately the same, or even lower than those of the
other investigated systems, it is not surprising that this system
is the most economic. It may, therefore, be concluded that FT
systems are most favourable as an alternative peak power source,
having a capacity of approximately 10% of the base power capacity.
Low Pressure Condensing Turbine - Parallel MSF (LPCT-P system).
Similar to the FT system, the trade of power for water ratio, i.e.
the number of incremental power units obtained for each water
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capacity unit traded, decreases for systems with higher peak power
capacity. Because of this effect, and due to the fact that the
incremental investment per unit of peak power is almost constant
(in the investigated range), incremental peak power cost increases
at higher peak power capacities.
Low Pressure Condensing Turbine - IAEA Parallel- Series MSF
(LPCT-PS system). An almost constant incremental peak power cost
is observed throughout the whole applicable range of the LPCT-PS
system (Fig. 8). This behaviour is caused by two opposing effects:
the decrease of incrmental investment per unit peak power, and the
decrease in power units traded for water units (MWe/MGD) at higher
peak power capacities (Table 1).

4.6.2 Effect on Water Cost
The effect of the relative peak power value (PPV/BPV) on the unit
water cost is illustrated by the following example:
At a fixed charge rate of 9% and a peak to total operating time
ratio of 40%, unit water cost from the FT system is approximately
the same as from the reference plant, and about 8% higher from
the LPCT-PS system, if PPV/BPV =1.5, but 4.1% (FT system) and
10.3% (LPCT-PS system) lower, if PPV/BPV =2.5.
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5. SUMMARY AND CONCLUSIONS

A method was developed to modify the design of a given dual-pur-
pose reference plant such that non base load features will be
incorporated. In order to demonstrate the feasibility and poten-
tial economic benefits resulting from such modifications, three
different systems were investigated in detail.
The three systems investigated complement each other in their
range of application. While the first (FT system) will allow
the generation of additional 7 to 13 percent of peak power, the
second (LPCT-P) will generate additional 15 to 30 percent, and
the third (LPCT-PS) additional 30 to 45 percent, at their
respective peaks.

The economic evaluation indicates that non base load systems may provide
an alternative to other peak power sources, especially where low fixed
charge rates and high peak to total operating time ratios are applied.
The resulting incremental peak power costs, expressed as a ratio of the
optimum base load cost, are summarized below :

peak/total operating time, %
fixed charge rate, %
FT system
LPCT-P system
LPCT-PS system

60
6

1.15
1.55 - 1.71

1.66

40
12

1.55
1.88 - 2.04

1.99

In cases where additional peak power is required, and its alternate cost
is higher than that resulting from non-base load dual-purpose plant,
considerable reduction in water cost may result.
It may be noted here that introducing flexibility to a desalting plant
may relax some of the restrictions, otherwise imposed on a base loaded,
water producing, facility. Matching the daily or the seasonal demand
pattern with the production capabilities dictates the need for develop-
ing surface or underground storage. In the case of sizable seasonal
demand variations, as may be the case if the project includes agricul-
ture as a major consumer, storage may become a significant investment
item. Use of large storage facility may involve water losses through
leakage and evaporation, along with the associated sanitary problems.
The Research and Desalting Division of Mekofoth Water Company is
currently conducting a study aimed at determining priorities, sizing
and timing, of water resources development. These resources include
among other large capacity seawater desalting plants and storage. It is
intended to utilize the model to determine the value of dual-purpose
plants flexibility feature in long range water resources development.
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