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1. INTRODUCTION: NEAR TERM LARGE SCALE NUCLEAR DESALINATION PLANTS
MUST BE TAILORED TO THE NSSS SIZES AVAILABLE TURBINES.

During the last 15 years quite a number of technical feasibility
and economic studies were made in which large power stations (mainly nuclear)
were coupled with large desalination plants. In most of these studies the
power plant was matched or tailored to the size of the required desalination
plant.

In practice, as a study of existing and large plants in process of
being designed and built show, there exists only a limited number of
"Standard" sizes for both the Nuclear Steam Supply System (NSSS) and the
turbo-generator. Due to the extremely high development and design costs
manufacturers are forced to restrict the range of the units commercially
available.

In additions as far as we have ascertained no large back-pressure
turbine, with back-pressure of 1 to 2 ata, which is generally required
when coupled with a multistage flash distillation is currently available
or is expected to be available in the next few years.

What is currently available are turbines that can operate with
back-pressures up to 7" Hg. Also being contemplated and expected to be
available within a few years, are special "Nuclear" turbines that will
be able to operate with back-pressures up to 15" Hg for operation with
dry - cooling towers.

Since the limited market foreseen for "Nuclear Desalination"
does not justify the development of special reactors or turbines, it is
clear that for any near term project the desalination plant must be
tailored to fit available power plants.

Therefore, only three possibilities exist today for coupling
desalination plants using distillation processes with nuclear plants.
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A. To take steam for the desalination plant from the crossover point

between the high pressure and the low pressure casings of the turbine.

However since the steam pressure at this point is generally 10 ata or more,

which is far in excess for that required by the desalination plant, this

system is extremely inefficient.

B. To take steam from existing extraction points at pressures below

the crossover point. At least one turbine manufacturer has proposed this

solution and provided us with the appropriate data.

The drawbacks of this solution are:

I. The amounts of steam that can be extracted are limited and thus

the output of the desalination plant would be limited to between 18-36 MGD

for a 1882 MW(th) reactor or to between 30-44 MGD for a 2785 MW(th) reactor.

II. Since the pressure of the steam at these extraction points is still

above that required for the desalination plant, this system though better

than A is still inefficient. Each 1 MGD of water produced leads to a loss

of between 2.5 to 4 MWe electricity generated.

C. To take the total amount of steam exhausted from "Standard" condensing

turbines when operating at the maximum continuous allowable condensing pressure.

At present three leading turbine manufacturers have specified 5" Hg, 5
J
5" Hg

and 7" Hg as the maximum continuous safe back-pressure for their units.

One of them is at present developing a 350 MWe conventional turbine to operate

at a back-pressure of 15" Hg.

The main drawback of this solution is:

The top temperature (50 С - 60°C) of the steam that can be delivered

to the desalination plant with the currently avialable turbines is still too

low for the economic operation of conventional multistage flash (M.S.F.)

distillation plants.

However, it is the object of this paper to show that these turbines can be

economically coupled to H.T.M.E.* desalination plants. In this mode of

operation the capacity of the desalination plant can reach 82 MGD with a

1882 MW(th) reactor and 123 MGD for a 2785 MW(th) reactor.

The resulting loss of electricity generated (when compared to a single

purpose power plant) amounts to only 0.5 to 1.0 MWe per MGD water produced.

* H.T.M.E. = Aluminium Horizontal Tubes Multi-effect distillation

plants developed by "Israel Desalination Engineering

(Zarchin Process) Ltd.



2. THE PURPOSE OF THE STUDY

Israel Electric Corporation Ltd. (I.E.C. the national electric
utility), has called for bids for its first nuclear power station, with
an option for a second ;mit. Offers were requested and received both for a
600 MWe and a 900 MWe sise range. These bids are now being evaluated and a
decision is expected in the near future. The considerations in determining
the unit size are presented in another paper in this conference j^l]*

Though these offers are for single purpose plants cooled by sea-
water a proposal has been made to couple H.T.M.E. desalination plants to
these power plants. (The State of Israel's water economy and the anticipated
role of desalination in meeting shortages were presented in a previous
paper P 2 j ) .

This study has been made in response to this proposal and atte?npts
to show:

I. The technical feasibility indicating the modifications required
to both the power and desalination plants and the problems that require
further investigation.

II. An economic evaluation of various combinations, without optimization
including an estimate cost of the desalted-water.

III. The flexibility of the proposed dual purpose plant. In particular
the possibility of initially installing and operating only the power plant,
with the option of adding the desalination plant at a later date and what
the cost of providing this option would be.

3. BRIEF DESCRIPTION OF H.T.M.E. PROCESS (see Fig. 1)

3.1 A multi-effect distillation process has been developed by Israel
Desalination Engineering Ltd. (IDE), using a horizontal aluminium tube
falling film evaporator.

The relatively low grade motive steam required for supplying the
thermal energy for the process, is fed into the tubes of the 1st (hottest)
effect. There it condenses and gives up its latent heat to the sea-water
brine flowing in thin films over the outer surface of the tubes.

This generates an almost equal amount of vapour, which then passes
into the tubes of the next effect, which is cooler and therefore at a lower
pressure.

The evaporation-condensation process is repeated through to the
last effect, each effect contributing almost a full multiple of additional
product.

In flowing from each effect to the next, the vapour first passes
through a separator, which removes entrained brine droplets maintains the
required distillate purity. The vapour generated in the last effect flows
into the tubes of the heat rejection condenser, giving up its latent heat
to the feed and coolant streams, which absorbs it as sensible heat.



The combination of high heat transfer rate obtained in the
falling film evaporator with a generous provision of the relatively low
cost aluminium heat transfer surface allows a process design with a very
low temperature difference, accross an effect.

The plant can thus be designed with an acceptable economy ratio
at low maximum brine temperature.

The low maximum brine temperature and the absence of forced
circulation in or around the tubes enable IDE to design their plant with
aluminium tubes as they have successfully done for more than ten years
in their ambient temperature vapour compression plants which operate on the
same principle.

3.2 Present Status of the Process

A 150 m3/d 10 effect pilot plant started operating in January 1971.
A 1 MGD (about 3840 m3/d) 12 effects plant supplies the town of Eilat with
desalted water since April 1974. A number of similar plants have been
supplied to Iran, which are scheduled to go into operation towards end
of 1976.

A 10 MGD prototype unit of the type under discussion is now being
designed and will be built and operated at Ashdod as a joint Israel-U.S.A.
Project.

The steam to the plant will be obtained from an existing 50 MWe
turbine, which will be slightly modified so that it can safely be operated
at 12" Hg.back-pressure.
The problems of scaling up from 1 to 10 MGD are now being verified on a
number of experimental installations.

4. THE INTERFACE BETWEEN THE NUCLEAR POWER PLANT AND THE
DESALINATION PLANT.

4.1 The problem

The possibility that radioactive contamination could be carried
over for instance from the primary circuit of a PWR to the secondary
circuit is known to exist. The problem here is to prevent any potential
contamination being carried over by the steam exhausted by the turbine
to the desalination plant.

In the multiple effect process the motive steam is fed directly
into the tubes of the first effect. In a conventional unit a small quantity
of this steam is bled into the shell side of the effect to purge non-
condensible gases (N.C.G.). Even if an alternate NCG removal system is used
there is still the possibility that due to the positive pressure difference
between the tube and shell side, though small, any leakage could result
in the contamination of the product.

It should be noted though that this probability of the product being
contaminated is very small as for it to occur there has to be three failures
in series, namely:



a) Leakage in the fuel elements,

b) Leakage in the steam generator tubes,

c) Leakage from tube to shell side in the 1st effect of the evaporator.

Next, the product will be continuously monitored and will

automatically be diverted before it can contaminate the supply system.

Nevertheless, because of the sensitivity of the public to this

subject an even safer solution is proposed. See Fig 1 .

In this solution the steam exhausted from the turbine is condensed in a

conventional condenser, but using brine - as cooling water. The brine is

circulated between the condenser and a flash chamber. The heat, which is

absorbed sensibly by the brine in the condenser is rejected by allowing

a fraction of the circulation brine to flash off as vapour in the flash

chamber. This vapour is then directed into the tubes of the first effect

of the desalination plant. To maintain a constant concentration of the

circulating brine stream, at 1.5 times normal sea water, twice the quantity

of the flashing vapour is blown down and the make-up is taken from the

condenser of the desalination plant.

The advantages of this system are:

a) There is an additional metal barrier between the potentially

contaminated steam and the desalination plant.

b) Since the circulating brine in the tubes is at a higher pressure

than the steam in the shell side of the condenser in the event of any

leaks, the flow will be from the brine to the steam, thus the possibility

of the brine becoming contaminated is negligible.

c) In addition, the change of phase from brine to vapour in the flash

chamber provides a further barrier to the spreading of contamination.

d) The practical advantages accuring from having much smaller inter-

connecting piping between the power and the desalination plant, instead

of large vapour ducts.

e) Flexibility in operation; by dividing the cooling water system

into a number of independent circuits, in the event of the breakdown of

one of the desalination trains, this or any number of the desalination

trains, can be by-passed by appropriate valving and the power plant can

continue operating normally or even more efficiently using sea water

cooling directly.

The drawbacks of this solution:

The top temperature of the steam available to the desalination plant

is lowered by the sum of temperature rise of the brine accross the condenser,

Л Т , the terminal temperature difference between the condensing steam and

brine at outlet of the condenser, T.T.D. and the non-equilibrium temperature

difference between the brine temperature leaving the flash chamber and

saturation temperature of the vapour entering the evaporator.



This loss is partially offset by using circulating brine instead

of fresh water as the condensate of the 1st effect is now part of the product

instead of having to be returned as boiler feed.

This loss is further reduced by installing a condenser as large as possible,

to decrease both Л Т and T.T.D. After consultation with one prominent

manufacturer we have adopted the minimum values for the temperature rise,

A T and the terminal temperature difference, TTD as 5 degC and 2.8 degC

respectively.

The additional cost of this condenser in comparison to a conventional

condenser operating with a A T of 9 degC has been taken into consideration

in the cost calculations. Not taken into consideration is the potential

benefit to the plant of greater efficiency when operating as a single purpose

plant, with th'i larger condenser.

5. EQUIPMENT DATA - CASES STUDIED

The main principles is selecting the plant data on which this study

is based were:

1) As far as possible to take the data from existing plants, or

plants now being designed.

2) From commercial offers and bids.

3) Accepted engineering estimates for similar plants.

5.1 Nuclear Power Plant

The cost of energy in mills/KWh were calculated on the basis of

one of the proposals to IEC for two reactor sizes, 1882 MW(th) or 2785 MW(th)

gross respectively, at a condensing pressure of 2%" Hg, for both the first

and second nuclear power units and from tha engineering estimates of the

architect-engineer, which allow for special Israeli conditions.

For this study three costs of energy were evaluated:

1) The average cost of the MWh between the first and second 948 MWe

unit size on the same site.

2) The same for the 645 MWe unit size.

3) The incremental cost of the KWh between both sizes, the results

appear in table No. I.

5.2 Power Plant Loss

The loss of electricity generated as a result of operating the

turbine at back-pressures of 5%" Hg and 7" Hg instead of 2Ц" Hg, the normal

design back-pressure under Israeli conditions were calculated according to

diagrams included in the manufacturer's offers and separately verified

using the computer code "ORCENT" ГзП1Г4Ц and appear in table I.



To this loss of capacity in electrical generation is added the
net energy required by the desalination plant. The net electrical energy
required by the desalination plant is obtained by deducting from the total
electrical energy consumption an amount equal to the consumption of the
cooling water pumps of a single purpose power station, since these pumps are
not needed when operation in conjunction with a desalination plant and
represents a saving of energy to the power plant.

5.3 The Desalination Plant

The desalination plant will be made up of a number of the HTME
prototype modules identical to that now being designed for the Ashdod plant.
In fact the above project is being carried out in two phases, the first of
which is a seven effect module fed with steam at 57°C and will thus operate
under similar conditions as envisaged in this study. The cost and performance
data used in this study are based on the design of this module.

5.4 Alternatives Considered

As indicated earlier for the power plant, two reactor sizes and for
each reactor two different turbine back-pressures were considered. For each
of the above four alternatives, two different desalination plant configurations
are considered. The first a lower cost plant supplying less water, the second
having modules with more effects per module producing more water but at
higher capital costs.
The number of modules in parallel per cooling water circuit and the number
of cooling water circuits, were governed by practical considerations such
as to limit the size of the evaporator effect to the one basic size being
developed and to size of circulating pumps commercially available.

Two evaporators, with the second having one effect less than the
first, with their respective flash chambers in series have been specified
to cut down still further the thermodynamic penalty of incorporating the
cooling water flash circuit.
One typical flow sheet with a heat and mass balance is presented in Fig 1 .

5.5 Basic Economic Groundrules

These were chosen to conform to the IEC practice in their evaluation
of the single purpose nuclear power plant:
All costs in constant 1976 US Dollars with no escalation.
Interest rate: 6% pa.
Amortization period: 30 years for the power plant.

20 years for the desalination plant.
Non nuclear insurance for both plants: 0.6% pa.
Interim replacement: for the power plant 0.35% pa.

for the desalination plant 0.4% (including one complete
retubing).

Therefore Capital Recovery Factor for power plant - 8.215%
for desalination plant - 9.718%.



6. RESULTS AND CONCLUSIONS:

The results are presented in Table I for the eight alternatives
studied. For each alternative, two different water costs are presented
depending on the cost of the electricity used. In the first, the cost
of electricity was taken as the average cost of electricity from a single
p irpose power plant of the ^ .me capacity- The second cost was the mean
incremental cost of electricity between the 645 MWe and the 948 MWe sizes.

The decision which of the above cost of electricity should be used
to determine the cost of the water produce, is an administrative one and
must be left to the proper authorities.

The most important conclusion emanating from these results, are
that it is feasible to supply significant quantities of desalinated water
from 50 to almost 125 MGD at a loss of only 6% to 10.5%, of the single
purpose power plant potential electricity capacity for a given reactor
size, at a unit cost of water 35% to 40% of that of current or near future
single purpose desalting plants.
Though no optimization was undertaken the results obtained indicate that
the cost of water does not vary significantly for the different combinations
studied and there is also no substantial economy of scale for the desalination
plant..

Finally, when combining the operation of two huge plants, there are
certain to arise various technical problems, particulary in controls,
transients, compatibility of materials etc.
The solution proposed here of combining the two plants by means of the
cooling water circuit has reduced these to a minimum. It also has the
additional advantage that in order to keep the option open to couple a
desalination plant.at a later date to the nuclear power plant now being
ordered, the main provisions that have to be made are of relative scope:

1) To order the enlarged condenser.

2) To provide sufficient space for both the desalination plant and for
the following special auxiliaries:-
I - A quenching tank for dumping steam, in case of emergency.

II - A full flow demineralizer on the condensate return line to the steam
generator with resins resistant to temperatures up to 60°C-65°C.

The cost of keeping this option open has been estimated to be not
more than a few million dollars.
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TABLE I: NUCLEAR DUAL PURPOSE POWER/DESALTIHC PLANT

Coat eatlaatai for two realtor typea; Two condenelng preaaurea; Two different deeaUlng plant arrangement* for e«ch alternative

Alternative
Subject

1. CEHERAL

1.1 Reactor alia tM(th)

1.2 Electrical output at 2.5" Hg (ИН*. gross

1.3 Ilectrlcal output at 2.5" Hg (KWe, net)

1.4 Condensing preaaur* on dual purpose «ode

1.5 Power Plant Loaa (MWe)
1.6 Deaaltlng Plant - No. of Lln*s/(No. of

effect» per Una)

1.7 Water Output (M.C.D.) (Nominal)

2. PESALTINC PLANT COST

2.1 Total Capital Coat (1976 i)S ?)

2.2 Specific Investment (?/g.p.d.)

2.3 Annual Coata (9/year)
2.3.1. Investment coat at 9.7181

recovery *

Labor (operation and2.3.2.

2.3.3.

Maintenance) •*

Materials:

2.3.3.1. Polyphotphace Sp.p.m
at $ 130Wton

<.J.j.2. Oiluilnc

2.3.3.3. Acid (for periodical
cleaning)

2.3.3.4. Maintenance (Including
outside suoporr* 0.5X
of direct investment

2.3.4. S. j Total (S/year)

2.4 Annual '. roJuctlon at 70S capacity factor
(i.e. 6132 houre/year) (mVyear)

i. ENERGY REQUIREMENTS

3.1 Main Circulation (head fcnp^-O.SSHKW)

3.2 Laaa Power Plant Condenaer (KW)

( t - 9°C; head 20m^
 t
 • 0.85)

3.3 Additional Power (XU)

3.4 Circulating pimp (net) (KWh/N
3
)

3.5 Desalting Plant Proceaa Energy (KWh/H
3
)

3.6 Power Plant Loaa (KWh/M
3
)

3.7 Total energy requlremer.ta (KUh/M
3
)

3.8 W * Cost (mllls/KWh net)

4.1 Investment + OIK U/H
3
)

4.2 Energy Requirements И/нЪ

4.3 Total Water Coat (l/M
3
)

4.3.1. Total Water Cost U/lOOOg)

4.4 Energy Cost X of Total О

1B62

645. S

619.?

27SS

9ЛЗ

910

5.5" Hg

1,1. A

6/(5+4)

SO

76098000

1.562

7J900OO

588000

695000

56000

111000

322000
9304000

48160700

11220

8311

2909

0.37

1.91

6.C4

8.32

O.it 9.41

9.44

7.20

19.64

8.16

36.64 27.60

138.68*04.47

46.9 29.5

8/(7+6)

69

120167000

1.741

11678000

700000

693000

58000

212000

69(000
14105000

66667000

11220

8311

2909

0.26

1.67

4.36

6.29

20.6$ 9.8?

21.16

13.00

34. .6

129.29

38.0

21.16

6.17

27.33

C3.44

22.3

68

6/(7+6)

65

91666000

1.412

8910000

588000

907000

160000

380000

11003004

62840000

11109

82 U

2895

0.28

1.57

6.64

8.«9

20.6$ 9.Й

17.51

17.56

15.11

02.8 8

50.0

17.51

8.34

25.85

97.84 02

32.3

5.5" Ug

53

8/19+B)

82

10/(6+5)

88

140933000

1.719

13696000

700000

1147000

58000

278000

580000

140859000

1.601

13689000

812000

1228000

86000

224000

579000
16459000

79470000

11109

8214

16618000

85050000

16830

12654

2895

0.22

1.65

5.25

4376

0.31

1.73

3.82

6.92

20.6$ 9.U

20.7i

14.31

25.02

.55

40.9

20.71

6.79

19.54

10.09

27.50

!04.09

24.7

29.63

112.15

34.1

5.86

9.41

19.56

5.75

25.29

95.72

22.7

12/(7+6)

100

182392000

1.824

17725000

896000

1644000

86000

319000

750000
21220000

96836000

16830

12454

4376

0.27

1.56

3.35
5.IB

17TJ1 9 .Й

21.22

8.91

30.13

114.04

29.5

21.22

5.09

26.31

99.58

19.3

7" Hg
89

10/(8+7)

116

1652840(10

1.425

16062000

«12000

1617000

86000

306000

680000
19563000

111970000

16664

12331

4333

0.24

1.51

4.87

17.47

11.39

28.86

09.24

39

6.62

9.$!

17.47

12/(9+8)

123

212654000

1.727

20646000

«96600

1721000

416000

873000

26638000

119206000

16664

4333

0.22

1.31

4.58

6.11

9.41

0.67 20.67

>..'{ 6.00

23.97
.24 90.73 liej.a 100.95

.5 27.1 |з3.7 22.5 I

* Baaed on: 61 p.a. lntereet rate; 20 yeara amortization period; 0.4Z p.a. for Interim replacement (Including tube replacement):
0.6Z p.a. for property lr.auranca.

** 4 per Un a + 18 conat. at $ 14,000 p.a.
+ Average between let and 2nd unit (1882 MU(th)).
++ Incremental coat of energy between email unit (1882 HW(ch)) and large unit (2785 HW(th)).

+++ Average between let and 2nd unit (278S W(th)h
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