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"Water, Water Everywhere; Not a Drop to Drink"
INTRODUCTION

As the population of south Florida continues to grow, the need for more
and more fresh water manifests itself, with the reliability of supply being
of paramount importance.

To meet the future water requirements of the region, the South Florida
Water Management District (SFWMD) was delegated the total water management
responsibility of the region and is studying various water supply alterna-
tives to determine which are the most suitable and economical for the region.

This particular study focuses on one alternative way of supplying water
to the region. In particular, this alternative is tested for feasibility
purposes in the Upper East Coast Planning Area (UECPA). This planning area
encompasses approximately 1,304 square miles in Martin, St. Lucie and east-
ern Okeechobee Counties on the east coast of Florida (Figure 7 ). Presently,
this area has neither Tlarge surface storage facilities nor is it connected
with the sole regional water storage facility - namely, Lake Okeechobee.
Vast quantities of fresh water, generated from rainfall, are being dis-.
charged to the ocean annually due to lack of surface storage facilities.

The classical way of storing fresh water for water supply purposes is
to store this fresh water in surface water impoundments during periods of
abundance for use during dry months. Feasibility of surface impoundment
of runoff water was explored by Tai (1975) for the area. He found this
alternative to be uneconomical due to flat topography and the high evapora-
tion rate of the area.

Another alternative, the so-called Martin County Plan, which would

connect the lake with Canal 23, would enable the water managers to pump
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excess runoff water to the Take from the area, and deliver water from the
lake to the area via Canals 23, 24 and 25. This alternative is being studied
by the U. S. Army Corps of Engineers.

The study here focuses on a relatively new technique of salvaging a
portion of the fresh water which is presently discharged to the ocean via. .
cyclic storage in subsurface . reservoirs.

In south Florida, there exists a vast potential subsurface reservoir
where the excess fresh water runoff may be stored during periods of abundance
and retrieved during periods of need {dry season). This subsurface reservoir
presently contains brackish water which cannot be used without first removing
the salt by desalination techniques. The alternative being evaluated here
is the feasibility of cyclic storage of fresh water in the brackish water
formation in the UECPA. Field tests of this alternative have been carried
out in other parts of the District area; however, in this study, the feasi-
biTlity of cyclic storage and retrieval will be evaluated using mathematical
models and hydrogeologic data obtained from other studies of the Upper East
Coast Planning Area.

The objectives of this study, then, will be as follows:

1. To predict recovery efficiency (fresh water pumped out/fresh

water pumped in) of the cyclic storage/retrieval system via
mathematical modeling, without recourse to long, multiple cycle
field evaluation.

2. To perform sensitivity analyses of the model parameters in order

to (a) predict the effect of the change of a particular parameter
on recovery efficiency, and (b) to be able to run the model
for other planning areas where the hydrogeologic data are

different than those of the UECPA.



THEORETICAL BACKGROUND
There are six primary parameters that affect recovery efficiency of
stored fresh water in brackish aquifer, Kimbler (1975). They are as follows:
A.  Mixing of two fluids due to molecular diffusion and convective
dispersion
B. Segregation of the two fluids due to density difference
C. Viscous fingering due to the difference in viscosities between the
injected fluid and the native fluid
D. Aquifer heterogeneities
E. Aquifer dip, and
F. Pre-existing groundwater movement in the aquifer.

Methods of mathematical development on the above parameters follow.

Mixing Due to Molecular Diffusion and Convective Dispersion

If two miscible fluids of different composition are in contact, a
transfer of molecules will take place. As time progresses, a mixed zone will
be created by the random movement of molecules, where the two fluids have
diffused into one another.

When one fluid miscibly displaces another fluid in a porous medium, the
mixed zone will be greater than that due to molecular diffusion alone. The
additional mixing, as per Kimbler, et al., (1975) depends primarily on pore
geometry, which results from variations in the velocity field, and the
constant intermingling of flow paths as displacement progresses.

An equation as presented by Gardner, Downie, and Wyllie and modified by
Kimbler, et al., (1975) which can be applied to successive injection and
production half-cycles to compute the concentration at any radius (r) and

for any injection or prodﬁction half-cycle is given below:




erfc( )

C. = Concentration of injected fluid at the radius r, and time t
r = vradius (cm)
R = radius (cm) of injected fluid at time (t) with no mixing or

gravitational segregation
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where,

‘= = Tongitudinal dispersivity coefficient of porous medium (cm)
D = coefficient of molecular diffusion of fluids in porous medium (cm)
Q = g/27hg) cmz/sec
= volumetric flow rate (cm3/sec)
h = aquifer thickness {(cm)



¢ = aquifer porosity (fraction)
t1,t2,t3... = time measured from start of first injection half-cycle (sec)
1,P = subscripts for Injection and production

J.k = integers

In Figure 2 a schematic representation of the displacement process
during an injection half-cycle is presented.

As can be noticed, the injected fresh water displaces the native brackish
water away from the source. As the interphase between the fresh water and
brackish water moves in the aquifer, the mixing between the two fluids will
generate a transition, or mixed zone, in which the composition of either fluid
will vary from 0 to 100 percent. The length of the mixed zone, as it moves
in the aquifer, is dependent on the total distance travelled by the interface,
the velocity of the interface, the total time of contact between the Tiquids,
the properties of the liquids, and the properties of the porous medium.

In the schematic diagram, R is the radius of the injected fluid at any
time, t. Please refer to Kimbler (1975) for the calculations of Ci/Co and

the length of the mixed zone at any time (t) and about any radius (R).
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Calculation of Gravitational Segregation Due to Density Difference

Figure 3 shows schematically the inclination of the mixed zone due to
density differences between the two Tiquids. The less dense water will rise
over the more dense brackish water. The gravitational segretation between
the two fluids, at any time, can be represented by the tangent of the angle
8, that the 50-percent concentration lines makes with the vertical (tan o =
2xR/h)._ Readers are referred to a publication by Kimbler (1975) concerning
the theoretical development and the procedure for calculating the value of
gravitational segregation before approximation to radial geometry.

The equation describing gravitational segregation, as proposed by

Esmail (Kimbler, 1975) is as follows:

B = £
where,
p = [Kedcfoct EE/3'3/3 73
(20)™ "(g)
where,
2xL = projection of the interface on the horizontal surface {cm)
h = aquifer thickness (cm)
t = time (secs.)
¢ = porosity
u = average viscosity of the two fluids (poises)
g = acceleration due to gravity (cm/sece)
Ap = density difference between two fluids (gm/cm}

A detailed description of the above equation can be found in (Kimbler, 1975).
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Difference in Viscosities

In the model, the viscosities of the injected and the native fluids are

assumed to be the same.

Agquifer Heterogeneities

The model assumes that the aquifer is not inclined but is horizontal,

homogeneous, or isotropic and is of infinite areal extent.

Pre-existing Groundwater Movement

If the potentiometric gradient is found to be high (not in south
Florida where the gradient is less than 1 foot/mile}, groundwater movement
will take place at a faster rate. This movement can be slowed or counter-

acted through the use of boundary wells, to retard the groundwater movement.

Recovery Efficiency

When the leading edge of the mixed zone reaches the breakthrough radius
(RBT, See Figure 4), stored freshwater production is stopped. For a single
well system, the breakthrough radius would be the wellbore radius. For a
muitiple well system, it would be the radius from the center of the well
pattern to the outer ring of wells. The volume of water contained in the
frustrum of the cone, having a height, h, and upper and Tower radii of
RUS0/RL5C, respectively, is the volume of the lost fresh water.

The cumulative recovery efficiency (CRE} is the difference between the

volume of fresh water injected (VIN) minus the volume of lost fresh water

v . -
1 0ST divided by the total volume of fresh water injected (VTOTAL)
v v
CRE = Iﬁ - "LOST
TOTAL

-10-
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Multiple Well System

If large gquantities of runoff water are available for storage, then

a wellfield rather than a singie well will be needed. In Figure 5 some

possible injection wellfields are presented. The operating procedure for

a wellfield, such as shown in (c) would be (Kimbler, 1975)}:

1)

2)

Inject into the center well until the lagging edge of the mixed zone
passes the inner ring of wells.

Start injection in the inner wells (with injection continuing in the
center well) until the lagging edge of the mixed zone passes the
outer ring of wells.

Inject into all nine wells until the desired quantity is injected.
Allow the injected water to stand until needed.

Produce all nine wells until breakthrough occurs at the outer ring of
wells, at which time production from the wellfield is stopped.

Subsequent cycles are made with injection beginning in all nine wells.

Detailed computer programs for computing recovery efficiencies from

single and multiple injection wells have been developed at Louisiana State

University. These programs have been modified to a certain extent to fit

the District's need and the computer capability will be applied for the

computation of recovery efficiency from such wells in the Upper East

Coast Planning Area.

-12-
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STUDY AREA

The study area is the Upper East Coast Planning Area of the South
Florida Water Management District (see Figure 1). The area encompasses
approximately 1304 square miles in Martin, St. Lucie, and eastern Okeechobee
counties. Climate of the area is humid-subtropical with warm wet summers
and mild dry winters. The nerthern portion of the area is drained by SFWMD
primary Canals 23, 24, and 25 with many interconnected secondary and
tertiary canals.

Water Resources - Supply Aspects

The volume of surface water which is potentially available for benefi-
cial use in St. Lucie County consists solely of the runoff generated from
rainfall over the basin (SFWMD, 1974). Runoff during the rainy period, due
to Tack of surface storage facilities has to be discharged to the ocean.
Presented in Tabular form (Tables la, 1b, and l1c) are the discharge records
for Canals 23, 24, and 25. During the months of April-October (10-yr. period)
34,890 million gallons of water was discharged to the ocean from C-23,

22,298 million gallons from C-24, and 27,991 million gallons from C-25.

The average yearly discharge to the ocean from the basin during the 10
year period was approximately 85 billion gallons.

Various alternatives are being studied to save this 85 billion gallons
of water. One of the alternatives being studied by the Corps of Engineers
is the Martin County Plan which will connect C-23 with Lake Okeechobee. This
plan will enable the excess water to be stored in the Lake during the
period of excess and to be released during dry months.

The plan being studied here is to see whether a portion of the surface
runoff can be injected into the upper zone of the brackish aguifer, allowed
to remain in storage for some time and retrieved, when required, during

critical dry months.

~14-



YEAR JAN. FEB.
1963

1964 (2,030) (4,580)
1965 180 3,209
1966 14,878 10,320
1967 699 1,192
1968 213 196
1969 1,008 941
1970  (4,500) 8,341
1971 463 468
1972 401 1,229
1973 1,496 1,753

MEAN SEASONAL

-.SL_

TABLE la. C-23 AT 5-48 DISCHARGE CFS=DAYS
SEASONAL YEARLY
MAR. | APRIL MAY JUNE JULY AUG. SEPT. OCT. TOTALS . NOV. DEC. TOTALS
390 1,865 3,800 1,335 2,810
1,256 803 1,118 820 5,309 13,083 13,557 8,011} 42,701 3,349 940 54,857
2,184 476 71 612 3,298 3,714 4,720 11,611} 24,502 5,516 731 36,322
3,904 | 1,468 1,799 13,748 23,226 14,399 9,156 22,420} 86,216 2,620 1,089 119,027
905 258 99 2,761 8,917 5,811 1,807 7,930§ 27,583 904 275 31,558
166 166 2,939 29,451 29,677 6,234 2,131 3,054 73,652 3,782 878 78,887
7,38 | 1,345 7,730 11,706 6,535 21,938 12,798 27,148| 89,200 14,833 11,584 124,955
22,969 | 4,880 2,190 6,761 9,511 (13,606) 8,540 18,645) 64,133 1,833 573 102,349
551 595 589 3,061 6,868 5,224 9,880 9,473| 35,690 8,189 1,210 4€,571
343 1,477 7,418 18,210 5,372 4,349 1,174 379 | 38,379 251 491 41,094
1,220 778 368 6,790 11,018 10,282 19,270 9,539{ 58.045 1,233 1,144 64,891
54,010

( ) estimated by rainfall-discharge relationship.

NOTE:

For the purpose of this study, discharges at $-97 are assumed equivalent to discharges at S-48.



YEAR JAN.
1962

1963 0
1964 3,960
1965 0
1966 9,420
1967 0
1968 0
1969 1,712
1970 18,515
1971 0
1972 6,302
1973 4,157

MEAN SEASONAL

...9[-.

FEB.

0
6,320
1,740
8,050

590

8,759

380
3,209
3,009

TABLE 1b.

MAR. | APRIL MAY
120 260

0 0 800

280 880 940
340 0 0
3,800 340 3,610
0 0 0
0 ¢ 3,728
9,464 384 7,310
11,491 } 3,575 0
2,657 0 55
1,676 § 6,635 5,537
1,972 { 1,896 1,442

C-24 AT S-49 DISCHARGE CFS-DAYS

SEASONAL YEARLY
JUNE JULY AUG. SEPT. 0CT. TOTALS NOV. DEC. TOTALS
1,960 5,640 18,510 38,320 15,170 | 79,980 930 240
30 1,670 0 8,020 5,050 | 15,578 1,720 2,610 19,740
310 3,820 15,010 11,630 2,700 | 35,290 1,070 550 47,085
0 2,980 430 4,090 7,050 | 14,550 2,750 270 19,480
8,730 11,040 8,070 3,120 14,670 | 46,772 0 o 70,270
4,431 4,753 249 3,834 5,839 | 19,106 399 0 20,095
40,348 13,856 892 3,916 6,170 | 68,910 1,792 6 70,752
5,991 2,796 25,792 15,989 21,336 | 79,598 19,302 9,755 119,821
1,172 5,872 5,909 5,702 18,802 | 41,032 1,876 0 81,673
5,965 10,704 5,220 10,073 13,211 | 45,228 8,222 3,55 60,043
13,432 1,826 2,892 1,604 786 1 32,712 990 8,598 53,487
7,006 5,667 5,407 11,002 8,804 | 41,224 1,340 433 52,135
43,331



YEAR JAN.
1964

1965 97
1966 7,517
1967 0
1968 603
1969 1,919
1970 4,875
1971 0
1972 985
1973 5,343
MEAN SEASONAL
NOTE:

_LI-_

These discharges have been

PROVISIONAL DATA

TABLE 1c. C-25 AT S-99 DISCHARGE CFS-DAYS
SEASONAL YEARLY
FEB. MAR. | APRIL MAY JUNE JULY AUG. SEPT. 0CT. TOTALS NOV. DEC. TOTALS
0 42 709 1,091 7,009 15,667 12,614 636 1,042
1,566 4,174 74 0 0 6,478 4,914 1,781 5,492 | 18,739 7,836 992 33,404
8,259 5,238 | 1,691 3,697 12,207 12,202 16,746 11,197 18,555 | 76,295 6,754 0 104,063
334 86 0 0 4,286 10,881 6,066 3,579 5,622 | 30,434 850 14 31,718
310 339 0 1,982 18,975 13,694 3,738 5,439 9,410 | 53,288 7,423 6,586 68,499
735 13,540 458 11,388 1,149 2,112 11,566 9,799 10,534 | 47,006 10,959 6,707 80,866
9,226 16,907 | 4,838 3,198 1,135 1,186 5,104 4,616 15,578 | 35,655 1,647 0 64,310
923 918 0 24 5,925 8,595 8,768 7,654 7,463 | 38,429 4,362 2,446 47,078
4,086 2,020 | 1,820 2,982 11,378 7,326 1,666 2,015 0 | 27,097 0 0 34,278
8,702 2,392 | 1,990 411 14,750 8,536 10,017 8,381 8,173 | 52,318 6,823 1,418 76,996
34,519

two flow measurements.

reduced 20% from those calculated by the theoretical rating curve on the basis of



HWater Resources - Demand Aspects

A recent memorandum report released by the District (Woehlcke and
Loving, 1979), shows the 1978 water use of St. Lucie County to be 11,866,300
gallons for a population of 77,477. In terms of per capita use, this trans-
lates to a per capita consumption of 153 gallons. For Martin County, the
per capita use is 179 gallons with 85 gallons for the portion-of Okeechobee

County within the planning basin (Table 2).

TABLE 2. PROJECTED POPULATION FOR THE UPPER EAST COAST
PLANNING BASIN (Smith, 1978)

YEARS ( POPULATION)

County 1965 1990 1995 2000 2010 2020 GPCD
Martin 72,800 80,400 87,000 93,339 104,371 115,036 180
St. Lucie 96,606 106,700 115,500 123,941 138,500 152,653 160
Okeechobee . 7,530 8,310 9,000 9,654 10,788 11,891 90

(within P.Area)

These per capita consumption rates, together with the projected popula-
tion (Table 2}, were used to estimate future water requirements of the
planning basin.. These. are presented-in Table 3. For the year 2000, the
table shows that St. Lucie County will require an additional 8 million gallons

of water on a daily basis.

TABLE 3. PROJECTED WATER REQUIREMEMTS FOR THE UPPER EAST COAST
WATER REQUIREMENT (MGD)

County 1985 1990 1995 2000 2010 2020
Martin 13.10 14.47 15.66 16.80 18.78 20.70
St. Lucie 15.45 17.07 18.48 19.83 22.16 24.42
Okeechobee

(within P.Area) .67 .74 .81 .86 .97 1.07
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FIELD DATA FOR CYCLIC STORAGE

In order to evaluate the capability of the brackish aquifer to act as
a storage reservoir for fresh water, a hydrogeological survey of the area
was conducted. In this study use was made of the results of surveys conducted
by Brown and Reece (1979) and Brown {1980) on the potential of the Floridan
aquifer of the area.

The field survey was.conducted to determine the potentiometric gradient,
transmissivity, storage coefficient, porosity and the dispersivity of the
fluid medium for the feasibility of deep well storage. Schematics of deep
well storage are shown in Figure 6.

The following hydrogeologic parameters were supplied by Brown (1980)

for a typical Floridan aquifer well in St. Lucie County (SLF-14 - Figure 7).

Thickness of the 1st water bearing zone = 75'

Transmissivity = 412,800 g/ft/day
Porosity of the medium = .30

Viscosity of the injected fluid = 1.00

Viscosity of the native fluid = 1.00

Density of the injected fluid = 1.0

Density of the native fluid = 1.0015

Total dissolved solids (native fluid) = 1600 mg/1

However, in addition to the above parameters, one needs to know 1) the
longitudinal dispersivity of the medium as well as 2} the coefficient of
molecular diffusion.

Longitudinal Dispersivity: This is a relatively new parameter in
groundwater hydrology. The value of longitudinal dispersivity coefficient
is a characteristic of the porous medium and increases as the uniformity
coefficient increases. Most experimental data indicates that it has an

upper Timit of 1.2 for engineering work. Kimbler (1975) suggests a value
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FIGURE 6 SCHEMATICS OF DEEP WELL STORAGE
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of 1.0 which will be used in this study. For additional detail refer to
Kimbler (1975, page 13).

Coefficient of Molecular Diffusion: Stoessel (Kimbler, 1975) recommends
a value of 10*6 cmz/sec for engineering work. This value will be used in

this study.

Sizing of Wellfields

Assumptions:
1. Water will be available for injection for 150 days (May - Sept.)
2. Injected water will remain in storage for 95 days

3. Period of critical demand will be 120 days

Water reguirements from deep well storage
8 %gy-x 120 days = 960 million gallons

30% recovery loss (288 million gallons) = 1248 million gallons
Assume injection rate of 100 gpm/well

1000 ﬁ‘?’l‘ X lﬂ%g}'-“-iﬂ X 150 days = 216 million gallons per well

To meet the water requirement including the recovery loss (assume 30%),
one requires 1248 million gallons. This translates to 6 injection wells.

Concerning recovery, one needs 8 mitlion gallons of produced water on
a daily basis. If one uses the same withdrawal rates, more than 7.2
million but not more than 8 million gallons (1440 x 1000 gpm x 6 x 120) can
be withdrawan on a daily basis during critical months.

In the model, the following figures will be used,

Injection Rate - 1000 gallons/min/well
Production Rate - 1000 gallons/min/well
Volume of Fluid injected - 1000 x 1440 x 150 days

= 216,000,000 gallons
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RESULTS

One Well (SLF-14), One Cycle

A computer run was made on the feasibility of cyclic storage of fresh
water through well SLF-14. The input parameters for the model are presented
as data in Table 4. 1In addition to the computer printed data, two more
parameters were input into the model. First, the radius at which break-
through is computed. As the test was run for a single well, a 24" diameter
well was assumed. For this well, the value of the radius at which break-
through is computed is taken as the well bore radius which is 12 inches.

The second parameter input into the model was the allowable concentra-
tion of native brackish water in produced stream (a volume fraction). The
figure used in the model was .025.

Using the second parameter, the model computed the volume of fluid that
can be produced in the first production half-cycle. Of the 216,000,000
gallons of water injected, during the first half-cycle production a volume
of 111,335,000 gallons of water can be produced. In addition, the computer
model also calculates the cycle recovery efficiency (RCEFF) and the
cumulative recovery efficiency.

For one cycle operation, the cycle recovery efficiency and the
cumulative recovery efficiency would be the same. For well SLF-14, the
recovery efficiency, using the data as shown, is calculated to be 51.5%.

In other words, 51.5% of the total water which was injected can be

recovered.
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Table 4.

SLF-14, ONE CYCLE DATA

FOROQUS MEDI UM

THIZKNEZS OF THE MEDIUM (FT?

PEIMEABIC_ITY OF THE MEDIUM {MEINZERS?

POROSITY 2% THE MEDIUM (FRAZSTIGH)

LONGITUDINGL DISPERSIVITY OF THE MEDION (CN)
COZFFICIENT OF MOLECULAR DIFFUSION {53 CM/SEC

FLULD PROPERTIES

YISCOSITY 2F THE FLUIDS {CP)
VISCOSIYY OF THE INJECTED F_UID
YISTOSITY OF THE NATIVYE FLUID
ME4N YISCOSITY OF THE TEQ F_UIDS

DENSITY

DENSITY

OF THZ FLUIDS {GMASCC)H

OF THE IWJECYED FLUID

DENSITY 2F THE MATIYE FLUID
DENSITY DIFF. BETHWEEN THE F_UIDS

QPERATING

CONDITTONS

INJEZLTION AND PRUDUCTION RATES (GAL/MIN2
INJECTION RATE FOR FIRST INJECTIAON HALF-CYZLE
PRIDUCTIIN RATZ FBR FIRST PRODUCZTION HALF-CYCLE

YOLIME 0OF FLUID: INJECTED OR FRODUCZED (GALLONSD
FLIID INJECTED IN FIRST INJECTIOH HALF-CYTLE

TIME OF STATIC 3TORAGE (DAYS?
AT THE END 8- FIRST IWJECTION HA_F-LCYCZLE

FLPRGZ=
RCEFF=
TILIFT=

CALCULATION OF RZCOVYERY EFFICIENCY

o o e o e A M A o e o me M e e TER e ek e R We e - e

.111335E#»09 CYLR2G= _111333E+99 I=
313441 E+0¢ CREEFF= . 35315441E+090 A=
CINGV00ERQR TILPFT= . 3¢0000E+¢C1

-24-

73.9200690
304 009000
300000
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One Well (SLF-14), Two Cycles

It has been stated by various researchers (Kimbler, 1975) and also
verified by field tests, that recovery efficiency gets better as more and
more injection retrieval cycles are performed. A test was run to check
this (see Table 5)}. In addition to the data required for the first cycle,
another 216,000,000 gallons of water was injected into the aquifer for two
cycle operation. The model shows that during the second cycle, 143,211,000
gallons of water, in 1ieu of 111,335,000, can be recovered, volumewise.

In terms of recovery efficiency of this particular cycle, efficiency
increased from 51.5% to 66.3%. The cumulative recovery efficiency for the
two cycle operation goes up to 59%.

In addition to the volume of water that can be produced in cne and two
cycle operations, the model can also compute the position of front at the
end of the injection period (Table 6 and Figure 8). For injection well
SLF-14, the front has moved to 686 feet at the top and 553 feet at the

bottom.

-25-



Table 5. SLF=14, TWO CYCLE DATA

FORDUZ MEDIUM

THIZKHESS 0OF THE MEDIUM (FTO

PERMEABILITY OF THE MEDIUM I{MEINZERS?Y

FPOROSITY OF THE MEDIUM (FRACTIOHD

LONGITUDIAHAL DISPERSIVITY 05 THE MEDIUN (CM)
COZFFICIZENT OF MOLECDLAR DIFFUSIAN (53 CH/SEC)

FLUID PROPERTIES

YISZOSITY 9F. THE FLUIDS (CPJ
YISCOSITY OF THE INJECTED FLUILD
YISCOSITY OF THE NATIVE FLUID
ME3H YISTOSITY OF THE THO F_UIDS

DENSITY OF THE: FLUIDS (GM/CCO
DENSITY OF THE IMJECTED FLUID

DENYSITY OF THE HATIYE FLUID
DENSITY DIFF. BETWEEN THE FLUIOS

OCPERATING CONDITIONS

INJECTION. AND PRODUCTION RATES (GALSMIN)D

INJECTION RATZ FOR FIRST INJECTION HALF-CYCLE
PRIDUCTION RATE FOR FIRST PRODUCTIDON HALF-CYCLE
IHJECTION RATE FOR SECOND IMNJECTION HAaLF-CYCLLE
PRIDUCTION RATE FOR SECOND PRODUCTION HALF-CYCLE

YOLIWE 07 FLUID: INJECTED SR PRODUZED (GALLONS)
FLIID INJECTED IN FIRST INJECTION HALF-CYCLE
FLYTD PRODUCED. IN FIRST PRIDUCTION HALF-CYCLE
FLJID INJECTED 1IN SECOSD INJECTION HILF-CYCLE

TIME 9F STATILC STORAGE (DAYS)
AT THE END O0F FIRST INJECTION HALF-CYCLE
AT THE EHD 07 SECOND INJECTIOIN HILF-LYCLE

CALCULATION OF. RZCOYERY EFFICIENCY

e T b AP M- MR MR e M e e A e s NA T mm G MR S W e e e A

FLPRG%= .143211E3209 CYLRIG= . 254546E+079
RCEF-& 563014 +0¢ CRCEFF= . 389227E+00
TILIFT= . 200000E+01 TILPFT= . 1Q000QE+OIL
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Table 6. POSITION OF FRONT AT THE END OF INJECTION

DATA
POROUS MEDIJH
THIZKNESS OF THE MEDIUNM (7T 7300004
PEXMESBI_ITY JQF THE MEDIUN HMEINZZRS) 3504.0000¢
FOTQSITY 9% THE HMEDIUM (FRAZTIIND L3000
LONGITIDINGL HISPERSIVITY 07 THE HEDRIIN (CH) 1.20004
COZFFIZIZNT OF MO_ECULAGR DITFUSIAH (Sa CM/A3ELD) LBR0OG]
FLUTD PRUPZRTIEE
YI3Z081TY 3F THE FLUIDS <£8)
YISTOSITY OF THE INJECTED F_UID 1.20083
YISCOSITY JF THE JdATIVE FLUID 120009
ME4M VYISTOSITY 23€ THE TWO F_UIOS 1.00089
DJINSITY OF THE FLUIDS “GM/CCH
DEASITY 3F THE IHAJECTED FLUID 1.20000
GCE4SITY OF THE SNATIVE FLUID . 1.00159
DENSITY DLIFF. BETWHEEH THE FLUINS RS B R
INJECTIZ2N RATE (GRL/MIND 1O0G 40000
FOLUME OF FRLUTID TMNIECSTED (GALLINS). 216000000 009090

POSITIGH OF ~ROMT AT THE END OF INJECTION

RAapIl J3H FLODSY OF ARUITER (FEET)

OF MIRED ZOHE 353.7¢

R R R
LZab DF MIXED ZOHE 373.76

-
-3
-

3w

in im

G
2GS

LAy

L
143

RADIT JIKH ROJF OF AGUIFER <FEET)

LOaGGIHG EDGT OF MIXED ZONE 686 .45
LEADING ED6E OF MIXED ZONE 706.45
COMPUTATION IMTERYAL LENGTH (FEET) 10.00
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SENSITIVITY ANALYSIS

In computer modeling, sensitivity analysis is performed to examine the
impact of a certain variable on the overall performances of the model.
Additionally, sensitivity analysis can also help to predict the recovery
efficiency of the cyclic storage for other project areas where the parameters
are different.

The important parameters that influence the cyclic storage of fresh
water in brackish aquifers are 1) total dissolved solids of native water,
2) aquifer thickness, 3) permeability, 4) dispersivity, and 5) time of
static storage.

Effect of Total Dissolved Solids of Native Water

The total dissolved solids of the native water is directly proportional
to the density of the native fluid. It is well known that the TDS of the
water obtained from brackish aquifers from different Tocations varies. In
order to see how different densities (TDS) affect the overall recovery
percentage, the densities of the native fluid will be varied in several
runs with the other parameters being fixed. Presented in Tables 7a, 7b,
and 7c are the different density values of the native fluids with the other

parameters being fixed.
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- MEISCASITY OJF.THE FLUILIDS (CCPY

Table 7a. CALCULATION OF RECOVERY EFFICIENCY
DENSITY .00S97
DATA

. PORIUS N:Z0IuN

THIZKNESS OF THE MEDIUM (FT> .
PEIBEABI_ITY JF THE MEDIUM ‘MEINZERS)

FPORBSITY OF THE MEDIUM {(FRACTION?

LONGITUDINGL DISPERSIVITY OF THE MEDIUM (vd)
COZFFICIZENT DF MODLECULAR ODIFFUSIIN (53 CH/SECT

FLUID PROPEZRTIES

YISCOSITY OF THE INJECYTED F_UID
YISCOSITY OF THE MATIYE FLUID
- MEAH YISCOSITY OF THE TWO F_UID%8

DENSITY OF THE FLUIDS (GH/CCH
DENGITY OF THE INJECTED FLUID
OCENSITY 3F THE HNATIVYE FLUID
DEHASITY DIFF. RETWEEN THE F_UIDS

BPERATING CONDITIONS

INJECTIOH. AND PRODUCTION RATES 77

INJECTION RATE FOR FIRST INJECTIUN Bher oibnt . .

PRODUCTION RATE FOBR FIRST PRODULTION HALF-CYCLE

- JIME: GF. STATIC. SIORAGE (DAYS)

AT THE. EHD OF FIRST INJECTION HALF-CYCLE

w2300

1000,.000000
1000 090000

- MOLUNE QF: FLUID: INJECTED OR PRODUCED (GALLONS) =
CFLY1D INJECTED IN FIRST INJECTION HARLF-CYCLE

CALCULATION OF RZCOVERY EFFICIENCY

i ataia kb R e Dt b Dt b

FLPRG2= .98488RE+08 CYLRDE= . 906838BE+dB
RCEFF& . 456897E+00 CRCEFF= _456837E+00
TILIFT= . 500002E+02 TILPFT= . 300000E+01

+ -30-

216000000,
o " 180.000000
iz Y
Xz 7506365~



Table 7b. CALCULATION OF RECOVERY EFFICIENCY
DENSITY 1.0085 (8000 TDS)
-DATA

POROUS NMEDIUN

THICKNESS OF THE MEDIUM (FT?

PEIMEABSILITY OF THE MEDIUM (MEINZERS)
POROSITY OF THE MEDIUM (FRACTION)D

LORGITUDINAL DISPERSIVITY OF THE MEDIUM (CHM)
COEFFICZIEHY OF - MOLECULAR DIFFUSION (8@ CN/SEC)

FLUID PROPZRTIES

YISCQSITY OF THE FLUIDS (CP)
YISCOSITY OF THE INJECTED F_LUID
YISCOSITY OF THE WNATIVE FLUTID
MEAN YISCOSITY OF THE TWO FLUIDS

DENSITY OF THE FLUIDS (GM/CC?
PENSITY OF THE INJECTED FLUID

DENSITY OF THE NATIYE FLUID
DENSITY DIFF. BETHEEN THE FLUIDS

OPERATING CONDITIONS

INJECTIODN: AND PRODUCTION RATES (GaL/HIND

INJECTLIODN RATE FOR FIRST INJECTION HALF-CYCLE
PRIPUCTION RATE FOR FIRST PRODUCTION HALF-CYCLE

YOLUME OF: FLUID: INJECTED OR PRODUZED (GALLOHS)
FLITID INJEETED IN FIRST INJECTIOM HALF-CYCLE

TIME: OF STATIC STORAGE (DAYS)
AT THE EHD OF FIRST INJECTION HAL.F-CYCLE

75.000000
3504 000000
L3090900
1.000000
L0900

=1

L0000900
.000000
1.000000

(=

1.000000

1.008500

.00854¢0

10600. 000900
1000 .06000%0

21500000¢.

CALCULATION OF. RECOVERY EFFICIERCY

e wm wh vd Up M E Em am e AR Em mm oen B M SR EA W Mm e m e e W R ST s e

FLPRGZ= .7B3772E+08 CYLRDG= . 783772E+908B
RCEFFE . 363783E#+00 CREEFF= _3637B3E+00
TILIFT= .3509000E%+02 TILPFT= .300000E+01
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Table 7c. CALCULATION OF RECOVERY EFFICIENCY
DENSITY 1.025 (TDS 35,000 SEA WATER)
DATA

POROUS: NEDI UM

THILCKNESS OF THE MEDIUM (FTO

PEIMEABTILITY OF THE MEDIUM {MEINZERS)
POROSITY OF THE MEDIUN C(FRACTIOND

LONGITUDINAL DISPERSIVITY OF THE MEDIUM (O
COTSFFICIENT OF MOLECULAR DIFFUSIGH (S3 CH/S5EC)

FLUID PROPERTIES

YISCOSITY OF THE FLUIDS (CP)
YISCOSITY OF THE INJECTED FLUID
YISCOSITY OF THE NATIVE FLUID
ME4H YISCOSITY OF THE T80 F.UIDS

DENSITY OF THE: FLUIDS <(GN/CC)
DESSITY OF THE INJECTED FLUID

DENSITY OF THE: HNATIYE FLUID
DEXSITY DIFF. BETHEEHN THE F_UIDS

OPERATING CONDITIONS

INJECTION. AND PRODUCTION RATES (GAL/MIN)

INJECTION RATE FOR FIRST INJECTION HALF-CYCLE
PRODUCTION. RATE FOR FIRST PRODUCTION HALF-CYCLE

YOLUME OF: FLUID: INJECTED OR PRODUZED (SALLONS)
FLUID INJECTED:  IN FIRST INJECTION HALF-CYCLE

TIME OF STATIC STORAGE (DAYS)
AT THE END OF FIRST INJECTION HALF-CYCLE

CALCULATION OF: RZCOVERY EFFICIENCY

ek e AP R N e w e Ee em e ol R M R SR NN M AR W R R EE WR e e wh

FLPREZ= .514440£+08 CYLRIG= | 314440E+98B I=
RCEFF&e  238167E+00 CRCEFfF= | 23B1B7E+QO A=
TILIFT=  ,3500000E+02 TILPFT= . 340000E+0Q1
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3304 .000000
.3090090
1.000090
L.00900901

—

000000
L000000
1.000600

-

1.600000
1.02500¢
.925000

10¢0.00090090
1000.000000

216000000,

180.0020090

43
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Table 7d. EFFECT OF DENSITY OF THE NATIVE FLUID
ON RECOVERY EFFICIENCY

DENSITY OF THE NATIVE FLUID

.9997 1.0085 1.025
1500 mg/1 8000 mg/1 35,000 mg/1
Recovery efficiency .45 .36 .23

It has been reported that temperature of the native water influences
its density. Assuming that to be true, if the temperature of the native
water is higher than that of the injected fluid, the density of the native
water will be low. If that is the case, then recovery efficiency will
decrease from 51% to 45%.

Additionally, if the density of the native fluid is higher, say 1.0085
which corresponds to a TDS of 8000 mg/1, then the % of recovery of the
injected fluid will drop to 36%. If the density is 1.025, which corresponds
to the TDS of seawater (35,000 mg/1), recovery efficiency is only 23%.

Effect of Aquifer Thickness on Recovery Efficiency

The aquifer thickness of the first producing zone of the Floridan
aquifer was assumed to be 75 feet. However, if it is found to be thicker
(100 feet) or thinner (50 feet) with every other parameter remaining the
same, the following changes will take place in recovery efficiency (see

Tables 8a, 8b, and 8C.

Table 8a. EFFECT OF AQUIFER THICKNESS ON.RECOVERY EFFICIENCY
Aquifer Thickness (ft.)
50 feet 100 feet

Recovery efficiency 67 35

The above result shows that the thinner the aquifer, the better the
recovery efficiency, as dispersion takes place mostly on the horizontal

direction.
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Table 8b. EFFECT OF AQUIFER THICKNESS ON

RECOVERY EFFICIENCY AQUIFER THICKNESS - 50 FEET

DATA

POROUS MEDIUNM

THICKNESS OF THE MEDIUM (FT)

PEIMEABILITY OF THE MEDIUM (MEINZERS)
POROSITY 0F THE MEDIUM (FRACTIOH?

LONGITUDINAL DISPERSIVITY OF THE MEDIUM (CH)
COEFFICIENT OF: MOLECULAR DIFFUSION (82 CHM/SEC)

FLUID PROPERTIES:

VISTCOSITY OF THE FLUIDS (CP)
VISCOSITY OF THE INJECTED FLUID
VYISCOSITY OF THE NATIVE FLUID
HEAN VISCOSITY OF THE TWO FLUIDS

DENSITY OF THE FLUIDS (GM/CC)H
DEMSITY OF THE INJECTED FLULD
DENSITY OF THE NATIVYE FLUID -
DENSITY DIFF. BETWEEN THE F_UIDS

OPERATING CONDITIONS

INJECTION, AND PRDDUCTION RATES {(GIL/MIN)D
INJECTION RATE FOR FIRST INJECTION HALF-CYCLE
PRODUCTION RATE FOR FIRST PRODUCTION HALF-CYCLE

YOLUME OF: FLUID: INJECTED OR PRODUCED (GRLLONS)
FLIID INJECTED: IN FIRST INJECTION HALF-CYCLE

TIME: OF. STATIC STORAGE (DAYS)
AT THE. END OF FIRST INJECTIDN HALF-CYCLE

(50.000000¢ )
39904 °

.3000900
1.000000
.00¢001

1.000000
1.0000900
1.000000

1.000000
1.0015¢0
.0013500

1000.000000
1000.000000

216000000

CALCULATION OF RECOVERY EFFICIENCY

D e e T R R N .

FLPRG2:= .144741E»09 CYLRDG= . 144741E+0)
RCEFFe _670093E+00 CRCEFF= . 6700935E+00
TILIFT= .500000E%02 TILPFT= . 300000E+01
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Table 8c. EFFECT OF AQUIFER THICKNESS ON
RECOVERY EFFICIENCY AQUIFER THICKNESS - 100 FEET

DATA

POROUS MEDIUM

THICKNESS OF THE MEDIUM (FT)

PERMEABILITY OF THE NEDIUM (MEINZERS)
PORDSITY OF THE MEDIUM (FRACTIOND

LONGITUDINAL DISPERSIVYITY OF THE MEDIUN (CMN)
COEFFICIENT DF.NOLECULAR DIFFUSION (SQ CH/SEC)

FLUID PROPEZRTIES:

YISCOSITY OF. THE FLUIDS (CP)
YISCOSITY OF THE INJECTED FLUID
YISCOSITY OF THE NMATIVE FLUID
MEAR VISCOSITY OF THE TWO F_UIDS

DENSITY OF THE FLUIDS (GN/CC>
DENSITY OF THE INJECTED FLUID
DERSITY OF: THE NATIYE FLUID
DENSITY DIFF. BETWEEN THE FLUIDS

QPERATING CONDITIONS

INJECTION: AND PRODUCTION RATES (GRL/NIN)D
INJECTION RATE FOR FIRST INJECTION HALF-CYCLE
PRODUCTION RATE FOR FIRST PRODUCTION HALF-CYCLE

YOLUMNE OF: FLUID: INJECTED OR PRODUZED (GALLONS)
FLUID INJECTED IN FIRST INJECTION HALF-CYCLE

TIME: OF STATIC STORAGE (DAYS)
AT THE - END OF FIRST INJECTION HALF-CYCLE

———
(100.000000
5504, 6

.300000
1.000000
.9090001

1.000000
1.099000
1.000000

1.0000090
1.00135¢00
.00150¢

1¢00.000009
1000.00900%0

216000000

CALCULATION OF. RZCOYERY EFFICIENCY

WML M we M AR NS MR G m Sm TE S e we mm W M S M e wR W W WE A AL AN AR e e

FLPRG2= _7356563E+¢08 CYLRDG= . 736653E+08
RCEFF®s 330307E+00 CRCEFF=  3350307E+00
TILIFT= . 500000E%02 TILPFT= 300000E+01
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Effect of Agquifer Transmissivity on Recovery Efficiency

One of the important parameters used in the model for cyclic storage
of fresh water in brackish water is permeability. Permeability value was
obtained by dividing the transmissivity value by the aquifer thickness.
Even though aquifer thickness might remain unchanged, the transmissivity
value changes. Additionally, the transmissivity value used in the model
seems to be rather high. In order to evaluate the effect of this important
parameter on recovery efficiency, several computer runs were made using

lower values. The runs were made for the following values.

Thickness (ft.) Transmissivity (G/D/F) Permeability (G/D/Ft.z)
75 412,800 5504
75 200,000 2666
75 100,000 1333
75 50,000 666

In tables 9a, b, ¢, and d, the recovery efficiency of the cyclic
storage system, using different permeability values but keeping all other
parameters constant, is presented. It can be seen that the lower the

transmissivity value, the higher the recovery efficiency.

Table 9a. EFFECT OF PERMEABILITY ON RECOVERY EFFICIENCY

Aguifer Permeability

5504 2666 1333 666
Recovery efficiency 51.5 68.6 78.6 87.1
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Table %. CALCULATION OF RECOVERY EFFICIENCY
T = 200,000

DATA

FPORODUS: MEDIUN

THICKNESS DF THE MEDIUNM (FT)

PERMEABIL_ITY OF THE MEDIUM (MEINZERS)
PORQSITY OF THE MEDIUM (FRACTION?

LONGITUDINAL DISPERSIVITY OF THE HEDIUN (CHD
COZFFICIENY 5F: MOLECULAR DIFFUSION (82 CM/SEC?

FLUID PROPERTIES"

YISCOSITY OF THE FLUIPS (LPD
VISCOSITY OF THE INJECYED F_UID
YISCOSITY OF THE NATIYE FLUID
MEAW VYISCOSITY OF THE THO F_UIDS

DENSITY OF THE: FLUIDS (GR/CC)
DEMNSITY OF THE IMHJECTED FLUID

DENSITY OF THE NATIVE FLUID
DENSITY DIFF. BSETYEEN THE FLUIDS

OPERRTING CONDITIONS

INJECTION: AND PRODUCTION RATES (GAL/MIN)D

INJECTION RATE FOR FIRST INJECTION HRLF-CYCLE
PRIDUCTION RATE FOR FIRST PRODUCTION RALF-CYCLE

YOLUME OF. FLUID! INJECTED OR PRODUTED (SALLONS)

FLUID INJVECTED IN FIRSYT INJECVIOHN HALF-CYCLE

TIME: OF STATIC STORAGE (DAYS)
AT THE. END OF FIRST INJECTION HALF-CYCLE

75.00000¢
(2666.000000
.3000090
1.009009
000001

1.400000
1.0900000
1.0040000

1.304000
1.00130¢0
Q01300

1000.000000
1000.000000

216000000,

CALCULATION OF. RECOVERY EFFICIENCY

FLPRGZ= .14831BE#*09 CVLRDEG= . 14831BE+09
RCEFFE . 58665BE#+00 CREEFF= _ 6B6658E+00
TILIFT=2 .509000E3%02 TILPFT= _300000E+01
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Table 9c. CALCULATION OF RECOVERY EFFICIENCY
T = 100,000
DATA

PORDUS MEDIUM

THICKNESS OF THE MEDIUM (FT)

PERMEABILITY OF THE MEDIUM (MEINZERS)
POROSITY OF THE MEDIUM (FRACTIDHN)

LORGITUDINAL DISPERSIYITY OF: THE MEDIUM (CH>
COEFFICIENT DF: MOLECUDLAR DIFFUSION (S§ CM/SEC?

FLUID PROPERTIES

YISCOSITY OF. THE FLUIDS (CP)
YISCOSITY OF THE INJECYED FLUID
YISCOSITY OF THE NATIVE FLUID
NEAN VISCOSITY OF THE THO FLUIDS

DEHSITY OF THE FLUIDS (GN/CC)
DERSITY OF THE INJECTED FLUID
DERSITY OF THE: NATIVE FLUID
DENSITY DIFF. BETWEEN THE F_LUIDS

OGPERATING CONDITIONS

INJECTION: AND PRDDUCTION RATES (GAL/M'N)
INJECTION RATE FOR FIRST INJECTION HALF-CYCLE
PRODUCTION RATE FOR FIRST PRODUCTION HALF-CYCLE

QOLUHE OF: FLUID: INJECTED OR. PRODUZED (GALLONS)
FLUID IMUECTED IN FIRST INJECTIOGMN HALF-CYCLE

TIME: OF. STATIC: STORAGE (DAYS)
AT THE: END. OF FIRST INJECTION HALF-CYCLE

CALCULATION OF RECOVERY EFFICIENCY

- e o mm o wr e s Al S R N NM AW UF SR n mm G MR SN M e e W

FLPRG2= .169903E+409 CYLRDG= . 16%905E+09
RCEFFe _7B6396E*00 CRCEFF= _7863%6E+00
TILIFT= .500000E+02 TILPFT= . 300000E+9)
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73.00900090
1333.0000600
.300000
1.000000
.000001

1.0000600
1.000000
1.000000

1.0000¢0
1.001500
.901500

1009.000000
1000.0090000

2160009090,

189.000000

120
.149663E+00



Table 9d. CALCULATION OF RECOVERY EFFICIENCY

T = 50,000
DATA
POROUS MEDIUN
THICKNESS OF THE MEDIUM (FT> 75.9000900
PERMEABILITY OF THE MEDIUN (MEINZERS) 666 . 000000
POROSITY OF THE MEDIUM (FRACTION) . 300000
LONGITUDINAL DISPERSIVYITY OF THE MEDIUN (CHD 1.600000
COSFFICIENT OF: MOLECULAR DIFFUSION (S8R CM/SEC) 000001
FLUID PROPERTIES:
YISCOSITY OF: THE FLUIDS (€CP)
YISCOSITY OF THE INJECTED FLUID 1.000000
YISCOSITY OF THE NATIVE FLUID 1.000000
MEAM YISCOSITY OF THE THO FLUIDS 1.0000%0
DENSITY OF THE: FLUIDS <(GN/CC?
DENSITY OF. THE INJECTED FLUID 1.040000
DENBITY OF THE: NATIVE FLUID 1.00139¢
DENSITY DIFF. BETWEEN THE F_LUIDS .001500

OPERATING CONDITIONS

INJECTION: AND PRDDUCTION RATES (GAL/MIND
INJECTION RATE FOR FIRST INJECTION HALF-CYCLE 1000.000000
PRODUCTION RATE FOR FIRST PRODUCTION HALF-CYCLE 1000 .000000

YOLUKE OF: FLUID: INJECTED OR PRODUZED (GALLONS)
FLUID INUECTED IN: FIRST INJECTION HALF-CYCLE 216000990,

TIME: OF STATIC STYORAGE (DAYS)
AT THE END. OF FIRST INJECTION HALF-CYCLE 180.000000

CALCULATION OF RECOYERY EFFICIENCY

. R e e e W W wm oy wm oy v M e e W R W SR EE ME G e s S AN M R R

FLPRG2= .188336E#09 CYLRDG= _18BI3GE+¢9 1=140
RCEFFEe .871923E2900 CRCEFF= . 871925E+00 Xz .733I900E-01
TILIFT=  _30Q0000E#02 FILPFT= | 300Q000E+01
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Effect of Dispersivity on Recovery Efficiency

As stated earlier, dispersivity is a relatively new parameter in
groundwater hydrology and differs from one location to another, as do
the transmissivity values. In all the above runs, the average value of 1.0°
was used. Dispersivity values are changed for the sensitivity analysis to
show the effect of this parameter on the overall recovery efficiency and

are presented in Tables 10a, b, ¢, and d.

Table 10a. EFFECT OF DISPERSIVITY VARIATION ON RECOVERY EFFICIENCY
Dispersivity Coefficient
.10 1.0 10.0
Recovery Efficiency 40.7 51.5 63.8

It can be seen from the above table that the higher the dispersivity
coefficient, the higher the recovery efficiency. This is expected as the
dispersivity coefficient is the parameter which influences the dispersion
of the injected fluid pushing the native fluid further. This statement
is true only for thin aguifer depths. High dispersivity values will lower

recovery efficiency for thick aquifers.
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Table 10b. CALCULATION OF RECOVERY EFFICIENCY
.10 DISPERSIVITY COEFFICIENT
DATA

POROUS: MEDIUN

THICKNESS OF THE BNEDIUNM (FT)

PERNEABILITY OF THE MEDIUN (MEINZERS)
PORDSITY OF THE MEDIUM (FRACTION’

LONGITUDINAL DISPERSIVITY OF THE MEDIUN (CH)
COSFFICIENT OF: MOLECULAR DIFFUSION (S2 CM/3EC)

FLUID PROPERTIES:

YISLOSITY OF THE FLUIDS (CP)
VISCOSITY OF THE INJECTED FLUID
YISCOSITY OF THE MATIYE FLUID
MEAN VISCOSITY OF THE TWO FLUIDS

DENSITY OF THE: FLUIDS (GN/CC>
DENSITY OF. THE INJECTED FLUID
DERBSITY OF: THE: NATIVE FLUID
DENE1TY DIFF. BETWEENW THE F_UIDS

OPERATING CONDITIONS

INJECTION: AND PRODUCTION RATES (GAL/NIN)
INJECTION RATE FOR FIRST INJECTION HALF-CYCLE
PRODUCTION: RATE FOR FIRST PRODUCTION HALF-CYCLE

VOLUME OF: FLYID: INJECTED OR PRODUCED (GALLONS)
FLUID INJECTED: IN FIRST INJECTION HALF-CYCLE

TIME: OF. STATIC STORAGE (DAYS)
AT THEI END: OF FIRSY INJECTION HA_F-CYLLE

73.000099
5504 . 000000

.3060000
1000906
i

1.000000
1.040000
1.0000090

i

L9000900
001300
00135300

i

1000.0000090
1¢00.000000

216000000

180.000000

CALCULATION OF RZCOVERY EFFICIENCY

e R S R R R R e o o W e e o e R e o e e me ol

FLPRG2= . BBO48TE+08B CYLRIG=- _.8804B7E+0B
RCEFFe .407633E+09 CRCEFF= _497633E+00
TIL1FY= .300000E+02 TILPFT=  _300000E+01
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Table 10c. CALCULATION OF RECOVERY EFFICIENCY
1.0 DISPERSIVITY COEFFICIENT

DATA
POROUS: MEDIUN
THICKRESS OF THE MEDIUM (FT) 73.090090
PERMEABILITY OF TNE NEDIUM: (MEINZERS) 35404 000000
POROSITY OF THE MEDIUN (FKACTIOND L300000
LOHGITUODINAL DISPERSIVITY OF THE MEDIUN (CHJ 1.2040090
COEFFICIENT OF: BOLECULAR DIFFUSIGH (S8 CN/SEC) R R Dol o)
FLUID PRDPERTIES
¥ISCOGSITY OF: THE FLUIDS (CP2
YISCOSITY OF THE INJECTED FLUID 1.60409%0
YISCOS1ITY OF. THE MHARTIYE FLUID 1.0400990
MEAN YIRCOSITY OF THE T80 FLUIDS 1.00400¢
DENBITY OF THE.  FLUIDS (GN/CCH
DENSITY ODF: THE: INJECTED FLUID 1.004000
DEHSITY OF THE: HATIYE FLULID: 1.90159¢0
DENBITY DIFF. BETWEER THE FLUIDS 091300

GPERATING CONDITIONS

INJECTION. AND PRODUCTION RAYES (GAL/MIH
INJECTIGHN: RATE FOR FIRST INJECTION BALF-CYCLE: ' 1000.000009
PRODUCTION RATE FOR FIRST PRODUCTION HALF-CYCLE 1000.000000

YOLUNE: OF: FLUID: INJECTED OR PRODUCED (EaLLONS)
FLUID: INJECLTED: IN. FIRST INJECTICGH HALF-CYCLE 216000000

TIME: OF STATIC STORAGE (DAYS)H
AT THE. END OF FIRST INJECTION HALF-CYCLE 180 000409

CRALCULATION OF RECOYERY EFFICIERNCY

e e hm sl e A A e e e wm e o e e Em S g e W Em mm A e a mm

FLPRG23: .1138613E+909 CYLRDG= . 113613E+0% 1= 7?8
RCEFFE .5325987E+0Y CRCEFF= _3259B7E+90 X= . 373360E+00
TILIFT=: _S500000E+02 TILPFT= . 340000E+D]
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Table 10d. CALCULATION OF RECOVERY EFFICIENCY
: 10.0 DISPERSIVITY COEFFICIENT

DATA
PORDUS: MEDIUN.
THICKNESS OF THE MEDIUM (FT>» . 75.000000
PERMEABILITY OF TME MEDIUM (MEINZERS) 5504 .000000
FORGSITY OF THE MEOIUM C(FRACTIOHN) . .30900900
LOSGITUDINAL DISPERSIVITY OF: THE MEDIUM (CM) 10.000000
COEFFICIENT OF: MOLECULAR DIFFUSION (S@ CM/SEC) 000001
' ' N
FLUID PROPERTIES
VYISCOSITY OF. THE FLUIDS (CP)
YISCOSITY OF THE INJECTED FLUID 1.000000
YISTCOSITY OF THE HATIVE FLUID 1.6000350
MEAN VISCOSITY DF THE THO F_blDSs 1. 000090
DEKSITY OF THE: FLUIDS <(GH/CCH
DENEITY OF: THE INJECTED FLUID 1.0000%0
DEXRESITY OF: THE: MATIVYE FLUID 1.001500
DENSITY DIFF. BETYEEN THE FLUIDS . 001500
DPERATING CONDITIONS
INJECTION: AND PRODUCTION RATES (CRL/MIN)
INJECTION RATE FOR FIRST IMNJECTION HALF-CYCLE 1000.000000
PRODUCTION. RATE FOR FIRST PRODUCTION HALF-LYCLE 1060 .000000
YOLUME OF: FLUID: INJECTED OR PRODUCED (GALLOHNS)
FLUID INSECTED: IN FIRST INJECTION HALF-CYCLE 216000000 .
TINE: OF STATIC STORAGE (DAYS)
AT THE EMD OF FIRST INJECTION HALF-CYCLE 180.000000
CALCULATION OF RECOVERY EFFICIENCY
FLPRG2= .138021E+09 CYLR2G= .138021E+09 I= 92
RCEFF® .630988E+09 CRCEFF= .63898BE+0G X= .321092E+090
TILIFT= .500000E+02 TILPFT= .300000E+01
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Effect of Long-term Storage on Recovery Efficiency

The final sensitivity analysis is performed to determine the effect of
lTong-term storage on the recovery efficiency. In lieu of leaving the
injected fluid in storage for 180 days, the static storage time wiil be
increased to 365 and 730 days. Presented in Tables 1la, b and ¢ is the
recovery efficiency after the injected fluid is left in static storage for

365 and 730 days, respectively.

Table 173. EFFECT OF STATIC STORAGE ON RECOVERY EFFICIENCY

Static Storage (Days)
180 365 730
Recovery Efficiency 51.5 39.2 27.9

As expected, the longer the static storage, the lower the recovery
efficiency. However, this is true only of one injection cycle. The
recovery efficiency will go up after several injection/storage and production

cycles.
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Table 11b. CALCULATION OF RECOVERY EFFICIENCY
365 DAYS STORAGE

DATA
PORDUS MEDIUN
THNICKNESS OF THE MEDIUM (FT> 7%.000000
PERMERBILITY OF THE MEDIUM (MEINZERS)> 5504 000000
POROGSITY OF THE MEDIUN (FRACTION) .300000
 LONGITUDINAL DISPERSIVITY OF THE MEDIUM (CM) 1.600000
COZFFICIENT OF: MOLECULAR DIFFUSION (SQ CM/SEC) ,000001
FLUID PROPERTIES
VYISCOSITY OF. THE FLULIDS ¢(LP)
VISCOSITY OF THE INJECTED FLUID 1.000000
VISCOSITY OF THE NATIVE FLULID 1.000000
MEAN YISCOSITY DF THE TWO FLUIDE 1.000000
DENSITY OF THE: FLUIDS <GM-CC)
DENSITY OF THE INJECTED FLULID 1.0090000
DEHSITY OF. THE: NATIVE FLUID 1.001500
DEHSITY DIFF. BETNEEN THE FLUIDS . .0015%00

OPERATING CONDITIONS

INJECTIO0H, AND PRODUCTION RATES CGAL/NIND
INSECTION RATE FOR FIRST INJECTION HALF-CYCLE: 1600.0000090
PRODUCTION. RATE FOR FIRST PRODUCTION HALF-CYCLE 1000 .00000¢

YOLUME OF. FLUID: INJECTED OR PRODUCED (ZALLONS)
FLUID INJUECTED IN FIRST INJECTION HALF-CYCLE 2160000900

TIME: OF STATIC STORAGE (DAYS)
AT THE. END 0F FIRST INJECTION HALF-CYCLE 363.909000

CALCULATION OF: RECOVERY EFFICIENCY

i I I e e e l F iy ——

FLPRGZ2Fr .B47%24E208 CYLRDG= .B47924E+08 I= 61
RCEFFr . 39235BE+09 CRCEFF= 392358E+00 Xs  _BZ6626E+00
TILIFT= .500000E#02 TILPFT= . 300000E+901
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Table 1lc. CALCULATION OF RECOVERY EFFICIENCY
‘ 730 DAYS STORAGE

DATA

PORDUS NEDIUN

THICKNESS OF THE MEDIUM (FT>

PERMEABILITY OF THE MEDIUM (MEINZERS)
PORGQSITY OF THE MEDIUM (FRACTIOND N
LOSGITUDINAL DISPERSIVITY OF THE MEDIUM (CHM) :
COEFFICIENT OF BOLECULAR DIFFUSION (62 CH/SEC)

FLUID PROPERTIES

¥Y1SCOSITY OF: THE FLUIDS (CP)
YISCOSITY OF THE INJECYED F_UID
YISCOSITY OF THE NATIYE FLUID
MEAR YISCOSITY OF THE TWO FLUIDS

DENSITY OF THE® FLUIDS (EM/CC)
DEYSITY OF THE INJECTED FLUID
DEREITY OF THE:  MARTIVE FLUID
DENBITY DIFF. BETHEEN THE FLUIDS

DPERATING CONDITIONS

INJECTION: AND PRODUCTION RATES (GabL/NIN)
INJECTION RATE FOR FIRST INJECTIOR HALF-CYCLE
PRODUCTION RATE FOR FIRST PRODUCTION HALF-CYCLE

YOLUME OF: FLUID: INJECTED OR PRODUZED (GALLORS)
FLUTD INJECTED 1IN FIRSY INJECTION HALF-CYCLE

TIME OF STATIC STORAGE (DAYS)
AT THE EHD OF FIRST INJECTION HALF-CYCLE

75.000000
55¢4 000000
.30009¢
1.000000
.0000901

1.000000
1.0000900
1.000000

1.008000
1.001500
001500

10900.0000090
1000.000000

2160009000,

CALCULATION OF RECOVERY EFFICIENCY

- an e m A WD Am e e e e kA b A e B WP A AW M SR am e e e e

FLPRG2= . 6034B6E+08 CYLRDG= .5603486E+08
RCEFF& 279392E+090 CRCEFF= . 279392E+00
TILIFT=  _500000E+02 TILPFT= . 300000E+01
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ECONOMICS

The key to any water supply alternative is economics., An alternative
becomes feasible, from an engineering point of view, if it is economical.

In order to make an economic evaluation, a general design of the well-
field to meet the year 2000 demand of St. Lucie County (the individual
wells connecting piping, pumps, motor and control} is needed.

Additional water required to meet the year 2000 demand is 960 million
gallons (8 mg/day). As shown earliér, the efficiency of the cyclic storage
system (the most conservative estimate) is 51.5%. Therefore, one would
require 1,900 million gallons of water to be injected. As calculated

earlier, 2 injection wells wil] be needed.

Capital Cost (1980 Prices)

a) Hydrological survey $ 300,000
b) Land costs ($10,000/acre) 100,000
c) Wells (9 wells, 700 feet deep) 900,000
d) Motor & pump for wells ($30,000/well) 150,000

e) Accessories, flow regulators, valves,
instruments etc. ($15,000/well) 75,000
f)  Booster pump 50,000
g) Elect. power to inject water {65,000 KWH @ 4.5¢) 3,000
h) Eng. & legal fees (25% of ¢ thru g} 195,000
Contingency (20% of c¢,d,e,f,g & h) 195,000
TOTAL $ 1,968,000

OMR Costs

Presently the Federal Government charges 8% for projects. Using 10%

interest rate, the OMR costs of the cyclic storage would be as follows:

-47-



Facility Cost - 10 x 900,000 = § 90,000

Power - 3,000
Other - 37,500
130.000

Volume of water needed = 960,000,000

130,000 x 100

Raw Water Cost/1000 gallons = 960,000

= 13:54 cents

However, in order to supply potable water, the produced water must
be treated and delivered. The transmission and the treatment costs have

not been included in this analysis.

SUMMARY

1. Using hydrogeologic data gathered from a previous aquifer study of
the Upper East Coast Planning Area, a feasibility study on the cyclic
storage of fresh water in the brackish aquifer was made.

2. Use was made of computer programs developed by Louisiana State
University.

3. The water for cyclic storage will come from one of the primary canals
of the area. Presently, during the months of May-October, an average
of almost 85 billion gallons of water is being discharged to the
ocean due to lack of surface or subsurface storage.

4, Using the present per capita consumption and the median population
projection by the University of Florida, it was estimated that an
additional 8.0 mi1lion gallons of water will be needed to meet the
year 2000 demand of St. Lucie County.

5. Using the above hydrogeologic, water supply, and demand data, the
computer model calculated that at least 50% of the injected water
can be recovered at the end of the storage/retrieval cycle after

the water is left in storage for at lTeast 180 days.

-48-



If a two cycle operation is made, the overall efficiency of recovery

increases from 51.5% to 58.9% which proves the well known fact that

recovery efficiency increases after several cycles of operation.

Sensitivity analyses on key important parameters were made to check

their effect on the overall recovery efficiency.

a)

b)

If the total dissolved solids of the native fluid is different
than that found from the previous study, the recovery efficiency
will change. For example, if the TDS of the native fluid is
8000 mg/1 instead of 2000 mg/1, the recovery efficiency will go
down to 36%. If the native fluid is seawater (35,000 mg/1 of
TDS), the efficiency of recovery will be only 23%.

The thickness of the aguifer (first producing zone) was found,
from the previous study, to be 75 feet. If the thickness is
only 50 feet, the efficiency will go up to 67% on the first
injection, storage, and recovery cycle; however, if the depth
of the aquifer is 100 feet, the recovery efficiency will go
down to 35%.

The field value of transmissivity was determined to be 412,800
g/ft. This transmissivity value is for the whole thickness of
the aquifer (3.producing zones). A realistic transmissivity
value will be much Tower than reported by Brown (1980)}. The
model is very sensitive to transmissivity values. If the
transmissivity of the formation is only 20,000 instead of
412,800 the recovery efficiency will go up to 68.6%. This writer
feels that the T value of the first producing zone is around
100,000 g/ft. 1If it is so, the recovery efficiency will go up

to 78% after the first injection recovery cycle.
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d} Dispersivity coefficient is another key parameter of the model.
A conservative value of 1.0 gave the recovery efficiency of 50%;
however, if the coefficient is only .10 the efficiency will drop
to 40%, and if it is 10, the efficiency will go up to 63.8%.

e) A question often asked is how long can the injected water be
stored in the formation and what kind of efficiency will be
achieved after long storage? For a one-cycle operation, if the
injected water is left in the formation for 365 days, the
recovery efficiency will drop to 39%, and after 730 days in
storage, it will further drop to 28%. However, as stated earlier,
the results shown above are for one single operation only.

After several I/R cycles, the efficiency goes up.

8. The final analysis performed was on the economics of cyclic storage.
Economic analysis shows that raw water for potable uses can be
produced at 13.54 cents/1000 gallons; however, this water must be
treated and delivered which will involve further costs. The treat-

ment and delivery costs have not been calculated in this report.

CONCLUSIONS

One of the prime objectives of the River Basin Committee of St. lLucie
and Martin counties is to §a1vage the runoff water being discharged to the
ocean during thé rainy season {almost 85 billion gallons/yr.).

An alternative for the above is being studied by the U. S. Army Corps
of Engineers. The Corps of Engineers' project involves connecting C-23
with Lake Okeechobee (Martin County Plan). This plan would enable
excess water to be pumped to the Lake during rainy periods. Water could
also be released to the primary canals (C-23, C-24, and C-25 from the

Lake when needed.
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The second alternative to salvage this runoff water would be to
construct local reservoirs; however, based on a study by Tai (1975),
storage reservoirs in the area cannot provide enough carry-over storage
to satisfy even agricultural water demand due to the fact that the rate
of evaporation is so high in this flat area. Additionally, with the recent
experience the District has had with the FPL dike failure, this alternative
could be very costly.

A third alternative to salvage the excess runoff is to store it in the
Floridan aquifer formation. If feasible, this alternative has many
advantages; namely,

1) That it will replenish the potentiometric heads which are declin-

ing rapidly in the project area.

2) Water will be available close to the point of need.

3) As the potentiometric heads are above the ground surface, no

pumping would be required during production cycles.

This study shows that the cyclic storage of fresh water in the Upper
East Coast Planning Area is technically feasible; however, as stated, data
used in the model came from another hydrogeologic study of the area.

If this alternative is to be pursued, a test program is recommended

to determine the exact parameters from the field test.
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PART II

DESALINATION ALTERNATIVE






INTRODUCTION

South Florida, with its tremendous population increase during the
seventies, has reached the point where traditional surface and ground water
supplies for various uses are either fully committed (in terms of consump-
tive use allocation permits), or, where still available (further inland)
the water must be piped a long distance to bring it to the point of demand.
The conveyance cost of bringing water a long distance is astronomical.
Additionally, present environmental requirements add another layer of
complexity and costs to the development of any hitherto untapped freshwater
source. With the above complexity and the associated attached costs, the
traditional "wisdom” that building dams or developing groundwater rescurces
inland and piping water to the point of demand will be less costly than
desalting brackish water can easily be challenged. Also, as there are
fewer and fewer freshwater sources remaining, relative cost arguments may
soon be moot. There appear to be no alternatives to desalination and
wastewater reuse as sources of incremental water supply to support and
maintain population growth and industrial, commercial, and agricultural
activities as time advances.

With the above statements as background, an exploration of desalina-
tion alternatives to meet the year 2000 water requirements of the Upper
East Coast Planning Area of south Florida is made here. However, it
should be pointed out that this alternative in no shape or form precludes
other water supply alternatives being examined by others to meet the water
requirements of the area. In fact, the Corps of Engineers is studying
the option of connecting canal C-23 with the regional water supply
system - namely, lLake Okeechobee.

The objective of this study is to evaluate whether desalination is
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a viable alternative for the Upper East Coast Planning Area (hereinafter
referred to as UECPA) in terms of (a) its impact on the water resources

of the area, and (b) economics.
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HISTORY OF DESALINATION IN SOUTH FLORIDA

The general growth of desalination in south Florida has been reported
by .Khanal and Winn (1978). A recent report by C. E. Pitt (1980) shows the
growth of desalination in timely chronological order. Desalination activity
in south Florida started in 1967 with the installation of a 2.5 MGD
Distillation Plant by the Florida Keys Aqueduct Authority. Recently,
(December, 1979) the total of desalt plant capacity in southwést Florida
has increased to 25.27 MGD (see Table 11). Except for the 2.5 MGD Key West
distillation and the 1.5 MGD Sanibel Island electrodialysis plant, the rest
of the plants use the reverse osmosis process. It should be pointed out
that almost all of the desalt plants are built to meet the potable water
supply demand of the coastal region of southwest Florida. HNinety percent
of the desalted water is used for potable uses.

In the UECPA, desa]ination activity started around 1972. It appears
that the first desalt plant (Indian River Plant) with a capacity to produce
a maximum of 50,000 gallons per day of potable water at peak load, was
installed in Martin County. Almost at the same time, another plant was
installed in St. Lucie County (Brynmar Camp Resort) with a capacity of
150,000 gallons. Presently, 337,000 galions of potable water can be
produced in Martin County and 248,000 in St. Lucie County from desalt plants
on a daily basis. Presented in Table 12 are the desalting plants located
in the UECPA as of December 1979 (Pitt, 1980). It can be safely hypothesized,
based on the scarcity of freshwater resources of the area, that more desalt
plants are likely to be built in the future in the UECPA.

A1l the desalt plants Tocated in the UECPA are membrane desalt plants.
The commercial membrane process of desalting is a relatively new technology,

having been started only a decade ago; however, tremendous refinements have
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FLORIDA DESALINATION GROWTH

TABLE 12.

Capacity Cum. Capacity
Year Start No. Plants {(MGD) (MGD) Comments*®
1966 Zero Zero Zero
1967 1 25 25 {Keys Aque. Distill)
1968 1 2.0 4.5 (Siesta Key ED)
1970 4 137 4.637
1971 3 .899 6.536 {Ocean Reef Club)
1972 6 2419 7.355 {Sanibel ED, Rotonda R/O)
1973 8 984 8.339 {Pine Island)
1974 10 1.503 9.842 {Siesta R/O, Marineland)
1975 6 141 9.983
1976 13 4.419 14, 402 {Venice, Cape Coral}
1977 1 1.272 156.674 (Charlotte Harbor, Ponce inlet)
19738 4 099 15.773 {Expansions of Plants)
1979 3 9.500 25.273 {Sarasota, Cape Coral, Keys Aqg.)

Total Through 1978, 15 Million Gallons per Day

Total Through 1980, 25 Million Gallons per Day

*Indicated in this column are the plants accounting for the large portion of the capacity introduced during

the year.

**Permit applied for, project committed, construction start soon.
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TABLE 13. DESALT PLANTS IN ST. LUCIE AND MARTIN COUNTIES

Capacity
County Name of Plant (Galions x 1000/day)
Martin Indian River Plantation 50
Sailfish Point 150
Ocean Tower 40
Joe's Point 40
Stuart River Club 57
TOTAL 337
St. Lucie Brynmar Camp Resort 150
Ft. Pierce Jai Alai 39
Harbor Br. Foundation 19
Queens Cove 10
Seminole Shores 20
Queens Cove, Additional _10
TOTAL 248

been made and are still being made. To cite an example, seawater can be
commercially desalted using the membrane technology. In addition, the
first generation R.0. plants for brackish water used around 400 psi of
pressure to force water through the membrane; for the newer generation
membranes, the applied pressure need not be so high. The water flux, as
well as the salt rejection percentage, has also been increased. Additionally,
the membranes need not be replaced as often as in the past.

A brief description of water resources, desalt plant design to meet the
potable water demand, and finally the economics of desalination for the

UECPA 1is discussed in the following section.
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POTENTIAL CANDIDATE WATER FOR DESALINATION IN THE
UPPER EAST COAST PLANNING AREA

Any kind of water source, whether it be seawater, brackish, or even
polluted surface and ground water, is a potential candidate for desalination.
In the past, along the coastal regions, brackish water used to be and still
is the prime candidate for potable water supply. However, in many cases,
in many locations, even the potable water which was thought to be free of
pollutants is found to contain cancer-causing agents such as Trihelomethane.
A recent finding by the EPA (Sarosota Herald Tribune, Wed., June 26, 1978)
shows that the product water of the City of Stuart contains 501 ppb (parts
per billion) of THM and that of Fort Pierce water 178 ppb. The raw water
of both utility companies comes from groundwater sources. The allowable
1imit (EPA) of THM for public water systems serving more than 75,000
customers is 100 parts/billion. The most talked about alternative to
remove THM is by activated carbon. Khanal and Winn (1978) have compared
the economics of removing THM by use of reverse osmosis and activated
charcoal. It is not known whether EPA will impose the restriction on THM
level at this time; however, in due time, the water furnished the customers
of St. Lucie Utility and Stuart Water Department may require further treat-
ment to reduce or remove the THM, by either of the methods as reported by
Khanal and Winn (1978).

This report does not concern itself with the interim treatment capabil-
ity of desalination to bring the present water to EPA's drinking water
standards. Rather, the subject matter is dealt with here in terms of a
water supply alternative for meeting the future water requirements of the

UECPA.

-57-



Water Resources - Demand Aspects

A recent memorandum report released by the District (Woehlcke an

d

Loving, 1979), shows the 1978 water use of St. Lucie County to be 11,866,300

gallons for a population of 77,477. In terms of per capita use, this
translates to a per capita consumption of 153 gallons. For Martin Co
the per capita use is 179 gallons with 85 gallons for the portion of

Okeechobee County within the planning area as shown in Table 14.

unty

TABLE 14. PROJECTED POPULATION FOR THE UPPER EAST COAST
PLANNING AREA (SOURCE ~ SMITH, 1978)

YEARS (POPULATION)

County 1985 1990 1995 2000 2010 2020

GPCD
Martin 72,800 80,400 87,000 93,339 104,371 115,036 ~ 180
St. Lucie 96,600 106,700 115,500 123,941 138,500 152,653 160
Okeechobee (with-
in Planning Area) 7,530 8,310 9,000 9,654 10,788 11,891 30

These per capita consumption rates, together with the projected popula-

tion (Table 14), were used to estimate future water requirements of t

UECPA, and are presented in Table 15. For the year 2000, the table s

he

hows

that St. Lucie County will require an additional 8 million gallons of water

on a daily basis.

TABLE 15, PROJECTED.WATER REQUIREMENTS FOR THE UPPER EAST
COAST PLANNING AREA

WATER REQUIREMENT {MGD)

County 1985 1990 1995 2000 2010 2020
Martin 13.10 14.47 15.66 16.80 18.78 20.70
St. Lucie 15.45 17.07 18.48 19.83 22.16 24.42
Okeechobee (with-

in Planning Area) .67 .74 .81 .86 .97 1.07
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Recovery Efficiency

A1l the water that is fed to a desalination plant cannot be purified.
Usually, a portion of the feed water returns as concentrated brine with
high TDS. A recovery efficiency value of 70% would be a conservative
estimate. Therefore, in order to produce 8 million gallons of additional
potable water to meet the year 2000 demand of St. Lucie County, (8.0/.7)
11.5 mi1lion gallons of feed water would be required. For Martin County,
approximately 7.18/.7, 10.5 million gallons of feed water, on a daily basis,
would be required to produce approximately 7 million gallons of additional
potable Water.

Impact of Withdrawal bn the Natural Resources

A recent study by Brown {(1980) of the Floridan aquifer of the UECPA
highlights the following. The Floridan aquifer of the UECPA has three
producing zones; I, II, and III. Producing Zone I is 350-700 feet deep.
The total dissolved solids (TDS) of the native water varies from 1000-2500
mg/1. Producing Zone II is 500-800 feet deep and has a TDS range of
1000-3000 mg/1. Zone III is 680-900 feet deep and has a TDS content of
1200-2600. Concerning the yield from the aquifer, Brown (1980) found a 10
inch well penetrating Zones I, II, and III, free-flowing at a rate of 1650
gallons/minute. Average flow ranges from 250-600 gpm from wells having
diameters of 6 to 12".

As stated earlier, the feed water to the desalination plant would come
from the Floridan aguifer. Withdrawal of 11.5 miTlion gallons in St. Lucie
County and 10.5 million gallons in Martin County on a dai]y basis would
cause some environmental impact, in terms of lowering the potentiometric
heads. In order to determine approximately what kind of head decline would

occur, a computer model was used. The computer model basically simulates
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the Theis equation for a confined aquifer, using the non-egquilibrium
equation.
Theis non-equilibrium equation is written as follows:

s = 114.6 o wlu)
T

where,

u= 1.87 12 s
Txt

where,

drawdown, in feet

=7
1}

distance from pumped well to observation point, feet

<
1]

discharge, gallons/minute

2
1]

ﬁ.
[}

time after pumping started, in days

—
1l

coefficient of transmissivity, g/ft/d

Storage coefficient

Wy
1l

COMPUTER RUNS

Separate computer runs were made for St. Lucie and Martin counties.
The input parameters for St. Lucie County consisted of the
following:
T = 208,000 gpd/ft/day (Well SLF24A)
s=1.88 x 107
Time = 60 days
Well Spacihg = 2000 feet

Discharge/well = 1.44 x 10° 6PD

In order to pump 11.5 MGD, approximately 8 wells will be required
in St. Lucie County and 7 wells in Martin County each producing 1000 gpm.
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Results for St. Lucie County

Without any vertical or horizontal recharge to the aquifer system, the
computer shows that the maximum drawdown at the center of the wellfield
would be 36.3. It should be pointed out here that this drawdown is confined
within the boundary of the wellfield for desalination; however, further
away from the center of the wellfields the drawdowns would be Tower.

The input parameters for Martin County consisted of the following:

T = 104,300 (Well MF9)
s=5x 107"
Time = 60 days
Discharge/well = 1.44 x 10° gallons/day
Well Spacing = 2000 feet
Q = 11.5 MGD

Results for Martin County

The model shows that the maximum drawdown at the center of the well-
field, by withdrawing 10.5 million gallons on a daily basis, would be 58.0'.
This drawdown is higher than the drawdown calculated for St. Lucie County

because of the lower transmissivity value.

TYPICAL DESIGN OF A DESALT R.O. PLANT

Having determined the impact of withdrawal of 11.5 million gallons of
water on a daily basis {found to be JTocal), illustration of the elements
involved in membrane plant design to meet the year 2000 potable water
demand follows. The design concerns a schematic diagram for a spiral world
R.0. plant of 8.0 MGD to desalt brackish water of 2500 mg/1 TDS.

In actual plant design the following parameters are needed and are
supplied by the R.0. membrane manufacturers. The values used here are

hypothetical but are not far off from the actual design values.
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Parameters for Design

Average Element Flux 25 ga11on/ft2/day
Salt Rejection 85 percent
Product Recovery {conservative) 5 70 percent

Each element will contain 320 ft.” of membrane

Pump and motor efficiency 70 percent
Operating feedwater pressure 400 psi

Pressure loss 6 psi/vessel

For the R.0O. plant design, we will calculate the following:
1) Feed water flow/day
2) .Brine concentration mg/1
3)  Product water concentration mg/1
4} Membrane element requirements

5) Energy requirements; KWH/T1000 gallons of product water

The following equations will be used in calculating the above.

Ffeed - Fpr'od * Frej (M

Cfeed B Fpr'od % Cpr‘od * Frej X Crej (2)
F
Recovery = ?EEQQ (3)
feed
where,
F = Flow
C = Concentration
Rej = Reject
Prod = Product Flow
s 28 e HeB any
2500 mo/1 > | 95% Al ejection |—— 200 mg/1 EZE‘SSJ-E)

l
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1) Feed Flow Required

0.7 _ 8.0
feed

1.0 F

F 8.0

feed =5.7° 17.43  11.5 MGD

Q=11.5 MGD

2} Brine Concentration

Assume 200 mg/1 TDS in the product water, which if required, can be
blended to produce a product water having 500 mg/1 TDS (250 mg/1 chloride)

11.5 x 2500 = 8.0 x 200 + 3.5 x Crej

Craj = 11:5 x 2sg?5- 8.0 x 200 1y

7760 mg/i

3) Product Water Concentration

Product flow concentration was assumed in the previous calculation;

however it can be calculated exactly as follows:

c x F +C « XF .
Cavg - feedF feed rej rej

feed ¥ Frej

2500 x 11.5 + 7760 x 3.5
11.5 + 3.5

= 3730 mg/1
cprod = 3730 (1-Crej)
= 3730 (1 - .95}
= 187 mg/1 TDS which is within a 10% T1imit of the assumed product
water concentration. No further iteration will be required

as the assumed concentration of the product water is within a

10% Timit of the calculated one.
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4)  Membrane Elements Required

1]

Product Water = 8,000,000 gallons/day

1]

25 gallons/fFt2/day

Membrane Req'd = §bﬁ%¥%4331 = 320,000 ft

Avg. flux
2

As stated earlier, each element will contain 320 ft2 of membrane

Number of elements req'd = gg%§%99-= 1000

10 membrane elements/vessel

Number of vessels = 1990 = 100

Vessels can be arranged in 2:1 or any other combinations

In the 2:1 combination, reject water from the first 66 vessels will

enter as the feed water to the remaining 34 vessels (Figure 9).

5)  Energy Required

1 HP = 33,000 ft. 1b/min.

6

_11.5 x 107 ~
Flow T480 = 8000 gpm

_ 8000 gal x 8.34 1b_ x (2.31 x 400 ft)
THP = min gal

33,000 FL 1b_ = 1868
min
1868

HP Required = )= 2668 ¥ 2700

.7 {efficiency
KWH = .745 {Conv. factor) x 2700 = 2012 KWH
Flow/hr = 333.33 gal/hr.

KWH/1000 gals. _ 2012 _ 6.04
Flow/hour 333,33 .

Power required to produce 1000 gallons of product water is calculated

to be 6.04 KWH (Kilowatt hour)

The present rate FPL charges per KWH is around 4.5 cents. In order to
produce 1000 gallons of water, the energy cost alone would be 6.04 x 4.5 %

27 cents.
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ECONOMICS OF DESALINATION

A recent report by Reed, et al., (1980) is used here to calculate
capital, operating, and water cost. The operating cost updated by Reed
(1980) uses a power cost of 2.5¢/KWH instead of the 4.5¢/KWH cost in south
Florida. Additionally, the recovery efficiency and the salt rejection ratio
is higher than used in this report, which will be a cushion factor.
Presented in Figures 10, 11, and 12 are the capital, OMR, and costs of water
as presented by Reed (1980) for 1979. A levelized, fixed charge rate of
16.5% was used in all calculations. A rate of 9.5% for interest during
construction, and a plant 1ife expectancy of 30 years was used in the cost
figure derivations.

Using the figure without any modifications, one can derive the following
figures for a R.0. desalting plant of 8.0 MGD.

Capital Cost - .52¢/gpd = 4.16 million dollars

Operating Cost - .59¢/1000 gallons

Water Cost - $1.03/K.gal., including amortization @ 9.5%.

The operating and the water cost include power cost also. As
caiculated earlier, the power requirement was 6.04 KWH/K gal. To produce
1000 gallons of water, using the Florida rate, it will cost 27¢ whereas
the Reed, et al., (1980) cost is 15.10¢. The difference is around 12¢/1000
gallons. So, for Florida conditions, the operating cost (1979) would be
72 cents/K gal and the water cost, which includes amortization for 30 years
@ 9.5%, is 1.15¢/K gal. No land purchase or delivery costs have been
included in the cost calculations.

Another detailed cost calculation for the 1st first quarter 1979 § is

presented {Tables 16, 17, and 18) by Larson & Leitner {1979). A11 costs
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FIGURE 10.

CAPITAL EQUIPMENT COST — BRACKISH WATER DESALTING BY REVERSE OSMOSIS
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FIGURE 11. OPERATING COST — BRACKISH WATER DESALTING BY REVERSE OSMOSIS
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FIGURE 12.

WATER COST — BRACKISH WATER DESALTING BY REVERSE OSMOSIS
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TABLE 16. SEAWATER DESALTING COSTS:

Cost Items

Construction Period (months)

Direct Capital Costs

P2 PO -
* . . »

Installed Equipment Cost
Site Development
Intake and Qutfall System

Electric Utilities & Switchgear

Total Direct Capital Cost

Indirect Capital Costs

5.

6.
7.

Interest during construction
and startup

Working Capital
Contingency - A & E Fee

TOTAL CAPITAL COST

Operating Costs (Annual)

15.

Operating & Maintenance Labor
G & A @ 40%

Chemicals

Filters

Other Materials

Electricity @ 2.5¢/kwhr
Membrane Replacement

TOTAL OPERATING COSTS
Fixed Charge @ 16.5%

TOTAL ANNUAL COST
Cost of Water, $/kgal

* AT1 costs in 1979 first
guarter dollars.

R. 0. PLANTS

Plant Capacity (MGD)

.01 o 1 3 5
6 6 12 15 18
55 525 3,190 9,240 15,125
5 20 125 225 375
5 30 221 425 575
_10 55 316 700 990
75 630 3,852 10,590 17,065
1.3 12.5 151.5 545.6 1,077.6
3.8 31.5 192.6 529.2 853.2
13.2 111.2 692.3 _1,925.2 3,134.3
93.3 785.2 4,888.4 13,593.0 22,130.1
4.5 9.0 27.5 52.5 77.5
1.8 3.6 11.0 21.0 31.0
1.0 9.7 97.0 291.1 485.2
0.2 1.7 17.2 52.0 86.5
0.2 2.4 14.5 42.0 68.8
2.9 29.5 294.5 883.5 1,472.5
1.8 17.3 161.0 481.0 801.0
12.4 73.2 622.7 1,823.1 3,022.5
15.4 129.6 806.6 2,242.8 3,651.5
27.8 202.8 1,429.3 4,065.9 6,674.0
8.96 6.54 4.61 4.37 4.31
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TABLE 17. BRACKISH WATER DESALTING COSTS:

R. 0. PLANTS

Plant Capacity (MGD)

Cost Items 1 3 5 10 25
Construction Period {(months) 9 12 15 20 24
Direct Capital Costs
1. Installed Equipment Cost

x $1,000 851.0 2,020.0 2,820.0 5,270.0 12,810.0
2. Site Development 125.0 225.0 375.0 450.0 675.0
3. Intake and Outfall System 75.0 180.0 250.0 400.0 800.0
4 Electric Utilities & Switchgear _125.0 316.0 444.( 755.0 1,600.0
Total Direct Capital Costs 1,176.0 2,741.0 3,883.0 6,875.0 15,885.0
Indirect Capital Costs
5. Interest during construction
and startup 30.3 95.9 167.4 417.2 1,217.0
6. Working Capital 58.8 137.0 194.4 343.8 794.2
7. Contingency - A & E Fee 202.4 475.0 678.7 1,218.2 2,863.4
TOTAL CAPITAL COST 1,467.5 3,448.9 4,929.5 8,854.2 20,751.6
Operating Costs (Annual)
8. Operating and Maintenance Labor 27.5 52.5 77.5 140.0 140.0
9. G & A 0@ 40% 11.0 21.0 31.0 56.0 56.0
10. Chemicals 42.0 126.1 210.2 420.4 1,050.9
11. Cartridge Filters 6.9 20.8 34.6 69.2 173.0
12. Other Materials 4.0 a.6 13.4 25.1 61.0
13. Electricity @ 2.5¢/kwhr 86.5 259.5 432.5 865.0 2,162.5
14. Membrane Replacement 55.6 150.0 240.0 459.9 1,140.0
TOTAL OPERATING COST 233.5 639.5 1,039.2 2,035.6 4,783.4
15. Fixed Charge @ 16.5% 242.1 569.1 813.4 1,460.9 3,425.3
TOTAL ANNUAL COST 475.6 1,208.6 1,852.6 3,496.5 8,208.7
Cost of Water, $/kgal 1.37 1.16 1.07 1.01 0.95

* A1 costs in 1979 first
quarter dollars.

-71-



TABLE 18. BRACKISH WATER DESALTING COSTS:

ELECTRODIALYSIS PLANTS

Feedwater Type

Item 1 2 3 4
Construction Period (months) 6 6 6 6
Direct Capital Cost
1. Installed Equipment Cost 1,040 920 740 920
2. Site Development 125 125 125 125
3. Intakes and OQutfalls 75 75 75 75
4., Electric Utilities and Switchgear 125 80 80 125

Total Direct Capital Cost 1,365 1,200 1,020 1,245
Indirect Capital Cost
5. Interest during construction &

startup 24.7 21.8 17.6 21.8
6. Working Capital 68.2 60.0 51.0 62.2
7. Contingency - A & E Fee 233.3 205.1 174.2 212.6

TOTAL CAPITAL COST 1,691.2 1,486.9 1,262.8 1,541.6

Operating Costs (Annual)
8. Operating and Maintenance Labor 27.5 27.5 27.5 27.5
9. G & A @ 40% 11.0 11.0 11.0 11.0
10. Chemicals 3.5 3.5 3.5 3.5
11. Filters 10.4 10.4 10.4 10.4
12. Other Materials 5.2 4.6 3.7 4.6
13. Electricity @ 2.5¢/kwhr 95.2 53.6 64.9 119.4
14. Membrane Replacement 27.8 24.6 19.8 24.6

TOTAL OPERATING COSTS 180.6 135.2 140.8 201.0
15. Fixed Charge @ 16.5% 279.0 245.3 208.4 254.4

TOTAL ANNUAL COST 459.6 380.5 349.2 455.4

Water Cost, $/kgal 1.32 1.10 1.00 1.31

*A11 costs in 1979 first quarter
dollars.
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except electricity are the same. The cost of electricity as used by Larson
is Tow; however, if the electricity cost is updated to Florida conditions
at the rate of 4.5 cents/KWH, the electricity cost would aimost double,

thus bringing the total water cost to $1.16.

SUMMARY

The desalination alternative was studied as one of the local alterna-
tives to meet the year 2000 demand of the UECPA.

This study shows the following:

1)  Withdrawal of 11.5 MGD of water from the Floridan aquifer will lower
the existing potentiometric head. At the center of the wellfield,
using the hydrogeologic parameters as determined by Brown, the maximum
drawdown would be around 36 ft.; however, the drawdown would be minimal
away from the center of the wellfield.

2) Due to the finding of THM by the EPA, and if strict enforcement is
imposed, the present day potable water may require further treatment.
There are two techniques for removing THM;

a) by use of activated charcoal, or

b) by use of desalt techniques.

The pros and cons of these two techniques have been documented by

Khanal and Winn (1978). Desalination, in addition to removing THM

from the present drinking water, can also be used to supplement the

additional water needed by the year 2000.

Concerning the economics of desalination, however, the cost/1000 gallons of
water is approximately $1.16. This is exclusive of delivery cost. However,
if the existing utility builds a desalt plant, the same existing conveyance
system can be used. For new developments, conveyance costs must be added

to the total cost.
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