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Abstract: Brackish groundwater is abundant in many coastal zones of the world. The water can be
economically treated with low-pressure reverse osmosis. A key issue is the stability of the feedwater
pumped from groundwater systems. Commonly, groundwater solute-transport models are used
to evaluate the long-term changes in salinity with time that impact brackish-water reverse osmosis
(BWRO) desalination system process design. These models are run to assess changes over a 20- to
40-year period. The City of Cape Coral, Florida operates two regional BWRO facilities with the
South Plant being the oldest continuously operated system in the world. This facility has a capacity
of 68,182 m3/d and can treat raw water with a total dissolved solids (TDS) concentration up to
4000 mg/L. Two solute transport models were constructed to evaluate future salinity change in
the groundwater source. The first model conducted in 1991 produced a range of probable changes
with a high, most probable (mid), and low range. Actual data confirm the low range of the model
produced an accurate result (within 15%) and that the 4000 mg/L threshold would not be exceeded
until beyond 2031. The second modeling effort conducted in 2014 suggested that the 4000 mg/L
TDS threshold would be reached in 2018, which did not happen. The use of real data and regression
analyses for all wells suggests that the 4000 mg/L TDS concentration will not be exceeded until after
2060. Once the TDS threshold is reached, the plant would require a process change to allow treatment
of higher TDS water. The current analysis shows that plant process design modification would not be
required for up to 40 years into the future. The standard conceptual model assuming predominantly
upward recharge during pumping was accurate with the addition of an enhanced zone of leakage
caused by a fracture zone or a fault. A key issue that contributed to the success of the facility was
the use of groundwater solute transport modeling prior to the final design of the membrane process
during plant expansions.

Keywords: brackish-water desalination; hydrogeology; aquifer conceptual models; groundwater
solute transport modeling; City of Cape Coral, Florida

1. Introduction

Limited supplies of freshwater occur in many regions of the world, wherein rapid
population growth in combination with the occurrence of sparse water resources necessitate
the development and use of alternative water sources, particularly in coastal areas [1]. In
many areas of the United States and other global regions, saline groundwater occurs in
abundance within a number of regional aquifer systems [2]. Where the quality of water in
a saline-water aquifer has a salinity of less than about 8000 mg/L, it can be economically
treated using the brackish-water reverse osmosis (BWRO) desalination process [3]. In
southern Florida, the use of BWRO desalination technology has become common with
about 40 facilities currently being operated [4,5].
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The City of Cape Coral (City) in southwestern Florida currently utilizes low-pressure
reverse osmosis membranes for desalination of brackish groundwater from the Lower
Hawthorn Aquifer, which is the uppermost unit in the Floridan Aquifer System [6–9]. This
facility has been in continuous operation since 1976, which makes it the currently oldest,
continuously operated BWRO plant in the United States [10,11].

Two brackish-water reverse osmosis (BWRO) desalination facilities are used to supply
all of the drinking water to the City. The combined production capacity of the two facilities
is 113,637 m3/d. The South BWRO facility actually contains two BWRO plants operated
simultaneously with a combined capacity of 68,182 m3/d.

The South Reverse Osmosis Plant (SRO) operates efficiently to treat feedwater with
a total dissolved solids (TDS) concentration of less than 4000 mg/L (upper limit of cur-
rent process design). According to past solute transport modeling of the aquifer tapped
for feedwater, the water quality will become more saline over time and will exceed
4000 mg/L [12,13]. A general conceptual model that describes how the production aquifer
recharges is shown in Figure 1. Note that pumping of the production aquifer causes higher
salinity water from deeper aquifers to move upwards into the production aquifer over
a long period. Therefore, in the future, the City will experience a progression of low- to
higher-pressure RO membrane system and will need to utilize a combination of pretreat-
ment strategies, energy recovery, and possible blending of less saline water to lower the
TDS concentration. Generally, the higher the membrane feedwater pressure on the RO
membranes, the greater amount of energy will be required for the RO process. As the
BWRO treatment water recovery efficiencies decline over time due to higher chloride and
TDS concentrations in the feedwater, the higher-pressure RO system will require more
raw water wells to produce the same amount of finished potable water than is currently
being produced.

Increased concentration of TDS also has other impacts on the operation of a BWRO facility.
As the TDS concentration increases, the optimal operation of the plant declines [14,15]. The
reduced efficiency in the treatment process can cause some select ions to pass through the
membranes at undesirable concentrations [16], and increased use of chemicals is required to
control potential scaling of the membranes with calcium carbonate [17]. A decline in treatment
efficiency also increases energy consumption [18,19], which results in higher overall treatment
costs [3].
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The primary objective of this research is to evaluate the rate of change in water quality
of the production wells using actual data and to project the future timeframe when a change
in the process design will be necessary to maintain the facility capacity. In addition, the
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projections made on future water quality changes based on collected data are compared to
past water quality projections made using solute-transport modeling of the aquifer system.
This is a rare opportunity to “audit” the original models to assess the conceptual model
used and if it is correctly applied to the aquifer system being used.

2. Background
2.1. Description of the BWRO Facility

A critical aspect of the design and operation of any BWRO plant is the coordination
between the quality of the raw water supply with its variation in time and the process
design of the desalination plant [21–23]. Most of the BWRO plants located in Florida use
brackish water extracted from close to the top of the Floridan Aquifer System [17–19].
Most commonly, the TDS in the upper part of the Florida Aquifer System is relatively low
and increases in concentration with depth in the aquifer system [21,24–26]. The confining
units within the Floridan Aquifer System below the uppermost confining unit are relativity
thin and leaky. When the production aquifer (Lower Hawthorn Aquifer) is pumped, it is
recharged primarily from the bottom upwards (Figure 1). Since the aquifers underlying
the pumped aquifer contain higher concentrations of TDS, the production aquifer exhibits
an increase in salinity with time [21–25].

The BWRO process design of the South Plant consists of a groundwater intake (wells),
followed by pretreatment with the addition of sulfuric acid and polyacrylic acid (antis-
calant), followed by cartridge filters to remove any particulates and, then, a three-stage
BWRO process using 11 bar (160 psi) of pressure (Figure 2). A blend of raw water (about
19%) is added to the permeate to raise the hardness and TDS and to improve treatment
efficiency. The combined permeate and blend water is, then, degassed to remove hydrogen
sulfide, and the pH is adjusted upwards. The conversion efficiencies for plants 1 and 2 are
75% and 80%, respectively. With consideration of the added blend of raw water, the overall
treatment efficiency is 81%. Again, the current design maximum for the feedwater TDS is
4000 mg/L. The concentrate is pumped into a deep injection well for disposal.
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2.2. Description of the Feedwater Wellfield

The BWRO facility is a combination of two separate plants that receive raw water
from production wells, located in the South Wellfield. Plants 1 and 2 are supplied by a total
of 34 production wells with 12 required for plant 1 and 22 for plant 2. Well locations are
shown in Figure 3, and the well construction details are given in Table 1.
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Table 1. South Wellfield construction details (City of Cape Coral 2021).

PLANT Well No. SFWMD Well No. SFWMD Well ID# Casing Depth (m) Total Depth (m)

101 RO-1 27,259 110 274

102 RO-2 27,261 110 227

103 RO-3 27,263 106 209

104 RO-4 27,265 105 215

105 RO-5 27,267 107 213

106 RO-6R 27,269 172 244

107 RO-7 27,271 107 228

108 RO-8 27,273 107 228

109 RO-9 27,275 107 228

110 RO-10 27,277 107 228

111 10A 27,316 140 217

112 112 158,260 139 220

211 RO-11 27,279 183 232

212 RO-12 27,281 183 226
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Table 1. Cont.

PLANT Well No. SFWMD Well No. SFWMD Well ID# Casing Depth (m) Total Depth (m)

213 RO-13 27,283 180 233

214 RO-14 27,285 158 214

215 RO-15 27,287 170 220

216 RO-16 150,927 139 215

217 RO-17 27,289 134 213

218 RO-18 27,291 151 220

219 RO-19 27,293 157 214

220 RO-20 27,295 152 219

221 RO-21 27,297 157 219

222 RO-22 27,299 157 196

223 RO-23 27,301 128 199

224 RO-24 27303 119 216

225 RO-25 27,312 134 218

226 226 158,262 140 218

227 227 158,263 131 218

228 228 158,264 140 218

229 229 158,265 140 217

230 230R 213,103 154 219

231 231 158,267 133 214

232 232 158,268 143 216

2.3. Water Use Permit for the Feedwater Supply

The raw water use and production wells are regulated by the South Florida Water
Management District (SFWMD) under Water Use Permit (WUP) number 36-00046-W. The
permit was issued to the City on 19 October 2009, modified on 13 May 2014, and expires
on 22 October 2029. The annual raw water allocation for the City wellfields is limited to
54,229,809 m3/year. The production rates of the brackish-water production wells range
from 946 L per minute to 2839 L per minute. The two brackish BWRO plants, North (NRO)
and South (SRO), have a combined production capacity of 115,833 m3/day. This drinking
water capacity is adequate to supply raw water within the SFWMD WUP guidelines.

Currently, two of the production wells that supply brackish water to the SRO are out
of service due to high TDS and chloride concentrations. Some of the production wells in
the City North and South Wellfields are experiencing high dissolved chloride and TDS
concentrations. The City is developing an updated comprehensive hydrogeologic model
of the wellfields to evaluate the pumping impacts on the aquifer system to determine
remedial alternatives to address deteriorating water quality. Additionally, under normal
operating conditions, and over time, the brackish-water production wells gradually lose a
portion of their capacity and require acidification of the interface with the aquifer to regain
specific capacity. The cause of the loss of capacity is the precipitation of CaCO3 on the wall
of the open hole caused by degassing of the aquifer during pumping (CO2 loss leading
to oversaturation with CaCO3). The City is required to remain in compliance with WUP
limiting conditions as set forth in Table 2.
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Table 2. Water Use Permit limiting conditions and submittals.

Limiting Condition Frequency Compliance Status

17 Flow Meter Calibration
Report Every Five years Submittal date: August 2020

18 Monthly Withdrawals
Report Quarterly Submittal date: January 2020

20 Unaccounted for Water Loss Report (only requires
when >10%) Yearly Submittal date: March 2016

22 Long-Term Water Supply Plan One time Submittal date: October 2019
23 Ten-Year Water Use Compliance Report Every ten years Submittal date: February 2016
27 Table with Proposed Wells One time Submittal date: August 2020
28 Chloride Level Report Quarterly Submittal date: August 2020
29 Ground Water Level Report Quarterly Submittal date: August 2020
30 Annual Reclaimed Water Report Yearly Submittal date: January 2020
31 Emergency Preparedness Plan One time Submittal date: March 2011
34 Wellfield Operating Program One time Submittal date: November 2008
35 Leak Detection Plans Yearly* Submittal date: September 2015

3. Hydrogeology of the Floridan Aquifer System and Water Quality
3.1. Hydrogeology

The geology and hydrogeology of Lee County, including the City of Cape Coral, have
been described in a number of publications by the Florida Geological Survey [6,7,9,27], the
U.S. Geological Survey [7,28,29], the South Florida Water Management District [8,30], and
in the literature [21]. In addition, consultant studies have provided detailed analysis of the
subsurface geology of Cape Coral [12,31–33]. Additionally, descriptions of the geology and
hydrogeologic features have been provided to the City for the South and North Wellfield
expansion in completion reports [26,34–36].

The three regional aquifer systems underlying southern Florida include the Surficial
Aquifer System, the Intermediate Aquifer System (or confining unit), and the Florida
Aquifer System [37]. In southeastern Florida, the Floridan Aquifer System is easily subdi-
vided into the upper, middle, and lower parts [38]. These units are not subdivided and are
discrete hydraulic units that are well-defined based on the local hydrogeology.

However, beneath the City of Cape Coral and in many areas of southwestern Florida,
there are a larger number of subdivisions with the Florida Aquifer System with up to eight
poorly defined aquifers (Figure 4). Regional models created by the South Florida Water
Management District and the U. S. Army Corps of Engineers have tended to group the
aquifers in southwest Florida to match the divisions in southeastern Florida to create a
simplified model [39–41]. Unfortunately, the regional model created has issues with model
calibration in southwestern Florida based on the simplification [12]. The subdivisions of
the Floridan Aquifer System shown in Figure 4 were used in the initial planning model
created for the City [12].

The primary aquifer used by the City to obtain feedwater is the Lower Hawthorn
Aquifer (Figures 4 and 5). Note that the Lower Hawthorn Aquifer has a minimal separation
from the upper Suwannee Aquifer, so these aquifers are essentially acting as a single aquifer
(Figure 4). A map showing the depth to the top of the Lower Hawthorn Aquifer is shown
in Figure 6. There is more than 30 m of relief found on the top of the aquifer. There is also a
considerable variation in water quality within the Lower Hawthorn Aquifer (Figure 7). In
2009, the dissolved chloride concentration varied greater than 200 mg/L and a number of
abnormally high values were found particularly in the northern part of the City and in the
east near the southern Cape Coral Bridge across the Caloosahatchee River (Figure 7). A
known fault occurs at this location where very high-temperature and high-salinity water is
moving upward from the deeper part of the Florida Aquifer System [6].
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The salinity of water in the Floridan Aquifer System increases with depth [12,21]. The
dissolved chloride concentration profile that was used to create the solute transport model
used for planning in the City is shown in Figure 8. Note that water occurring below the
Lower Suwannee aquifer would likely require a seawater membrane to be used to produce
potable water. The dissolved chloride concentration in the Ocala Aquifer increases to above
10,000 mg/L. True seawater with a dissolved chloride concentration of about 19,500 mg/L
does not occur until a depth near 550 m below surface within the Avon Park Aquifer.
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Figure 7. Dissolved chloride concentrations in the Lower Hawthorn Aquifer in the City of Cape
Coral. Note the very high dissolved chloride concentration in the lower eastern part of the map,
which is near the Caloosahatchee River bridge (from [12,21]).

Pumping of the Lower Hawthorn Aquifer has lowered the predevelopment potentio-
metric surface of the aquifer by up to 30 m in parts of the City (Figure 9). This lowering of
water levels has two impacts to the operation of the City wellfields, including increasing
the rate of upward movement of higher salinity water within the leaky aquifer system
and capturing a greater amount of the regional flow through the aquifer, particularly in
the northeastern part of the City. The greater head loss causes a higher rate of increase
in feedwater salinity, while the greater capture of regional flow reduces the rate of feed-
water quality change. Some recently collected water level data show that decline is not
continuous throughout the City (Figure 10).
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3.2. South RO Wellfield Dissolved Chloride and TDS Data Analysis

In 2009, MWH conducted a solute-transport model to assess future changes in ground-
water quality [13]. Projections for individual production well TDS concentrations for the
South Wellfield in the Lower Hawthorn were provided for the years 2014, 2024, and 2060
(Figure 11). Unfortunately, few details were provided on the model, the boundary con-
ditions, the calibration, and the sensitivity analyses conducted. In addition, the method
applied to the individual wells is unclear in the report.
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4. Materials and Methods
4.1. Collection of Water Quality and Pumping Data from South Cape Coral Production Wells

Well data were obtained from the City of Cape Coral Utilities Department South Well-
field operating reports. Pumping rates and monthly chloride concentrations were obtained
beginning January 2003 through March 2021 (219 months). The data are based on historical
monthly pumping reports from the City of Cape Coral. The well data containing monthly
influent dissolved chloride concentration and pumping rates in millions of liters per day
were plotted for each raw water production well. The pumping data were plotted as a bar
graph showing cumulative monthly pumpage, and the dissolved chloride concentration
was shown as a scatter plot.

4.2. Statistical Treatment of the Dissolved Chloride Data

A linear regression was found to be the best fit to the data, but other functions were
also evaluated to ascertain if they yielded a better fit to the data (e.g., log, semilog, parabolic,
hyperbolic, etc.). A linear regression analysis was conducted on the time versus dissolved
chloride data. An R2 value was calculated to determine the quality of the best fit to the
calculated linear regression equation, and a p-value was calculated to reveal the statistical
validity of the regression equation.

Some outlier dissolved chloride and pumping data were removed based on either
sampling or recording errors in the data. Some well data were not available due to
wells being out of service because of high concentrations of chloride being encountered
or maintenance.

4.3. Relationship between Dissolved Chloride Concentration and Total Dissolved Solids (TDS)

The ratios between various cations and anions in normal seawater are very constant.
However, in brackish groundwater, the interaction between the rock and water changes
the ratios. Therefore, the relationship between dissolved chloride concentration and TDS
must be established for each aquifer based on the collection of actual data. The relationship
for the brackish water beneath the City was established for data collected on the North
Wellfield (Figure 12) [42].Water 2021, 13, x FOR PEER REVIEW 13 of 28 
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Figure 12. Cross plot of the dissolved chloride concentration versus the TDS taken from chemical
analyses of production well water samples from the Lower Hawthorn Aquifer [42].
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5. Results
5.1. Feedwater Quality Fluctuation Compared to Historical Raw Well Water Pumping

Historical well pumping and dissolved chloride concentration data for the 34 Lower
Hawthorn Aquifer wells are presented in Figure 13. The end date of the linear regression
analysis is March 2021. The dissolved chloride data were collected using the argentometric
method (titration) and are rather consistent. The R2 values for the regression plots ranged
between 0.02 and 0.87. The p-values values showed that 31 of 34 wells produced regression
analyses falling below 0.05, which indicates they are statistically significant. Therefore, the
dataset is useful for making projections of future water quality.
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Figure 13. Monthly cumulative pumpage and dissolved chloride concentration versus time with a linear regression
trend line.

The wells producing the poorest water quality, including 104, 105, 214, 219, 225, 229,
and 231, closely follow a compass alignment of about N20E. Many of these wells also have
the highest slope for future water quality change.

5.2. Predictions of Future Water Quality Based on the Linear Regression Analyses

Projections were made for 2026 (5 years), 2036 (10 years), 2046 (20 years), and 2066
(40 years) based on the regression equations (Table 3). The average value of dissolved chlo-
ride concentration for all of the wells was then assumed to be the approximate feedwater
value. Of the 34 wells, 31 showed an upward trend in dissolved chloride concentration, and
two showed a slight downward trend. The intercept line average dissolved chloride concen-
tration that represents the starting value in January 2003 is 841 mg/L (TDS = 1819 mg/L).
Two wells, 229 and 231, could not be used in the overall analysis of future changes because
the slopes of the increase were too high, and they will not be used in the future due to the
high upwards trend. The 5-, 10-, 20-, and 40-year projected dissolved chloride concentra-
tions are 1082, 1170, 1314, and 1598 mg/L. The corresponding TDS values are 2203, 2343,
2572, and 3025 mg/L
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Table 3. Initial dissolved chloride concentration value in mg/L for March 2021 and projected values
for 5, 10, 20, and 40 years.

Well No. Intercept
Value

5-Year
Projection

10-Year
Projection

20-Year
Projection

40-Year
Projection

101 652 961 1005 1135 1342

102 704 970 1031 1151 1393

103 727 746 766 865 884

104 1896 1809 1789 1750 1671

105 960 1834 2033 2431 3225

106 392 585 689 717 892

107 593 701 726 775 873

108 797 807 809 814 823

109 525 540 543 550 564

110 512 591 610 646 718

111 524 573 584 607 651

112 859 904 1520 1765 2254

211 516 795 858 985 1238

212 697 929 982 1087 1285

213 1079 1969 2171 2576 3385

214 2391 1957 1858 1661 1267

215 887 1484 1619 1891 2433

216 767 967 1013 1104 1286

217 681 996 1067 1210 1496

218 597 1251 1400 1697 2292

219 656 939 1003 1132 1389

220 592 659 674 704 765

221 693 750 763 789 842

222 578 638 652 680 735

223 803 1051 1108 1220 1446

224 773 904 934 994 1113

225 960 1245 1310 1440 1699

226 824 982 1016 1089 1233

227 557 1907 2214 2827 4055

228 854 2138 2430 3013 4181

229 2730 - - - -

230 500 1108 1278 1618 2299

231 650 - - - -

232 652 939 1005 1135 1396

Average 841 1082 1170 1314 1598

5.3. Monthly Average Pumping Data Observations

The analysis included a comparison and observations of pumpage in the 34 well that
constitutes the Cape Coral South Wellfield. The minimum monthly pumpage ranged from
zero m3 pumped to a maximum of 120,681 m3 per month. The average monthly pumpage
observed for each well combined over the 18-year analysis is 79,739 m3.
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6. Discussion
6.1. Comparison of Actual Dissolved Chloride Concentrations and Projections Based on Real Data
to the Original Planning Model

The original planning model projection for the south part of the wellfield is shown in
Figure 14. The solute transport model included the pumpage for all parts of the wellfield
to incorporate the overall drawdown of the potentiometric surface. The model code used
in the original model was FT-WORK [12]. Note that the projection for the 40 years started
in about 1991. So, the 40-year project places the date at 2031. A comparison of the model to
the 2003 year shows the predicted change in the South Wellfield was an average of about
800 mg/L of dissolved chloride based on the minimum expected projection, and the actual
measured average was 841 mg/L. Therefore, the actual change occurred within the margin
of error used in the model. The projected average dissolved chloride value for 2031 based
on the minimum expected change was about 1350 mg/L, and the projected change based
on real data is 1126 mg/L. The upward slope of the minimum expected change in dissolved
chloride concentration is higher than the slope of the change predicted by regression
analyses of all production wells. If the wells that produce the poorer quality water are
re-factored (used to a greater extent) into the projection, the future water quality change
would likely lie between the mid-range and low range based on the original planning
model. However, selective use of the wells to produce the required feedwater will lessen
changes in salinity.
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6.2. Comparison of the Updated Model Projections to the Real Data and Future Projections Based
on the Regression Analyses

The projected changes in TDS shown in Figure 10 were apparently developed using
the SEAWAT code for modelling solute transport [13]. However, it is quite difficult to
ascertain how individual well projections were made when using a block-centered solute
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transport model that contains between 0 and 3 wells within a given block. In addition, no
detailed information is given on the structure of the model, including how it was calibrated
to the existing water quality information collected from the Lower Hawthorn Aquifer
production wells [13].

A comparison of the TDS concentration projection for each well shown in Figure 10
to actual collected data in 2014 and to projections made using the trend analyses of the
real data collected between 2003 and 2020 are presented in Table 4. The 2014 comparison
shows that the total wellfield error in projection is an average of +29.4% or a significant
over-estimation of change. There are major variations in the projection error within the
wellfield with a range of −28.7 to +57.4. The projected model changes in TDS concentration
for the full southern wellfield compared to those estimated from the regression analyses
increases with time from +39.1 in 2024 to +47.8 in 2060. There is also considerable scatter
in the projections based on assessments of individual well performance. This is a typical
condition when running long-term solute transport analyses. However, there is no means
of assessing the efficacy of the model, because of the lack of details presented in the
engineering report.

Table 4. Comparison of the measured and projected data from the linear regression analyses to the MWH individual well
projections [13].

Well No. 2014 2024 2060

Proj.
TDS
mg/L

Actual
TDS
mg/L

Error
Percent.

Proj.
TDS
mg/L

Trend
TDS
mg/L

Error
Percent.

Proj.
TDS
mg/L

Trend
TDS
mg/L

Error
Percent

101 2900 1780 +39.3 3700 1954 +47.2 5800 2703 +53.4

102 2400 1850 +22.9 2800 2005 +28.4 4200 2698 +35.8

103 2000 1611 +19.5 2700 1661 +38.5 4000 1887 +52.8

104 2600 3267 −25.7 3000 3367 −10.9 4700 3141 +33.2

105 2200 2832 −28.7 3000 3265 −8.1 4600 5619 −18.1

106 2100 1285 +38.8 3200 136 +56.4 4300 1900 +55.8

107 2300 1492 +35.1 3000 1588 +47.1 5600 1870 +66.6

108 2250 1756 +22.0 2900 1723 +40.2 4900 1707 +65.2

109 2000 1328 +33.6 2600 1321 +49.2 4000 1377 +65.6

110 1700 1369 +19.5 2000 415 +29.3 2700 1623 +39.9

111 1600 1360 +15.0 2000 1388 +30.6 2800 1516 +45.9

112 1800 2356 −23.6 2200 2666 −25.0 3000 4070 −26.3

211 2900 1564 +46.0 4000 1725 +56.9 8900 2451 +72.4

212 3600 1807 +49.8 4700 1841 +58.7 10,300 2532 +75.3

213 4200 2869 +31.7 4800 3551 +26.0 8200 5872 +28.4

214 4600 4462 +13.0 5100 3629 +28.8 6600 2497 +62.2

215 4000 2152 +46.2 4300 2800 +34.9 5200 4355 +16.3

216 2900 1887 +34.9 3800 2005 +47.2 5800 2528 +56.4

217 3000 1860 +38.0 3800 2042 +46.3 6100 2962 +53.1

218 2900 2045 +29.5 3700 1532 +58.6 6000 4078 +33.1

219 2300 1790 +22.2 2900 1670 +42.4 5000 2692 +46.2

220 2200 1488 +32.4 2700 1534 +43.2 4300 1698 +60.5

221 1800 1637 +9.1 2200 1670 +24.1 3400 1820 +46.5

222 2000 1457 +27.2 2400 1492 +378 3700 1650 +55.4
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Table 4. Cont.

Well No. 2014 2024 2060

Proj.
TDS
mg/L

Actual
TDS
mg/L

Error
Percent.

Proj.
TDS
mg/L

Trend
TDS
mg/L

Error
Percent.

Proj.
TDS
mg/L

Trend
TDS
mg/L

Error
Percent

223 3300 1991 +397 3600 2136 +40.7 4100 2783 +32.1

224 2200 1835 +16.6 2200 1911 +13.2 2600 2255 +13.3

225 3300 2278 +34.0 4100 2442 +49.5 8200 316 +61.1

226 3500 1941 +44.5 4400 2032 +53.8 6200 2443 +60.6

227 4200 2470 +41.2 5100 3418 +33.0 6900 6938 −0.5

228 4300 2630 +38.8 5200 793 +27.1 7700 7142 +7.2

229 4000 - - 5100 - - 9200 - -

230 2700 1756 +35.0 3300 2190 +33.6 5700 4142 +27.3

231 4000 3347 +16.3 5100 - - 10,400 - -

232 4200 1788 +57.4 5200 1954 +62.4 10,400 2703 +74.0

Avg. 2881 2041 +29.2 3553 2163 +39.1 5606 2925 +47.8

6.3. Behavior of the Groundwater Quality Changes Compared to the Conceptual Model Used in the
Solute Transport Modeling

Based on the collected data and the projections, the general conceptual model as
presented in Figure 1 has been confirmed by the wellfield behavior. However, there are a
series of production wells that show abnormal increases in dissolved chloride and TDS
concentrations. These wells include numbers 104, 105, 214, 217, 225, 229, and 231. As
shown in Figure 15, these wells occur along a straight line oriented at a compass direction
of N20◦E. Therefore, the conceptual model may contain a fault or fracture zone that allows
enhanced upward movement of water. A new conceptual model is presented in Figure 16
that adds this feature. The movement of water upward along this feature does not occur
as that at the McGregor Isles fault located about 14 km to the east of the South Water
Treatment Plant. At this fault, hot, highly saline water moves upward from 500 to 800 m
below the Lower Hawthorn Aquifer into it [6]. The fault or fracture zone found in the
South Wellfield shows no natural upwards flow, but does have enhanced leakance that
leads to a more rapid change in quality caused by wellfield pumping.

The changes in water quality at the City of Cape Coral South Wellfield are similar to
those found at Bonita Springs Utilities, Florida [20], the Island Water Association (Sanibel
Island, Florida) [43], the Town of Jupiter, Florida [44], and the City of Clewiston, Florida [45].
The impact of a fault shows some enhanced upward movement of higher salinity water in
some wells, which is similar to that found in the North Cape Coral Plant, Florida [42], and
the City of Fort Myers, Florida Plant [46]. The water quality changes did not show extreme
increases in salinity as found at the City of Clearwater, Florida facility [47] or a reduction
in salinity as found at the South Collier County, Florida Plant [48].
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6.4. Impacts of the Feedwater Salinity Change on the Design and Operation of the Two South Cape
Coral BWRO Plants

The BWRO plant process is designed to treat feedwater with a maximum TDS of
4000 mg/L. There are three projections, which give different years when it is anticipated
that the TDS concentration of the collective wellfield will exceed 4000 mg/L. The original
planning model created in 1991 suggests that at the most probable range projection, the
4000 mg/L TDS would have exceeded the 4000 mg/L TDS concentration is about 2018,
which it did not [12]. However, the data suggest that the TDS concentration, which has
been following the low-range model projection, will not exceed the 4000 mg/L design
concentration until sometime past 2031. The MWH projections for the individual wells and
composite inflow water suggest that the 4000 mg/L threshold would be exceeded in about
2022, which is highly unlikely (Table 4). The projection based on the regression analyses
using real data suggest that the 4000 mg/L TDS concentration will not be exceeded in
the period through 2060 (Table 4). It appears that the City of Cape Coral can continue
to monitor the production wells for at least the next 10 years to ascertain real changes in
dissolved chloride and TDS. A revised solute transport model should be constructed and
used to make new projections. If the MODFLOW/SEAWAT model is used, it could be
highly calibrated using the existing production well water quality data.

6.5. South RO Plant Low-Pressure RO Membrane Specifications and Limitations

The South RO plant utilizes 200 mm composite polyamide membrane elements, with
a 37.1 m2 active area and 0.864 mm feed spacer. Membrane performance for permeate flow
is 37.9 m3/day with a 99.6% chloride rejection rate and maximum pressure drop for each
element is 103 kPa (15 psi). The membranes are low fouling and spiral wound specifically
designed for low-pressure brackish water RO plants. The maximum operating pressure is
4.41 MPa, and the maximum operating temperature is 45 ◦C. The maximum continuous
free chlorine residual is <0.1 mg/L. The maximum turbidity is 1 NTU, and each membrane
weighs 15 kg each and is 1016 mm long by 200 mm wide with a 28.6 feed and permeate
sealed ports. The Nitto Hydranautics®™ membrane elements undergo testing utilizing a
1500 NaCl solution at 1.05 MPa applied pressure, with 15% permeate recovery at 25 ◦C and
pH range between 6.5 and 7.0 [49]. Once the TDS concentration exceeds 4000 mg/L, the
membranes will require a change and the feed pressure will also need to be increased to
produce the desired water quality. Based on the real collected data from the wellfield, it
is not anticipated that a retrofit of the facility will be required for over a decade into the
future based on the current capacity of the South BWRO facility.

6.6. Lessons Learned from the Analysis of the South Cape Coral BWRO Facility

The design and long-term successful operation of the two BWRO plants in the south
part of the City of Cape Coral provide some very useful information to the desalination
industry. Careful attention was placed on the coordination between the plant process
design and the development of the feedwater supply from a brackish groundwater source.
Planning of expansions was done many years in advance, and groundwater solute trans-
port modeling was utilized to project changes in water quality that would impact plant
operations in the future.

Many other BWRO facilities have been designed and operated without using ground-
water solute transport modeling during the design process, such as the Bonita Springs [20]
and City of Clewiston [45] facilities in southern Florida. The Bonita Springs facility was
conservatively designed, and the changes in feedwater quality did not change significantly,
thereby allowing normal operations for the full life expectancy of the plant. In the case of
the City of Clewiston facility, the changes in feedwater salinity have impacted the ability of
the plant to treat the water to its full life expectancy. This will necessitate a change in the
process design and a general loss of productivity (lower recovery in the future). The key
lesson is that management of the groundwater source is a key design issue that requires
groundwater solute transport modeling to guide the membrane process design.
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7. Conclusions

The sole source of drinking water for the City of Cape Coral, Florida is provided by
three BWRO desalination facilities. The South Cape Coral facility is the oldest, continuously
operated BWRO plant in the United States with a production capacity of 68,182 m3/d. This
facility is designed to treat brackish groundwater with a maximum TDS concentration of
4000 mg/L.

Pumping of the groundwater source causes a significant increase in the TDS concentra-
tion over time. The rate of increase is controlled by the source aquifer hydraulic coefficients,
in particular, leakage, the wellfield design, and the pumping rate. Two previously con-
ducted groundwater solute transport models suggest that the TDS of the feedwater would
be at about 2800 mg/L in 2031 (1991 planning model), and the second model (2014) sug-
gested that the feedwater TDS would exceed the 4000 mg/L treatment threshold in 2022,
which will not occur.

The measured TDS concentration in January 2003 averaged 1819 mg/L. Based on
linear regression analyses of TDS concentrations measured monthly in the production
wells, the projected TDS concentrations for 5, 10, 20, and 40 years of future operation are
2203, 2343, 2542, and 3025 mg/L, respectively. Based on the projection using the real data,
the facility should be able to operate without major design changes until at least 2060.

The conceptual model used to make solute transport projections was generally accu-
rate with the addition of an enhanced area of upward leakage caused by either a fracture
zone or fault. It is likely that the failure of the 2014 solute transport model to accurately
predict the future changes in water quality was based on a low estimate for leakance.
Any new modeling should use real water quality data from the production wells for
model calibration.

The key to the long-term successful operation of the City of Cape Coral, Florida two
southern BWRO facilities has been the original membrane process design being coordinated
with projected changes in the feedwater quality. Use of groundwater solute transport
modeling at the planning stage was a critical component of the design process.
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