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Chapter 1
Introduction

Water demand is rising globally, largely driven by increases in population and
living standards. This includes water used for domestic human purposes, including
drinking, washing, bathing and household purposes, as well as industrial and
agricultural use. However due to changes in the spatial distribution of the demand,
for example the large and growing demand from cities in coastal regions around
the world, the ability to meet the demand from conventional sources is being
severely stretched. Further exacerbating the problem is the increasingly variable
nature of rainfall events, that is extended periods of drought followed by severe
flood events. This phenomenon is predicted to increase as a result of global climate
change, and presents new and challenging aspects to the use of rivers, lakes and
dams for water supply.

The response to these coupled challenges of increasing demand and decreasing
availability of conventional supplies has generally been to implement water con-
servation strategies while at the same time seeking new sources of water. Perhaps
the most obvious source of additional supply, particularly for coastal cities, is
desalinated seawater. The world’s oceans cover more than half of the world’s
surface and account for almost 97% of all water on the planet, however the main
impediment to their use for human purposes is the high salt content. To render
seawater or other saline water suitable for human, industrial or agricultural use it
must be desalinated or desalted, that is, have the salt removed from it. This is
actually a somewhat generalized term, as much more than just sodium chloride or
salt needs to be removed from seawater to make it suitable for use. However the
term is well accepted to mean the treatment of a water source containing salts and
other contaminants, to produce a product fit for a specified purpose—often human
consumption.

Desalination has been practiced for many years, although the early large-scale
industrial applications were in the 1960s in the Middle-East using thermal desa-
lination technologies such as multistage flash or multi-effect distillation. These
plants used sophisticated thermal or vacuum systems to effectively distil a portion
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of the feed, producing highly pure water. These plants had quite high energy
consumption relative to the quantity of product water produced, however the
abundant local supply of gas and oil (for producing the heat required to drive the
processes) meant that these technologies were competitive, and could be deployed
on very large scales. The by-product of these processes, which often operated with
only around 30% recovery, is concentrated seawater or brine, hereafter referred to
as concentrate.

More recently developments in polymer membrane materials and technologies
have driven the adoption of pressure-driven desalination as the preferred and most
cost-effective desalination technology. In fact almost all new large-scale seawater
desalination plants now employ membrane technologies, such as micro- and nano-
filtration for pre-treatment followed by one or more reverse osmosis stages. These
plants usually operate with around 50% recovery, meaning that the by-product is a
concentrate with approximately double the salt concentration of the feed water.
To illustrate this shift from thermal to pressure-driven desalination processes, in
1999, reverse osmosis and multi-stage flash processes accounted for 10% and 78%
of the world’s desalination capacity respectively. However, in 2008 reverse
osmosis processes accounted for more than half of the world’s desalination
capacity (Economic and Social Commission for Western Asia 2009). For a
comprehensive description of the different desalination technologies, please see
the reviews of Fane et al. (2011) and Khawaji et al. 2008).

In previous decades the major, often over-riding focus on technology selection
and plant location was the availability of feed and process economics. Regarding
feed availability, a desalination plant would often be located as close as possible to
the source water to be desalinated. In the case of seawater desalination, it would be
as close as feasibly possible to the coast and the seawater intake structures,
minimizing the length of piping and pumping energy. Likewise for process eco-
nomics, the particular technology selected would be based on the lowest cost of
water production, taking into account the initial equipment and plant cost, the
operating costs, and evaluating competing technologies using an economic
framework such as net present benefit.

While this approach was largely acceptable within the social, regulatory and
economic frameworks of the day, a major shift has occurred in recent times that is
causing a major reconsideration of desalination technologies, in particular
regarding the impact of the concentrate on the discharge environment. Social
attitudes towards the discharge of concentrate to oceans (in the case of seawater
desalination plants) and surface or sub-surface waters are hardening, which ulti-
mately leads to greater challenges to licensing and even permission to operate. For
desalination to continue to advance as a viable and acceptable method of
producing water, adequate measures for concentrate management that are both
economical and environmentally responsible need to be developed.

Very few texts have examined in detail the methods available for the man-
agement of concentrate, particularly in light of the latest desalination technologies
and likewise the recent development of concentrate management strategies and
technologies.

2 1 Introduction



This book examines five methods used for concentrate management, namely;
disposal to surface water, disposal to sewerage, deep well injection, land appli-
cations and evaporation ponds. In particular, the book focuses on the design, siting,
cost, and environmental impacts of these methods. While these methods are widely
practiced in a variety of settings already, there are many limitations that restrict the
use of certain disposal options in particular locations.
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Chapter 2
Characteristics of Membrane Concentrate

Abstract This chapter discusses the characteristics of membrane concentrate, and
the relevance that the concentrate has on the method of disposal. Membrane
concentrate from a desalination plant can be regarded as a waste stream, as it is of
little or no commercial benefit, and it must be managed and disposed of in an
appropriate way. It is largely free from toxic components, and its composition is
almost identical to that of the feed water but in a concentrated form. The con-
centration will depend on the type of desalination technology that is used, and the
extent to which fresh water is extracted from the brine. Based on the treatment
processes that are used, a number of chemicals may also be present in the con-
centrate, albeit in relatively small quantities.

Keywords Additional discharge streams � Antiscalants � Chemical treatment �
Coagulation/flocculation � Concentration factor � Dechlorination � Filtration �
High recovery � Membrane cleaning � Pretreatment � Recovery rate

2.1 Source Water

The concentrations of seawater and brackish water can vary significantly, and as
such there is a difference between the concentrate produced from seawater desa-
lination plants and brackish water desalination plants. Seawater typically has a
level of total dissolved solids (TDS) between 33,000–37,000 mg/L. The average
major ion concentration of seawater is shown in Table 2.1 along with water from
the Mediterranean Sea, and water from Wonthaggi off the southern coast of
Australia. Seawater salinity increases in areas where water evaporates or freezes,
and it decreases due to rain, river runoff, and melting ice. The areas of greatest
salinity occur and latitudes of 30� N and S where there are high evaporation rates,

B. Ladewig and B. Asquith, Desalination Concentrate Management,
SpringerBriefs in Green Chemistry for Sustainability,
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while there is a decrease in average salinity at the equator where there is a greater
amount of precipitation (Millero et al. 2006). Areas of notably high salinity
include the Mediterranean Sea and the Red Sea, which in parts can have con-
centrations of up to 39,000 and 41,000 mg/L respectively (Millero et al. 2006).

The concentration of brackish water is far more variable than seawater.
Depending on the location, brackish groundwater can have TDS concentrations
ranging from several hundred up to several thousand mg/L. Table 2.2 shows the ion
concentrations from the feed of three brackish water desalination plants in the
Emirate of Abu Dhabi, United Arab Emirates. It can be seen that even three water
sources in the same region can have widely variable concentrations of dissolved salts.

Other components likely to be found in both seawater and brackish water are
heavy metals and organic matter, both of which will impact the composition of the
concentrate. Heavy metals and other toxic constituents are found in all water
sources, but they are more likely to found in inland water sources rather than

Table 2.1 Major ion concentrations of seawater (mg/L)

Ion Worldwide
average

Mediterranean Seaa Wonthaggi, Australia

Chloride, Cl– 18,980 21,000–23,000 20,200
Sodium, Na+ 10,556 10,945–12,000 11,430
Sulphate, SO4

2- 2,649 2,400–2,965 2,910
Magnesium, Mg2+ 1,272 1,371–1,550 1,400
Calcium, Ca2+ 400 440–670 420
Potassium, K+ 380 410–620 490
Bicarbonate, HCO3

- 140 120–161 NR
Bromide, Br- 65 45–69 62
Borate, H2BO3

- 26 NR NR
Strontium, Sr2+ 13 5–7.5 7.6
Fluoride, F- 1 1.2–1.55 0.9
TDS 34,482 38,000–40,000 NR

Data from Department of Sustainability and Environment 2008, Gaid and Treal 2007, Suckow
et al. 1995
a Values for the Mediterranean Sea are taken from Gibraltar and Toulon (France)

Table 2.2 Concentration (mg/L) of major cations and anions in the brackish water feed to three
desalination plants in the Abu Dhabi Emirate, United Arab Emirates

Ion Al Wagan Al Qua’a Um Al-Zumool

Sodium, Na+ 741.59 451.13 2,482
Calcium, Ca+ 146.31 162.36 456.40
Magnesium, Mg+ 112 104 194
Potassium, K+ 28.46 27.24 110.1
Chloride, Cl- 3,827 6,213 9,443
Phosphide, P3- – 0.14 –
Nitrate, NO3

- 8.99 1.57 12.70
Sulphate, SO4

2- 539.22 394.38 1746

Data from (Mohamed et al. 2005)
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seawater (Del Bene et al. 1994). Metals may also be in the discharge as a result of
corrosion. However, while thermal desalination plants are more susceptible to
corrosion due to their operation at elevated temperatures, corrosion is not a sig-
nificant problem in membrane desalination plants. Natural organic matter (NOM)
will also be found in source waters, including humic acids and materials generated
by algae or other organisms in the source water.

2.2 Recovery Rate and Concentrate TDS

The recovery of the feed water will determine how concentrated the final solution
is. The recovery ratio, R, is defined as:

R ¼ QP

QF
¼ QP

QC þ QF
ð2:1Þ

where QP is the product flow rate, QF is the feed flow rate and QC is the con-
centrate flow rate. The recovery rate changes according to the specific membrane
process, and in particular the number of membrane elements in each vessel, the
number of membrane passes and stages per pass, the type of membrane that is
used, and the quality of the final permeate (Mauguin and Corsin 2005). With lower
levels of TDS, brackish water systems are able to achieve higher recovery rates, as
the water is able to be concentrated to higher levels before the onset of precipi-
tation, which eventually leads to membrane fouling. Brackish water desalination
plants can achieve recoveries of between 65–90%, while seawater desalination
plants range from 40–65% (Voutchkov et al. 2010).

Once the recovery rate is known, the TDS of the concentrate can be calculated
with the following:

TDSconcentrate ¼ TDSfeed
1

1� R

� �
� R� TDSpermeate

100 1� Rð Þ ð2:2Þ

Since the value of TDSpermeate is often very low, it is often approximated as
zero, and the above equation becomes:

TDSconcentrate ¼ TDSfeed
1

1� R

� �
ð2:3Þ

The concentration factor of the brine, the ratio of the concentrate and feed
concentrations, can also be calculated. It is given as:

CF ¼ TDSconcentrate

TDSfeed
¼ 1

1� R

� �
ð2:4Þ

For example, a plant operating at a recovery ratio of 90% will have a con-
centration factor of 10 (i.e., the components in the feed solution are concentrated
10 times).

2.2 Recovery Rate and Concentrate TDS 7



The more water that is extracted, the smaller the volume of concentrate, but the
greater the salinity of the brine. This trade off between concentration factor and
recovery rate is shown in Fig. 2.1. As recovery approaches 100%, there is a sharp
increase in the concentration factor, however the volume of the concentrate
relative to the volume of feed, Qc/Qf is shown to decrease linearly. Figure 2.1
provides a useful comparison between the degree of concentration that may be
achieved, and the volume of concentrate that must be managed. Higher recoveries
are generally more desirable, as more water is recovered and less feed water is
required to produce the same amount of water.

In terms of concentrate management, some disposal options are better suited
to low volume and high concentration, while others are better suited to high
volume with lower concentration. Ultimately there may be a balance between
plant performance and disposal suitability. Plants with high recovery rates that
produce a more concentrated brine must have the means to dispose of this
concentrate in a safe and environmentally friendly manner. When suitable con-
centrate management is not achievable, the recovery of a plant may need to be
compromised.

Additional processing of concentrate to achieve very high recoveries, that
eventually approach 100% recovery and zero liquid discharge is possible.
The definition of high recovery processing is variable, but it can be generally
described as further processing of concentrate to achieve a higher recovery than
what would normally be achieved in a single membrane pass. For brackish water
desalination, this generally translates to recovery rates of greater than 90%. Many
different methods exist for the treatment of brine to achieve high recovery. These
involve some form of control over the precipitation of sparingly soluble salts and
other potential foulants, so as to be able to remove them from the system at a
convenient stage and to allow further treatment.

Fig. 2.1 Increase in concentration factor and decrease in concentrate volume with increasing
recovery rate. The shaded regions represent typical recovery ranges for typical seawater reverse
osmosis (SWRO) and brackish water reverse osmosis (BWRO) processes
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2.2.1 Case Example

Data from the Al Wagan BWRO desalination plant (Mohamed et al. 2005) has
been used to highlight a typical brackish water desalination scenario.
The following has been calculated assuming 200 m3/day of brackish water is
treated at a recovery of 70%. From Eq. 2.1:

0:70 ¼ Qp

200

QP ¼ 140 m3=d

Therefore the permeate quantity is 140 m3/d. The volume of concentrate can
then be determined using QF = QP + QC. With a feed of 200 m3/day and a recovery
of 70%, the concentrate quantity is 60 m3/day. The concentration factor can be
found using Eq. 2.4:

CF ¼ 1
1� R

� �
¼ 1

1� :7

� �

CF ¼ 3:33

Table 2.3 shows the calculated ion concentrations with a concentration factor
of 3.33, and compares them with actual plant values. Note that there are sig-
nificant differences between the calculated and actual ion concentrations for
most species, however this is likely to be a result of the plant operating below
the stated recovery rate of 70%. The differences in the concentration factors
from the actual plant data (ranging from 0.79 for nitrate to 3.03 for sodium) are
largely a result of the different precipitation points for each of the species in the
water.

Table 2.3 Calculated and actual ion concentrations (mg/L) in the feed and concentrate from the
Al Wagan BWRO desalination plant

Ion Feed Calculated Actual

Concentrate Concentration factor Concentrate Concentration factor

Sodium, Na+ 742 2,473 3.33 2,248 3.03
Calcium, Ca+ 146 487 3.33 367.96 2.51
Magnesium, Mg+ 112 373 3.33 282.02 2.52
Potassium, K+ 28 93 3.33 68.44 2.40
Chloride, Cl- 3827 12757 3.33 8,946 2.34
Nitrate, NO3

- 9 30 3.33 7.11 0.79
Sulphate, SO4

2- 539 1,797 3.33 1,540 2.86

Data from (Mohamed et al. 2005)
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2.3 Chemical Treatment and Additional Discharge Streams

The majority of the discharge from a desalination processes is concentrated brine
from the membrane process, and this may contain quantities of treatment chem-
icals used. Treatment of water is necessary in all desalination plans for variety of
reasons; feed water treatment, membrane protection, membrane cleaning, per-
meate treatment and concentrate treatment prior to discharge. Although
non-chemical treatment is possible, chemical treatment is widely practiced.

In addition to the concentrated brine, streams from the pretreatment, cleaning,
post-treatment and startup processes are also present. The management of these
streams, including chemical treatment, must be tailored to suit the specific con-
centrate management scheme in place. Buffer tanks can be used to store additional
discharge streams, thus helping to regulate the flow and concentrate of the final
discharge (Mauguin and Corsin 2005). Streams which cannot be disposed of via
the same means as the concentrate will require alternative treatment and disposal.

2.3.1 Pretreatment

Before any membrane treatment process, the feed water must undergo pretreat-
ment. This is primarily done to reduce fouling caused by suspended solids,
microbial growth, and inorganic deposits of silica and precipitated sparingly sol-
uble salts and silica. Fouling reduces the flux of water through the membranes and
hence lowers the water recovery of the process. Excessive fouling can incur
additional costs for the replacement of membranes. Pretreatment is also used to
prevent the oxidation and hydrolysis of the membranes, and remove metals or
other chemicals in the feed water as necessary. Typical pretreatment for a reverse
osmosis process includes initial screening, or biofouling control (often referred to
as chlorination), acid treatment, coagulation/flocculation, media filtration, anti-
scalant addition, cartridge filtration and dechlorination (Isaias 2001). A summary
of the chemicals that are used for these processes can be seen in Table 2.4.
Alternatively membrane pretreatment can be used, reducing the amount of
chemicals that are required.

2.3.1.1 Biofouling Control and Dechlorination

Biofouling control is used to prevent the buildup of microorganisms and the
formation of biofilms that cause fouling. The oxidants chlorine and ozone can be
added as biocides, with chlorine being used most commonly. Chlorine is added in
the form of chlorine gas (Cl2) or sodium hypochlorite (NaOCl) (Fritzmann et al.
2007). The dosage of the oxidant must be high enough to allow for residual
oxidant to disinfect the entire pre-treatment processes (Greenlee et al. 2009).
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All oxidants used must be removed in the final stage of the pretreatment
process, as they are known to damage most polymer membranes used for desa-
lination. In particular, chlorine is known to be harmful to commonly used thin-film
composite polyamide membranes.

When chlorine is used as an oxidant, sodium bisulphite can be used for
dechlorination. However, even after the process of dechlorination, free residual
chlorine (FRC) may be present in the discharge. The sodium bisulphite used for
dechlorination may also cause low levels of dissolved oxygen in the concentrate.
For processes which use ozone, not only must it be removed to prevent damage to
oxidant sensitive membranes, but also to prevent the formation of bromate, a
known carcinogen, in waters containing bromide (Greenlee et al. 2009).

As an alternative to the addition of oxidants, ultraviolet (UV) treatment may be
used. UV treatment has found to be less effective than chlorine or ozone in pre-
venting biofouling, however unlike those methods, it does not incur additional
downstream processing (Committee on Advancing Desalination Technology,
National Research Council 2008; Cotruvo 2005). This eliminates the need for the
use sodium bisulphite or other reducing agents and the potential for FRC or ozone
to be present in the final concentrate.

2.3.1.2 Acid treatment

To increase the solubility of calcium carbonate and reduce its potential for pre-
cipitation and hence membrane fouling, the pH of the feed water is lowered through
the addition of acid (Greenlee et al. 2009). Sulphuric acid and hydrochloric acid are
most commonly used. Acid treatment can also help to improve the coagulation of
colloids and slightly increase the solubility of silica (Bergman 2007).

2.3.1.3 Coagulation/Flocculation

Coagulants are used to bind together particulate and colloidal matter so they may
be filtered from the feed before the membrane process. Coagulants can be either
inorganic (such as ferric salts) or organic polyelectrolytes. The correct dosage and

Table 2.4 Commonly used membrane desalination plant chemicals

Pretreatment
process

Typical chemicals

Biofouling control Chlorine, sodium hypochlorite, calcium hypochlorite, ozone
Antiscalants Polymeric substances such as polyphosphates, phosphonates and

polycarbonic acids
Acids Sulphuric acid, hydrochloric acid
Coagulants/

Flocculants
Ferric chloride, ferric sulphate, polyelectrolytes

Dechlorination Sodium bisulphite

Data from (Voutchkov et al. 2010; Committee on Advancing Desalination Technology, National
Research Council 2008; Younos 2005)
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effective removal of coagulants is crucial for the prevention of membrane fouling
(Bergman 2007). These chemicals are only likely to be present in the concentrate if
the filter backwash is disposed of with the concentrate and does not undergo any
additional treatment (Lattemann and Höpner 2008).

2.3.1.4 Antiscalants

The extent of process recovery is often limited by the fouling of membranes from
sparing soluble precipitates. Antiscalants are added during pretreatment to increase
the solubility of salts likely to precipitate, enabling the membrane process to
achieve a higher recovery before fouling occurs. Antiscalants can be a number of
polymeric substances (typically polyphosphates, phosphonates and polycarbonic
acids), and as there is no treatment process to remove antiscalant, they will be
present in the membrane concentrate discharge.

2.3.1.5 Filtration

Both media filters and cartridge filters can be used in a pretreatment process.
Granular media filters involve the filtration of large particles through different
layers of fine particles, usually coal, pumice, sand or garnet (Bonnelye et al. 2004).
Cartridge filters act as the final filtration step before the water passes through the
membranes, and remove fine particles as small as 1lm.

Although no chemicals are required to pass water through the filter, the filter
cleaning process produces a stream of waste known as filter backwash. This dis-
charge is high in suspended solids, but the concentration of dissolved salts is
similar to the intake. It will also contain any coagulants or flocculants that were
added to the water. This water generally requires treatment prior to disposal with
the membrane concentrate (Mauguin and Corsin 2005). Treatment of filter back-
wash involves the separation of solids from the waste stream to bring the water
quality back to a similar quality of feed water. The separated solid waste can be
then separated and disposed of appropriately.

2.3.1.6 Membrane Pretreatment

Microfiltration (MF) and ultrafiltration (UF) membranes can be used as forms of
pretreatment for nanofiltration (NF) or reverse osmosis (RO) desalination pro-
cesses. Membrane pretreatment reduces the amount of chemicals that are
required and hence reduces the environmental impact of the final discharge. MF
membranes can be used to filter particles with diameters of 0.1–10 lmm and
typically remove bacteria, viruses, precipitates, coagulates and large colloidal
particles. UF can remove particles with diameters as small as 0.002 lm, and
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typically remove high molecular weight proteins, large organic molecules and
pyrogens (Curcio 2009).

Membrane pretreatment can improve the feed water quality and reduce
particulate matter to a greater degree than other pretreatment methods. This
reduces the required cleaning frequency of the downstream membranes and the
amount of cleaning chemicals that are required and subsequently disposed of
(Pearce 2007).

Similar to filter backwash, the concentrate from these membranes requires
treatment before it can be disposed of with the membrane concentrate. However,
the total amount of solids produced after the treatment of filter backwash can be
60–80% greater than MF and UF concentrate due to the addition of coagulants prior
to the granular media filters (Bergman 2007).

NF has been also been studied as a potential form of pretreatment for reverse
osmosis desalination processes (Hassan et al. 1998, 2000). Based on the feed
water, it may be a suitable pretreatment method that allows for operation with little
or even no use of antiscalants.

2.3.2 Membrane Cleaning

Cleaning chemicals are used to remove membrane fouling. Fouling can include
salt precipitation, particulate or colloidal fouling, organic fouling and biofouling.
Both acidic and alkaline solution are used to clean membranes based on the
foulants that accumulate on the membrane surface. A list of common membrane
cleaning chemicals for foulant removal is provided in Table 2.5. Membranes are
also disinfected with chemicals such as sodium hypochlorite or hydrogen peroxide
(Van Der Bruggen et al. 2003).

Cleaning chemicals are generally discharged in a separate waste stream rather
than the concentrate discharge, as additional treatment is often required.

Table 2.5 Commonly used cleaning chemicals for the removal of membrane foulants

Foulant Typical cleaning chemicals

Metal oxides Citric acid, phosphoric acid
Inorganic colloids Sodium hydroxide, sodium dodecyl sulphate, sodium dodecyl

benzene sulphonate
Biofilms Sodium ethylenediaminetetraaceticacid (Na-EDTA), sodium

triphosphate, trisodium phosphate
Organic matter Sodium hydroxide, sodium dodecyl sulphate, sodium dodecyl

benzene sulphonate
Silica Ammonium bifluoride, sodium hydroxide, sodium dodecyl benzene

sulphonate

Data from (Committee on Advancing Desalination Technology, National Research Council 2008;
Lattemann S and Höpner 2003)
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However, because both acids and bases are used in cleaning, it may be possible
to store these chemicals in a stirred buffer tank to allow the solution to neutralise.
This solution may then may be slowly added to the concentrate waste to dilute it
and allow for a safe disposal (Mauguin and Corsin 2005). Note that the volume
of this discharge is much lower than both the concentrate and filter backwash
discharges.

2.3.3 Other Discharges

While the plant is in operation, but not producing water that is of the required
quality, two additional discharge streams can be produced (Mauguin and Corsin
2005). This usually occurs during the startup of the plant. The first stream is the
pretreated water which has not reached an acceptable quality to pass through the
membrane unit. Its composition is largely similar to that of the feed, and if
membrane processes are not used as pretreatment, its salinity should be the same
as feed. The second stream is the permeate which has not yet reached the desired
quality of the final water product. This stream will have a lower salinity than the
feed, and should not contain great quantities of harmful chemicals. Both these
streams should be safe for disposal in the concentrate stream.
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Chapter 3
Process Feasibility

Abstract The feasibility of a method of concentrate management depends on a wide
range of factors. The selection is very much site specific, and for each site often only
one or two concentrate management options are feasible. Of particular importance is
the quality of the concentrate, the cost of the process, any potential environmental
impacts and regulations surrounding the method of concentrate management.

Keywords Costs � Disposal regulations � Environmental impacts � Process
selection

3.1 Process Selection

The following general factors must be considered when determining the most
suitable method of concentrate management (Younos 2005):

• Concentrate volume
• Concentrate quality and composition
• Location
• Cost
• Environmental regulations
• Public acceptance
• Future plant expansion

The concentrate volume and plant location will tend to be the two major factors
that determine the suitability of a particular option. The concentration of the brine
is also important, as the severity of potential environmental impacts generally
increases with increasing concentration. The siting of a desalination plant must
take into account the availability of disposal options, along with potential sources
of feed water for the plant and the proximity to the end user.

B. Ladewig and B. Asquith, Desalination Concentrate Management,
SpringerBriefs in Green Chemistry for Sustainability,
DOI: 10.1007/978-3-642-24852-8_3, � The Author(s) 2012
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3.2 General Concentrate Management Costs

While the cost of membrane based desalination has decreased over time with
improving process efficiency, the cost of concentration disposal has remained
relatively constant. Furthermore, disposal cost is unlikely to decrease in the future
due to the simplistic and low-tech nature of the equipment required for concentrate
management, and the range of nontechnical factors and limitations that determine
the feasibility for each option (Mickley 2009).

Each desalination plant will have greatly different disposal costs based on
the methods available. A summary of the range of factors which contribute to
these costs can be seen in Table 3.1. Note that the only common costing factor
across all methods of management is the cost of transporting concentrate to the
final disposal site. This cost increases with increasing distance between the
disposal site and the plant, so it becomes advantageous to site a desalination
plant as close as practicable to the site of disposal. For plants that utilise deep
well injection, the cost of pumping may be significantly more than other
methods due to the high injection pressures that are often required. More
detailed discussions on these cost factors can be found in Chaps. 4, 5, 6 and 7
of this book.

The relative increase in cost for surface water disposal, deep well injection,
spray irrigation (land applications) and evaporation ponds can be seen in Fig. 3.1.
It can be seen that surface water disposal is the cheapest alternative, and it has a
strong economy of scale as concentrate volume increases. Deep well injection also
has a strong economy of scale, but this method’s high construction costs means
that it is only becomes feasible with a high enough disposal volume. Evaporation
ponds have a poor economy of scale, and it can be seen that the overall cost
increases rapidly with volume. This is due to the large amounts of land that are
required as the volume of concentrate increases.

Table 3.1 General cost factors for conventional methods of disposal. Data from Younos (2005)

Cost factor Disposal method

Surface
water

Deep well
injection

Spray
irrigation

Evaporation
pond

Pipes and pumps X X X X
Treatment system X X X –
Outfall structure X – – –
Injection well

construction
– X – –

Monitoring Wells – X X X
Land, land preparation – – X X
Wet weather storage – – X –
Alternative disposal – X – –
Subsurface drainage – – X –
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3.3 Regulations

Before any concentrate management scheme can be implemented, local regulations
must be met and any necessary permits acquired. Due to the environmental impacts
of the constituents in the concentrate, regulations are often based on the concen-
tration of solution to be disposed rather than the volume (Ahmed et al. 2000).
Disposal regulations and permits are defined by various governing bodies, which
differ according to the location of the plant and the desired site of disposal.

3.4 Environmental Impacts

The siting, design, construction and management of any disposal option needs to
be done to minimise negative environmental impacts. In some instances, there may
be a trade off between desalination plant performance and the environmental
suitability of the brine. Plants with high recovery rates that produce a more con-
centrated brine must have the means to dispose of this concentrate solution in a
safe and environmentally friendly manner. When safe concentrate management is
not achievable, the recovery of a plant may need to be compromised.

High recovery is generally considered as beneficial, as the lower volume of
concentrate that is produced is easier to deal with and requires less cost for transport.
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Chapter 4
Disposal to Surface Water

Abstract This chapter discusses disposal to surface water, the most common
method of concentrate management. This includes concentrate that is directly
disposed of into rivers, creeks, lakes, oceans, bays, and other bodies of water.
Concentrate is piped to the site of disposal, where it is discharged to the receiving
body of water via an outfall structure. The environmental impacts of surface water
disposal may be lessened by diluting the concentrate prior to discharge, or by
dilution of the concentrate through the design of the outfall structure and diffusers.
Pretreatment processes that lessen the impact on the environment should also be
considered.

Keywords Concentrate blending � Concentrate transport � Costs � Disposal
regulations � Environmental concerns � Outfall design

4.1 Site Selection

The availability of a body of water for disposal is a major consideration in the
siting of desalination plant. Even with a suitable body of water, the outfall needs to
be designed and located to reduce environmental impact. The extent of mixing and
dilution based on the properties of the concentrate and the receiving water must
therefore be considered. The behavior of concentrate following discharge is
determined by its salinity, density and flow rate, as well as the hydrography and
biological properties of the receiving body of water. These include depth, volume,
temperature, water composition and additionally for ocean outfalls, tides, waves and
currents (Lattemann and Höpner 2008). Due to the variation in these conditions, each
receiving body of water will be unique, and so the specific conditions and impacts
must be determined on a case-by-case basis before any discharge can occur.
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Perhaps the most pertinent characteristic that will determine its mixing and
dilution is its density. The density of the concentrate varies with salinity; concen-
trate with a salinity higher than the receiving water will be negatively buoyant, and
that with a lower salinity will be positively buoyant. Unless diluted prior to dis-
charge, membrane concentrate will have a greater salinity and hence greater density
than the receiving water. This results in a plume which sinks upon discharge.

Seawater desalination plants almost exclusively use surface water disposal, and
they are often sited so that concentration may be discharged directly back to the
ocean with minimal environmental impact. It is recommended that ocean dis-
charges be located along open coast, as opposed to locations where there will be
minimal water movement, such as estuaries (Watson et al. 2003). Ideal ocean
bottom profiles are ones which achieve a sufficient depth quickly, as this reduces the
require length of the outfall pipe and decreases costs (Mauguin and Corsin 2005).

Inland desalination plants are much more limited in the availability of a suitable
discharge site. Inland water bodies are often high in quality and have potential for
use as water sources, limiting their suitability. Disposal is only feasible if the
quality of the concentrate is high enough to be compatible with the receiving body
of water (Younos 2005).

If the concentrate is discharged to the same body of water as the feed water
source, both the intake and outfall should be located so as to not to interfere with
one another. The presence of any other local desalination or wastewater discharge
is an important factor, as these may increase the salinity of the receiving water or
reduce its quality, thereby reduce the compatibility of the concentrate.

4.2 Design

The two major design factors for surface water discharge are the transport of
concentrate to the outfall site, and the design of the outfall structure. The design of
the transport system and the outfall structure will depend upon the proximity of the
plant to the site of disposal, and the body of water into which the concentrate will
be discharged.

4.2.1 Concentrate Transport

Concentrate must be transported from the desalination plant to the site of disposal,
typically done via above or underground pipework. Tunneling and the installation
of underground pipework is more costly than aboveground pipework, however this
can be necessary when the outfall is located underwater, or when the plant is
located some distance from the discharge point. The pipes used to transport
concentrate should be resistant to corrosion. This can be done by constructing
them from corrosion resistant steels with coatings to prevent oxidation, utilising

22 4 Disposal to Surface Water



cathodic protection, or using plastic instead of steel (Bergman 2007). When there
are no other feasible concentrate disposal options, some inland sites may be
required to haul brine to an ocean site for disposal.

4.2.2 Outfall Structure

At the site of discharge, the concentrate is released into the water via an outfall.
A well-designed outfall structure should be effective in promoting mixing and
helping minimize potential environmental impacts. The variety of outfalls range
from simple discharge from the end of a pipe, to more complex structures involving
long multi-port diffusers. The specific design of the outfall will be based on the
expected mixing and dilution of the brine, and its compatibility with the receiving
water. This particularly refers to the density and buoyancy of the concentrate.

Unless the body of water has a high flow rate or high turbulence that allows for
sufficient dilution, simple discharge from the end of a pipe should be avoided. This
type of simple outfall is more suited to small discharges into ocean tidal zones
where large amounts of energy allow for rapid dilution and mixing (Voutchkov
et al. 2010). Larger concentrate volumes should avoid discharge into tidal zones to
prevent the accumulation of salt in these areas (Voutchkov et al. 2010). The use of
diffusers is far more common, which is a pipe or series of pipes with numerous
discharge ports. These can be designed to meet mixing and dilution requirements
based on the concentrate and the receiving water. A longer pipe with multiple ports
increases dilution by spreading the discharge out over a wider area. To maintain a
constant discharge flow along the pipe and to allow for a better dilution, the size of
the discharge ports increases along the pipe as the pressure head decreases.

Dilution can be promoted by the velocity of the discharge at each port, and the
angle of discharge. Figure 4.1 shows the general geometry of a jet of dense
concentrate discharging into a body of water. The optimal angle and velocity of the
discharge will vary with the outfall depth, the incline of the sea bed, and the local
currents and tides. Discharge velocity, and hence the level of dilution that can be
achieved, is largely influenced by the nozzle diameter. Smaller nozzles help to
promote greater dilution, and increase the vertical and horizontal distance of the jet
(Cipollina et al. 2004). Currents and tides can also improve the mixing of con-
centrate if the discharge is orientated correctly.

The modeling and optimisation of concentrate discharge to reduce environ-
mental impacts has been the focus of numerous studies (Al-Barwani and Purnama
2007, 2008; Alameddine and El-Fadel 2007; Bleninger and Jirka 2008; Malcangio
and Petrillo 2010; Purnama and Al-Barwani 2004; Purnama et al. 2003). Much of
this research has been for a project by the Middle Eastern Desalination Research
Center, Environmental Planning, Prediction and Management of Brine Discharges
from Desalination Plants.

Numerous software packages can be used to assist in the design and optimi-
sation of outfall structures. CORMIX is a software modeling package designed to
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model mixing zones of brine discharges and is a useful tool for environmental
impact assessments (Mixon Inc 2011). Additionally, Plumes has been developed
by the American EPA to primarily model wastewater discharge, however it can
also be applied to concentrate discharge (United States Environmental Protection
Agency 2011).

To prevent backflow and to prohibit organisms entering the pipe, duckbill
valves can be installed on the end of diffuser ports. An example of this can be seen
in Fig 4.2. These valves can be selected with varying operating pressures to ensure
all valves along a diffuser open at the same time as the pressure of the concentrate
drops along the pipe (Mauguin and Corsin 2005).

4.3 Costs

Discharge to surface water is the most economical form of concentrate management
for seawater desalination plants, regardless of the discharge volume. Due to the
availability of ocean discharge for seawater desalination plants, the cost of disposal
tends to be less costly than for inland desalination. Costs include pumps and pipes,

Fig. 4.1 A negatively
buoyant discharge jet
releasing concentrate
into a body of water
with a inclined bed

Fig. 4.2 Typical duckbill
valve in a closed position that
may be used on an outfall to
prevent backflow
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any pretreatment prior to discharge, the outfall structure, and the monitoring of the
receiving water quality. In some instances, pumps may not be required if the
pressure of the concentrate is high enough to transport it to the site of disposal.

Pipe costs increase with increasing volume and increasing distance between the
desalination plant and the site of disposal. While discharge from the end of a pipe
can be quite inexpensive, costs will begin to increase the further the outfall is from
the shore, the deeper the outfall is, and the more complex the outfall structure
design is. This is particularly due to dredging, trenching and tunneling, which can
be three to four times more expensive underwater than on land (Mickley 2006).
The cost of these civil works are approximately 3% of the total construction cost
for a seawater reverse osmosis plant (Sommariva 2010). The cost of monitoring
will vary based on the environmental sensitivity of the discharge area (Schliephake
et al. 2005). The overall cost of disposal may be reduced through the simultaneous
discharge of multiple effluent streams from different sites.

4.4 Environmental Concerns

Concentrate can be harmful to the environment due to either its higher than normal
salinity, or due to pollutants that otherwise would not be present in the receiving
body of water. These include chlorine and other biocides, heavy metals, antisca-
lants, coagulants and cleaning chemicals. Of particular concern is the effect of
pollutants on delicate ecosystems and endangered or threatened species. However,
with appropriate measures in place, the discharge of concentrate to surface water
can remain a viable method for seawater desalination plants.

4.4.1 Increased Salinity

As a result of the high density and negative buoyancy of membrane concentrate,
benthic communities and other non-mobile species are most affected by increases
in ambient salinity. Most organisms will generally be able to adapt to minor
changes in salinity, and while some species may adapt well to an increase in
salinity, many will not be able to withstand long-term exposure to higher than
normal concentrations (Lattemann and Höpner 2008). Unfortunately, little data is
available regarding the tolerance of various species to changes in salinity. It has
been estimated that benthic communities can withstand variations in salinity
of ±1000 ppm (Del Bene et al. 1994). For most marine organisms that live in
seawater, the salinity tolerance can be up to and potentially even greater than 40%
of the average annual ambient ocean salinity concentration (Voutchkov et al. 2010).
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4.4.2 Pretreatment Chemicals

Any FRC that may be present in the concentrate is known to be toxic, and can have
severe impacts on marine life. However, following dechlorination with sodium
bisulfite, the level of free residual chlorine in the concentrate is often quite low, and
quickly decreases after discharge as it dissipates and degrades (Lattemann and Höpner
2008). Chlorine also has potential to form halogenated compounds, and although these
can be dangerous to marine life, their concentrations are often well below the FRC
concentrations, and hence considered less toxic (Lattemann and Höpner 2008).

Antiscalants are found in small concentrations in desalination discharge.
Polymer antiscalants are of low toxicity, and have little environmental impact
(Lattemann and Höpner 2008). In aquatic environments, polymer antiscalants
behave in a similar manner to humic substances, and they are unlikely to accu-
mulate in aquatic life (Lattemann and Höpner 2003).

Coagulants, which are present in filter backwash, are of low toxicity and are not
considered a major environmental concern. One of the greatest effects of coagu-
lants comes through the use of ferric salts, which are likely to cause colouration
and increase the turbidity of the backwash (Lattemann and Höpner 2008). The
quantity of coagulants in the concentrate can in part be regulated by the slow
release of filter backwash from a buffer tank into the concentrate flow.

4.4.3 Cleaning Chemicals

Most cleaning chemicals used for membrane desalination plants are harmful to the
environment. Common cleaning chemicals are outlined in Table 2.5. These
cleaning solutions should be treated prior to discharge with membrane concentrate,
or sent to a location where appropriate treatment can occur.

Discharge of solutions which are either basic or acid are dangerous to marine
life, and should be neutralised prior to discharge. This can be achieved with a
buffer tank to store and neutralise acidic and alkaline solutions with each other.
Seawater may also be used to neutralise cleaning solutions.

Compared with the volume of concentrate, the volume of cleaning solution is
relatively small. To reduce environmental impacts, as well as costs associated with
cleaning, the quantity of chemicals that are used can be reduced through an
effective pre-treatment process.

4.4.4 Heavy Metals

Metal in the discharge can come from the source water, or be a product of
corrosion. Note that due to their operation at elevated temperatures, when
compared with membrane desalination plants, thermal desalination plants are
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more likely to have occurrences of pipe corrosion and hence metals present in
the discharge.

Upon discharge, metals form organic and inorganic complexes, or absorb to
reactive surfaces, and subsequently sink, leading to an accumulation in sediments
(Höpner 1999). Due to this, benthic organisms may be more likely to assimilate
metals from the discharge (Lattemann and Höpner 2008). Metals can have acute
effects on marine organisms, however membrane concentrate has very low con-
centrations of metals, and so their environmental impact is usually minimal.

4.4.5 Dissolved Gases

Concentrate from membrane desalination plants may have low levels of dis-
solved oxygen, and high levels of hydrogen sulfide and carbon dioxide. Low
levels of oxygen can be harmful to aerobic marine organisms. This may be a
result of the characteristics of the feed water, or from the use of sodium bisulfite
for dechlorination (Lattemann and Höpner 2003). Increasing salinity contributes
slightly to the amount of dissolved oxygen in the concentrate, since the solu-
bility of oxygen decreases as the salinity increases. High levels of hydrogen
sulfide and carbon dioxide may also occur in the discharge as a result of the
feed water characteristics. Low amounts of dissolved oxygen and high amounts
of dissolved hydrogen sulfide and carbon dioxide are more likely to occur from
brackish water sources than from seawater. Prior to discharge, the concentrate
can undergo processes of aeration and degasification to increase dissolved
oxygen content and to reduce the concentration of hydrogen sulfide and carbon
dioxide.

4.5 Concentrate Blending

When the design of an outfall is unable to produce a sufficiently diluted mixing
zone that is below the maximum permitted concentration, additional dilution prior
to discharge may be necessary. Brine may be diluted prior to discharge by
blending it with wastewater from treatment plants, power plants, or other water
sources that may be available. Blending reduces the concentration of the discharge
and brings its salinity closer to that of the receiving body of water, allowing for
more rapid mixing and dilution. Further benefits include reduced capital costs of
building additional tunnels and outfall structures, and the possibility of a modified
discharge permit, rather than an application for a new one (Mickley 2009). It is
important to note that dilution may not necessarily negate the effects of chemicals
in the discharge, as the total load and the accumulation over time determines the
environmental impact (Höpner 1999).

4.5 Concentrate Blending 27



4.5.1 Blending with Sewage and Wastewater

In some instances, discharge is made directly to a sewer where it subsequently
passes through a wastewater treatment plant. Due to the adverse effects that high
salinity can have on these plants, this is generally only suitable with small flows of
concentrate into relatively large treatment facilities. Due to its low salinity, con-
centrate from both microfiltration and ultrafiltration plants is often discharged to
sewer (Schliephake et al. 2005).

Discharge to sewer will need to be approved by the downstream wastewater
treatment plant. The viability of disposal is governed by the downstream treatment
plant’s capability to handle both the volume and concentrate of the brine, and the
final concentration of the effluent from the facility. If the salinity of the concentrate
is too high, it may hinder the biological treatment process (World Health
Organisation 2007). Furthermore, if the salinity of the treatment plant’s effluent
becomes too high, environmental and regulatory problems may be encountered
during final disposal. In this case, additional permits or alternative disposal
solutions may be required for the wastewater plant. Desalination plants may also
be required to pay a fee to the wastewater treatment plant.

Alternatively, if the desalination plant is located near an existing wastewater
treatment plant, the concentrate may be blended with the treatment plant’s effluent
before final disposal to water. This process improves the mixing of the discharge
with the receiving water by blending a high salinity, negatively buoyant stream
with a low salinity, positively buoyant stream. In this instance, the existing
wastewater treatment plant outfall must be able to handle the capacity of the
combined discharge. Additional fees to the wastewater treatment plant may also be
necessary. Unfortunately, this method of disposal is not widely practiced and has
limited applications as a result of the necessary conditions, including the capacity
limitations of the outfall, and the environmental impacts of the blended streams
(Voutchkov et al. 2010).

Examples of desalination plants that currently blend their concentrate with
treatment plant outfall include the Thames Water Desalination Plant in London
(150,000 m3/day capacity) and the Barcelona Seawater Desalination Plant
(200,000 m3/day capacity).

4.5.2 Blending with Power Plant Cooling Water

Co-location of a power plant and a seawater reverse osmosis desalination plant
allows for the cooling water from a neighbouring power plant to be blended with
the waste from a desalination plant before discharge (Voutchkov 2004). In such a
process, seawater is used as the cooling water for the condensers in a power plant.
This water is then used as both the feed for the desalination process, and for
blending to dilute the concentrate from the desalination plant.
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From a concentrate disposal point of view, a number of benefits exist from the
co-location of a desalination plant and a power plant (Voutchkov 2004). These
include the dilution of the concentrate to improve its compatibility with the
receiving water, and cost reductions in sharing an outfall structure. When the
concentration of the discharge is reduced, the environmental impacts of high saline
discharge are minimised. The salinity of the discharge can be as low as the natural
variation in seawater, and so this lower saline discharge requires a shorter outfall
and less complex diffuser design. Additionally, the dense, negatively buoyant
concentrate is countered by the warm, positively buoyant power plant discharge,
further increasing the compatibility of the concentrate. This reduces the extent of
the mixing zone, and reduces the amount of time needed for adequate mixing and
dilution. The practice of co-location has been successfully implemented in Tampa
Bay, Florida, which has an input of 166,000 m3/day from the neighbouring Big
Bend Power Station (Water Technology 2011).

Co-location is not be suitable for all desalination plants. This process only
becomes feasible if the volume of cooling water discharged from the power plant
is at least three to four times greater than the capacity of the desalination plant
(Voutchkov 2004). Furthermore, corrosion from power plant heat exchangers may
elevate the levels of metal in the feed to the desalination plant, which may then
damage the reverse osmosis membrane units (Voutchkov 2004).

4.6 Regulations

Regulations vary according to the discharge location and the relevant governing
body. The approval of a discharge permit will depend on a comparison between
the water quality standard of the receiving body, and the quality of the concentrate
(Mickley 2006). If regulatory requirements cannot be met upon discharge, a
mixing zone may be defined. This is a quantified area or volume of water in which
the water quality may exceed regulated standards. The monitoring of TDS and
pollutant levels is required within the specified mixing zone. Discharge limits can
be placed upon total suspended solids (TSS), TDS, salinity and other specific
contaminants (Bergman 2007).
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Chapter 5
Deep Well Injection

Abstract Deep well injection is the disposal of concentrate into the voids and
pores of rocks deep underground. Concentrate is injected down a well that consists
of several layers of casing and grouting. Porous rocks are then used to contain the
concentrate, while shale, clay and other impermeable rock formations are used to
prevent the water contaminating aquifers. The conditions required for deep well
injection are quite specific, and as such this disposal option is not widely
employed.

Keywords Aquifer contamination � Confining layer � Costs � Environmental
concerns � Receptor zones � Site selection � Well design � Well drilling

5.1 Design

An injection well is comprised of an injection tube, surrounded by layers of
concentric casing with varying depths. A typical design for a deep injection well
can seen in Fig. 5.1. The exact number of casings that are required and their depths
will be determined by the geological conditions and surrounding aquifers.

To prevent fluid flowing back up the casing, the gap between the injection tubing
and the innermost casing can be sealed with a packer (Shammas et al. 2009).
Additionally, the gaps between the bore hole and the casing, and between layers of
casing must be filled with cement to help maintain the structural integrity of the
casing, to protect the casing from corrosion, and to prevent concentrate migrating
into other aquifers (Shammas et al. 2009). Cementing is regarded as the most crucial
factor in preventing contamination of potable aquifers, and thus testing of the cement
to ensure a seal is of great importance (Mickley 2006). Upon completion of a well, a
thorough inspection needs to be carried out to check the integrity of the well and to
prevent failures. Depending on the positioning of aquifers and other subterranean
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conditions, injection well depths typically range from 300 to 2400 m (Chelme-Ayala
et al. 2009).

During operation, concentrate will undergo pretreatment before being pumped
into the well. The injection pressure will vary with the depth of the well and the
geological conditions of the well, and these can range from several atmospheres up

Fig. 5.1 Typical injection well with tubing and three layers of casing
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to several hundred atmospheres (Mickley 2006). Further specific construction
requirements will be needed based on the class of well to be constructed, as
stipulated by the relevant regulatory body.

5.2 Site Selection

When selecting a site for an injection well, it is crucial to understand the hydro-
geological conditions to ensure any existing or potential fresh water supplies do
not become contaminated. Potable aquifers are more likely to be found at shal-
lower depths, while deep aquifers are more likely to be lower in quality and are
less likely to be used as a water source (Mickley 2006). Siting injection wells away
from areas known to by seismically active also helps to reduce the possibility of
contaminating aquifers. The use of injection wells should also be avoided near
recoverable resources like ores, coal, oil and gas (Mickley 2006). The selected
receiving aquifer must be able to contain the volume of concentrate for the
expected life of the plant (Chelme-Ayala et al. 2009).

The economic and environmental suitability of any proposed well will be
determined from surveying, testing, and the design of the well. When surveying
and testing to determine site suitability, the confinement conditions, receptor zone
and subsurface hydrodynamics should be studied with respect to the concentrate to
be injected (Shammas et al. 2009).

5.2.1 Confinement Conditions

Confining layers are layers of shale, clay, or other rock formations with low per-
meability that slow the upwards flow of concentrate, rather than stopping it com-
pletely. An appropriate site for an injection well will have a confining layer with a
suitably low leakage rate and fluid velocity. Shammas et al. (2009) give the following
equations to determine the leakage rate and fluid velocity through a confining bed:

Q ¼ PIA ð5:1Þ

v ¼ PI

U
ð5:2Þ

where Q is the rate of leakage (m3/day), v is the velocity of fluid (m/day), A is the
leakage area (m2), P is permeability (m3/day.m2), I is the hydraulic gradient (m/m)
and U is the porosity of the confining layer.

Through sampling and testing of the confining layer with the concentrate that is
to be injected, the rate of leakage, and hence the suitability of a confining layer,
can be determined.
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5.2.2 Receptor Zones

The receptor zone is the area into which the concentrate is injected. Any potential
physical or chemical changes to the concentrate or rock strata in this zone due to
chemical reactions with the concentrate need to be determined before injection
begins. Failure to understand these changes may result in precipitation and plug-
ging of pores, reducing the effectiveness of the well or even halting operation
altogether (Shammas et al. 2009). Plugging in the injection zone can be prevented
by understanding the compatibility of the rocks and fluids in the receptor zone with
the concentrate. This includes understanding the pressure and temperature of the
injection zone. During operation, an increase in pressure at the wellhead is an
indicator that the aquifer cannot receive or transmit the concentrate.

5.2.3 Subsurface Hydrodynamics

Successful operation of an injection well relies on the prediction of the direction
and rate of concentrate flow, the displacement of pre-existing water, and the
aquifer pressure change over time can be estimated. A knowledge of the subsur-
face hydrodynamics is therefore required to assist in these predictions (Shammas
et al. 2009).

5.3 Cost

Deep well injection has a strong economy of scale, and when geological conditions
are favourable, it can be an economical method of concentrate management for
larger desalination plants. Nevertheless, due to the large costs of drilling and
installation, its use is limited to larger desalination plants.

5.3.1 Well Drilling and Formation

For other concentrate management options, the overall cost is largely determined by
the flow rate of the concentrate. For the case of deep well injection however, the most
costly factor is the drilling and formation of the well. This includes drilling,
installation of tubing and casing, rig hire, surface equipment for waste disposal and
continual surveying, logging and testing throughout construction. In particular it is
the cost of labour rather than materials that increases the overall cost (Mickley 2006).

The drilling cost is determined by the depth of the well and the geology of the
site. Tubing, casing and concreting costs all depend upon the depth and diameter of
the well, and the selected material of construction (Mickley 2006). Since the flow
rate of concentrate is less significant than the cost of construction, the diameter of
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the well can vary without significantly altering the cost. As a result of this, the well
can be designed with larger than required diameters that allow for future increases
in concentrate flow without greatly compromising the cost (Mickley 2006).

Various forms of logging, surveying and testing are undertaken throughout the
drilling process. These are used to determine the profile of the rock formations
surrounding the well, to determine the compatibility of the concentrate in the
injection zone, and to check the integrity of the well, casing, cementing and tubing.
A list of common logging, surveying and testing techniques is given in Table 5.1.

5.3.2 Surface Equipment

A pumping system is required to inject the concentrate into the well. The cost of
pumps depends on the desired injection pressure and the volume of concentrate, and
higher pressures and greater flow rates demand more costly pumps (Mickley 2006).

Pretreatment is required to remove suspended solids from the concentrate and
to reduce the likelihood of precipitates forming in the injection zone. Solids may
be present in the concentrate, especially when filter backwash is blended with the
concentrate prior to injection. Pretreatment costs include filtration of the solids and
chemicals for pH adjustment (Mickley 2006).

Throughout the life of the well there will be times when it must be taken offline
for testing and maintenance. When this occurs, the plant must be able to facilitate
the storage of concentrate, or have an alternative concentrate management option.
These measures should be included in the total cost of the well.

5.3.3 Operation and Monitoring

Operating costs for injection wells are significantly lower when compared to capital
costs. They include labour for operation and maintenance, chemicals for pretreat-
ment, and power for pump operation (Mickley 2006). During operation of the well,
the power required for pumping is the most significant cost (Mickley 2006).

Monitoring the well for leaks and nearby aquifers for contamination must also
be considered. The extent of monitoring will vary based on the applicable
environmental regulations and nearby potable aquifers. Monitoring wells can be
constructed to monitor shallow or deep aquifers, and the cost of a these wells is
determined by the required depth and the geology of the site. Additional costs
include ancillary surface equipment and alarm systems (Mickley 2006).

Well monitoring systems are also used to detect failures in the injection
well. This can be done in two ways; monitoring a confining layer between the
injection zone and an aquifer, or monitoring of the annulus between the tubing
and the innermost casing. To monitor the confining layer, the outer annulus is
left exposed to the confining layer (i.e., no cementing), and a sample pipe
extended from the surface to the aquifer can be used to monitor the fluid in the
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confining layer (Shammas et al. 2009). Any changes to the pressure or con-
centration of the fluid in the confining layer will indicate a possible leakage.
Alternatively, the annulus between the tubing and the innermost casing is
pressurised, or a low density fluid is inserted. A pressure change of this fluid
can indicate a tubing leak or well failure before surrounding aquifers are
contaminated. It must be noted that the pressure of this fluid can change due to
other factors, including changes in the injection rate or temperature, and so
these changes must be anticipated (Shammas et al. 2009).

Table 5.1 Sampling, logging, surveying and testing techniques performed during injection well
drilling and construction

Technique Description

Caliper surveying Caliper testing measures the diameter of the
borehole. These measurements can also be used to
determine the mechanical integrity of the well and
the volume of concrete that is required

Core sampling Core samples from the well bore are taken to
determine the rock formation and soil conditions.
Samples can also be used to determine the flow
potential of the receptor zone, concentrate
compatibility, and the best drilling practices for
the well

Gamma-ray log This is a log of the natural formation radioactivity
level. Gamma radiation is measured along the
borehole to determine the rock and sediment
formations

Geophysical logging Records and profiles the rock formations surrounding
the well

Hydrostatic
pressure testing

The tubing annulus is filled with water to ensure its
integrity and to check for leaks

Injection tests Testing prior to concentrate injection to determine
the flow rate and pressure at which the
concentrate can be injected

Radioactive-tracer log Tracer fluid movements are measured to produce a
radioactive-tracer log. This shows the flow of
fluid in the casing, tubing and the annulus, and
helps to estimate flow rates, leaks, and other
points of exit or entry for fluid into the borehole

Temperature log This is a measurement of the temperature gradient
throughout the well

Video surveying Cameras are lowered down the well, which allows for
a visual inspection of the well. In particular, the
integrity of the borehole, casing, concrete and
tubing can be checked. The fractures in the
receptor zone into which the concentrate is
injected can also assessed

Water sampling Water samples from the injection zone are taken to
predict the compatibility of the concentrate and
the formation fluid
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5.4 Environmental Concerns

Due to the capacity of deep wells to store injected waste for a long period of
time, if the correct measures are taken in design, construction and operation,
deep well injection can provide an effective and environmentally safe method of
concentrate management. The major environmental concern for deep well
injection is the potential for contamination of nearby aquifers, which may be
used as a source of drinking water. Six pathways have been defined that
describe the potential migration of concentrate that can cause contamination of
aquifers (Shammas et al. 2009; United States Environmental Protection Agency
2002):

(1) Contamination via a failure in the injection well casing

Failure of the injection well casing can cause concentrate to migrate from the well.
This can be prevented through regular testing and maintenance of the casing, as
well as appropriate well monitoring. In the event of casing failure, the use of
tubing rather than casing for the innermost layer will reduce the severity by
eliminating direct contact between the casing and concentrate. The use of tubing
also helps to reduce casing corrosion.

(2) Migration of concentrate upwards through the annulus between the
casing and the borehole

When resistance in the injection zone is too great, concentrate may flow upwards
between the casing and the borehole rather than into the receptor. This can be
prevented through adequate cementing of aquifers, and in particular cementing of
the casing both directly above the injection zone, and directly below the lowest
protected aquifer. The installation of a packer between the casing and the tubing
will also help prevent the upwards migration of fluid.

(3) Movement of concentrate through the confining zone

Significant flow through the confining layer can occur if the confining layer has a
greater permeability than expected, or if it contains fractures. Accurate predictions
of the fluid movement are crucial in preventing significant flow through the
confining zone, thus thorough studying and testing of the confining layer and
injection zone should be undertaken. An understanding of the fluid flow rate at
various pressures will prevent upwards flow caused by excessive injection pres-
sure. Additionally, the use of deep receptor will provide greater protection for
overlying aquifers by increasing the distance between the injection zone and other
aquifers.
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(4) Movement of concentrate vertically through abandoned or completed
wells which have not been correctly sealed

When concentrate is injected into a receptor, an increase in pressure will be
experienced in the surrounding area. Any existing or disused wells in this area
need to be inspected to ensure they are adequately sealed and that their integrity is
maintained. If this does not occur, there is potential for fluid to migrate into
aquifers via these wells.

(5) Lateral movement through the injection zone into areas that contain
potable water sources

It is possible for a potable water source to be connected to the injection zone with
no confining layer or impermeable material as a barrier. An example of this can be
seen in Fig. 5.2. Injection may continue if the concentrate flows away from the
connected aquifer and there is no threat of contamination. Nonetheless, the
prediction and knowledge of the movement and final location of the waste front is
a crucial factor.

(6) Direct injection into or above a potable aquifer

When sufficient testing and surveying of the well site has not been undertaken, it is
possible that the concentrate may be injected into or above an unknown potable
aquifer. Thorough hydrogeological knowledge of area is therefore required to
avoid such mistakes.

Fig. 5.2 Aquifer connected
to the injection zone of a well
with no barrier. Adapted from
Shammas et al. (2009)
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Chapter 6
Spray Irrigation

Abstract Irrigated agriculture is the largest consumer of the world’s water
resources. A decline in the availability of fresh water is driving the use of waters
with increasing salinity to be used for irrigation. The irrigation of salt tolerant
plants, or halophytes, is a way of addressing this issue and freeing up fresh water
for other uses. In the context of brine disposal, spray irrigation is the practice of
using concentrate for irrigation of crops, lawns, and other vegetation. The major
requirement of this process is that the salinity of the water is acceptable for use on
the desired plant. Depending on the salinity of the concentrate, it may be used as
is, or diluted with less saline water to bring the concentration of salt to a range
where it is acceptable to use on halophytes and salt tolerant non-halophytes. As
each plant species has a different salinity tolerance, the amount of concentrate that
can be applied depends on the species of plant, the characteristics and salinity of
the soil and concentrate that is to be used.

Keywords Conventional crop irrigation � Costs � Crop yield � Environmental
concerns � Halophyte irrigation

6.1 Crop Irrigation

Dryland salinity is causing a decline in the productivity of land used for
conventional agriculture. In spite of this, there is a range of halophytes and salt-
tolerant non-halophytes that are capable of being used as crops in these salt-affected
areas. Due to the lower salinity of concentrate from nanofiltration, microfiltration
and ultrafiltration processes, spray irrigation is a more viable disposal option for
these than for reverse osmosis processes. The successful use of membrane con-
centrate for crop irrigation requires the selection of appropriate vegetation. Either
conventional crops or halophytes can be irrigated with membrane concentrate.

B. Ladewig and B. Asquith, Desalination Concentrate Management,
SpringerBriefs in Green Chemistry for Sustainability,
DOI: 10.1007/978-3-642-24852-8_6, � The Author(s) 2012
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Areas best suited to irrigation with concentrate are those with level ground and
warm climates. Nearby potable aquifers, unsuitable soil conditions and local
regulations may altogether prevent spray irrigation at certain sites (Mickley 2009).
Unfortunately the potential for spray irrigation as a method of managing
concentrate is restricted, as large amounts of land are needed, and the geology
must be suitable to prevent the accumulation of salt in the soil and the leaching of
salt into underground sources of freshwater.

6.1.1 Halophyte Crop Irrigation

A growing number of studies have begun to focus on the use of concentrate from
reverse osmosis plants for the irrigation of halophytes (Jordan et al. 2009; Riley
et al. 1997; Soliz et al. 2011). Halophytes have possible uses as forages, oilseeds
and biofuels (Glenn et al. 1991, 1998; Hendricks and Bushnell 2008; Rogers et al.
2005; Swingle et al. 1996) but more research is required to see these uses reach
their full potential. Moreover, the characterisation of water consumption and
growth of halophytes is required to be able to develop sustainable water
management strategies (Jordan et al. 2009). Aronson (1989) has created a database
listing 1560 known halophytes, but it is estimated that 5000–6000 halophyte
species exist (Le Houerou 1993).

Halophytes may be grown in salt-affected areas, but to do this effectively,
species need to be developed that are adaptable to various soil conditions, salinity
and waterlogging stress levels, climates and livestock management systems
(Rogers et al. 2005). For the successful use of halophytes as irrigated crops, the
following conditions should be met (Glenn et al. 1999):

• Halophytes need to have a high yield potential
• The irrigation requirements of halophytes should be similar to that of conven-

tional crops, and the irrigation must not damage the soil
• Halophyte products should be substitutable for conventional crop products
• High salinity agriculture needs to be able to be integrated with existing

agricultural infrastructure

Research into the development of halophytes has largely focused on their use as
animal fodder. Swingle et al. (1996) have demonstrated that halophytes can be
incorporated into livestock feed without producing health problems or negatively
affecting the carcass quality. When using halophytes as fodder, it is recommended
that the use of halophyte forage accounts for no more than 50% of an animal’s diet
so that the loss of energy content in the salt-containing forage can be balanced by
an increase in consumption (Swingle et al. 1996; Glenn et al. 1999). Substituting
halophytes for a portion of animal fodder has also been found to decrease feed
efficiency and increase animal water consumption. Although the fresh water
requirements of animals may increase, this amount can easily be offset by the
irrigation water saved when using desalination concentrate.
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6.1.2 Conventional Crop Irrigation

The application of salt water for the irrigation of conventional crops has been
the subject of a number of studies (Glenn et al. 1999; Grattan 2004; Grattan
et al. 2004; Grieve et al. 2004; Skaggs et al. 2006a, b). However, there exists
less potential for the irrigation of conventional crops with membrane concen-
trate when compared with halophytes. This is particularly a result of the limited
range of conventional crop species that are tolerant to salt. Those which are
most salt tolerant include sugarbeet, cotton, barley, date palms and some
varieties of wheatgrass (Maas 1985). Saline irrigation waters and the presence
of salt in the soil hinder the ability of most plants to absorb water, and most
crops require irrigation with water containing a salt concentration of less than
7000 mg/L. Only the most tolerant are generally able to exceed this concen-
tration (Rhoades et al. 1992). The irrigation of conventional crops will therefore
usually require some degree of dilution, based on the salinity of the
concentrate.

The yield of a crop irrigated with saline water is related to its salinity tolerance,
such that once the threshold of tolerance is exceeded, the yield will decline. The
following relationship derived by Mass and Hoffman (1977) shows this decrease in
yield as soil salinity exceeds the threshold salinity for a species of plant:

YR ¼ 100� B ECe � Að Þ ð6:1Þ

where YR is the relative yield of the crop, ECe is the soil salinity (dS/m), A is the
plant’s salinity threshold (dS/m), the point after which the expected yield begins to
decrease, and B is the decline in yield per unit decrease in salinity. Comprehensive
data tables including the salinity threshold and decline in yield for a wide range of
plant species can be found elsewhere (Maas 1985, 1990; Maas and Hoffman 1977).
The values of salinity used for the calculation of the yield are based on water with
high concentrations of sodium chloride, as opposed to other ions that may be
present in concentrate. The calculated relative yield should be considered as an
estimate only, as factors such as climate and soil conditions affect the threshold
limit and decline in yield. A number of plant species are also less tolerant to
salinity during germination, or throughout the emergence and seedling stages.
Note that the amount of salt that is present in the root zone may alter the time a
crop takes to reach maturity (Shannon et al. 1994).

Figure 6.1 is a plot of relative crop yield versus soil salinity, and shows the
regions for classifying crops based on their salinity tolerance. The crop yield for
barley is indicated by the dashed line, with its crop yield indicating that it is
tolerant to soil salinity.

When irrigating crops with saline water, a number of management techniques
can be employed to help offset the potential loss of yield. Meiri and Plaut (1985)
describe a number of strategies to manage crops under saline conditions,
including:
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Controlling Root Zone Salinity

The salinity of the root zone can be controlled through numerous means, including
adjusting the leaching fraction, adjusting the soil surface contour and seedling
planting position, optimising the irrigation interval, using water of varying salinity
at different growth stages, and blending water with different salinities. Waters with
different salinities may be blended prior to irrigation or applied directly to crops
and allowed to mix in the soil.

Optimising of Row Spacing

The field yield of a crop is determined by the yield of each plant, as well as each
plant’s density or stand (plants per unit area). Optimisation of the row spacing can
increase the stand without negatively affecting the plant yield, hence increasing the
field yield (Keren et al. 1983).

Reducing the Salinity Damage of the Plant

Reducing the damage caused by salinity will result in an improved crop yield. This
can be done through changes in crop management or environmental conditions.
Specifically, changes in irrigation method (Maas 1985), climate (Hoffman and
Jobes 1978; Hoffman and Rawlins 1971; Magistad et al. 1943) and ambient CO2

concentration (Schwarz and Gale 1984) have been shown to affect the growth of
crops in saline conditions.

6.2 Costs

Typical costs for spray irrigation include the pretreatment of concentrate,
equipment required for the storage, blending and distribution of water, land
preparation (including drainage systems) and the cost of land. Large tracts of lands
are usually required to dispose of the concentrate, especially considering any
increase in concentrate volume due to dilution (Mickley 2009). Spray irrigation is

Fig. 6.1 Classifications of
crop tolerance based on
relative crop yield versus soil
salinity. The tolerance of
barley is shown by the dashed
line. Adapted from Maas
(1985) and Maas and
Hoffman (1977)
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therefore best suited to smaller desalination plants with low volumes of concen-
trate. Unless additional concentrate management schemes are implemented, plants
with concentrate volumes of greater than 0.4 million gallons per day (MGD) are
usually considered unsuitable (Mickley 2009). High leaching fractions can also
lead to greater water requirements and greater pumping costs.

6.3 Environmental Concerns

Anthropogenic salinity is largely due to poor irrigation management. As the use of
concentrate for spray irrigation allows for the potential build up of salt in the soil
and contamination of groundwater, adequate irrigation management is essential to
prevent further increases in salinity.

Increases in soil salinity can hinder the growth of plants by limiting their
uptake of nutrients (Grattan and Grieve 1992). The major cations that affect
saline soils are Na+, Ca2+, Mg2+, as well K+, while the major anions are Cl-,
SO4

2-, HCO3
- and NO3

-. When the soil has a high pH, CO3
2- is also present. The

nutrients which plants require most are Ca2+, Mg2+ and K+. However, the
uptake of K+ and Ca2+ is hindered by the presence of excess Na+, and an
increased concentration of Ca2+ in the soil can lead to a deficiency of Mg2+

(Grattan and Grieve 1992).
Accumulation of salt in the root zone can be prevented by allowing a certain

amount of water to percolate through the root zone. This is known as the leaching
requirement, and is defined as the leaching fraction, LF, such that:

LF ¼ amount of water that passes through the root zone
amount of irrigation water applied

ð6:2Þ

This can also be expressed in terms of the surface depth of water, or the volume
of water per unit surface area. The excess water that passes through is used to carry
excess salts that can hinder growth. From the above equation, it can be seen that
the greater the leaching fraction, the lower the salinity in the root zone but the
greater the irrigation water requirement. Therefore, as the salinity of the concen-
trate increases, more water must be applied to remove the extra salt. The amount of
salt that leaves the root zone may be greater than, equal to or less than the amount
of salt in the irrigation water applied, based on precipitation and dissolution
reactions of salts (Oster and Rhoades 1990). Several steady state and transient
models exist for the estimation of leaching requirement. These can be found
elsewhere (Corwin et al. 1990, 2007; Letey et al. 1985; Rhoades 1974; Rhoades
and Merrill 1976; Richards 1954; Šimůnek and Suarez 1994).

Irrigation drainage from saline water must not leach into underlying potable
aquifers. To do this, the site that is selected for irrigation should have a deep soil
profile and should not be in a flood plain. These measures, along with irrigation
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management to minimise deep leaching and preferential flow, can help to prevent
the contamination of potable aquifers (Riley et al. 1997).
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Chapter 7
Evaporation Ponds

Abstract Evaporation ponds are a low technology solution for concentration
management whereby brine is pumped into large ponds and water slowly evap-
orates via direct solar energy. They are a widely used method of saline water
management in the Middle East and Australia. The simplicity of the process
reduces maintenance and operating costs, and greatly reduces energy require-
ments. Leakage from evaporation ponds can cause contamination of surrounding
land and water sources, so the prevention of leakage through adequate design is
crucial. Evaporation ponds should not be confused with solar gradient ponds,
which use concentrated brine to produce electricity.

Keywords Costs � Environmental concerns � Evaporation pond design � Evap-
oration rate � Liners � Pond area � Pond banks � Pond depth � Social impacts

7.1 Design

The design of an evaporation pond must take into account both the volume of con-
centrate from the plant and the evaporation rate at the selected site. The prevention of
salinity in surrounding areas and the contamination of nearby potable aquifers is of
great importance and must be carefully considered during the design phase. The major
design factors to consider are the pond area, depth, liners and bank size.

7.1.1 Pond Area

The required surface area of a pond is dependent upon both the volume of con-
centrate and the evaporation rate. Surface area, A (m2), can be estimated using the
following equation:

B. Ladewig and B. Asquith, Desalination Concentrate Management,
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A ¼ V

E
ð7:1Þ

where V is the volume of concentrate sent to the pond (m3/day) and E is the
evaporation rate (m/day). A greater volume of concentrate will increase the required
pond area, and a higher evaporation rate will reduce the required area. Laser leveling
can be used to ensure a more even evaporation rate across the pond, and hence a
smaller required area (Ahmed et al. 2000). A safety factor should also be applied to
the calculated pond size for the event of a lower than anticipated evaporation rate, or
unexpected increases in concentrate volume. It is recommended that a 20% safety
factor be applied to surface area of the pond (Mickley 2006).

7.1.2 Pond Depth

The minimum depth of a pond is directly proportionate to the rate of evaporation.
This depth needs to allow for increases in volume, the precipitation of salts, as well
as for rainfall and waves. It is estimated that the best evaporation rate can be
achieved with pond depths of 0.03–0.45 m, however ponds with depths of up to
1.02 m have been shown to have reasonable evaporation rates (Mickley 2006).
Similarly to pond area, a safety factor can be applied to the calculated minimum
pond depth to increase the capacity and prevent the pond from overflowing. This
extra depth will depend upon the expected additional discharge volume at the
beginning of plant operation (Mickley 2006), and the ambient conditions during
winter, at which time the pond may store water rather than reduce its volume
(Ahmed et al. 2000).

The freeboard of an evaporation pond is the height between the design depth
and the top of the bank, as shown in Fig. 7.1. Freeboard accounts for wave action
due to wind, volume increases when the evaporation rate is lower than expected,
surges and rainfall. Ahmed et al. recommend that the freeboard height be 0.2 m
(Ahmed et al. 2000), however recommendations for evaporation basins on the
Riverine Plain in Australia suggest freeboard should be 0.6–0.8 m (Leaney and
Christen 2000). Ultimately, the freeboard height should be determined based on
the specific climatic conditions at the site of the pond, including the average

Fig. 7.1 Cross sectional view of the inner bank of an evaporation pond showing depth and
freeboard
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rainfall and anticipated wave height. The following equation may be used to
estimate the height of pond wave action (Mickley 2006):

H ¼ 0:007W
ffiffiffiffi
F
p

ð7:2Þ

where H is the wave height (m), W is the wind velocity (km/h) and F is the fetch,
the straight line distance wind can blow without obstruction (km). Note that wave
height can be minimised by constructing the pond with its length perpendicular to
the prevailing wind direction (Ahmed et al. 2000).

7.1.3 Evaporation Rate

While the volume of concentrate can be determined based on plant capacity and
recovery, the evaporation rate at any given site varies with climate. To determine
the evaporation rate of fresh water at certain locations, a standard pan evaporation
measurement is taken. Evaporation pans are small, open air pans filled with water
from which losses in water due to evaporation are measured. Standard size Class A
evaporation pans are most commonly used, which are 1.207 m in diameter and
0.25 m in depth. The daily change in depth, minus any rainfall, is used to deter-
mine the evaporation rate in mm/day. This rate takes into account the effects of
climate on evaporation rate, but corrections for pond area and salinity must be
made when determining the evaporation rate of a specific evaporation pond.

The humidity gradient between the water in the pond and the water in the air
above the pond is the driving force for the evaporation process. Larger ponds have
a different environment and greater humidity above the water, reducing this
driving force and hence the evaporation rate (Leaney and Christen 2000; Morton
1986). The evaporation factor, F1, is a correction factor that adjusts the pan
evaporation rate based on pond size. It can be approximated by (Jolly et al. 2000):

F1 ¼ 1� 0:029 lnðAÞ ð7:3Þ

where A is the pond area (ha). This relationship can be seen in Fig. 7.2. As the
pond size approaches the size of the evaporation pan, the evaporation rate
approaches that of the pan.

Evaporation rate is also affected by the salinity of the water. Saline water has a
lower evaporation rate than fresh water, as salt reduces the vapour pressure of the
water, decreasing the driving force for evaporation. A second evaporation factor,
F2, the evaporation rate of saline water compared to fresh water, can be approx-
imated as (Leaney and Christen 2000):

F2 ¼ 1:025� 0:0245e0:008795 ð7:4Þ

where S is the salinity of the solution (g/L) up to 320 g/L. This relationship is
shown in Fig. 7.3. It can be shown from this equation that the evaporation rate will
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slow with time as water is evaporated and the salinity of the pond increases. Note
that when determining the evaporation rate for a pond, this relationship should be
used as an estimation only, as the exact relationship between salinity and evap-
oration rate relies on a great number of site specific factors other than salinity,
including air temperature, wind velocity, relative humidity, barometric pressure,
water surface temperature, heat exchange rate with the atmosphere, incident solar
absorption and reflection, pond thermal currents and pond depth (Mickley 2006).

When determining the evaporation rate for an evaporation pond in the absence
of a corrected pan evaporation rate, an approximation of 70% of the freshwater
evaporation rate is considered reasonable (Mickley 2006).

7.1.4 Pond Liners

Pond liners are used to prevent the leakage of concentrate, which can cause soil and
groundwater contamination. They are geomembranes fabricated from materials such
as high-density polyethylene, low-density polyethylene, polyvinyl chloride or
polypropylene. They should be strong enough to withstand cleaning without causing
leaks, and the pond needs to be deep enough to prevent the liner from drying and
cracking (Mickley 2006). The requirement for liners is a major drawback for
evaporation ponds, as they are usually the largest cost (Nicot et al. 2009).

Fig. 7.3 Decreasing
evaporation rate of salt water
compared with fresh water as
salinity increases. Adapted
from (Leaney and Christen
2000)

Fig. 7.2 Decreasing
evaporation rate due to the
oasis effect as pond size
increases. Adapted from Jolly
et al. (2000)
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The sealing of liner joints upon installation is very important, as this is where
leaks are likely to occur (Glater and Cohen 2003). Several research efforts have
investigated the possibility of ‘self-sealing’ evaporation ponds for concentrate
disposal in Texas (Nicot et al. 2009; Turner et al. 1999). Self-sealing liners are
created by adding chemicals to the concentrate that reduce the porosity and per-
meability of the existing liner or soil. Nicot et al. (2009) produced a report out-
lining possible approaches for self-sealing liners. Self-sealing liners have the
potential to reduce costs by waiving regulations that stipulate the required thick-
ness of liners and the groundwater monitoring systems. A reduction in liner
thickness or ponds with no liners would significantly reduce the capital cost of a
pond. Unfortunately, no practical self-sealing solution currently exists, and further
work is required to reduce costs and produce a solution that is technically and
economically viable.

Evaporation ponds or disposal basins are widely used in the Murray-Darling
Basin in Australia to reduce salinity in irrigation areas. These basins are similar to
evaporation ponds for concentrate disposal, but they may be designed to have a
controlled amount of leakage. This eliminates the need for liners, but additional
costly earthwork must be done to compact the soil and reduce its permeability, and
additional leakage interception processes must be installed. Nonetheless, if a
controlled amount of leakage is acceptable, this option is often cheaper than the
use of a liner (Singh and Christen 2000). Specific guidelines for the construction
and use of evaporation ponds for irrigation water can be found elsewhere (Jolly
et al. 2000; Singh and Christen 2000; Christen et al. 1999).

7.1.5 Pond Banks

The banks around evaporation ponds can be built from the existing soil and
excavated earth. It is suggested that a layer the topsoil be removed from the pond
area, and the subsoil underneath be used to form the inside of the bank. The outer
slope of the bank can be covered in the removed topsoil, as this promotes the
regrowth of vegetation (Singh and Christen 2000). An example of this is shown in
Fig. 7.4.

Fig. 7.4 Cross-sectional view of a bank showing a soil pattern to minimise erosion and
encourage vegetation growth on the outer slope. Adapted from (Singh and Christen 2000)

7.1 Design 53



Suggested dimensions for evaporation ponds are given by Singh and Christen
(2000), and these can be seen in Fig. 7.5. The banks surrounding the pond should
be a minimum of 1 m high and 2.4 m wide to allow for vehicular access.
To reduce erosion, it is recommended that the slope of the inner bank should be 1:5
and the outside bank a slope of 1:2.

7.2 Pond Costs

The feasibility of an evaporation pond is determined by the volume of concentrate,
the cost of land and the ambient evaporation rate. They are most cost-effective in
areas with low rainfall, high evaporation rates, and where large expanses of land
are available at low cost (Mickley 2009). This best suits inland desalination plants
in regional and remote areas where these conditions can be met.

Evaporation ponds have a poor economy of scale and while they are economic
for small waste flows, the largest feasible volume of concentrate is typically no
greater than 5 MGD (Glater and Cohen 2003). Moreover, if the evaporation rate is
low during the cooler months, the pond area may increase to an unfeasible size. In
such instances, alternative disposal methods or concentrate storage options should
be considered (Mickley 2009).

The major cost factors of an evaporation pond include pond liners, land
preparation, excavation and clearing, site surveying, bank construction, pumps,
control systems, disposal of precipitated solids, maintenance and geotechnical
investigation of the site (Singh and Christen 2000). Of these, pond liners typically
represent the greatest cost (Nicot et al. 2009).

Typical maintenance costs for an evaporation pond are pump maintenance and
replacement, erosion control (including the replacement of eroded banks), vege-
tation management, wildlife control and seepage control. Bank rebuilding can
include up to 10% of the banks every 10 years (Singh and Christen 2000). Annual
operating costs are generally very low, and can be approximated at 0.5% of the
total installation cost (Mickley 2006). The cost of the bank surrounding the pond
increases with height, but so too does the storage capacity per unit area. A suitable
balance must be found that allows enough freeboard and additional storage

Fig. 7.5 Cross-sectional view of a bank showing suggested dimensions. Adapted from (Singh
and Christen 2000)
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capacity while keeping construction costs to a minimum. Approximate bank, liner,
fence and road costs based on pond size can be found elsewhere (Mickley 2006).

The disposal of solids is generally not required but may be necessary if the
amount of precipitated solids becomes too great, if there is a high amount of
suspended solids or dirt, or if the pond is too shallow (Mickley 2006). Salt disposal
includes disposal to sea, landfill or other designated waste disposal sites, and this
can become a costly process.

7.3 Environmental Concerns

The leakage of concentrate and potential contamination of the surrounding envi-
ronment and aquifers with salt and other chemicals is the largest threat posed to the
environment by evaporation ponds. There is also potential for the high salinity
water to impact local wildlife and for salt spray to harm surrounding flora (Mickley
2009; Schliephake et al. 2005).

The contamination of groundwater can negate any existing use that water may
have, or prevent its future use. Furthermore, if not prevented and controlled,
salinisation can affect nearby crops, pastures, infrastructure and buildings. The
impacts of salinity have been widely studied and will not be discussed here.

A number of measures can but put in place to monitor for leaks and help
prevent the contamination of groundwater. These can also reduce the potential
buildup in soil and groundwater of heavy metals which may be present in the
concentrate, and which can lead to long-term problems (Mohamed et al. 2005).
Monitoring wells can be installed to observe the water quality in nearby aquifers,
and any changes in these may indicate a leak. When ponds have two liners (as may
be required based on the extent of nearby aquifers and local regulations), any
leakage that makes its way through the first liner may be detected via a connected
monitoring sump, or through a moisture detector inserted between the two liners
(Mickley 2006).

In some areas it may be acceptable for a small amount of leakage to occur from
a pond, however this is more applicable for evaporation ponds used for irrigation
water control rather than concentrate disposal. In such cases, the salt not contained
by the pond should be contained in the soil and aquifer system directly below and
adjacent to the pond (Christen et al. 1999). This ensures a large amount of the salt
can eventually be recycled back into the evaporation ponds through appropriate
interception methods. As stated above, leakage should not contaminate any
groundwater with existing or potential use, and should minimise any potential
environmental damage. The decision to allow leakage needs to be done on a case
by case basis after an appropriate geological assessment.

To reduce the environmental impact of an evaporation pond, the environmental
sensitivity, hydrogeology and land characteristics of the site should be assessed
during site selection. In particular, the proximity of the site to conservational areas,
flood plains, wetlands, swamps and residential and commercial areas needs to be
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assessed (Singh and Christen 2000). Once a site has been selected, detailed on-site
hydrogeology assessment can be performed when required, including the depth,
extent, piezometric level, transmissivity and water quality of any nearby aquifers
(Singh and Christen 2000).

7.4 Social Impacts

Evaporation ponds are often viewed negatively, particularly due to potential
salinisation of local land, unpleasant odours and aesthetic problems (Christen et al.
1999). The siting and design of an evaporation pond must then take these factors
into account. The planting of trees around the perimeter of a disposal basin has
been suggested as a way to increase social acceptance. The pond site should also
include a buffer zone to position the pond an appropriate distance away from
residential and commercial areas, schools, hospitals and other public areas (Jolly
et al. 2000; Christen et al. 1999).
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