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Abstract

In this article, we present a critical review of the reported performance of reverse osmosis (RO) and
capacitive deionization (CDI) for brackish water (salinity < 5.0 g/L) desalination from the aspects of
engineering, energy, economy and environment. We first illustrate the criteria and the key
performance indicators to evaluate the performance of brackish water desalination. We then
systematically summarize technological information of RO and CDI, focusing on the effect of key
parameters on desalination performance, as well as energy-water efficiency, economic costs and
environmental impacts (including carbon footprint). We provide in-depth discussion on the
interconnectivity between desalination and energy, and the trade-off between kinetics and energetics
for RO and CDI as critical factors for comparison. We also critique the results of technical-economic

assessment for RO and CDI plants in the context of large-scale deployment, with focus on
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lifetime-oriented consideration to total costs, balance between energy efficiency and clean water

production, and pretreatment/post-treatment requirements. Finally, we illustrate the challenges and

opportunities for future brackish water desalination, including hybridization for energy-efficient

brackish water desalination, co-removal of specific components in brackish water, and sustainable

brine management with innovative utilization. Our study reveals that both RO and CDI should play

important roles in water reclamation and resource recovery from brackish water, especially for inland

cities or rural regions.

Keywords: electrokinetics; energy consumption; water productivity; brine utilization; carbon

footprint; hybridization.
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1. Introduction

Due to rapid population growth and resource depletion, freshwater stress and scarcity are one of
the most severe challenges around the world, especially in countries such as Saudi Arabia (Aljohani
2017), Jordan (Qasim et al. 2018), and Tunisia (Walha et al. 2007). Seawater (a salinity ~35 g/L) is
considered an infinite water resource, and seawater desalination by reverse osmosis (RO) using
semipermeable membranes has been practiced at commercial scales for decades at numerous
countries such as Israel (Segal et al. 2018), Australia (Linge et al. 2013), Spain (Quevedo et al. 2011),
and the US (Rao et al. 2018), and is believed to be the most optimized technology for seawater
desalination (USDOE 2014). Existing seawater RO (SWRO) plants operate near the thermodynamic
limit, where the applied pressure is only 10—-20% higher than the osmotic pressure of the concentrate
(Elimelech and Phillip 2011). The energy consumption of an industrial-scale SWRO is typically on
the order of 2.5-4.0 kWh/m?® (Shannon et al. 2008, Subramani et al. 2014, Yangali-Quintanilla et al.
2011), producing freshwater at an average cost of 0.5-1.2 USD/m? (Kim et al. 2010a, Nanda 2018).
However, RO becomes less energy efficient for brackish water desalination due to the high energy

consumption per ion (Amy et al. 2017).

Brackish water (salinity of 1-10 g/L (Elimelech and Phillip 2011)) is an essential water
desalination alternative when compared to seawater, potentially enabling the movement of the
water-energy nexus away from the seacoast further inland. This allows for production of clean water

at lower operating cost and lower energy burden. Already, a shift to using brackish water as the water
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source has been sharply increasing in water-stressed regions, such as Egypt (Allam et al. 2002).
Sources of brackish water include groundwater (naturally saline aquifers), rivers, wastewater (e.g.,
hydraulic fracturing, cooling water, human activities and industrial processes), and irrigation return
flow. So far, brackish water desalination represents over 21% of the total worldwide desalination
capacity (Jones et al. 2019). Compared to seawater desalination, most desalination plants using
brackish water have much lower production capacity between 500 and 10,000 m? per day (Jaber and
Ahmed 2004), even up to 76,000 m® per day in the US (Mickley 2001). Despite the relatively lower
production capacity, the inland brackish water desalination plants can provide a vital solution to

solve the water stress and scarcity in remoted areas.

Electrokinetic desalination technologies, such as capacitive deionization (CDI), have attracted
great attention for water reuse due to their energy-efficient separation of ionized or ionizable species
from solutions. CDI are broadly defined as a category of ion separation technologies, where
electrodes are cyclically charged and discharged, regardless of deionization mechanisms or
electrodes (Biesheuvel et al. 2017). It is noteworthy that non-cyclical characteristics have been
achieved in recent CDI design, such as flow electrode CDI (He et al. 2018, Zhang et al. 2020). In
CDI, charged ions are electrically separated through the formation of electrical double layers (EDLS)
to produce “fit-for-purpose” water (Delgado et al. 2019, Pan et al. 2018a). As a result, the energy
consumption in CDI correlates with the quantity of ions removed. CDI also could apply an electrical

current to drive Faradaic reactions, such as redox (cathode-anode) and intercalation reactions (Zhang
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et al. 2018). This provides opportunities of simultaneous oxidation and separation for other
contaminants in brackish water. However, CDI is typically not effective to remove uncharged

organics and biological species, which is the biggest difference to RO.

As climate change and population increase continue well into the 21% century, water stress will
continue to be a major concern and will thus drive increases in brackish water desalination.
Technologies for brackish water desalination will consume a significant amount of energy, and the
energy intensity of desalination facilities will affect the cost effectiveness and environmental impacts
of the plant. To the best of our knowledge, little-to-none research has been focused on addressing the
water and energy nexus for brackish water desalination using RO and CDI. In this article, we review
the recent advances of the performance of RO and CDI for brackish water desalination from the
energy, economic and environmental aspects. We first illustrate the criteria and the key performance
indicators to evaluate the performance of brackish water desalination. Next, we systematically gather
technological information of RO and CDI for brackish water desalination published in the recent
years. A summary on the effect of key parameters on desalination performance, as well as
energy-water efficiency, economic costs and environmental impacts are included. We provide
in-depth discussion on the interconnectivity between desalination and energy, and discuss the
trade-off between Kkinetics and energetics for RO and CDI. We also compare the results of
technical-economic assessment for RO and CDI plants in the context of large-scale deployment, and

discuss the engineering design, construction and operation from the lifetime-oriented considerations.

7
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Finally, we illustrate the challenges and opportunities of desalination for brackish water.

2. Criteria and Key Performance Indicators for Brackish Water Desalination

The performance of a desalination facility depends on the types of the applied materials (e.g.,
electrodes and membranes) in desalination facilities and the operating conditions (e.g., flow rate,
applied current and pressure). When determining the performance of a desalination facility, we
should establish a standard evaluation procedure that first defines feed salinity (C,) and required
salinity removal ratio (), and then measure three indicators that are largely related to the
cost-effectiveness of a process: (i) specific energy consumption, (ii) water recovery ratio, and (iii)
productivity of clean water from the processes. This consideration has been critically addressed and
discussed in the review paper published by Hawks et al. (2019). Eq (1) gives the removal ratio of

salinity () quantified by the fraction of ions removed through the desalination facilities.

0] Ci

n (%) = x 100 1)

o

where C, and C; are the salinity (g/L) of feed and effluent streams, respectively.

In this part, we briefly illustrate the definition of several key performance indicators, including

the treatment capacity, water recovery, specific energy consumption, and operation and maintenance

(O&M) costs. We also discuss the importance of the environmental impacts and carbon footprints

when evaluating the performance and cost-effectiveness of a desalination facility.
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2.1 Treatment Capacity and Recovery

Treatment capacity (Q;) and water recovery (R) are essential to evaluating the cost effectiveness
of a desalination plant. The R value of a desalination plant also directly determines the volume of the
rejection brine, which requires subsequent treatment and management. The R value can be

determined by eq (2):

R (%) = Clean Water Production _ Q, % 100 @
(%) = Treatment Capacity  Q;

where Q; and Q, are the flow rate of feed water and permeate (clean water), respectively. The R value
is dependent on the ion removal mechanisms of a desalination facility, as well as the types of the
applied materials (e.g., electrodes and membranes). Other factors, such as losses from flushing, can

also influence the R value.

Additionally, the productivity of the desalination units is a metric of evaluation that is
frequently determined and compared. Usually, it is directly proportional to the size (land footprint) of
the desalination plant, and can be evaluated in a unit of the amount of clean water (m®) per m? of
membrane per treatment time. In RO processes, the concentrate factor (CF) of the concentrate stream
is a useful indicator to the overall concentrate salinity. CF is a function of the removal ratio of

salinity () and the water recovery, as shown in eq (3):

CF = (ﬁ) [1—R(1—-1n)] 3)
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CF also represents the ratio of the concentrate salinity to the feed salinity. CF increases
exponentially as recovery increases: when recovery increases from 70% to 90%, the CF increases
dramatically from 3.3 to 9.9 (assumed a 99% salt removal ratio). This reveals several potential issues
primarily found in brackish water desalination using membrane processes, such as (i) precipitation of
sparingly soluble salts (e.g., SiO,, CaCO3, CaSQ,, and BaSO,), which could cause scaling and
fouling, as well as (ii) the costs of subsequent brine disposal. Thus, this foreshadows the need for

alternative brackish water desalination processes.

2.2 Specific Energy Consumption (SEC) of a Desalination Process

Specific energy consumption (SEC, kWh/m?®) is the electrical energy used to product a unit of
clean product water. It is considered as the most important parameter characterizing the performance

of the desalination plant. The SEC of a desalination process can be approximately determined via eq

(4):

Total Electricity Consumption
SEC = . (4)
Clean Water Production

The total electricity consumption of a desalination process could be attributed to the use of

high-pressure pumps (for RO), the use of external electrical energy (for CDI), and the water pumps

(for CDI). For cyclical operations of most CDI units, the desorption (discharge) step should be taken

into consideration when calculating SEC, as shown in eq (5):

10
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SEC = ©)

where V is the applied voltage (e.g., the range of voltage in the desorption process for CDI), | is the

current, tror is the total operation time, including adsorption and desorption time, and t. is the

treatment time (e.g., adsorption time in the charging phase for CDI). Hawks et al. (2019) have

proposed a framework for systematically quantifying the performance of CDI, in terms of SEC and

throughput productivity. When evalauting different desaliantion facilities (e.g., RO and CDI), the use

of throughput productivity, instead of an average removal rate such as average salt adsorption rate

(ASAR), is much meaningful.

2.3 Operation and Maintenance (O&M) Costs

Total costs for producing clean water include capital (e.g., installed process equipment, civil

works, buildings), operation (e.g., energy and chemicals), maintenance (e.g., membrane and

electrode replacement), labor, and miscellaneous (e.g., insurance, interest, and project management).

Operations of the various parts of a desalination plant, including (i) the feed water intake, (ii)

pretreatment, (iii) the main desalination unit, (iv) post-treatment of clean water and (v) brine disposal

facility, would contribute to the total costs of a desalination plant. The operation and maintenance

costs (Cogm) are running expenses and largely depend on the design of the main desalination unit,

which can be calculated by eq (6).

11
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Cosm = Cen + [Ccc + Cmem] (6)

where Ce¢n, Ccc and Cren are the costs of electrical energy (denoted as the “water cost” in this paper),

chemical cleaning and membrane replacement, respectively. The cost of electrical energy can

fluctuate and become complex since the price of electricity normally changes from year to year.

Additionally, electrical energy tariffs can lead to sharp increases in operation costs. Maintenance

costs are generally associated with membranes and membrane-related materials. If membrane

replacement is periodically carried out, the costs of personnel, chemicals (e.g., antiscalants),

cartridge filter will be fairly constant over the years (Ruiz-Garcia and Ruiz-Saavedra 2015). It is

noteworthy that we use the term “water costs” in this paper, to express only the operation costs due

to the use of electrical energy, such as pumps and external power.

2.4 Environmental Impacts and Carbon Footprints

The environmental impacts and carbon footprints of a desalination plant can be determined by

conducting life cycle assessment (LCA). LCA determines the environmental impacts of a product or

a technology throughout the entire life-cycle, i.e., from the design, materials extraction, manufacture,

distribution, use and final disposal (end-of-life). As suggested by 1ISO 14040-14044 (International

Organization for Standardization 2006a, b), LCA includes four steps, viz goal and scope definition,

data inventory, life-cycle impact assessment, and interpretation. Fig. 1 illustrates the assessment of

environmental impacts and carbon footprints for a desalination plant. The scope for LCA could be

12
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generally cradle-to-gate, cradle-to-grave, or cradle-to-cradle (Lior 2017), where cradle, gate and
grave usually represent creation (resource extraction), factory gate and disposal phase, respectively.
In this stage, the functional unit of a desalination plant also should be clearly defined, typically “one
m?® of freshwater produced from the plant.” For the stage of data inventory, all inputs (e.g., energy
and chemical uses) and outputs (e.g., freshwater, brine, and other pollutants) within the scope of

LCA should be quantified.

<Figure 1>

With a sound data inventory, the environmental impacts of a desalination facility can be
determined by various types of methodologies, e.g., ReCiPe (Goedkoop et al. 2009). For a
desalination facility, the energy intensity or carbon footprint (categorized as global warming potential
in LCA) is extremely important to address the water-energy nexus. Other key environmental impact
categories include land occupation (so-called land footprint), natural resources depletion (resource
footprint), and ecosystem quality (ecological footprint). To the best of our knowledge, the
environmental (and/or ecological) impacts determined from LCA have been combined with different
methods, such as techno-economic analysis (Kim et al. 2018) and exergy analysis (Blanco-Marigorta

et al. 2014), to provide an insight of system optimization for desalination systems.

2.5 Summary

The specific energy consumption of processes directly determines the operation costs, while the

13
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water recovery ratio and the productivity of clean water are largely related to the post-treatment cost

of the brine stream and the land costs (land footprint), respectively. The determination of key

performance indicators for the cost-effectiveness of RO and CDI should be based on the same

removal ratio of salinity. For instance, in the case of a feed salinity of 5.0 g/L (brackish water), a

removal ratio of salinity above 90% is required to meet the standard of clean water for human

consumption (salinity < 0.5 g/L) (Australian Government 2004). For other purposes, the salinity for

treatment to the irrigation water standard should below 0.9 g/L (Drewes et al. 2009). In other words,

comparison between RO and CDI must be based on the feed salinity, removal ratio, throughput

productivity, and water recovery ratio.

3. Performance Evaluation of RO for Brackish Water Desalination

RO typically operates using multiple stages (the concentrate of one is the feed of the next) or

passes (the permeate of one is the feed of the next) in series. The system design of brackish water

reverse osmosis (BWRO) is conceptually different from that of seawater reverse osmosis (SWRO).

BWRO usually operates using multiple stages (Blair et al. 2017, Wei et al. 2017), while SWRO using

multiple passes (Greenlee et al. 2009). The choice of the number of passes or stages depends on

several parameters, such as feed water quality, energy cost and desired recovery ratio. Typically, a

two-stage configuration is used for BWRO to achieve high recovery ratios with substantial energy

savings: The water recovery of each stage in BWRO is above 50%, thereby leading to an overall

14
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water recovery of over 70% (Greenlee et al. 2009). In this part, we compile the recent advances of

RO processes for brackish water desalination.

3.1 Effect of Membranes and Configurations on Desalination Performance

Membranes are responsible for rejecting inorganic components from feed stream to another
compartment. Table S1 (see the Supplementary Information) presents the characteristics and
operating conditions range of different membranes for BWRO. Thin-film composite membranes
using aromatic polyamide as selective layer are the most prevalent membranes in commercial RO
plants due to their high salt rejection, water permeability, and
chemical/thermal/mechanical/biological stability, as well as their wide operation temperature and pH
ranges. Asadollahi et al. (2017) provided a comprehensive review on the performance of commercial
polyamide thin-film composite RO membranes, and then evaluated the effect of membrane fouling
and chlorine attack on their performance. Commercial polyamide thin-film composite membranes
exhibit water permeability around 0.001-0.004 m*® m bar* hr * at salt rejections of 98.0-99.5% for
brackish water feed (a salinity of 2.0 g/L). Similarly, Otitoju et al. (2018) conducted an overview on
the technology progress of interfacial polymerization and surface modification for RO membranes.
They pointed out that the structure—property relationships and kinetic performance of composite

membranes should be future research directions to explore broader niche applications.

Recently, various types of new generation membranes for desalination, such as nanocomposite

15
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(Kurth et al. 2014), cellulose nanocrystals (Asempour et al. 2018), aquaporin (Wang et al. 2012),

nanotube (Yang et al. 2013), and graphene-based (Cheng et al. 2016, Joshi et al. 2014) membranes,

have been developed. These innovative RO membranes can generally provide beneficial advances

including (i) low fouling, (ii) enhanced boron-rejection, (iii) improved thermal-stability and

mechanical properties, and (iv) inorganic-organic nanocomposites with purported higher

permeability (Alvarez et al. 2018, Amy et al. 2017, Otitoju et al. 2018). In RO processes, the

production capacity (i.e., permeate flux and water recovery) is highly dependent on the control of

membrane fouling. Despite the rapid development of core membrane technology and innovative

system design, membrane scaling and fouling still inhibit RO to achieve high recovery greater than

95% (Greenlee et al. 2009). To effectively control membrane fouling, several good engineering

practices on feedwater properties should be followed, including, perhaps most importantly, keeping

the turbidity of feed less than 0.2 NTU (Wilf and Bartels 2006). To provide effective biofouling

control in RO desalination, Al-Abri et al. (2019) also analyzed the feasibility of alternatives to

chlorination, such as ozone, ultraviolet and nano-photocatalytic materials. These alternatives could

effectively mitigate the degradation of RO membranes due to the attack by chlorines. Especially for

the ozone, the pH of the solution should be carefully controlled as the self-decay rate of ozone is

relatively low at the acidic condition, which might attack the RO membrane.

An alternative to increasing the overall water recovery is to pretreat the feed stream (e.g.,

through compact accelerated precipitation softening) (Oren et al. 2001) or treat the concentrated

16
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brine (Qu et al. 2009). With these side treatment units, the overall water recovery of BWRO
theoretically could increase to 93—98% (Gabelich et al. 2007, McCool et al. 2013). However,
additional pretreatment or post-treatment processes will increase the overall energy consumption.
Qiblawey et al. (2011) found that the introduction of a softener as a pretreatment prior to the primary
BWRO unit increases the energy consumption from 1.9 to 13.8 kWh/m?, illustrating the delicate

balance between water recovery and energy consumption in BWRO.

3.2 Energy Consumption and Throughput

Table 1 compiles the technology information of BWRO plants around the world, pertaining to
the operation capacity, water recovery, energy consumption and costs. BWRO has been practiced at
large scales for decades at numerous countries, such as Israel, Spain, Tunisia, the US and the UK.
The typical energy intensity of BWRO processes is approximately 0.8-2.5 kwh/m? (as shown in Fig.
2), depending on the salinity of feedwater and effluent requirement. The primary energy use in
BWRO is for the initial pressurization (pumping) of the feed, which is relevant to the desired
pressure and flow rate. Karabelas et al. (2018) found that the incorporation of energy recovery device
(ERD) could further lead to achievable energy consumption as low as 0.4-0.7 kWh/m® for BWRO.
The use of ERD can effectively reduce the SEC and thus the operating cost for desalination. In
general, ERD utilizes and converts the remaining pressure of the brine into the forms of mechanical
energy via either turbine systems or pressure exchanges. The efficiencies of energy recovery for

turbine systems and pressure exchanges are typically ~90% (Aljundi 2009) and 96—98% (Fritzmann
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et al. 2007), respectively. Alghoul et al. (2009) observed that a small-scale RO without ERD would
consume 2—3 times more energy, compared to that with ERD. Kim et al. (2019) also conducted a
critical review on the performance of ERD, and found that the pressure exchanger should be the most

efficient ERD with a reported efficiency of over 95%.

<Table 1>

<Figure 2>

In addition to ERD, numerous studies had been conducted to evaluate the feasibility and
stability of renewable energy assisted (e.g., PV-powered) BWRO systems, especially in remote areas.
The durability of renewable energy assisted systems to supply the load without any significant
disturbances has been demonstrated in many places, such as PV-powered RO in Malaysia (Alghoul
et al. 2016). Khan et al. (2018) also critically reviewed the current status of renewable energy
assisted systems, and evaluated the effect of energy supply profiles on the economics of RO plants.
The analyses indicated that the water costs of PV-powered and wind-powered BWRO systems were
approximately 0.9-8.5 (with water production capacities of 1-2,000 m®/d) and 0.7-1.7 (with
capacities of 22—3,720 m*/d) USD/m°, respectively. Therefore, BWRO should play an important role

in water reclamation from brackish water for inland cities or rural regions.

System capacities for BWRO range from less than 0.4 m* per d for prototype units and up to

700,000 m® per d for full-scale plants. RO recovery varies from 35% to 85%, depending on
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feedwater properties, type of pretreatment and post-treatment, and concentrated brine disposal
options. The water recovery (throughput) directly affects the size of plants and the operating costs
(energy consumption), as well as the costs of brine treatment. Sarai Atab et al. (2018) found that the
production cost would linearly increase with the increase of feed salinity (ranging from
8,000—14,000 mg/L). The concentration of rejected brine from SWRO also increases with the
increase of feed salinity, as well as applied pressure and feedwater temperature (Sarai Atab et al.

2018).

3.3 Costs Estimation

For BWRO plants, both the production capacity and the energy source play major roles in the
cost of produced water (USD/m?). In this section, we compile the recent advances on the cost
estimation for a BWRO plant, in terms of plant sizes, energy sources, membrane replacement and

total costs.

3.3.1. Plant sizes

Table 2 presents the water production cost of the main BWRO processes, in terms of plant sizes.
According to a survey of six BWRO plants in Texas (4,500—-104,000 m*/d), the total production cost
of water ranges between 0.29 and 0.63 USD/m?® product, with approximately 40-70% of costs
attributed to O&M (Arroyo and Shirazi 2012). For a smaller size BWRO plant, the costs of water

with a plant capacity of 20-1,200 m*/d range from 0.78 to 1.33 USD/m°, while that for a plant
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capacity less than 20 m®/d are even higher than 5.66 USD/m® (Karagiannis and Soldatos 2008). In
the case of a plant capacity of 30-100 m*/d, the O&M costs are contributed to about 60-93% in the

entire costs (Jaber and Ahmed 2004).

<Table 2>

3.3.2. Energy sources

In additional to fossil-fuel-based electricity, the supply of energy for BWRO desalination can
come from various sources, such as solar, wind, geothermal and ocean energy. Ghermandi and
Messalem (2009) critically evaluated a total of 79 solar-powered BWRO desalination units
worldwide. They found that the water costs of PV-powered BWRO systems with ERDs were in the
range of 2.3-35.9 USD/m?®, while the costs of hybrid solar (with fuel or wind power) systems were in
the range of 0.9-31.8 USD/m® (Ghermandi and Messalem 2009). The hybrid solar systems were
beneficial for BWRO since the complementary aspects of two energy sources could be exploited.
Moreover, instead of using batteries (higher costs) with PV to drive SWRO, it is recommended to
implement battery-less PV systems, such as direct connection of PVV-DC motor, using supercapacitor

as electrical regulator, or using controlled DC/DC converter (Shalaby 2017).

3.3.3. Membrane replacement

The operating costs of RO will increase due to the frequent replacement of the membranes. In

general, McCool et al. (2013) suggested the average life time of 3 and 10 years for RO and MF
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elements, respectively. Table 3 compares the membrane lifespan and replacement costs of different
RO processes for brackish water desalination. Shaaban and Yahya (2017) found that the permeate
flux of brackish water membranes are more affected by the temperature of feedwater rather than the
feed pressure and concentration. For BWRO, Drewes et al. (2009) assumed a 7-year membrane
lifetime and suggested that the cost of membrane replacement should be in the range of 0.012 to
0.015 USD/m°. Similarly, Greenlee et al. (2009) suggested a membrane replacement rate of 5% per
year (every 57 years) with the permeate flux of 12-45 L per m? per h (i.e., hydrostatic pressure of

600—-3000 kPa) at a water recovery of 75-90%.

<Table 3>

Pretreatment of feedwater by low-pressure membrane filtration (e.g., ultrafiltration) could
reduce the long-term costs since it would increase the lifespan of the RO membrane by 20-30%
(Jamaly et al. 2014). Pearce (2008) found that, using the filtration processes as a pretreatment, the
cleaning frequency would be reduced to twice (or even once) per year. Similarly, Ruiz-Garcia et al.
(2018) highlighted that, with an appropriate conventional pretreatment, it could preserve BWRO
membrane (e.g., BW30-400) elements in service for up to 11 years. In their another study
(Ruiz-Garcia and Ruiz-Saavedra 2015), they found that the most cost-effective scenario should be
the operation for the first ten years without replacing membranes, even considering new generation
membranes (e.g., ECO-440i DOW™), However, in this case, the chemical cleaning would be more

often after approximately 70,000 h of operation.
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3.3.4. Total costs

In the above sections, we provide the information on costs estimation of BWRO plants, in terms
of plant sizes, potential energy sources, and membrane replacement. Here, we compile the total plant
costs for BWRO plants (Table 4). Normally, the water cost of BWRO should be generally less than
that of SWRO, even though the treatment capacity in the BWRO plant is significantly lower than

that in SWRO (Almulla et al. 2003).

<Table 4>

3.4 Carbon Footprint and Life-cycle Environmental Impacts

The variability in life-cycle stages considered and methodology, as well as the location and
operational parameters of RO plants would result in a significant range of carbon footprint. Table 5
presents the carbon footprint of BWRO plants according to the analyses from recent studies. Cornejo
et al. (2014) conducted an overview on carbon footprint of desalination technologies, and they found
that the BWRO plants (0.4-2.5 kg CO,-eq/m®) generally have a lower carbon footprint than SWRO
plants (0.4-6.7 kg CO,-eq/m®). Similar analysis by LCA also indicated that the carbon footprint of
BWRO plants (0.84-1.60 kg CO»-eq/m®) is lower than that of SWRO plants (1.54-2.81 kg
CO,-eq/m®) (Mufioz and Fernandez-Alba 2008). Zhou et al. (2011) examined the life-cycle
environmental impacts of desalination for high-salinity brackish water (~15 g/L) with a plant

capacity of 10,000 m*/d and an average electricity consumption of ~2.0 kWh/m* from different
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approaches of impact assessment characterization. The considered life-cycle stages included the
infrastructure (e.g., construction and land preparation), operational (e.g., chemicals, membranes and
electricity), and dismantling (e.g., used construction materials and membranes) phases. The system
boundary of LCA excludes both the pretreatment of raw water and brine treatment. The results
indicated that the global warming potential for producing 1 m® of pure water was ~1.58 kg CO,-eq

(Zhou et al. 2011).

<Table 5>

The electricity consumption of a BWRO plant is responsible for more than 90% of the
contribution in environmental impact categories (Mufioz and Fernandez-Alba 2008, Tarnacki et al.
2012). Therefore, the types of energy sources for desalination are crucial to the environmental
impacts as well as carbon footprint. Raluy et al. (2005) noticed that the combination of BWRO with
renewable energies could result in a significant decrease in the airborne emissions, such as CO, (an
average of 80% reduction) and SO (an average of 60% reduction). Similarly, the global warming
potential of BWRO could decrease by 98% if the desalination plant is integrated with wind power,

instead of using electricity from the Spanish grid mix (Tarnacki et al. 2012).

3.5 Summary

BWRO is a mature technology which has been widely deployed for decades around the world.

According to our analysis based on the recent literature, the energy intensity of BWRO processes is
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approximately 0.8-2.5 kWh/m®, depending on the salinity of feedwater and effluent requirement. A
high water recovery of over 90% could be achieved by BWRO. The energy consumption of BWRO
is responsible for >90% of the contribution in life-cycle environmental impacts, and the primary
energy use in BWRO is for the initial pressurization of the feed. The incorporation of energy
recovery devices could further lead to achievable energy consumption as low as 0.4—0.7 kWh/m®.
For inland cities or rural regions, BWRO powered by renewable energy could provide a solution to
water reclamation. Appropriate pretreatment of feedwater by low-pressure membrane filtration could
effectively increase the lifespan of the RO membrane by 20—30%, and thus reduce the long-term

costs.

4. Performance Evaluation of CDI for Brackish Water Desalination

CDI can be generally described as the cyclic processes of electro-adsorption (known as a
“charge” stage) and electro-desorption (known as a “discharge” stage) using porous or high surface
area electrodes through the formation of EDLs. CDI is particularly effective for treating
non-traditional waters of relatively low ionic strength since it operates at ambient conditions without
the needs of extensive chemicals use. In this part, we compile the recent advances of CDI processes

for brackish water desalination.

4.1 Effect of Electrodes and Configurations on Desalination Performance

CDI typically relies on the formation of EDLs to store charges onto electrodes. The design,
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synthesis and fabrication of electrode materials are the key in developing CDI processes. Critical
reviews on fabrication (Jia and Zhang 2016), electrosorption behavior (Huang et al. 2017), and
surface modifications (Ahmed and Tewari 2018) of various CDI electrodes, as well as their
applications in capacitive technologies (Ratajczak et al. 2019) have been published. Pan et al. (2018a)
also conducted an overview of various electrode materials, including activated carbon composite,
flow suspension electrode (e.g., AC/MnQ; suspension) and battery electrode (NayMngO1g), for water
desalination. Here we provide a brief summary on the performance of different carbon-based
electrodes in CDI from recent studies, as presented in Table S2 (see Supplementary Information).
Most of the CDI electrodes are carbon materials (i.e., mainly composed by element carbon), such as
activated carbon (Hu et al. 2018), carbon aerogel (Zhu et al. 2018), ordered mesoporous carbon
(Chen et al. 2018), activated carbon cloth and nanotubes (Li and Park 2018), graphene family (e.g.,
graphene sponge (Xu et al. 2015) and graphene hydrogel (Ma et al. 2018)), and carbon composite
(Nie et al. 2012), Carbon electrodes are well polarizable and typically with high specific surface area;
however, their electrical conductivity strongly depends on the thermal treatment, microtexture,
hybridization and content of heteroatoms. As presented in Table S2 (see Supplementary Information),
the salt adsorption capacity (SAC) of carbon-based electrodes in conventional CDI varies between
5.0 and 49.3 mg g *. Physico-chemical properties of electrode materials, such as specific surface area
(SSA), mean pore diameter (Dp), carbon graphitization degree (Ip/lg) and charge-transfer resistance
(R¢r), play important roles in SAC and capacitance, especially for the application of CDI. For
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instance, previous studies have reported that a higher Ip/lg value should be beneficial to the charge
transfer in the adsorption process (Nie et al. 2012). The R value of electrodes reflects the fact of
charge transfer in the adsorption process. To determine the impedance information on carbon
materials, a Randles circuit model (Roberts and Slade 2010), considering R, series resistance (Rs),
Warburg open diffusion resistance (Wo), and constant-phase element (Q1), can be applied. Fig. 3
illustrates the performance of different carbon-based electrodes in CDI, in terms of SAC (mg/g) and
deionization rate (mg/g/s). A larger SAC of electrodes generally represents a smaller size of CDI
stack (land footprint as one of the key technical-economic measures), while a greater deionization
rate implies a high productivity of clean water. In fact, the ragone plot sometimes can not provide a
comprehensive comparison among different electrodes. The SAC, which is highly specific to CDI
systems, should be corresponded to technical-economic measures, while the deionization rate should
scale with the actual productivity (L/hr/m?) of CDI systems (Hawks et al. 2019). In addition to
carbon-based electrodes, various types of CDI electrodes, such as porous silicate network (Metke et
al. 2016) and battery electrodes (Ahn et al. 2020), have been developed. For instance, the use of
battery electrodes could significantly improve the adsorption capacity of CDI; for instance, the
Ag/AgCl electrodes provide an SAC of up to 85 mg g * at a low voltage of 0.2 V (Ahn et al. 2020).
However, efforts towards improving the long-term stability of battery electrodes (e.g., used in real
brackish water) should be emphasized.

<Figure 3>
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Design and configurations of CDI cells also play crucial roles in desalination performance.
Aside from the conventional CDI, novel architectures on cell and/or electrode designs (Fig. 4), such
as wire-shaped electrode CDI (Mubita et al. 2018), membrane CDI (Lee et al. 2006, Qian et al. 2015),
rocking-chair CDI (Lee et al. 2018), flow-electrode CDI (Jeon et al. 2013), flow-through electrode
CDI (Suss et al. 2012), flow-by electrode CDI (Hemmatifar et al. 2015), pressurized CDI (Caudill
2018), inverted CDI (Gao et al. 2015), honeycomb-shaped CDI (Cho et al. 2017), and even
desalination batteries/generators (Chen et al. 2017, Pasta et al. 2012, Suss et al. 2015b), have been
developed. These novel approaches aim to provide a higher salt adsorption capacity and charge
efficiency with stable cycling, even avoiding separate regeneration step. For instance, in membrane
CDI (MCDI), ion exchange membranes are adjacent to the surface of the electrodes in a conventional
CDiI cell for avoiding the co-ion and ping-pong effects, and thus improving the charge efficiency and
electrode life. Omosebi et al. (2017) further modified MCDI cell using asymmetric electrodes that
consist of a pristine anode and oxidized cathode, together with a single anion exchange membrane.
The modified system exhibited a high salt adsorption capacity of 16.6 mg g, and cut nearly half the
cost of conventional MCDI. Other novel architectures, such as flow-through electrode, are trying to
reduce hydraulic resistance by using high surface area electrodes with a hierarchical and porous

structure.

<Figure 4>

Membrane fouling by inorganic scaling, organics, colloids, and biomass would be a challenge in
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membrane CDI (Chang et al. 2002). Brackish waters are known to contain numerous inorganics,
such as calcium carbonate and ferric ions, as major contributor to scaling (Mossad and Zou 2013).
Wang et al. (2019b) indicated that brackish water containing ferric ions would cause a significant
decrease in CDI performance, where Fe,O3 precipitate was found to be the predominant foulants.
Research with natural brackish waters shows mixed results for the role of organics on the
performance of membrane CDI (Kalfa et al. 2020, Suss et al. 2015a). For instance, Gabelich et al.
(2002) found that the organic matter in river water reduced the sorption capacity of electrodes
(carbon aerogel electrodes). Zhang et al. (2013) also showed similar reduction in efficiency with
organic content. Wang et al. (2019b) suggested that the presence of natural organic matter would
alleviate the ferric-species scaling, thereby decreasing the salt adsorption capacity. However, Lee et
al. (2006) found no reduction in performance of membrane CDI cell over 500 desalination cycles.
Similarly, Xu et al. (2008a) found no significant fouling over several hours of desalination of
brackish water from a natural gas generation site, using a carbon aerogel type CDI, but the water
samples had oils and grease in low concentrations. Kim et al. (2010b) indicated that brackish water
containing 5-10 mg L™ of oils (e.g., octane) did not affect the performance of CDI. Therefore, future
research is needed to fundamentally understand the effect of chemical composition and organic
material concentration, hardness, and other water properties on the fouling of membrane CDI.
Available solutions to fouling in membrane CDI include pretreatment of membranes (Mikhaylin and
Bazinet 2016, Suss et al. 2015a), and using modification methods, such as powdered/biologically
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activated carbon (Ng et al. 2010), nanocomposites from reduced graphene oxide with TiO, catalysts
(Zhang and Jia 2015), cellulose-derived graphenic nanosheets (Pugazhenthiran et al. 2015), and

starch-derived porous carbon nano-sheets (Wu et al. 2017b).

4.2 Energy Consumption and Throughput

Both cell designs (e.g., type of water flow and thickness of channels and pair spacers) and
operating conditions exhibit a remarkable effect on energy consumption and clean water throughput.
Table 6 compiles the performance of different designs of CDI, in terms of energy consumption and
clean water productivity, from the literature. To minimize Faradaic reactions, CDI usually operates
under a voltage lower than 1.2 V (Cai et al. 2017, Li et al. 2011). The typical energy intensity of
conventional CDI is approximately 0.1-1.5 kWh/m®, depending on the salinity of feedwater and
effluent requirement. \oltea B.V., a company based in the Netherlands, has successfully developed a
so-called CapDI technology to deionize water with moderate salinity of < 4.0 g L™ for industrial and
commercial applications. Voltea’s Industrial System (IS12) can produce purified water at a capacity
of 100 L min* with the energy consumption of only 0.1-0.2 kWh m~ (Voltea 2015). Since 2009, a
large-scale CDI facility with a treatment capacity of 3600 m® d* has been deployed by EST Corp.
(China) for treatment of cold-rolling wastewater at a treatment cost of 0.069 USD m 3 (EST 2009).
Other novel CDI architectures, such as membrane CDI (MCDI) and flow-electrode CDI (FCDI),
could effectively reduce the energy intensity, compared to conventional CDI. For MCDI, when

treating brackish water with a salinity of 1.10-4.65 g L™, it required 0.17-3.45 kWh m™ to recover
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50% of the feed at a permeate salinity of 0.5 g L * (Zhao et al. 2013). Tan et al. (2020) also evaluated
the performance of pilot-scale MCDI, and found it required around 0.36 kWh m™ to desalinate the
brackish water with a salinity of 1.9 g L™* down to 1.2 g L™ at a water recovery of ~49%. Several
studies (Zhao et al. 2013) revealed that the pumping energy in CDI/MCDI is rather small to the total

energy consumption, ranging from ~0.2—3.0% of total energy consumption.

<Table 6>

The kinetics of deionization (adsorption-desorption) are the key factors determining the energy
consumption of CDI technologies. Alencherry et al. (2017) found that increasing the electrical
conductivity and hydrophilicity of electrodes significantly enhances the deionization rate and
kinetics of CDI. However, the kinetics of electro-adsorption during desalination step were found to
be independent of the thickness of AC electrodes in CDI, while slow desorption Kinetics during
regeneration were observed for thicker electrodes (Zornitta et al. 2016). To standardize the
performance metrics for CDI, Suss et al. (2015b) recommended the use of the total cycle time (the
duration of both charging and discharging steps) for determining the deionization (salt adsorption)

rate of the static electrode CDI (inherently a two-stage process).

In CDI, the energy efficiency largely depends on the circuit resistance, including electric
resistance of electrode (transport losses of electric charges) and ionic resistance of feed streams
(transport losses of ionic charges). Qu et al. (2015) found that, in a CDI system, the major circuit

30



546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

resistance should be attributed to the contact resistance between electrodes and current collectors. In
the case of MCDI, Dykstra et al. (2016) found that the main resistance is from the spacer channel and
the external electrical circuit, rather than the electrodes. In other words, the thickness of carbon
electrodes (i.e., ~260 um) could further increase without a significant increase of energy
consumption. However, this practice would result in an increase in the capital cost. The
corresponding energy consumption was about 6.1 kJ per mole of salt removed (Dykstra et al. 2016).
In addition to the system resistance, the improvement of electrode materials, and thus, their
capacitance could increase the energy efficiency of CDI. However, Qin et al. (2019) found that
further increases of capacitance above 300 F g* may only have little gain in overall energy
efficiency. For instance, with the significant increases of electrode capacitance from 300 to 1,000 F
g, the energy efficiency of CDI slightly increases from 3.5% to 6.2% in the case of a water flux of
10 L m 2 h™™ In particular, as the water flux increases, the effect of electrode capacitance on energy

efficiency of CDI becomes less remarkable.

4.3 Costs Estimation
In comparison to RO, CDI technologies are relatively new and the information on cost
estimation for large-scale operations is not widely available. In this section, we compile the recent

advances on the costs estimation for a CDI plant, in terms of energy consumption,

electrode/membrane replacement and total costs.
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4.3.1. Energy consumption

As aforementioned, the energy consumption of a CDI process depends on the circuit resistance.

In other words, the salinity of the feedwater exhibits a significant influence on the energy

consumption of CDI. Extensive studies have also reported that deploying an energy-recovering

device, such as a supercapacitor (Chen et al. 2019) and a converter-battery system (Tan et al. 2020),

with CDI during regeneration could compensate the energy consumption required for desalination.

For instance, Tan et al. (2020) found that incorporation of energy recovery system with membrane

CDI could reduce the total energy consumption by 30-40%, with a water recovery of ~87%. It is

noted that methods to avoid polarization could effectively minimize energy losses during

regeneration; for instance, using a long regeneration time (slow discharge). However, this might also

increase the operating cost and complexity of the CDI design. For MCDI, to facilitate kinetics while

increasing water throughput, the reverse polarity by consuming nominal energy during regeneration

has been largely applied (Weinstein and Dash 2013).

4.3.2. Electrodes and membranes

The manufacturing cost and scalability of the electrodes are the key factors to the total costs of

CDI systems. Biomass, such as sugar cane bagasse (Zornitta et al. 2018), could be utilized as

low-cost carbon precursor for the synthesis of porous electrodes. For maintenance, Table S4 (see

Supplementary Information) presents the electrode lifespan and the associated water recovery for
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CDI and MCDI. According to the literature, the cost of carbon electrodes ranges between 4 to 50
USD per kg (Omosebi et al. 2017, Zuo et al. 2008), depending on purity and sophistication. Caudill
(2018) identified that an improvement of electrode lifespan to more than 1,000 hours could provide a
drastic reduction on operating costs. For long-term operation, anodic oxidation due to undesirable
Faradaic reactions is a critical issue since it leads to electrode deterioration and declined performance.
Zhang et al. (2018) proposed several strategies, such as developing novel electrodes and deploying
alternative cell configurations (e.g., MCDI) or operations, to mitigate the electrode deterioration by

Faradaic reactions.

For MCDI, the costs for cell replacement were the largest contributor (81%) to the total O&M
costs, while the costs for maintenance, energy, chemicals and wastewater treatment were all below
10% (Huyskens et al. 2015). This was attributed to the high capital cost for MCDI cell with the
assumed short cell lifetime of about 2 years, especially for biomass hydrolysates applications (Sata
2004). For the membrane cost, in practice, membrane material is directly coated onto the electrodes,
which is much cheaper than using free-standing membranes. The cost of ion exchange
coatings/polymers can be lower than 100 USD per m?, compared to the higher costs of UF (350

USD/m?) or Nafion (1,400 USD/m?) membranes (Zuo et al. 2008).

4.3.3. Total costs

The major costs of a CDI stack usually involve capital, electricity-based operational (e.g.,
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pumps and external power), and replacement of electrodes and membranes. Table 7 summarizes the
cost breakdown for a CDI/MCDI plant. For MCDI, the cell cost was found to be the largest
contributor (~58%) of the total capital costs, while the maintenance costs were typically assumed to
be 5% of equipment costs (Huyskens et al. 2015). Metzger et al. (2020) also reported similar findings
that the costs of ion exchange membranes shared around ~80% of the total capital costs for MCDI.
Caudill (2018) successfully developed a pressurized CDI (PCDI) to increase the lifetime of
electrodes by ~87%, compared to conventional non-pressurized CDI. If prolonging the lifetime of
electrodes from 500 hours to 2000 hours, the total O&M costs would significantly reduce from
1.70-1.80 to 0.50—0.55 USD/m? (Caudill 2018). For PCDI, although the electricity cost for pumps
increases for the sake of maintaining an additional 60 psig, the cost saving from the prolonged

lifespan of electrodes far outweighs the cost incurred by the electricity cost.

<Table 7>

4.4 Carbon Footprint and Life-cycle Environmental Impacts

Only few studies on LCA have been conducted to determine the life-cycle environmental
impacts of CDI technologies. For instance, Yu et al. (2016) determined the environmental impacts of
CDI equipped with activated carbon/carbon black electrodes for brackish water (i.e., salinity of 0.584
g/L) desalination. They found the carbon footprint of CDI was about 1.43 kg CO-eq per m® of clean

water, where 56.6% of the carbon footprint was attributed to the electrode materials, and the
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remaining 23.1% and 21.0% were from the energy consumption and chemical components,
respectively. Shiu et al. (2019) evaluated the environmental impacts of different designs and scales
of CDI techniques, including MCDI, using LCA. They found that material and chemical usages had
the greatest overall impact (52-90%), while electricity consumption exhibited a relatively lower
impact (as low as 9.7%). Also, the change of CDI housing materials from aluminum plates to plastic
castings could effectively decrease the overall environmental impacts. A recent analysis by Metzger
et al. (2020) estimated the amount of CO, emission for BWRO and CDI-based technologies. They
found that, in the case of Middle East and North Africa, a transition from BWRO to CDI-based
technology would reduce approximately 130 tons of CO, emissions per day for desalinating the

brackish water at a salinity of 3.0 g/L.

4.5 Summary

CDI is a relatively new technologies in the field of brackish water desalination. To the best of
our knowledge, only a few large-scale CDI plants have been reported, and most available studies are
conducted at a lab scale. The types of electrodes and configurations play important roles in the
performance of CDI. According to our analysis on the recent literature, the typical energy intensity
of conventional CDI is approximately 0.1-1.5 kWh/m?, depending on the salinity of feedwater and
effluent requirement. Other novel CDI architectures, such as MCDI and FCDI, could further reduce
the energy intensity of desalination, compared to conventional CDI. The water recovery of CDI

systems is generally around 70-90%. Studies on the LCA of brackish water desalination using CDI
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are still limited. The results from available studies indicate that the manufacturing of the electrode
materials and the use of chemicals should be the major contributor in life-cycle environmental

impacts.

5. Trade-off between Kinetics and Energetics

The importance and significance of the energy consumption (energetics) and productivity
(kinetics) can be illustrated from the thermodynamic perspective (Pan et al. 2018a). The minimum
energy requirement for desalination, regardless of the salt removal mechanism, generally increases
with the water recovery ratio according to the thermodynamics. A superior energetics (low energy
consumption) results in a low operation cost; however, a slow kinetics (low productivity) would lead
to a huge reactor size, thereby increasing the capital and land costs. Thus, for system optimization of
brackish water desalination, there should be a trade-off between kinetic and energetic efficiencies.
Fig. 5 illustrates a trade-off between capital costs and energy consumption at a given production rate
of fresh water for practical desalination systems from the thermodynamic point of view. The best
design of processes for achieving the minimum costs is not necessarily the most energy efficient
design. Systems operating with perfect energy efficiency (thermodynamic reversibility) represents a
very slow frictionless event (an ideal system), thereby requiring the largest making resources (i.e.,
capital costs) (Spiegler and El-Sayed 2001). As the systems depart from ideality (becoming

irreversible), the operating costs (e.g., energy cost) would gradually increase while typically leading
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to a significant reduction in the capital cost. The total cost for producing fresh water could be

minimized as there is a trade-off between capital costs and energy costs. In practice, other design

parameters, such as dimension and weight, should be considered to optimize the plant design (Miller

2003).

<Figure 5>

For the configurations of RO systems, Lin and Elimelech (2017) derived analytical expressions

to quantify and optimize the average water flux (kinetic efficiency) and SEC (energetic efficiency),

as shown in Fig. 6. The O&M costs, especially energy consumption and membrane replacement,

would influence their contributions to the total cost of the plant. For long-term operation, RO with a

high water flux is not suitable because of the great potential of fouling and scaling (Lin and

Elimelech 2017, Sablani et al. 2001). The system configurations also exhibited significant influence

on the energetics and kinetics, as well as the economic costs of the auxiliary processes, such as

pretreatment, energy recovery devices and brine treatment. These auxiliary processes would in turn

affect the overall techno-economics of a desalination plant.

<Figure 6>

Similarly, for the CDI systems, Wang and Lin (2018) established a systematic approach to

determining the tradeoff between kinetic and energetic efficiencies (see Fig. 7). The Kinetic

efficiency depends on several factors such as average salt adsorption rate (for CDI), thereby affecting
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the clean water productivity. The energetic efficiency is directly related to the specific energy

consumptions. Since the operating costs of desalination rely on both Kkinetic and energetic

efficiencies, the optimal trade-off between kinetics and energetics should be located at the place

where the total costs are minimized. Thus, Hemmatifar et al. (2016) suggested two performance

indicators, i.e., average salt adsorption rate (ASAR) and energy-normalized adsorbed salt

(representing energy loss per ion removed), to characterize the performance of CDI, in terms of clean

water throughput (Kinetics) and energy efficiency (energetics). These two indicators provide a

powerful tool for balancing resistive and parasitic losses, thereby optimizing the overall energy

efficiency.

<Figure 7>

Especially for the energetic efficiencies between RO and CDI, Qin et al. (2019) provided an

estimate of the energy consumption in brackish water desalination using mathematical models. They

found that CDI exhibits greater energy efficiency for a salt rejection of less than 25% with a high

water recovery, compared to RO. However, particularly at high salt rejections (>50%) and

moderate-to-high brackish water salinities (2-10 g/L), RO is significantly more energy efficient than

CDI. Ramachandran et al. (2019a) further modified the important scaling values and resistance

parameters based on Qin’s models. They found that a reasonably high salt rejection over 70% with a

high water recovery of > 80% could be achieved by CDI in an energy efficient manner. On the same

base of assumptions, Porada et al. (2020) found that the energy consumption of MCDI would be
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lower than that of RO, in the case of a feed salinity of ~2.3 g/L (40 mM) at a water recovery of
93.5%, a salt rejection of 80%, and a total flux of clean water of 11.9 L/m%h. In fact, each
technology has its own niche area of applications, depending upon the goals, objectives and targets
of the treatment. For instance, CDI should exhibit better energetic efficiency for desalination of
lower salinity brackish water (i.e., <2 g/L) than RO. However, for the sake of high salt rejection
(>80%), BWRO has demonstrated superior long-term performance with a lower capital cost (Qin et
al. 2019). If the feedwater contains silica, organic matter and pathogens, RO would produce an

overall better water quality than CDI (Drewes et al. 2009).

6. Technical-Economic Assessment

For technical-economic assessment, both BWRO and CDI must be able to meet a certain
salinity standard (e.g., 0.5 g/L for drinking water or 1.0 g/L for irrigation water) for water
reclamation. On the same basis, the criteria used to assess RO and CDI for brackish water
desalination include (i) lifetime-oriented total costs, (ii) thermodynamic energy efficiency and clean
water productivity, (iii) pretreatment for prolonging the lifetime of key components, and (iv)
post-treatment for sustainable brine management. In this part, we discuss the above key components

for determining the technical-economic performance of BWRO and CDI.

6.1 Lifetime-Oriented Considerations to Total Costs

Lifetime-oriented considerations to total costs are crucial for the techno-economic analysis of
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brackish water desalination. A number of studies have reported the cost estimates based on
parameterized process models to project fixed and variable costs at a large scale for RO and CDI
(Bales et al. 2019, Hand et al. 2019, Metzger et al. 2020). However, only a few studies provided the
information of total costs based on real plant operations using RO and CDI, as presented in Table 8.
For an RO plant, the capital and energy use costs per unit of capacity generally decrease as the size
of the plant increases. For a BWRO plant, the capital costs can account for about 35—42% of the total
plant costs. The second large cost is the energy costs, which is up to 25% of the total costs. Other
O&M costs include consumable chemicals (~14%), membrane replacement (~12%), labor (~5%),
and miscellaneous (8%). Similar findings were observed in the literature that the unit water price
ranges between 0.10 and 1.00 USD/m*® (Miller 2003, Sethi 2007). The associated costs include
capital (~54%), energy (~11%), chemicals (~10%), labor (~9%), maintenance (~9%), and membrane
replacement (~7%) (Miller 2003). Koyuncu et al. (2001) suggest that membrane cost usually

represents approximately 20-30% of the total capital cost.

<Table 8>

For CDI, the capital costs are the large portion to overall water costs, accounting for 27—-73% of
total costs. CDT Inc. (Texas, USA) has estimated the total costs of CDI desalination for brackish
water with a salinity of 6.4 g/L to meet the irrigation water standard (i.e., 1.0 g/L). Hand et al. (2019)
noticed that lifetime should be the primary factors of water costs for CDI and membrane CDI due to

the relatively high portions of capital costs to total costs, and it would be more pronounced at a
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greater reduction in salinity between feed and effluent water. For instance, for improving the lifetime
of CDI from 2 to 5 years, the reduction in water costs at 1.46 and 2.92 g/L would be 0.07 and 0.17
USD/m?, respectively, based on a parameterized process model. In other words, prolonging the
lifetimes of CDI systems at more than 2 years would be crucial to realize the cost effectiveness of
brackish water desalination. Similarly, Drewes et al. (2009) suggested that the total costs of
desalination using CDI was in the range of 1.93-2.60 USD/m®, depending upon the operating flow
rate from 0.7 to 3.0 L/min per module. If the module lifetime is assumed to extend (up to 20 years),
the total cost of desalination would be reduced to 1.76-1.97 USD/m?® under the same range of flow
rate (Drewes et al. 2009). EST Water (China) also deployed several large-scale CDI plants in
Mainland China for desalinating various types of produced water. The estimated costs for energy
consumption and module maintenance were 0.055 USD/m? and 0.014 USD/m°, respectively (EST

2009).

Improved engineering design, such as less pretreatment, efficient desalination unit and effective
brine management, is the key to lower overall desalination costs. BWRO requires more professional
staff for operating high-pressure pumps, heaters and clean-in-place systems, while CDI usually
operates at ambient pressure and temperature. In the case of BWRO, Angi et al. (2015) have
conducted numerical simulations to evaluate the desalination performance. They found that the
Sherwood number is strongly dependent on the Reynolds number, as well as the configurations of

spacers (especially for local Sherwood number). In other words, both the pressure drops and the
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arrangement (e.g., spacing) of turbulators should be optimized for a given range of Reynolds

numbers.

6.2 Energy Efficiency and Clean Water Productivity

In response to the water and energy nexus under global climate change, a major reconsideration

of desalination technologies regarding the energy efficiency and the impact of the concentrated brine

on the discharge environment has occurred. In fact, thermodynamic energy efficiency could help us

to understand the limit for further improvement on specific energy consumption among different

desalination technologies. Wang et al. (2019a) also suggested to consider both thermodynamic

energy efficiency and specific energy consumption when comparing different desalination systems

and processes. From the thermodynamic point of view, CDI is more energy efficient for brackish

water desalination compared to RO. However, the total energy consumption of the current RO

system (mostly on a plant scale) cannot usefully be compared to the CDI values, which are often at

the lab scale. As CDI technologies are relatively new, compared to RO, the currently available data

of energy consumption from large-scale CDI operations is similar to that of RO. The improvements

of both RO membranes and energy recovery devices have made significant breakthrough on the

energy consumption of BWRO being close to the thermodynamic limits. In contrast, the electrode

materials and cell design of CDI are still under extensive research, resulting in improved CDI

performance with each novel material. Conversely, high energy consumption of CDI is largely due to

application of high currents; however, larger treatment capacities will overcome this limitation. To
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achieve an industrial scale operation, CDI technologies should balance the capital cost (the number

of modules) and the energy cost (the effective area of electrodes). Hand et al. (2019) found that

energy consumption is not very relevant for CDI, which can be a small fraction of total costs

especially for membrane CDI.

Aside from energy efficiency, the water productivity and recovery ratio are essential to overall

water costs as they are associated with the subsequent brine management. Regardless the

mechanisms of desalination, various quantities of brine (the concentrate stream) would be produced

from processes as a by-product. For the same treatment capacity, the desalination plant with a lower

recovery ratio will generate a greater amount of concentrate brine. The quality and quantity of the

brine would determine the optimum approach to subsequent management and utilization. Drewes et

al. (2009) found that the salinity of brine from RO (20—22 g/L) was much higher than that from CDI

(7-8 g/L). According to the data from large-scale operation, the quantity of brine from RO was ten

times less than that from CDI (Drewes et al. 2009). This was attributed to the large amount of water

for electrode regeneration and rinsing in CDI due to the slow electro-desorption kinetics. Recently,

the significant improvement on water recovery of CDI has been achieved. Ramachandran et al.

(2019b) developed a new scheme based on variable flowrate operation to increase water recovery for

CDI with a minimal additional cost. They successfully demonstrated a high water recovery ratio of

~90% while improving thermodynamic efficiency by at least 2-fold. This would produce a

significant less volume of brine solution, compared to conventional constant flowrate operation. For
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flow-electrode CDI, Ma et al. (2019) achieved an extreme water recovery of 95-99% with the brine

concentration of 20-50 g/L, though the charge efficiency is compromised.

6.3 Pretreatment for Prolonging Life-time of Key Components

Dynamics of feedwater characteristics (e.g., salinity and temperature) must be considered in

designing a brackish water desalination system. For instance, temperature variance may result in

membrane scaling, especially when the concentrations of silica and bicarbonate in the feedwater are

high (Alghoul et al. 2009). The fouling and scaling would be potential issues to membrane

operations in BWRO, while conventional CDI has relatively less issues with fouling and scaling. For

membrane CDI, scaling and fouling would still be a challenge (Chang et al. 2002). BWRO systems

typically require pretreatment to prevent membrane scaling and fouling, including pH adjustment,

dosing system of antiscalants and disinfectants (optional), and microfiltration. CDI systems need a

cartridge filtration as the pretreatment, and might require additional pre-treatment to remove organic

matter. A number of studies have reported that the content of organic matter would reduce the

sorption capacity of CDI electrodes by fouling (Gabelich et al. 2002, Zhang et al. 2013) or

ferric-species scaling (Wang et al. 2019b). Surface modification on CDI electrodes might be potential

solutions to improve the resistance of CDI systems against fouling and scaling (Pugazhenthiran et al.

2015, Wu et al. 2017b, Zhang and Jia 2015). For energy-efficient RO optimization, a specific

concentration limit on the product stream must be adhered, while applying suitable feed pressure to

minimize spatial variance in flux (Wei et al. 2017). The life span of an RO membrane increases by
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using a low feed pressure; however, this results in compromising water recovery ratios.

The key components affecting the desalination performance of RO or CDI include membranes

and electrodes. The life cycle of an RO plant is approximately 20 years, where the major

maintenance is membrane replacement at about every 5—7 years. However, both membrane and

electrode lifetime could be significantly shortened by severe fouling due to improper pretreatment of

feedwater. For membranes, manufacturers will normally provide detailed instructions for standard

operation and maintenance procedures of their membrane products. Proper pretreatment of feedwater

and periodical membrane cleaning are required to maximize the efficiency of desalination and ensure

the life time of membranes (Asadollahi et al. 2017, Avlonitis et al. 2003). For life-time of electrodes

in CDI, Welgemoed and Schutte (2005) estimated that electrodes could last for 10 years in the case

of carbon aerogel electrodes. Wang et al. (2019b) also suggested that the foulant caused by ferric

ions (e.g., Fe,0O3) were irreversible once formed on the electrodes, which could be difficult to be

entirely removed by backwash

The necessary and extent of pretreatment relies on the quality of feedwater, the plant location

and the intake system. However, one of the challenges in leveraging brackish water is the dynamics

of feedwater quality. Surface water, such as seawater and wastewater, typically contains readily

available nutrients (natural organic matter) and oxygen for bio-respiration. Therefore, when surface

water is involved, pretreatment is essential to ensure separation efficiency and avoid biological

fouling and scaling (due to the presence of multiple ions such as carbonates and sulfates, barium,
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magnesium and calcium) for membrane technologies. Conventional pretreatment, typically for RO
processes, includes chemicals addition (chemical pretreatment) and generally contains flocculation,
sedimentation and filtration (physical pretreatment) to mechanically remove algae, colloids and
particles. Other pretreatments include ultrafiltration (UF) (Gao et al. 2016), cartridge filtration
(Farhat et al. 2020), microfiltration (Wu et al. 2017a), forward osmosis (Khanzada et al. 2017), and
dissolved air flotation (Henthorne and Boysen 2015). These alternatives are also considered as

effective approaches to reducing membrane fouling potential and cleaning frequencies.

Table 9 presents the costs of various pretreatment methods for RO and CDI plants. According
to the site measurements, the conventional pretreatment can achieve a water recovery of ~99% with
the electricity consumption as low as 0.025 kWh per m® of feedwater (Vince et al. 2008). The
reported costs of conventional pretreatment were approximately 0.13 USD/m® (Pearce 2008).
However, the conventional pretreatment is chemicals/labor intensive and space consuming (van Hoof
et al. 2001). The land footprint of conventional pretreatment is approximately 35-40 m? per 1000 m*
permeate per day (Wilf 2004). In contrast, the land footprint for UF pretreatment is only 30—-60% of
conventional pretreatment (Wolf and Siverns 2004). The reported UF treatment costs vary from 0.21
USD/m? to 0.52 USD/m® (Glueckstern and Priel 2003, Jurenka et al. 2001). On the other hand, the
typical lifetime of media filter and UF membranes is 20-30 and 5-10 years, respectively (Wolf and
Siverns 2004). Thus, there is an optimal choice of technology to use for pretreatment based on

operating costs and lifetime. For the media filtration, the reported costs were approximately 0.51
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USD/m?® (Glueckstern and Priel 2003), which was similar to that of UF pretreatment. For CDI, a
number of studies have indicated that CDI needs only simple pretreatment, such as cartridge
filtration (Xu et al. 2008b). The reported O&M costs for cartridge filtration were approximately
0.015-0.021 USD/m? (Farhat et al. 2020). The low micron range cartridge filtration could be utilized

for RO plants as a protection for the subsequent high-pressure pumps.

<Table 9>

6.4 Post-treatment Options for Sustainable Brine Management

For both BWRO and CDI, post-treatment could represent a significant portion of the total water
production costs as these two technologies will generate a high concentration brine. Metzger et al.
(2020) also highlighted that the brine generated from desalination facilities would pose severe
environmental impacts and becomes an increasing economic concern. There are different options for
the disposal or treatment of brine from a desalination plant. the costs of concentrated brine disposal.
The selection of brine disposal methods represents a compromise between technology availability,
total cost, local resources, and environmental impacts. Table 10 compiles the costs of various
concentrated brine disposal methods. Surface water (i.e., ocean, river, lake and lagoon) discharge is
the most common management practice since it is the least expensive option among other available
brine disposals. However, it is often limited to coastal desalination plants. It may also change the

salinity of the receiving water, depending upon water recovery and concentrate factor, thereby
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changing the water chemistry (e.g., dissolved gases and lack of oxygen) and affecting aquatic
animals. Several studies (Purnama et al. 2005, Smith et al. 2007) showed that an increase in costal
desalination installations at the Arabian Gulf would increase the salinity in the Gulf, leading to local
variations in dissolved oxygen concentration and temperature. Therefore, for surface water discharge,
Mickley (2004) suggested a standard limit of the salinity difference between the concentrate stream
and receiving water less than 10%. If the feed of brackish water desalination is groundwater, the
concentrate brine must be treated before disposal since it typically contains high concentrations of

gases, such as CO,, ammonia and H,S. These dissolved gases are harmful and toxic to aquatic life.

<Table 10>

Besides surface water disposal, combined sewer disposal (if available) is usually the next option
as a relatively low-cost disposal method. Huyskens et al. (2015) reported the costs of brine disposal
in wastewater treatment plants at about 1.26 USD/m®. Beside further treatment, the brine reject can
be directly utilized via various approaches, e.g., mixed with raw water to provide the use of irrigation
purposes (Pefiate et al. 2014). Also, salinity gradient energy (so-called blue energy) in brine could be
harvested by various promising technologies, such as pressure-retarded osmosis (Benjamin et al.
2020), reverse electrodialysis (Nam et al. 2019), capacitive mixing (Simoncelli et al. 2018), and 2D

nanopore diffusio-osmosis (Siria et al. 2017).

6.5 Summary
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The total costs of a desalination plant for producing clean water include capital, O&M, labor,

and miscellaneous costs. Other important adjunct units to desalination, such as pretreatment,

post-treatment, brine discharge and waste management, also should be considered in the total costs.

These costs largely depend on local conditions, such as the method of desalination, source water

quality, clean water productivity (capacity), and availability of concentrate-disposal sites. In fact, it is

difficult to comprehensively compare the total costs of BWRO and CDI as, at the same removal ratio,

the water recovery ratios of BWRO and CDI are quite different. As we discussed, lifetime-oriented

considerations (including pretreatment of feedwater, desalination facilities, and post-treatment) to

total costs are important for the techno-economic analysis of brackish water desalination. In general,

for RO, the major cost components include capital costs of modules and energy consumption due to

high-pressure pumps. For CDI, the major cost components include the capital costs of modules and

electrode replacement. RO needs periodical membrane cleaning to control fouling and scaling, while

CDI uses electrochemical reactions (or electrostatics) to regenerate the saturated (or fouled)

electrodes. Thus, the cost for chemicals use in RO (for membrane regeneration) would be generally

higher than that in CDI, and the cost for electrode regeneration in CDI is embedded in the cost of its

energy consumption. In addition, the quality and quantity of the brine solution generated from

BWRO and CDI are quite different. Therefore, the costs of brine management would be the major

concern when evaluating the total costs of brackish water desalination.
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7. Perspectives, Prospects, and Priority Research Directions

CDI has shown better energy efficiency for desalination of lower salinity brackish water (i.e.,
<2 g/L) than RO. However, for the sake of high salt rejection (>80%), RO has demonstrated superior
long-term performance with a lower capital cost (Qin et al. 2019). RO also can produce an overall
better water quality than CDI, as RO is effective to remove silica, organic matter and pathogens
(Drewes et al. 2009). Because of these special pros and cons, we believe that each technology has its
own niche area of applications, depending upon the goals, objectives and targets of the treatment. In
this part, we suggest three prior research directions, from the aspects of (i) more cost-effective
desalination, (ii) high selectivity and (iii) sustainable brine management, to optimize the desalination

of brackish water and address the challenges and opportunities in water and energy nexus.

7.1 Hybridization for Energy-Efficient Brackish Water Desalination

RO is the most commonly used technology since it can tackle the entire range of saline waters
up to seawater, although it is not energy efficient at a low salinity (<3 g/L TDS). From the
thermodynamic point of view, CDI or other electrokinetically-driven techniques, such as
electrodialysis reversal (Liu and Wang 2017) and electrodeionization (Pan et al. 2018b), should be
energetically more efficient for brackish water desalination, compared to pressure- or
thermally-driven techniques. Although we focused on only CDI in this review, each desalination

technology should exhibit its own best operation with the highest energy efficiency at a certain range
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of feedwater quality. Therefore, hybridization could provide the synergetic solution to
energy-efficient and “fit-for-purpose” water for developing a sustainable water supply, especially for
brackish water reuse. For instance, Sarai Atab et al. (2018) analyzed the hybridization of RO with an
adsorption cycle for providing large quantities of water for irrigation (24,000 m*/d) and high quality
water for domestic use. The proposed hybrid plant has the minimum specific energy about 0.8
kWh/m?® at RO recovery of 45%, with a production cost of 0.56 USD/m® (Sarai Atab et al. 2018).
However, compared to existing municipal water sources, desalinated water still comes at
substantially higher costs (Carter 2015). The choice of desalination mechanisms (techniques) and
their configurations depend on numerous factors, such as the quality of the feed, targeted quality and
productivity of reclaimed water, and options for brine disposal. These factors sometimes are related
to the local regulatory standards and requirements. For identifying the best available design and
operation strategies, Li and Noh (2012) suggested that a relationship between water recovery and
membrane lifetime (especially for BWRO) should be established to incorporate capital and operating
costs, along with the system optimization. In the future, the hybridization of different separation
technologies incorporated with renewable energy for energy-efficient brackish water desalination

should be evaluated.

In addition to hybridization for energy-efficient brackish water desalination, the development of
district water (e.g., desalination) and energy (e.g., renewables) supply center provides great

opportunities for advancing overall energy and water efficiency. Inland brackish water desalination
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can be coupled with renewable energy to augment freshwater supply sustainably, especially at

remote areas that lack access to a reliable electricity grid. Production of clean water also could be

considered as an option of energy storage for intermittent renewables. Therefore, the design of

desalination plants should be considered along with the planning procedure of district energy supply

system for supporting ancillary services in wholesale energy markets. This could ensure the security

and sustainability of water and energy supply. Several field tests have been conducted to demonstrate

its feasibility and reliability, such as solar photovoltaic electricity at Pakistan (Khanzada et al. 2017),

and Malaysia (Alghoul et al. 2016). Kim et al. (2016) also conducted a dynamic performance

analysis to evaluate the feasibility of integrated hybrid energy systems with RO desalination plants

and identify its dynamic characteristics. Similar to RO, the energy demands of CDI can be met by

renewable energy sources, such as solar PV. Coupling a CDI unit with PV makes the water

desalination system self-sufficient in energy demands, and could be deployed in remote off-grid

locations (Mehrabian-Nejad et al. 2017). Distributed, modular CDI have been combined with solar

cell modules in recent reported research (Tan et al. 2018, Wu et al. 2017D).

Adequate infrastructure is essential to address long-term water and energy scarcity challenges.

Centralized desalination plants are usually practiced in larger scales including urban areas and cities,

while decentralized plants are employed for rural or remote regions that lack access to centralized

systems (Silva Herran and Nakata 2012). Vakilifard et al. (2018) examined the role of water-energy

nexus in optimizing water supply systems, and they found that there is a research need in the
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optimization of the decentralized water-energy supply system independently, or as an integral part of

a centralized system in urban areas. In addition to the optimization of water supply systems, the

research efforts covering instrumentation, control and automation (ICA) of energy-efficient water

technologies for brackish water desalination systems should be addressed in the context of future

smart cities.

7.2 Co-removal of Specific Components in Brackish Water

Development of scalable, affordable and robust CDI electrodes with a high ion adsorption

capacity can facilitate the deployment of desalination for widely available brackish water sources.

Although CDI is effective to remove salts from water, a comprehensive study on electrosorption of

competing ions in brackish water is needed to understand the behavior of CDI electrodes. Huang et

al. (2017) strongly recommended applying a three-electrode cell for examining the electrosorption

behaviors of carbon materials. In practice, brackish water may contain various contaminant ions,

such as arsenic, fluoride, boron, phosphate, lithium, iodide, copper, cadmium, ferric, and nitrate ions.

Some of the above-mentioned ions in brackish water are classified as precious metals (e.g., lithium),

which could be further precisely separated and recovered by electrokinetic methods. On the other

hand, more regulations on effluent water quality have resulted in that boron and arsenic are

becoming of main interests since they are typically difficult to remove by RO. Despite the recent

advances of membranes, boron (Br) and arsenic (As) rejection remains low in comparison to other

inorganic components, such as sodium chloride (Teychene et al. 2013). In addition to removal of
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inorganic ions, co-removal of organic matter in brackish water has been the focus of intense

scientific and practical efforts. For instance, Lester et al. (2020) developed a novel configuration of

CDI with activated carbon electrodes to remove both salt and trace organic, hydrophobic compounds

(such as bisphenol A and estrone) from wastewater.

To maximize the removal of other compounds of interest, plant design (e.g., membrane

selection) and optimization warrant significant attention. Technological improvement and

breakthrough for both membranes and electrodes could enhance economical separations to drive

market penetration for brackish water desalination. A number of studies have suggested that

nanotechnology-enable materials, such as ion exchange membranes, could facilitate the wide

adoption of water desalination (Alabi et al. 2018, Mauter et al. 2018). For membrane desalination,

effective removal of divalent cations at ultrafast water flux and low-pressure operation, as well as

in-situ regeneration for fouling and scaling control are important. Novel membrane materials, such as

graphene oxide membranes (Mi 2014, Zheng et al. 2017), have been under developed and

investigated. This could support the use of brackish water in cooling systems with minimal scaling

and brine production. Future research on development of brackish water desalination also should

focus on the removal of other regulated contaminants of emerging concern, such as disinfection

byproduct, pharmaceutical and personal care products, and endocrine disrupting compounds.

7.3 Sustainable Brine Management with Innovative Utilization
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Desalination typically generates concentrated brine that contains relatively high concentrations

of salts, organic matter, and inorganic constituents (e.g., boron and copper). One of the critical

concerns to inland brackish water desalination is concentrated brine disposal due to its potentially

high costs. As aforementioned, if surface water disposal is used for brine treatment, its environmental

impacts on local water bodies also should be critically evaluated via an LCA. When ocean disposal

of such streams or deep-well injection is not available, zero liquid discharge (ZLD) strategies are

usually required to reduce the volume of concentrate while simultaneously removing contaminants

from the brine. ZLD typically involves thermally drying of concentrated brine, such as thermal

concentrate crystallization (Choi et al. 2018) and capillary crystallization (Abahusayn 2011, Sobhani

et al. 2012), which are deployed at high energy and capital costs (Gray et al. 2011). Therefore, there

is still an urgent need for innovative brine management and utilization to allow economic use of

inland brackish water resources. For instance, engineered natural systems via biological approaches

might become an alternative to manage the concentrated brine, as well as to handle the issues of

organics, nitrate, and other contaminants. Similarly, when low-grade heat (such as residual heat from

power plants or geothermal energy) is nearby accessible, membrane distillation could be deployed to

increase water recovery prior to brine crystallizer (Deshmukh et al. 2018). These innovative

approaches of brine utilization could provide the potential to further recover nutrients, minerals and

energy for realizing a circular economy.

Aside from the end-of-facility treatment, optimization of chemicals and antiscalants dosing is of
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strategical importance to improve the cost of subsequent brine management. Sweity et al. (2015)
found that several antiscalants (e.g., polyacrylate-based or polyphosphonate-based) could
significantly contribute to the biofouling of RO membranes, where the biofouling enhancement
potential should be critically screened along with their antiscaling activity. Similarly, both energy
efficiency (related to energy consumption) and clean water productivity (related to water recovery)
are critical parameters to realize the ZLD of a desalination plant. Taking the example of BWRO, the
achievable water recovery is typically 60—85% and thus results in a concentration factor of 2.5-6.7.
However, with a high water recovery of >97%, the concentration factor would increase to more than
33.3, leading to relatively high costs for ZLD processes. In other words, both the energy
consumption and water recovery should be practically balanced with the consideration of subsequent

brine disposal to achieve an overall cost-effective scenario.

8. Concluding remarks

Brackish water is an important alternative to fresh water resources, potentially enabling the
movement of the water-energy nexus away from the seacoast further inland. Technology maturity
determines the extent of practical deployment.: RO has been fully commercialized for decades;
whereas CDI has not yet achieved widespread market adoption. Further improvements on
desalination technologies would provide significant potential to ensure the availability, accessibility,

and affordability of fit-for-purpose fresh water from brackish water. The quality of feedwater plays a
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critical role in the selection, design and operation of desalination technologies because one of the
challenges in exploitation of brackish water is the dynamics of feedwater quality. To facilitate the
exploitation of brackish water, we suggest three prior research directions for the optimization of
brackish water desalination while addressing the challenges and opportunities in water and energy
nexus, including hybridization for energy-efficient brackish water desalination, co-removal of
specific components in brackish water, and sustainable brine management with innovative utilization.
For both BWRO and CDI, development of sustainable brine management with innovative utilization
would effectively mitigate the environmental impacts and reduce the O&M costs. Along the way,
achieving as high as possible on water recovery would directly decrease the amount of the brine
generation from desalination facilities, which would further address the concern of the energy

requirement for post-treatment.
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Fig. 2 Specific energy consumption of several BWRO desalination plants around the world. Data
source: France (Vince et al. 2008); Gabes, Tunisia (Walha et al. 2007); Pangbourne, UK (Pearce
2008); Zarzis, Tunisia (Walha et al. 2007); Pine Hill, Australia (Schéfer et al. 2007); Bangi, Malaysia
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Table
Click here to download Table: Table.docx

Table 1. Performance and economics of reverse osmosis (RO) for brackish water desalination plants. 2

Location Ci (g/L)" | Co (g/L)" Capacit | Recove | Ps(bar) | SEC Water cost | Power cost | Year of Types of ERD | RE

y (m¥/d) | ry (%)° (kWh/m®) | (US$/m®) | (US$/kWh | data access | Membrane

)

Metropolitan CA, USA 0.7 0.5 700300 |85 n/a n/a 0.12-0.13 | n/a 2005 ULP-G3 no no
(Yun et al. 2006)
Pangbourne, UK (Pearce | 0.9-2.2 |n/a n/a n/a n/a 0.8-1.0 n/a n/a 2008 n/a no no
2008)
Oman (Alghoul et al. 1.0 0.03 5 65-70 |12 2.3 n/a n/a 2008 n/a n/a PV
2009)
Bradford, UK (Al-Obaidi | 1.1 0.002 1200 68 9-10 n/a n/a n/a 2018 TMG20D no no
et al. 2018)
Hartha, Jordan 1.7 0.01 0.33 22 3.3 1.9 n/a n/a 2007 TFM-100 no PV
(Qiblawey et al. 2011)
UKM, Bangi, Malaysia | 2.0 0.05 4.6 >90 8.3 1.1 n/a n/a 20132014 | BW30-4040 | no PV
(Alghoul et al. 2016)
South Shouneh, Jordan 2.0 0.43 960 60 20 n/a 0.31-0.387 | n/a 2017 n/a no PV
(Alsarayreh et al. 2017)
Adrar, Algeria (Trikiet | 2.1% ~0.15% 8660 60 1.8 0.66 0.14-0.18 | 2014 n/a yes | WN
al. 2013)
Gabes, Tunisia (Walha et | 2.7 0.33 n/a 66.6 15 0.81 n/a n/a 2007 Nanomax 95 | n/a no
al. 2007)
Sharjah Emirate, UAE 3.0 0.07 31420 83* 18-20 | n/a 0.37 0.055 2002 n/a yes no
(Almulla et al. 2003)
France (Vince et al. 3.0 0.3 35000 74-82 | 10-17 |0.4-0.7 0.22-0.27 | 0.03-0.04 | 2006 BW30LE yes no
2008)
Gran Canaria, Spain 3.1-7.8 ]0.50-0.15% | 360 ~60 1424 |14-17 n/a n/a 2004-2015 | BW30-400 | no no
(Ruiz-Garcia and Ruiz-
Saavedra 2015)
Ksar Ghiléne, Tunisia 4.0-45 |nla 50 6870 | 12—-13 |1.7-1.9 n/a n/a 2006-2013 | n/a no PV
(Penate et al. 2014)
Pine Hill, Australia 4.1* 0.9 1.87 58 7 1.3-14 n/a n/a 2005 TFC-S no PV



http://ees.elsevier.com/wr/download.aspx?id=2228346&guid=65cd3408-485b-4537-b468-ac5a6bf0325e&scheme=1

(Richards et al. 2008)

Germany (Lab work) 5.0 1.0 n/a ~20 <11 2.5 n/a n/a 2015 BW30 no PV
(Richards et al. 2015)

Pine Hill, Australia 53 0.26 4.0 ~55 10 1.1 n/a n/a 2007 ESPA4 no PV
(Schafer et al. 2007)

Zarzis, Tunisia (Walhaet | 5.3 0.64 n/a 50 15 1.09 n/a n/a 2007 Nanomax 95 | n/a no
al. 2007)

San Joaquin, USA 6.7-14.4 | nla n/a 83-93 | nla n/a 0.67-0.74 |0.11 2012 BW30-400 | no no

(McCool et al. 2013)

a <

systems.

n/a” denotes “not available”. ° Salinity presented with ™ are converted from ppm (assumed that 1 ppm equals 1 mg/L), while * are converted from
conductivity (assumed that 1 mS/cm equals 0.5 mg/L). ¢ “*> denotes “with water recovery device. ¢ Assumed 1.000 € equals 1.258 USD. Acronyms: C;: feed
salinity; C,: effluent salinity; Ps: feed pressure; ERD: energy recovery device; RE: renewable-assisted system; PV: photovoltaic systems; WN: wind-powered




Table 2. Total costs for producing one m® of clean water by BWRO.

Plant Production Total cost Reference
size capacity (m%d) | (USD/m?)?
Large ~700,000 0.12-0.13° (Yun et al. 2006)
4,500-104,000 0.29-0.63 (Arroyo and Shirazi 2012)
40,000-46,000 0.26-0.54 (Al-Karaghouli and Kazmerski 2013, Karagiannis
and Soldatos 2008)
Medium | 35,000 0.22-0.24 (Vince et al. 2008)
~31,420 0.37 (Almulla et al. 2003)
3,785 0.26—-0.35 (Drewes et al. 2009)
20—1,200 0.78-1.33 (Al-Karaghouli and Kazmerski 2013, Jaber and
Ahmed 2004, Karagiannis and Soldatos 2008)
30—-100 1.99-2.23 (Jaber and Ahmed 2004)
Small <20 5.66—12.98 (Karagiannis and Soldatos 2008)
Few m® 0.56-12.99 (Al-Karaghouli and Kazmerski 2013)

2 Assumed 1.000 € equals 1.258 USD. P Costs include capital, operation and maintenance.




Table 3. Membrane lifespan and replacement costs of RO for brackish water desalination.

Membrane Water Lifespan of | Replacem | Cost of membrane | Reference
materials @ recovery | membrane |ent rate | replacement

(%) (year) (%  per | (USD/m®)

year)

n/a - 5-10 10 - (Landaburu-Aguirre et
(Polymer) al. 2016)
Polyamide 75 7 - 0.012-0.015 (Drewes et al. 2009)
TFC
Polyamide 75-90 5-7 5 0.01 (Greenlee et al. 2009)
TFC
Polyamide > 80 3 - - (McCool et al. 2013)
TFC
Polyamide 74-82 5 - 0.027-0.043 (Vince et al. 2008)
TFC

& n/a: not specified; TFC: Thin-Film Composite.




Table 4. Comparison of total costs for a brackish water RO plant.

Categories | Critical factors Costs (per m® of produced water)” Reference
Capital Daily production 150-165 USD (Drewes et al. 2009)
capacity 240—-400 USD (Greenlee et al. 2009,
Karagiannis and
Soldatos 2008)
400—455 USD (Vince et al. 2008)
Energy Operation ¢ 0.26-1.33 USD (small units) for CS | (Karagiannis and
configuration, etc. e ~2.48 USD (small units) for GT Soldatos 2008)
¢ 5.57-12.78 USD (small units) for PV
0.13-0.14 USD (medium units) for CS | (Vince et al. 2008)
Chemicals | Fouling and scaling | 0.008—0.050 USD (Greenlee et al. 2009)
for CIP ® due to raw water 0.04 USD (Vince et al. 2008)
quality, cleaning 0.113-0.200 USD (Drewes et al. 2009)
frequency,
membrane type,
regulations, etc.
Membrane | End-of-life 0.050-0.430 USD (0.04-0.34 €°) (Avlonitis et al. 2003)

replacement

replacement

0.008—0.050 USD

(Greenlee et al. 2009)

0.027-0.043 USD

(Vince et al. 2008)

Maintenanc | Instrumentation, 0.01 USD (Vince et al. 2008)
e electricity, ~8% of total costs (Wilf 2004)
equipment, pumps,
accessories, etc.
Labor Plant capacity, etc. 0.013 USD (in France) (Vince et al. 2008)
0.028 USD (in USA) (Drewes et al. 2009)
1-5% of total costs (Wilf 2004)
Miscellaneo | Insurance, etc. 0.5% of the total capital cost (Vince et al. 2008)
us

3CIP: Clean-in-place. ® CS: conventional source of energy such as gas, oil, and coal. GT: geothermal

energy. PV: electricity from photovoltaics. © Assumed 1.000 € equals 1.258 USD.




Table 5.

Carbon footprint of RO brackish water desalination.

Plant background ? Life cycle | Energy source | Carbon footprint | Reference
stages " / mix (kg CO»-eq)

Qo= 10000; Ci=15; SEC=2.0 | CS, OMS, | US electricity | 1.58 (Zhou et al. 2011b)
and DS

Qo=10000; Ci=15; SEC=2.0 | CS, OMS, | Singapore 1.15 (Zhou et al. 2011a)
and DS electricity

Groundwater CS and | California 1.628 (Stokes and Horvath
OMS electricity 2009)

Qo= 20000; Ci=15.3; CS, OMS, | Spain 0.84-1.60 ° (Mufioz and

SEC=2.0 and DS electricity Fernandez-Alba 2008)

Qo= 45500; SEC=4.0 CS and | Different 0.08-1.78 (Raluy et al. 2005)
OMS energy types

Qo= 100; C;=2.0; SEC=1.0 PT and | - 0.624 (Tarnacki et al. 2012)
OMS

2 Qo: plant capacity (m*/d); C;: feed

concentration (g/L); SEC: specific

energy consumption

(kwh/m?®). ® CS: construction stage (e.g., construction and land preparation); PT: pretreatment of

feedwater; OMS: operation and maintenance stage (e.g., chemicals, membranes and electricity); DS:

dismantling stage (e.g., used construction materials and membranes). ¢ based on the uncertainty

analysis with Monte-Carlo simulation with a 95% confidence.




Table 6. Performance of various capacitive technologies for brackish water desalination.®

Type® | Location Ci Co Treatment | Operation | Water | Cell Ry SEC Water cost | Types of Publish
(g/L)° | (/L)€ Cagacity time (hr) | Recove | voltage |(mg/g/s) | (KWh/m®) | (US$/m®) | Membrane ed Year
(m/d) ‘ ry (%) | (V)

CDI Spain (Wang etal. | 2.1 1.5 0.002 CT 50 - 0.068 0.60 - none 2019
2019c)
Taiwan (Yu et al. 0.58 - 0.010 n/a 60 1.3 - 0.4 - none 2016
2016)
Taiwan (Chen et 0.58 0.39 0.014 CT - 1.2 0.0112 | 0.09 - none 2019
al. 2019)
Germany (Zornitta | 0.58 - 0.014 CT - 1.0 0.0217 |0.29(1.8 - none 2018
et al. 2018) kJ/g-salt)
India (Alencherry | 0.6 - 0.014 1(BT) - 1.2 0.1401 |- - none 2017
etal. 2017)
Shanghai, China 0.5 - 0.018 BT - 1.5 0.0112 |- - none 2018
(Xie et al. 2018)
Nanjing, China 0.58 0.42 0.029 0.5(BT) |- 1.2 0.012 - - none 2019
(Xu et al. 2019)
Kentucky, USA 4.0 1.0 5.76 CT - 0.9 - - 0.005 none 2018
(Caudill 2018)
The Netherland 4.0 1.0 158 CT 90 - - 0.1-0.2 - none 2015
(Voltea 2015)
Shandong, China | 0.80— | 0.21- | 2400 CT 69-75 |15-20 |- 1.04-152 |- none 2006
(EST 2009) 1.86% |0.48* (1.33)
Shanghai, China | 0.67* |0.14% | 3600 CT 78.5 1.5-2.0 |- 0.55 0.069 none 2009
(EST 2009)

MCDI | Texas, USA (Jain | 0.565* | 0.388* | n/a 0.28 (BT) | n/a 1.2 0.0161 |- - CMI-7000S | 2018
et al. 2018)
Russia (Volfkovich | 0.373 | 0.146 | 0.007 n/a n/a 1.4 - 0.06 - Mosaic (film | 2018
et al. 2018) and fibrous)
Taiwan (Leeetal. | 0.28 0.05 0.014 CT - 1.2 - 0.12 - AEM/CEM | 2019
2019) (Beijing)
The Netherland 1.10- |05 0.043 0.028 50 ~1.4 - 0.17-3.45 | - Neosepta 2013




(Zhao et al. 2013) | 4.65 (BT) AMX/CMX
Australia (Tan et 1.9 1.1- 3.9-43 CT 46-87 | 0408 |- 0.28-0.37 |- Voltea 2020
al. 2020) 1.3

FCDI | Korea (Chung et 0.55 0.15 0.007 CT - 1.0 0.039 0.09 - AEM/CEM | 2020
al. 2020)
Australia (Zhang | 2.0 0.5 0.0012 CT 92 - - 0.50-0.56 | - Fujifilm 2020
et al. 2020) AEM/CEM
Australia (Ma et 1.00 0.15 0.0053 1(SCT) |843 - - 0.14-0.32 |- Fujifilm 2020
al. 2020) AEM/CEM

AFCD | Shanghai, China 5.84 1.29 0.072 2 (BT) >85 1.8 0.161 - - Neosepta 2017

I (Xu et al. 2017) AMX/CMX

FTE- | Livermore, USA 5.84 2.34 0.0007 0.5(BT) |n/a 1.25 0.016 - - none 2012

CDI (Suss et al. 2012)

RCDI | Korea (Lee et al. 2.92 n/a 0.003 CT n/a 1.2 0.02-0. |0.33(239 |- AEM (AMV, | 2018
2018a) 05 kJ/mol) Japan)

2 Ci: salinity of feedwater (g/L); Co: salinity of feedwater (g/L); Rq: deionization rate (mg/g/s); SEC: specific energy consumption (KWh/m?®). Water costs only
include operation costs (e.g., pumps and external power).

® FTE-CDI: flow-through electrode capacitive deionization; FCDI: flow-electrode capacitive deionization; AF-CDI: asymmetric flow-electrode capacitive
deionization; RCDI: rocking-chair capacitive deionization.

® Salinity presented with ' are converted from ppm (assumed that 1 ppm equals 1 mg/L), while * are converted from conductivity (assumed that 1 mS/cm
equals 0.5 g/L).

4 BT: batch operation; CT: continuous operation; SCT: semi-continuous operation.




Table 7. Cost breakdown for a CDI/MCDI plant.

Categories Critical factors Costs®

Capital Daily treatment capacity CDI: 0.514—1.891 USD/m?® (Drewes et al. 2009)
MCDI®: 0.014 USD/m® (Huyskens et al. 2015)

Electricity Pumps and external power CDI: 0.005 USD/m® (Caudill 2018)

MCDI: 0.377 USD/m® (Huyskens et al. 2015)
PCDI: 0.020 USD/m?® (Caudill 2018)

Cell Electrodes and/or membranes | CDI: 0.468 USD/m°® (Caudill 2018)
replacement MCDI: 2 years lifetime (Huyskens et al. 2015)
PCDI: 0.298 USD/m® (Caudill 2018)

Maintenance | Chemicals, etc. CDI: 0.171-0.629 USD/m® (Drewes et al.
2009)
MCDI: 5% of capital cost (Huyskens et al.
2015)

2 Assumed 1.000 € equals 1.258 USD. ° A typical total area of 10 m? per cell, with a total number of
40 cells with a treatment capacity of 1,500 m® per day. The plant life was assumed to be 10 years in
this review, and we estimated the capital costs based on the information reported from the ref.
(Huyskens et al. 2015).



Table 8. Comparison of plant costs for brackish water desalination using RO and CDI-based technologies.

Item Units RO RO (France, RO (USA, 2009) | CDI (EST CDI (Texas, MCDI
(Metropolitan, 2008) (Vince et | (Drewes et al. Water, China, USA, 2009) (Belgium, 2015)
2006) (Yun et al. | al. 2008) 2009) 2009) (EST (Drewes et al. ® (Huyskens et
2006) 2009) 2009) al. 2015)

Capacity of clean water m°/d 700,300 35,000 3,785 2,700 3,785 1,500

Water recovery % 85 74—82 75 75 25-33 -

Feed concentration g/L 0.750 3.0 5.52+0.72 - 0.52—6.40 3.4

Effluent concentration g/L 0.015 0.3 0.15-0.33 - 0.378-5.90 0.1

Plant life year - 25 20 - 20 10

Capital (fixed) USD/m® | 0.041-0.057 0.090—0.100 0.040—0.043 - 0.514-1.891 0.014"

Energy USD/m® | 0.029 0.029-0.037 0.057-0.076 0.055 0.055—1.221 0.377

Labor USD/m® | 0.007 0.130—0.140 0.028 - 0.028 -

Chemicals (antiscalants) USD/m°® | 0.016 0.065-0.073 0.113—0.200 - - 0.001

Modulus Replacement USD/m® [0.014-0.016% [0.027-0.043* ]0.012-0.015* [ 0.014° 0.171-0.629 ¢ [ 0.068 '

Miscellaneous USD/m® | 0.010 - - - - -

Total USD/m® | 0.116-0.134 0.223-0.240 0.256—0.354 0.070 ¢ 1.933-2.602 -

Modulus replacement is for the RO membrane replacement. ® Membrane replacement is for the filter of feedwater as a pretreatment. ¢ Assuming 1.000 CNY
equals 0.150 USD.  Modulus replacement includes the electrode replacement. ¢ The process was applied for biomass hydrolysates. © The plant life was
assumed to be 10 years in this review, and we estimated the capital costs based on the information reported from the ref. (Huyskens et al. 2015).



Table 9.

Specifications and costs of various pretreatment methods for RO and CDI desalination plants.

Item Content Unit Media filtration ® Ultrafiltration (UF)® Cartridge filter
Specs | Process description - Sand filter followed by micron- | Semi-permeable membrane Through a 5-um, dead-end
filter filtration mode
Function - Removal of large particles ata | Contaminant removal with an Removal of particles and
high permeate flux acceptable permeate flux colloidal materials
Water production m°/day 90,000 90,000 3,830-5,800
Land footprint m?/Km°/d 3540 10-25 -
Lifetime years 20-30 5-10 -
Energy consumption kWh/m®-feed | 0.03-0.20 - -
Costs | Capital uUsb/m® 0.22 0.23 -
Energy usb/m® 0.16 0.16 0.008-0.010
Chemicals usD/m® 0.05 0.03 -
Maintenance uUsD/m’® - - 0.007-0.013
Miscellaneous UsSD/m’ 0.07 0.09 -
Total usb/m® 0.51 0.52 0.015-0.021

% An electric power price of 0.045 USD/kWh. The technical data for land footprint was gathered from ref. (Wilf 2004, Wolf and Siverns 2004); Lifetime was
gathered from ref. (Wolf and Siverns 2004); energy consumption was gathered from ref. (Pearce 2008, Vince et al. 2008). The breakdown costs were
gathered from ref. (Glueckstern and Priel 2003). ® Assumed 1.000 € equals 1.258 USD. The electric power price of 0.002 USD/kWh. All information was
gather from ref. (Farhat et al. 2020).



Table 10. Costs of concentrated brine disposal methods including operations and maintenance costs.

Option Cost (USD/m®) | Description
S_urface water 0.026-0.264 e The least expensive option for coastal plants.
disposal (Graves and » May change the salinity of receiving water.

Choffel 2004) @

e Standard limit of salinity difference should < 10% (Mickley
2004).

Combined sewer | 0.30—0.66 e Considered as a relatively low-cost disposal method.
disposal » This option is often not available.
Evaporation 1.18—10.04 e Typically for small size plant (<400 m®/d) (Mickley 2004).
pond ¢ Hot climate and land availability.
e Regulations on soil and groundwater from salts and other
chemicals.
e Need for pond leakage monitoring.
Deep well 0.33-2.64 e Considered the most economical solution for inland plants.
injection « Might eventually exhibit risks of leaching into the above aquifers.
Brine <2641 e Capable of high salinity from 70,000 to 165,000 mg/L.
concentrator e High capital cost and energy intensive (10—15 kWh/m®) (Lee et al.
2018b).
e Typically the most expensive option.
Crystallization - e Energy consumption of capillary crystallization at 4.0 kWh/m?
(Abahusayn 2011).
Electrodialysis | 0.64—11.21 e Energy consumption at 1.1-1.8 W per cell
metathesis (Giwa et al. e Cost is dependent on the TDS of feed
2017) ° e Not affected by inorganic or organic membrane fouling
Pressure- - o A power density of 16.7 W per m® of membrane.

retarded osmosis

e The unit cost of USD10,085 per kW of installed capacity.
« Net specific energy production of 0.25 kWh per m* of mixed brine
solution. (Benjamin et al. 2020)

2The cost is estimated based on a distance offshore from 1.6 to 32.2 km. ° The cost is estimated for

electrodialysis metathesis followed by a crystallizer for per m® of recovered water.






