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Abstract

Supply of potable water requires energy and unfortunately most of the countries with
minimal access to safe drinking water are also poor in terms of access to reliable energy
grids. However, many of such regions have access to other sources of water (such as
brackish and groundwater) that can be treated for producing drinking water if correct
treatment systems are put in place. Moreover, many of the electrically remote areas are
rich in terms of renewable energy (RE) resources (such as wind and solar) which can be
potentially employed as the main source of energy for powering water purification
systems. Therefore, development and implementation of off-grid RE powered
contaminant removal systems, for producing freshwater from available resources (such
as brackish and groundwater), can be considered as an effective and potentially
sustainable solution for overcoming the drinking water scarcity issue in remote regions
of developing countries. This chapter revises the state of the art related to desalination
systems using electrodialysis technology powered by wind energy for decentralised
water production.
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“On the one hand, the world needs to provide adequate and sustainable access to more than 1.3 billion
people who still lack electricity and to more than 700 million people who lack an improved water supply
today [...], on the other hand, to keep up with the growing demand for both water and energy associated
with population growth, rapid urbanization and economic development in a context of increased scarcity
of natural resources, pollution, degraded ecosystems, climate change and regulation of greenhouse gas
emissions..... In fact, there is an urgent need to address water and energy challenges in an integrated and
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coordinated manner to ensure the sustainability of both water and energy services.” (Michel Jarraud, the
Chair of UN-Water, January 2014)

1. Introduction

Energy and freshwater are undoubtedly the two inseparable and key resources for sustaining
human life on earth. Supply of potable water requires energy and unfortunately most of the
countries with minimal access to safe drinking water are also poor in terms of access to reliable
energy grids. A worldwide map created by Vorosmarty et al. (Figure 1A) suggests high levels
of exposure to water security risks for more than 80% of the world's population [1]. The term
“incident” used in this map refers to exposure to a complex array of stress factors, sourced
from both anthropogenic and natural sources, at a given location. Vorosmarty et al. argued
that developing countries, and in particular the inhabitants of remote locations, suffer more
severely from exposure to water security risks because they do not have the resources necessary
to mitigate pressures on water supplies. However, in contrast, the developed countries often
have the investment required to offset high stressor levels experienced by the human popu-
lation, even though the actual pressure on water resources may be worse in these countries
compared to the developing countries. Vorosmarty et al. backed up their arguments by
publishing a second map, showing shifts in spatial patterns of threat to drinking water scarcity
after accounting for water technology benefits (Figure 1B). According to the recent report by
World Health Organisation [2, 3], around 768 million people lack access to freshwater sources,
83% of whom live in remote areas of developing countries. The problem of freshwater scarcity
in remote regions is exacerbated by the fact that more than 84% of 1.3 billion people who have
limited access to electricity, also live in these locations [4].

While the lack access to improved water supply is significantly acute in remote locations, many
of such regions have access to other sources of water (such as brackish and groundwater) that
can be treated for producing drinking water if correct treatment systems are put in place [5-
9]. Moreover, many of the electrically remote areas are rich in terms of renewable energy (RE)
resources (such as wind and solar) which can be potentially employed as the main source of
energy for powering water purification systems [10-16]. Therefore, development and imple-
mentation of off-grid RE powered contaminant removal systems, for producing freshwater
from available resources (such as brackish and groundwater), can be considered as an effective
and potentially sustainable solution for overcoming the drinking water scarcity issue in remote
regions of developing countries.

Trace inorganic ions are among the main sources of contamination in groundwater. The levels
at which these contaminants exist in groundwater depends on the geological (e.g. leaching
from surrounding rocks) or anthropogenic (e.g. industrial or domestic effluents) sources that
these contaminants are discharged from [6, 17, 18]. Consumption of water containing trace
inorganic contaminants, such as fluoride (F") and nitrate (NO5"), at concentrations above their
recommended levels by drinking water guidelines may result in severe short and long-term
physical and nervous disorders [19-24]. There are some other common inorganic ions in
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brackish and groundwater which are of no significant health concern, but their excess con-
centrations in a water resource can make the water resource undrinkable (e.g. due to high salt
content, taste issue or colour problem). Chloride (CI") and sulphate (SO,*) are in this category,
for which only drinking water guideline limits for taste have been proposed [21]. Concerns
over the toxicity and chemistry of inorganic contaminants in brackish and groundwater have
resulted in increased interest in development of cost-effective desalination techniques in the
recent years.

Incident human water
security threat

® [—INo appreciable flow -

Figure 1. Worldwide incident threat to water security (A) before and (B) after, accounting for water technology benefits
(adapted with permission from [1]).

2. Desalination system powered by renewable energy

Renewable energy (RE) powered membrane systems are promising technologies for brackish
water desalination in remote regions due to their flexibility to be designed according to the
number of inhabitants, available water supply and energy resources [10, 11, 16, 25-27].
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Moreover, the application of membrane technologies for brackish water desalination was
shown to be energetically less expensive (reverse osmosis (RO): 1.5-3.0 kWh/m?® and electro-
dialysis (ED): 0.7-2.5 kWh/m?) compared to other alternative technologies such as multistage
flash distillation (MSF: 19.5-27.3 kWh/m?), vapour-compression evaporation (VC: 7.0-16.2
kWh/m?®) and multi-effect distillation (MED: 14.5-21.6 kWh/m?®) methods [10, 12, 13]. Among
several membrane systems, electrodialysis (ED) has been established as a feasible desalination
technique due to its simple ion recuperation, high ion selectivity and efficient ionic separation
[28-31]. The high water recovery of 85-94%, the low maintenance required, the long lifetime
of ion-exchange membranes due to their strong mechanical and chemical stability plus their
tolerance for operation at high temperatures (up to 50°C) and extreme pH levels are features
that make ED a particularly suitable desalination system for the use in remote regions with
limited water resources. Moreover, the easy start up and shut down of ED makes this system
suitable for direct coupling to fluctuating and intermittent sources of energy, such as renewable
energies [30, 32, 33].
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Figure 2. Schematic representation illustrating the ion transport principle across the ion-exchange membranes in an ED
system (AM: anion exchange membrane. CM: cation exchange membrane, ER: electrode rinse).

ED is an electrically driven ion separation technique with a well-established use in many
industrial applications such as brackish water desalination [34-36], wastewater treatment [28,
37-39], desalting of amino acids and organic solutions [40-43] and salt production [44—46]. An
ED system consists of a number of alternatingly positioned cation and anion exchange
membranes that are stacked together between two electrodes and are separated from each
other by flow spacers [28, 30, 34, 47, 48]. The ion removal principle in an ED system is illustrated
in Figure 2.
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The salt solution is fed into the ED stack in a direction parallel to the ion-exchange membranes.
Once a potential difference is applied across the electrodes, each ion in the solution starts to
travel toward an oppositely charged electrode. While the passage of the ions is permitted
through the oppositely charged ion-exchange membranes, their travel is terminated once they
reach a similarly charged ion-exchange membrane. This results in the formation of a series of
alternatingly positioned concentrate and diluate channels within the ED stack, through which
the ion separation process takes place. This process continues in a batch circulating mode until
the target salt concentration, which is often application dependent, is obtained in the diluate
stream.

Most of the studies carried out on ED over the last 40 years focused on the conventional mode
of operation where a constant voltage or current source is used for operating the membrane
system [28, 30, 48-51]. The available studies on renewable energy powered ED technologies
are very limited. Lundstrom [52] was the first to present the application of a renewable energy
powered ED system for water purification purposes. He demonstrated the use of an off-grid
photovoltaic (PV) powered ED system for brackish water desalination in remote regions in the
south-western states of the USA where access to reliable electricity grid is minimal but the
solar radiation is abundant. Later, Ishimaru [53] presented a study in which a series of PV cells
were applied to charge a set of battery banks, which were subsequently used for powering an
ED system to desalinate brackish water (TDS<1500 mg/L). The system showed reliable
performance, producing freshwater in the range of 150-400 m?*/day, depending on the season
and the solar irradiation, during the two-year period of testing. Although using deep cycle
lead-acid batteries governs uninterrupted operation in indirect configuration of RE-membrane
system coupling, they result in reduced robustness, lower efficiency, associated with continu-
ous DC-AC-DC conversions and charging-discharging losses, plus increased capital and
running costs [54-56]. The impacts of applying pulsed electric fields on minimising concen-
tration polarisation [32, 57-60] and fouling mitigations [33, 61-65] in ED processes were
investigated in a number of studies. The satisfactory operation of ED, despite having fluctua-
tions in the energy source in these studies, suggests the possibility of coupling ED directly to
fluctuating energy sources such as renewable energies (REs). Direct coupling of ED to an RE
source can eliminate the need for having energy storage facilities (e.g. lead-acid batteries and
flywheels); hence to minimise the aforementioned adverse behaviours linked with using such
systems [54, 66]. More importantly the fact that ED operates with direct current (DC) [28, 30]
makes this system particularly favourable for direct coupling to RE sources, as in such
configuration no need for DC-AC conversion systems exists. AlMadani [67] was among the
first who developed a directly coupled PV-ED system consisting of four hydraulic and two
electric stages and demonstrated the impacts of process parameters, i.e. flow rate and tem-
perature on removal of salt from groundwater. Ortiz et al. [68, 69], Uche et al. [70] and Cirez
et al. [71] developed mathematical models describing the behaviour of different directly
connected PV-ED systems. The models employed to predict the quality of the water product,
the rate of desalination and specific energy consumption under given meteorological condi-
tions and PV cell configurations. The results from these models showed very good corrobo-
ration with the experimental findings obtained in desalinating of real brackish water using the
PV-ED systems.
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3. Wind energy as suitable power source for desalination technology

Wind energy is particularly abundant on islands, coastal areas and mountain stations [72-76],
and thus it is a favourable source of energy for desalination in such environments. As opposed
to solar energy where availability is limited to the availability of sunlight during daytime, wind
energy is readily available to be harvested over both day and night, assuming the wind system
is well-sited [77]. This makes wind energy a superior alternative, in locations which are rich
in terms of wind resources, compared to solar power for continuous powering of different
processes, with less need for long-term energy storage. The use of wind energy for powering
membrane-based desalination technologies was investigated by a number of researchers [14,
27, 78-84] and was proven to be economically feasible for some technologies including
ultrafiltration (UF) and reverse osmosis (RO) [10, 14, 85] (Figure 3).

Figure 3. Main components of a small scale 1 kW Future Energy wind turbine (adapted with permission from [86]).

Comparisons made between the solar powered and wind powered membrane techniques
show slightly lower specific energy consumption (SEC) for the wind powered membrane
systems (e.g. 3.4 kWh/m? for a wind-RO system versus 4 kWh/m? for a PV-RO system, using
the same RO module in both of the setups and desalinating from similar seawater feeds
(32,800-34,300 mg/L TDS)) [80, 87-89]. The overall cost of desalination was also suggested to
be lower when using wind energy as opposed to solar energy for powering the membrane
systems [90]. In a review by El-Ghonemy [91], the cost of water production from brackish
water desalination at the rate of 250 m*/day using PV-RO and wind-RO systems were reported
to be 6.7 and 2.7 US$/m>, respectively. Despite the advantages that wind energy has over solar
energy, the number of wind-membrane systems developed and commercialised so far are



Clean Water from Clean Energy: Decentralised Drinking Water Production Using Wind Energy...
http://dx.doi.org/10.5772/65015

very limited compared to the solar powered membrane techniques. This can be partially
attributed to the extreme fluctuations and intermittencies inherent to wind, making the
harvesting of wind energy and coupling the wind turbines to the membrane systems
technically very difficult. The latter is expected to be particularly challenging for pressure
driven membrane systems (e.g. RO) that require constant power supply to perform satisfac-
tory desalination [92, 93]. However, the extreme variations in the energy supply are expected
to be less problematic for electrical driven techniques (e.g. ED) as their desalination perform-
ance has shown to be relatively robust despite energy fluctuations [33, 59-62, 65] (Figure 4).

Wind speed over water Wind speed over land
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Figure 4. Worldwide average wind speed map, created based on wind speed measurements at the height of 80 m [94].

Up to date, no work on directly coupling ED with wind energy has been done. Veza et al. and
Carta et al. [83, 95] studied a large-scale wind energy powered electrodialysis reversal (EDR)
system, where a flywheel was employed as an intermediate temporary energy storage/energy
buffering device between the wind turbines and the EDR stack (i.e. an indirect coupling of the
renewable energy source with the membrane system). The aim was to develop automatic
control electronics to allow the system to operate optimally, producing maximum volume of
freshwater with minimum energy consumption. Although good quality drinking water was
obtained using the wind energy powered membrane system, the field pilot nature of these
tests did not allow drawing systematic and comprehensive understanding on how ion
transport is influenced by wind speed fluctuations. Moreover, the fact that intermediate
devices such as maximum power tracking and energy buffering systems (i.e. flywheel) were
involved, it was difficult to specify the direct impacts of actual wind speed fluctuations on the
ED performance.

The power produced from a permanent magnet generator-based wind turbine is principally
dependent not only on the available wind condition but also on the resistance of the load
directly connected to the wind system [96, 97]. Therefore, when connecting a wind turbine
directly to an ED system, the power performance of the wind turbine is expected to vary with
the change in the resistance of the ED stack during the desalination process. The latter is
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expected to happen due to the change in the feed concentration or the flow rate of the diluate
and concentrate streams. The change in the power performance of the wind turbine can result
in further variations in the desalination characteristics of the membrane system and influence
the energy expense of the desalination process. The potential behaviours to be seen from the
membrane system in direct connection with a wind resource operating at steady wind speed
conditions are yet unknown, hence they require systematic studies to be fully understood.

4. Direct desalination using electrodialysis powered by wind energy

As mentioned before, the main challenge in using a wind turbine for direct coupling with the
membrane system, with no form of energy storage or energy regulator, is associated with the
fluctuations and intermittencies inherent to the wind resource. These fluctuations are a result
of movements of large bulks of air over long periods (tens to hundreds of hours) and turbulence
and gusts over short periods (seconds to a few minutes) [98-100]. The direct coupling of the
wind system to the ED stack can inevitably result in fluctuations in the voltage and the current,
ranging from mild fluctuations at low turbulence intensities to cycling on/off incidences
occurring at extreme fluctuations. In order to establish solid understandings on how and in
what extent the wind fluctuations affect the process of the ED system, it is necessary to carry
out desalination studies using the membrane system over a range of wind speed fluctuations
and intermittencies.
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Figure 5. Schematic diagram of the wind-ED experimental setup used in [103].
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The extremity and unpredictability of wind speed fluctuations [14, 77, 83, 98], and their
significant variations from one location and season to another [73, 75, 76, 101, 102], restrict the
choices of desalination technologies (e.g. RO, thermal or ED) that can handle such extreme
energy variations, while exhibiting satisfactory desalination performance, when directly
connected to wind turbine systems.

The direct connection of the wind turbine to a batch recirculating ED system (see Figure 5) was
studied by Malek et al. [103] in a novel attempt in terms of coupling a wind turbine to a varying
resistance load; since in all previous applications, wind turbines were mainly used to power
constant resistance loads, these being either electricity grids or in smaller scales battery banks
and supercapacitors [55, 98, 99, 104].
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Figure 6. Steady state performance of the wind-ED system in desalinating from a feed of 5000 mg/L NaCl at constant
wind speeds of 3, 5, and 8 m/s plotted as (A) NaCl concentration in both the diluate (solid symbols) and concentrate
(hollow symbols) streams; (B) ED stack resistance; (C) current driven by the ED stack from the wind turbine; (D) angu-
lar velocity of the rotor (w,); (E) voltage; (F) wind-ED operating power (mode of operation: batch) [103].
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Figure 6 shows the results obtained from systematic investigations of the wind-ED system
performance under various wind speed conditions (from 2 to 10 m/s) with the aim of deter-
mining the impacts of low and high wind speeds on the desalination performance of ED by
measuring clean water production and specific energy consumption (SEC) under constant
wind speed conditions.

The results suggest that the desalination performance of the wind-ED system is mainly
influenced by the wind speed when operating in the first power region, where no constraints
have yet been posed on the voltage increase and, thus, the current transfer across the mem-
branes varies primarily as a result of the wind speed. However, the dependency of the
desalination performance on the wind speed diminishes significantly once the torque control
system on the frequency inverter is activated to limit the voltage increase, as a result of which
the power and correspondingly the desalination performance of the wind-membrane system
begin to be principally controlled by the R, variations [103].

0 S ———
A
[ O——'O\O

8 L
— o
= I o II il
< o/

O/
< of /O/
s o
& i
®
o o
o
2 M A T B | [ L 1 L [ [ []
— B —— 5000 mg/L
NE 4t —O— 10000 mg/L
> 0— 1
® L Pe
LS ®
t 9 el -
= o 0—O0—o0
S /./ O/
— —
g 2r ° o o
3 o 1
a 1 2
§ =
©
=
0 M B B DT BT BT BT BT S BT T |

01 2 3 4 5 6 7 8 9 10 11 12
Wind speed (m/s)
Figure 7. SEC (A) and water production (B) from desalinating feed solutions of 5000 and 10,000 mg/L NaCl over a

range of constant wind speeds: 2-10 m/s at the flow rate of 7 L/min. I and II mark the two distinct behavioural regions
for operating below and above the rated wind speeds, respectively (mode of operation: batch).



Clean Water from Clean Energy: Decentralised Drinking Water Production Using Wind Energy...
http://dx.doi.org/10.5772/65015

The ED system has been demonstrated to be an energetically robust system, performing
effectively in the safe operating window when connected to renewable energy sources (wind
power has the most extreme fluctuations among renewable energy alternatives). The main
challenge in the direct coupling of the membrane system with a RE resource was seen to be
not the size of the fluctuations but the impact of the power cycling off during long oscillation
periods, which resulted in reduced water production and increased SECs (Figure 7).

5. Conclusions

Renewable energy powered membrane systems are considered as sustainable, energy efficient
and reliable solutions for tackling the emerging issue of drinking water scarcity [10, 25, 27,
78]. Development and implementation of such technologies are of particular importance to
remote arid areas of developing countries where people suffer the most from the lack of access
to safe potable water. In Malek et al. [103], the direct coupling of wind energy with membranes
was proposed as a solution to reduce the system costs as well as technical drawbacks associated
with using intermediate energy storage systems such as acid-lead batteries, supercapacitors
and flywheels.

5.1. Advantages of ED over other common desalination technologies for coupling with RE
sources

Advantages for ED, in comparison with other common desalination technologies, for direct
coupling to renewable energy (RE), can be deduced as specified in points 1-4, below:

1. Flexibility in operation with any amount of available energy

Common desalination technologies (i.e. RO, Thermal Vapour Compression, MED and MSF)
[100, 105-107] often require a minimum level of energy to perform satisfactorily; which limits
the employment of such technologies in direct coupling with RE systems for desalination in
locations where sufficient RE may not be available throughout the year. To address this
problem, some studies have proposed the use of energy storage systems [80, 82, 104]. However,
energy storage systems increase both the capital and maintenance costs of the operation and
also reduce the sustainability of the technology [55, 56]. Therefore, a better approach would
be to use an energetically flexible technology, such as ED, that can operate more suitably in
direct connection to RE sources with no need for energy storage devices. In terms of a safe
operating window, the direct wind-membrane system produced good quality drinking water
(<600 mg/L NaCl) over the wide range of wind speeds (2-10 m/s) and regardless of the initial
feed concentration or the flow rate.

2. Robustness with respect to fluctuations and intermittencies in the RE source

Extreme fluctuations were shown to lead to reduced permeate quality and increased SEC in
RO systems [100, 108, 109]. The use of temporary energy storage systems (e.g. supercapacitors)
and energy buffering devices (e.g. flywheels) were proposed in some studies, as useful
methods for governing uninterrupted operation of the desalination technologies powered
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from fluctuating energy sources [66, 83, 95, 104]. However, as mentioned before, the use of
energy storage systems is not favourable, as it leads to increased capital and maintenance costs
as well as reduced sustainability. Using ED may again be a solution, as the SEC of this technique
when directly powered from a wind resource was found to be relatively unaffected by
fluctuations of any size (i.e. wind energy exhibits the largest fluctuations among the all REs).
Therefore, ED can be introduced as an energetically robust desalination system, suitable for
direct coupling with renewable energy sources.

3. Mechanical solidity against energy fluctuations

Energy fluctuations in some studies were suggested to cause reduction in the lifetime and
efficiency of the pumps [110, 111] and produce fatigue damage to the membrane polymers [80].
Such problems can be significantly detrimental to the long-term operation of pressure driven
technologies such as reverse osmosis. However for ED, since it is not a pressure driven process
the ion-exchange membranes are expected to remain relatively unaffected by the fluctuations.
Moreover, if the pumps of ED are powered by renewable energies, because they often operate
at very low pressures, they are expected to be much less influenced by the fluctuations in the
RE resource, compared to the pumps in a RO system.

4. Specific energy consumption (SEC)

SEC of the ED process increased with the wind speed, from 2.52 at 2 m/s to 4.15 kWh/m? at
10 m/s, when desalinated a feed solution of 5000 mg/L NaCl. The SEC values obtained were
within the range reported in the literature for the ED process (2.64 and 5.5 kWh/m?) when
desalinating brackish waters containing 2500-5000 mg/L total dissolved solids (TDS) [10, 112].
These SEC values were also very close to the minimum SEC reported by Park et al. (2.8
kWh/m?®) for desalinating feeds of 2500-5500 mg/L TDS, using a directly powered wind-reverse
osmosis system (wind-RO) [14]. A comparison between the obtained SEC values in direct
wind-energy electrodialysis and the ones reported in the literature for other common desali-
nation techniques suggests that ED is energetically competitive with RO (1.5-3.0 kWh/m?®) and
significantly more efficient than common distillation-based desalination systems (i.e. MSF:
19.5-27.3 kWh/m? MED: 14.5-21.6 kWh/m® and VC: 7.0-16.2 kWh/m?) for treating brackish
groundwater containing 5000 mg/L or lower TDS [10, 11, 113, 114].

The overall conclusion is that the wind-ED system is an energetically robust and technically
reliable off-grid desalination method for the use in brackish water desalination applications in
water stressed remote regions in both developing and developed countries.
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