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Why desalinate water ?

1.1 Freshwater resources and availability

Water is the keystone to life as we know it. Every single living cell requires water in order for all the chemical
reactions that characterizes the cell’s living state to take place(Berg, Tymoczko, and Stryer 2012). For this
reason the presence of water is considered to be the main condition for the presence of life!. Because of the
critical role water plays in life processes and more generally in our way of life, water is a primary resource
and the key to the building and functioning of any human society. However its availability on the globe
is extremely heterogenous in space and time (WHO/UNICEF 2003) and very little of the very abundant
ingredient of our blue planet is in a consumable form (Cf. figure 1.1).

Figure 1.1: Annual water runoff in mm/year | from Oki and Kanae (2006)

Water’s distribution is as heterogenous as human population distribution, however these two distribution
do not overlap(Kummu et al. 2010; Oki and Kanae 2006). As a result many populations experience physical
water scarcity?. Today it is a fact that 1.2 billion people lack access to safe drinking water (Montgomery and
Elimelech 2007) and many of these people are included in the 2.4 billion people which live in costal areas
(Schiffler 2004)3.

A physical lack of water may be the result of natural process that have started before the colonization
by man such as the lack of rainfall in a particular region or soil dynamics (Oki and Kanae 2006; Kummu
et al. 2010). However, physical water scarcity in a particular region may be caused by demand driven factors,

'Who hasn’t heard of the Mars mission looking for water as an indicator to the presence of life

*Defined as a situation where water availability in a country or in a region is below 1000 m® per person per year (Pereira,
Cordery, and Iacovides 2009)

3Costal areas are defined by the World Resources Institute as areas up to 100 km from the sea



that is when the demand exceeds the water flow available in that particular region (Kummu et al. 2010).
Man made water scarcity may be the result of desertification (caused by man’s impact on vegetation) and/or
inappropriate water management methods (Pereira, Cordery, and Iacovides 2009). It is important to point
out that water demand concerns mainly water flows and not water stocks and that lack of physical water
in a particular region should be centered on the available water flow rather than the stock (Oki and Kanae
2006), for this reason water management decision that do not take into consideration such aspects may lead
a region to water scarcity. Demand driven water scarcity may be caused by many factors. Figure 1.2 shows
the contribution of human activities to the global water footprint?. We can see that the main activities
impacting water resources are agriculture and industrial use (Kummu et al. 2010; Hoekstra and Chapagain
2006; Pereira, Cordery, and lacovides 2009).

Figure 1.2: Contribution of the different human activities to the global water footprint | Internal water footprint
is the water footprint that result from the freshwater use inside a country and external water footprint the water that is used
outside to produce the goods utilized by that country (from Hoekstra and Chapagain (2006))

Beyond the physical lack of water, another type of water scarcity which is termed social water scarcity
may impact human societies. In contrast with the notion of physical water scarcity which embraces the
quantitative aspects, social water scarcity includes the idea that water may be lacking not because it is not
available, but because it is in a form that is not usable (particularly because of pollution and contamination
by pathogens) and the population living close to that source of water does not have the necessary financial,
technical and geopolitical resources to mobilize it and/or to cope with a water shortage situation (Ohlsson
and Turton 1999). An example of social water scarcity is Bangladesh, which receives an important amount of
freshwater annually and has underground water resources. However the spatial and temporal distribution of
freshwater is very heterogenous and the country lacks the financial and technical resources that are needed
to have access to this water (Rahman 2005). Moreover many of the country’s groundwater and river are
polluted and their drainage basin are under the control of other surrounding countries, which demonstrates
the role that geopolitical relationships can play in social water scarcity (Rahman 2005). In contrast, countries
such as Saudi Arabia and Qatar experience severe physical water scarcity. However due to their high income
resulting from oil transactions, these countries can afford the technology to desalinate and distribute water,
therefore avoiding water scarcity (Dawoud 2005).

Besides the lack of water to drink, the problems caused by water scarcity can be very important and very
broad (Pereira, Cordery, and Iacovides 2009). As mentioned previously, agriculture is the primary caused of
water scarcity and therefore may be the primary activity to suffer from it. Industrial and tourism develop-
ment are also primary consumer of water and therefore can be the cause and the victim of water scarcity
(Pereira, Cordery, and Iacovides 2009). Countries experiencing water scarcity may also be affected by many

4Water footprint of a country is defined as the total volume of freshwater that is used to produce the goods and services
consumed by the people of the country from(Hoekstra and Chapagain 2006)



health problems that can be the direct result of scarcity, such as water contamination (Ohlsson and Turton
1999). But health problems may also be the result of malnutrition and hunger that are due to lack of water to
produce food (Pereira, Cordery, and lacovides 2009; Ohlsson and Turton 1999). Finally ecosystems services
may also be impacted and are generally the last priority on the list of water managers (Pereira, Cordery,
and Tacovides 2009).

1.2 Desalination to face water scarcity

As mentioned previously, water utilization depends on water cycles (Oki and Kanae 2006). To cope with
water scarcity many approaches have been used to limit the stress on water cycles and flows. As pointed out
by Schiffler (2004) the World Bank emphasized that easy and cheap options to cope with water scarcity have
already been exploited (Pereira, Cordery, and Iacovides 2009; Boutkan and Stikker 2004). For countries that
have access to seawater (which represents 97% of the globe’s water (Oki and Kanae 2006)), desalination,
that is the removal of salt (mainly NaCl) from water, allows for access to an almost unlimited supply of
water (Elimelech and Phillip 2011) and has been widely used by many countries (Figure 1.3). However,
other aspects may limit this approach, such as the direct impact on ecosystems caused by desalination plant
and the indirect impact, through the high use of energy, of desalination on social and ecological systems
(Elimelech and Phillip 2011). To better understand the components of this global issue we present here a
brief review of the technical, environmental and social aspects of desalination and propose new solutions
from biology.
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Desalination Methods - Principles and Limits

According to the Global Water Intelligence database, approximately 130 countries around the world use
various desalination techniques to extract fresh water from salty water (most commonly brackish or sea
water) (Cooley, Gleick, and Wolff 2006). We will review the most common methods in this chapter.

Global Desalination Capacity by Process,
January 2005

ED = electrodialysis

MED = multi-effect distillation

MSF = multi-stage flash

Other = freeze, hybrid, nanofiltration, thermal, and
all other processes

RO = reverse osmosis

VC = vapor compression

RO
46%

Source: Wangnick/GWI 2005

Figure 2.1: Global desalination capacity by process, from Cooley, Gleick, and Wolff (2006).

2.1 Thermal processes

The first desalination method — and still one of the most common (Fig.2.1) — is based on thermal distillation
of salty water. In this process, heat is used to produce a phase change of water, physically separating water
vapour from the original salt solution and condensing it to produce freshwater.

In Multi-Stage Flash (MSF)(Fig.2.2), which accounts for the greatest installed thermal distillation
capacity, water is heated in evaporation chambers, each with successively lower pressures and temperatures
that cause flash evaporation of hot brine, followed by condensation on cooling tubes. The steam generated
by "flashing" is condensed in heat exchangers that are cooled by the incoming feed water. This warms up
the feed water, reducing the total amount of thermal energy needed (Miller 2003; Cooley, Gleick, and Wolff
2006).

2.2 Membrane and filtration processes

The second approach to desalination is to physically separate the components using a membrane that mimics
the natural process of osmosis and can selectively permit or prohibit the passage of certain ions. The two
major membrane technologies currently employed are Electrodialysis (ED) and Reverse Osmosis (RO).

Electrodialysis, which accounts for 5% of global desalination capacity (Fig.2.1), is an electrochemical
separation process that uses electrical currents to move salt ions selectively through a series of membranes,



Flash & Heat Recovery

Steam Ejector

Ejector Steam (Vacuum pump) Cooling water
Brine Heater T K—— Discharge
. : . | I
& | / E;D_, / ED—‘ / E()—, Condensate
team In Discharge
S S o 5 0 d
0 0 0 0 =3 Saline
v Feed

. Fresh

. " Water
NRE
>
il N Brine
Brine Brine Brine Brine » Discharge

Condensate
Back to Boiler

‘-

Va
\p'ir.‘
Va Dor
\

Va

Figure 2.2: Schematic diagram of Multi-Stage Flash (MSF) desalination process, from Miller (2003).

Figure 2.3: Schematic diagram of Electodialysis desalination process, from Miller (2003).

leaving fresh water behind (as illustrated in Fig.2.3). In this process, water is fed to flow channels which
have an anion-selective membrane on one side and a cation-selective membrane on the other. The electric
field, which flows across the channels, diverts the anions towards the positive electrode, making them pass
through the anion-selective membrane and trapping them in the concentrate channel as they cannot pass
through the cation-selective membrane. The cations are subject to the same process, but in the opposite
direction. Finally, the water feed is separated into brine, in the concentrate channels, and product water in
the diluted channels (Cooley, Gleick, and Wolff 2006).

In Reverse Osmosis, which accounts for 46% of global desalination capacity (Fig.2.1), saltwater is
pressurized against a semi-permeable membrane that lets water pass through but retains salt (Elimelech and
Phillip 2011). The RO process usually begins with pre-treatment of the feed water in order to remove con-
taminants and prevent biofouling (i.e. growth of microbes on the membrane surface). After the pretreatment
stage, a high-pressure pump pushes the treated water through the membrane which retains salt. Finally, the
post-treatment stage prepares the final product for distribution, removes dissolved gases (CO2) and adjusts
pH via the addition of Ca or Na salts (see Fig.2.4) (Miller 2003; Cooley, Gleick, and Wolff 2006).

The energy required by membrane technologies increases with the salt content of treated water. Such
techniques are therefore more commonly used to desalinate brackish water, even though seawater desalination
is also possible (but more expensive). RO and ED generally have lower capital costs and require less energy
than thermal systems: the energy demand of MSF desalination is at least 30 times the theoretical minimum
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Figure 2.4: Schematic diagram of Reverse Osmosis desalination process, from Zander et al. (2008).

energy for desalination (Miller 2003) while RO plants require only 3-10 times the theoretical minimum energy
(Miller 2003; Elimelech and Phillip 2011). However, membrane technologies require energy in the form of
electricity and are prone to biofouling.

An interesting perspective may be to integrate both thermal and membrane technologies to create hybrid
facilities. The right combination of thermal and membrane processes could improve desalination efficiency
and/or reduce energy costs.

2.3 Chemical desalination

Finally, there are also chemical approaches to desalination, including ion exchange, liquid-liquid extraction
and gas hydrate. Given the maturity and relative efficiency of the major commercial techniques it is some-
what unlikely that the future of desalination will be based on such processes, even though some are rather
promising. For instance, liquid-liquid extraction utilizing polyglycol polymers could be employed to separate
a polymer phase containing dissolved water from a salt-containing aqueous phase using less thermal energy
than processes described above (Zander et al. 2008; Miller 2003).



Case study: Desalination in Israel

3.1 Water scarcity in Israel

With less than 250 m? per capita per year (Tal 2006), Israel is considered among the most water stressed
countries in the world (Miller 2003). Due to its arid nature, variable precipitation quantities and recurring
droughts, Israel suffers from a rather unreliable water supply. Recurring dry years combined with overpump-
ing of natural reservoirs and the steady growth of the population have led to the elaboration of an ambitious
cutting-edge water management strategy.
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Figure 3.1: Major water resources in Israel | From Tal (2006).

3.2 Water Availability and Distribution

Israel’s sole source of natural water is rainfall. Rainwater is stocked in three main reservoirs: the Kin-
neret(also called Sea of Galilee),which holds about 33% of the country’s renewable water supply, the Coastal



Aquifer (35-40% of groundwater supply), and the Mountain Aquifer which is still subject to international
dispute (Fig. 3.1) (Tal 2006; Kislev 2011). These sources provide around 1800 MCM (million cubic meters)
of extremely hard water! per year (Water Commission 2002). However, these are endangered due to contam-
ination, overpumping and decrease in precipitation.

Historically, the main use of water was in agriculture (up to 400 MCM a year in the 1980s) especially fol-
lowing mass immigration and settling. As Israel’s population grew and urban water consumption increased,
freshwater was diverted from agriculture to households and industry. In addition to its own consumption,
Israel provides water to the Palestinian Authority (28.6 MCM /year according to the Interim Agreement of
1995) and to the Kingdom of Jordan (as decided in the Peace Treaty of 1994)(Kislev 2011).

To supply demand, Israel has elaborated water transport, collection and treatment infrastructures. Rain-
water collection reservoirs provide 125 MCM /year (7% of total water) and 91% of municipal sewage is treated.
73% of the treated sewage water is recycled and used for irrigation (1/5 of total supply) and the rest is re-
turned to regional aquifers(Tal 2006). Nevertheless, these measure were not sufficient to sustain growing
demand. The Israeli government therefore decided to undertake a large-scale Desalination Master Plan in
1997.

3.3 The Desalination Master Plan - Is It Really Necessary?

According to the Desalination Master Plan, which was finally approved in 2002, five large-scale RO facilities
were to be installed along the Mediterranean coast by 2014 and supply 600 MCM /year of desalinated water
(c.f Table 3.1) (Kislev 2011; Tenne, Hoffman, and Levi 2012). This plan is expected to provide a reliable
and continuous supply of freshwater, improve water quality, reduce withdrawals from natural reservoirs and
prevent their further degradation. And indeed, water quality and realisability have increased. Nowadays,
water supplied in Israel is much "softer" (75-120 ppm as CaCo3) and contains lower boron and chloride
concentrations (Tenne, Hoffman, and Levi 2012). In addition, Israel’s desalination facilities are among the
most cost efficient in the world (Tenne 2010). Lastly, some hope that some day desalinated water will be
shared with the Palestinian Authority.

RO Desalination Plant Year opened Production capacity (MICM /year)

Ashkelon 2005 119
Palmachim 2007 45
Hadera 2009 120
Sorek 2013 150*
Ashdod 2013 100*

* Sorek and Ashdod: predicted production capacity

Table 3.1: Israel’s Desalination Master Plan:

The addition of 50% to natural resources via seawater desalination is without doubt an attractive solution
to scarcity problems in this arid country. However, many specialists believe that Israel has not exhausted
all the other more cost-effective and potentially less environmentally damaging alternatives (Becker 2010).
For instance, supporting agriculture in arid areas is considered unsustainable and some believe it is actually
one of the reasons for Israel’s water problems (Dickie 2007). On top of that, Israel may have exposed itself
to several sources of vulnerability by choosing to go down the road of desalination:

First of all, RO desalination may have a substantial impact on the integrity of marine ecosystems.
Seawater intake, for example, can cause entrainment and death of fish and planktonic organisms. In addition,
discharge of highly saline brine and pretreatment chemicals back to the sea may have long-term consequences
on the marine environment. Moreover, as RO plants consume energy in the form of electricity they may also
have a substantial carbon footprint(Elimelech and Phillip 2011).

Secondly, by opting for desalination, Israel may face an even bigger problem than water scarcity. As
global energy sources are dwindling, this tiny country will have to deal with price variability and ultimately

"Water is classified as "very hard" when its hardness is above 181 ppm as CaCO3. The average hardness of natural water in
Israel is 250-350 ppm as CaCO3. Even after softenning through ion exchangers, water causes scaling of pipes and water heaters
and considerably diminishes their life expectancy. (Tenne, Hoffman, and Levi 2012)



with the quest for alternative energy sources to fuel its desalination plants. And this is quite a big bet to take,
on the long run (Garb 2008). Lastly, Israel will also become dependent on water quality in the Mediterranean.

Why did Israel opt for desalination? According to A. Kartin (2001), the answer lies in the way the
Israeli Jewish society perceives the Israeli-Arab conflict. In fact, agricultural activity — which uses roughly
60% of the annual water consumption (1996-2011) (Water Commission 2011) — and rural settlement are two
of the factors responsible for creating the national identity.

The process of establishing Jews as a nation has always been tightly linked to land transformation and
rural settlement. And a Jewish presence in the region, based on agricultural activity, is still one of the major
national objectives of the Israeli government. The country’s water resources are therefore used to promote
agriculture and establish control over territory, thereby contributing national security.

Given the social and ideological importance of agriculture in Israeli society, it seems unrealistic, in the
short term, to cut-off its water supply. However, Israel will certainly have to face many new challenges,
both environmental and technological, in order to secure its freshwater supply, its electricity and its natural
resources.



Biological approaches, the future of desalination ?

Desalination can be the key to overcome water scarcity in many countries that have access to seawater.
However as shown for Israel, modern desalination plants are still very costly in terms of technological and
energy costs and may have a strong environmental impact (Lattemann and Hopner 2008).This high energy
cost can only be paid by rich countries, leaving the developing ones without a proper access to usable water
and in a situation of social water scarcity, that is in a social and economical context that does not allow
these countries to use seawater as a water resource. Developing new desalination methods has been pointed
out as one of the main engineering challenge for the twenty-first century by the American National Academy
of Engineering (Riley, Gerba, and Elimelech 2011; Yoon and Riley 2009). The Academy emphasize the fact
that we need to develop cheaper techniques that will also have a lower impact on the environment(Riley,
Gerba, and Elimelech 2011). The answer to this may lie in Biology.

4.1 Biologically inspired design

Although much progress have been made in desalination methods, energy costs and environmental impacts
are still to high. Based on thermodynamical calculations and knowledge of technical constrains, engineers
estimate that 2 kWh/m? is the lower limit to energy consumption for desalination. The most utilized and
energy efficient process for desalination is reverse osmosis (Elimelech and Phillip 2011). Most of the research
to reduce the energy use in reverse osmosis desalination has focused on creating high permeability (flux)
membranes and low fouling membranes (Riley, Gerba, and Elimelech 2011).

A first manner of using biology to improve desalination methods is to use organisms as an inspiration.
Every living cells require water to function and for this reason, these cells contain membranes and proteins
that have been shaped by evolution and that have allowed them to transfer water from the extracelluar
environment (Fu and Lu 2007; Berg, Tymoczko, and Stryer 2012). Aquaporin are proteins that are found in
cell’s membrane (which encloses the cell’s intracellular environment) and that allow only water molecules to
pass through. Inspired design from biological membranes and aquaporin proteins can be use to increase the
specificity and efficiency of the water transfer across reverse osmosis membranes. Bowen (2006) was the first
to propose that we inspire the design of engineered membranes from biological membranes.

Biomimetic membranes utilize bacterias (Escherichia coli') to produce aquaporins that may be latter
modified by adding chemical components(Tang et al. 2013). These proteins are then added to a synthesized
lipid bilayer (Figure 4.1) to which different type of synthetic polymers may be added (Tang et al. 2013) .

Because they can be more efficient in filtering water and may be constructed through synthetic biology
methods, the biomimetic membranes may lower the cost of production and the energy consumption used
by desalination process (Tang et al. 2013; Riley, Gerba, and Elimelech 2011). However, how efficient these
membranes may be, they still require an energy input.

"Which are greatly modified by biochemists to produce usable proteins
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Figure 4.1: Bioengineered membrane | Synthetic lipid bilayer containing aquaporins and polymers. Only water can go
through the aquaporin, the ions that are present in the solution are blocked by the membrane. From Tang et al. (2013)

4.2 Microbial communities as a device to desalinate water

Thermodynamics dictate a minimum energy of desalination, where the minimum energy needed to desalt
water is independent of the technology or mechanism used for desalination (Riley, Gerba, and Elimelech
2011). But regardless of how far we will be able to go towards that limit, conventional desalination methods
will always require an energy input, whether it is renewable or not (Shannon et al. 2008). The solution to
this problem is the coupling of an energy producing process to desalination.

Bacterias used for waste management may be used to produce energy (Lovley 2008; Rabaey et al. 2007) ,
which in turn may be used to power desalination process. But recent work has shown that it is possible to go
even further, by using the bacterias both as a purification device, a desalination unit and a power plant. The
first development in the field is Microbial Fuel Cells (MFC) which can produce electricity. In this system,
bacterias use an anode to allow extracellular electron transfer, which is essential to their physiology and
other bacteria in an other compartment use the produced electrons for other biochemical reactions (Figure
4.3). The transport of the electrons from the anode to the cathode generates a potential difference therefore
producing electricity.

The MFC may be modified to be used as a MDC (Microbial Desalination Cells)(Cao et al. 2009). In
this fuel cell two membranes separate the anode (colonized by Geobacter species) and the cathode (which
may be colonized by bacterias residing in the streamflow). The first membrane is an AEM (Anion Exchange
Membrane) and the second a CEM (Cation Exchange Membrane). During the desalination process the AEM
will only let the C1™ ions (which is attracted to the anode) pass and the CEM will only be permeable to Na+
ions. As a result the water is treated from waste that serves as a food source for bacterias. The metabolism
of the bacteria will generate extracellular electron transfer which will generate electricity. This will physically
alter the solution’s property leading to the separation of the sodium and the chloride and their evacuation
out of the water (Cao et al. 2009; Mehanna et al. 2010). Moreover the ecological and populational process
driving the bacterial community seems to lead to a greater optimization of the electron transferring, which
both increases the bacteria’s capacity to feed and indirectly the voltage production (Rabaey et al. 2007).

Using microbial communities as a device to desalinate water may allow to lower significantly the cost of
water desalination as it will be coupled with water treatment and require no direct energy input. Moreover,
the energy produced by the process may be used to power the facility hosting these microbial devices. Addi-
tionally, the bacterial community may be modified to filtered molecules such as nitrates and toxic compounds
(Lovley 2008; Betts 2009). The current limitation to the development of this approach is the ability to con-
trol the bacterial community which may change during the water treatment as the water to be treated is
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Figure 4.2: Schematic representation of a microbial fuel cell | Bacterias that live in aerobic condition furnish electrons
to the anode via oxydation of organic matter present in the water stream. Bacterias that live in anaerobic condition use the
electrons to reduce oxygen to water and for the process of denitrification. Generally the bacterias present in the aerobic condition
are the controlled ones and usaly come from the Geobacter group. However the bacterias that develop in anaerobic conditions
are less studied and may come from the stream flow to be filtered. From Rabaey et al. (2007)

Figure 4.3: Schematic representation of a microbial desalination cell | From Cao et al. (2009)

a source of other bacterias which may alter the community’s functioning (Cao et al. 2009; Rabaey et al. 2007).

Biological approaches to desalination are only starting to be developed and need more applied research
to be used at a very wide scale. But microbial communities can change significantly the way we look at
water management. The small size of the devices hosting these communities, the fact that they require no
energy input and may also treat water from waste, make it a very promising tool to face water scarcity for
countries that cannot afford the high costs of reverse osmosis and distillation technology. For hundreds of
year we have developed new technologies to have access to freshwater, however we are now realizing that the
energy consumption of these technologies may impact our planet’s climate and ecosystems at a global scale,
while only benefiting local regions that have the resources to afford these technologies. But a new solution
is now possible by using our knowledge and the process of life itself.
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