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Abstract: Process intensification strategy (PIS) is emerging as an interesting guideline to revolutionize
process industry in terms of improved efficiency and sustainability. Membrane engineering has
appeared as a strong candidate to implement PIS. The most significant progress has been observed
in desalination where substantial reduction in overall energy demand, environmental footprint,
and process hazards has already been accomplished. Recent developments in membrane engineering
are shaping the desalination industry into raw materials and energy production where fresh water
will be produced as a byproduct. The present study discusses the current and perspective role of
membrane engineering in achieving the objectives of PIS in the field of desalination.
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1. Introduction

During the last 50 years, the world’s population has doubled and gross domestic production
has increased ten folds, reflecting the underlying massive industrialization during this period.
These developments have put the resources of freshwater, energy, and raw materials under
ever-growing strain. Energy consumption has increased by five times during the last five decades and
the majority of this energy consumption is coming from finite and polluting fossil fuels [1]. In the water
sector, it has been estimated that two thirds of the world’s population might be facing insufficient
access to clean freshwater by 2025 [2]. Similarly, traditional mining is facing several environmental
and sustainability related concerns. The scenario places an emphasis on sustainable industrial growth
across the globe that can be realized by using the material and energy resources more efficiently and
by exploiting the nontraditional but sustainable resources of these commodities while, at the same
time, eliminating or minimizing the environmental hazards associated with the related processes [3].
These requirements clearly point out the urgency to develop new processes capable of producing
and using energy, freshwater, and raw materials more efficiently and with the potential to exploit
alternative resources of these products.

Lack of a precise definition of sustainable development has resulted in the evolution of specific
guidelines such as the PIS to implement the concept of sustainable development. Process intensification
as defined by Stankiewicz and Moulijn [3,4] is the development of novel equipment and techniques
that, compared to those commonly used, dramatically improve manufacturing and processing by
decreasing substantially equipment size, improving raw material to production ratio, decreasing energy
consumption and waste production, and that ultimately results in cheaper, efficient, safer, and more
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sustainable technologies. Modern membrane engineering represents one of the most interesting ways
for developing processes in accordance with the guidelines provided by PIS to meet the challenges of
the modern world [5,6]. The main features of membrane engineering which make it perfectly aligned
with PIS include its high selectivity and permeability for transport of specific components, the ease
with which it can integrate with other processes or other membrane operations, its tendency to be less
energy intensive and highly efficient, as well as its tendency to have low capital costs, small footprints,
and high safety, operational simplicity, and flexibility [5,7-9]. These exceptional features extend the
sphere of applications of membrane engineering from water, energy, and raw materials sectors to
sophisticated biomedical applications.

Desalination represents one of the industrial sectors where membrane engineering has emerged as
the key player to successfully implement the concept of PIS. In many parts of the world, conventional
thermal desalination plants have been replaced with far less energy intensive, compact, and safer
reverse osmosis (RO) units. Currently RO occupies more than a 60% share of the desalination
market [10]. Thermal processes are limited only to the regions with abundant sources of fossil
fuels, such as the Middle East. However, despite their loudly spoken advantages, the pressure
driven processes face some challenges that hinder their wide spread and uniform growth in water
stressed regions across the globe: operation at high pressure, high energy consumption, utilization
of high grade energy, limited recovery factor (typically 40%-50%), and disposal of brine are the
most significant obstacles that negatively affect the process economy and cause environmental
problems. Several investigations have been carried out to tackle these challenges. These investigations
have focused on improving the process performance of RO by optimizing the operating conditions
and process design, by introducing a better control system, and by integrating the process with
renewable energy resources. In order to optimize the process, the impact of energy recovery devices,
membrane permeability, process configuration, brine management cost, pump efficiency, and frictional
pressure drop on specific water cost under the constraints imposed by the osmotic pressure has been
analyzed [11]. In another study, it was concluded that further reduction in specific water cost in
RO is less likely to take place through the development of more permeable membranes, rather it
should come from better fouling and scaling control, improved brine management, lower pretreatment
cost, improved process control, and process optimization [12]. Improved control systems have been
developed to incorporate the variation in feed water salinity, large set-point changes, and for the
optimum management and operation of integrated wind-solar energy generation and RO desalination
systems [12-14].

In addition to the abovementioned approaches, the use of new membrane operations offer
promising solutions to these challenges. The use of the new processes in combination with the
traditional ones can not only resolve the problem of waste handling but can also provide the
opportunity to boost the economy of the process. An integrated approach takes into account
energy savings (also production in certain cases), water rationalization, minimization of chemical
utilization, resource recovery, and waste production [4]. Therefore, integrated systems can contribute
significantly to the solution of strategic aspects of industrial productions. Different membrane
operations can be coupled in integrated systems in order to approach the ambitious objective of
“zero liquid discharge”. A qualitative comparative analysis of various generations of desalination
technology on the basis of different process intensification parameters has been explained in Figure 1.
The first generation desalination plants (thermal) are bulky, consume huge amounts of energy,
and have large environmental impacts in terms of carbon emissions and the use of various chemicals
(e.g., anti-sealants). Due to high temperatures, the safety level of these plants is relatively weak.
With the advent of RO technology, the situation has improved. However, energy consumption
and environmental impact (in terms of carbon emission and brine disposal) of RO is still high.
These drawbacks can be addressed by integrating novel membrane processes including pressure
retarded osmosis (PRO), membrane distillation (MD), forward osmosis (FO), and reverse electrodialysis
(RED). The details of these new processes have been explained in later sections.
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Figure 1. Qualitative analysis of conventional thermal, reverse osmosis (RO), and integrated membrane
processes for desalination based on various parameters of PIS (process intensification strategy).
y-axis indicates the qualitative comparison of the parameters list along x-axis for different processes
(thermal, integrated, RO alone).

New Metrics for PIS (Process Intensification Strategy)

For an easy and fair comparison of conventional unit operations with membrane technology,
Criscuoli and Drioli [15] have proposed some new metrics. The metrics allow for the monitoring
of the progress and improvement of membrane operations in the logic of process intensification
taking into account plant size, weight, flexibility, modularity, etc. Overall assessment of sustainable
processes should also consider existing metrics (mass and waste intensity), environmental factors,
economic, and society indicators. Mass and waste intensities (Equations (1) and (2), respectively) are
used to quantify the amount of product which is produced from a particular process with respect
to the amount of input materials or waste produced from the process. Reduction in mass and waste
intensities is the preferred form of improvement of the process. Membrane operations have small
footprints and, therefore, can be used to quantify how productivity is influenced by plant size or
weight (Equations (3) and (4), respectively). The productivity to weight ratio is of particular interest if
the plant is constructed off-shore or in remote areas. Taking into account the entire lifetime of the plant,
it is important that it has flexibility and modularity (quantified by Equations (5) and (6), respectively),
so it can be adjusted according to changes in the productivity, variation in pressure, temperature,
feed compositions, or other process related parameters. The modularity equation considers changes
(increase/decrease) in plant size compared to the productivity. These metrics should also be higher
than 1 for a membrane plant to be preferred [15].
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2. New Membrane Operations Aligned with PIS

2.1. Membrane Distillation/Crystallization

Besides the widely accepted RO in desalination which has already outclassed traditional thermal
processes, new and relatively less explored membrane operations with more promises are emerging.
In the desalination industry, membrane distillation and membrane crystallization, in particular, can
add a positive effect on the process by increasing the overall water production and recovering valuable
salts from the brine, thus approaching zero-liquid-discharge and the goals of process intensification
strategy. The recovery of minerals from brine through the use of membrane distillation/crystallization
might have a significant role in determining the future outlook of the mining industry. While the
mining industry is under extreme stress due to excessive exploitation of minerals, the volume of
brine (and therefore minerals contained in it) is increasing across the globe due to increases in the net
volume desalination capacity. Seawater brine contains a number of essential as well strategic elements
including sodium, magnesium, barium, lithium, etc. and can thus serve as a form of open sky mine for
the recovery of these components. Dramatic increases in the consumption of some of these materials
have been observed recently. For example, the use of strontium has increased in the oil and gas
industry as weighing material in mud. Similarly, traditional sources of lithium might not be enough
in the near future to fulfil its requirements in the electronic industry (especially considering hybrid
vehicles). Sea-mining offers a potential solution to the problem of mineral depletion. A comparison
of potentially recoverable minerals from the brine of existing desalination plants and their current
exploitation through conventional mining has been illustrated in Figure 2 [16]. It can be noted from
the figure that the amount of Na and Mg in brine from current desalination capacities is more than that
obtained through conventional mining. Similarly, strontium and lithium are both found considerable
quantities in brine, indicating an attractive opportunity for the recovery of these minerals from the
brine. The situation will further improve on the completion of contracted and planned desalination
capacities across the globe.

In 2002, Drioli and co-workers [17] suggested for the first time membrane crystallizers for seawater
desalination in an integrated approach with RO. In this study real seawater from the Tirrenian coast was
first treated by nanofiltration (NF) and RO followed by membrane crystallization (MCr) treatment of
the RO concentrate with the production of NaCl [17]. The prospect of introducing MCr to RO brine has
the potential to increase the fresh water recovery factor from around 50% to above 90% in combination
with salts recovery. In fact, one of the main advantages of MCr is that it does not suffer from osmotic
phenomena like RO because the driving force is a temperature gradient instead of a pressure gradient.
Therefore, MCr can treat highly concentrated and even saturated solutions without any particular
reduction in driving force and, as a consequence, in trans-membrane flux. The hydrophobic character
of the membrane provides a complete rejection of non-volatiles, thus producing water at very high
qualities. Moreover, the low used temperatures (normally in the range of 40-80 °C) permit the use of
waste grade heat or other renewable energy sources. In the subsequent years of this first study, several
research activities have focused on integrated membrane systems in desalination. In 2004, a MCr unit
was applied on a synthetic NF retentate. That resulted in the recovery of NaCl and magnesium sulfate in
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the form of Epsomite (MgSO,-7H,0) [18], a hydrated form of magnesium sulphate of great economic
value. Another great advantage of membrane crystallizer is, in fact, the possibility to obtain different
polymorphs and forms (hydrous or anhydrous) by simply tuning the operative conditions [19,20].
Effectively, in a MCr the membrane matrix acts as a selective gate for solvent evaporation, modulating
the final degree and the rate for the generation of the supersaturation. Hence, the possibility to act on
the trans-membrane flow rate, by changing the driving force of the process, allows for the potential
to modulate the final properties of the crystals produced both in terms of structure (polymorphism)
and morphology (habit, shape, size, and size distribution). Moreover, the possibility to separate the
solvent evaporation (occurring inside the membrane module where the flowing solution is below the
supersaturation condition) and the crystallization stage (performed in a separate tank on the retentate line
operating in the metastable regime of supersaturation) allows for the proper control of the crystallization
temperature, thus addressing the formation of a particular form (hydrous or anhydrous).
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Figure 2. A comparative analysis of potentially recoverable minerals from brine in percentage with
respect to their quantity obtained through traditional mining.

The European funded project: Membrane Based Desalination: An Integrated Approach (MEDINA)
was launched in 2006. This project focused on integrated membrane systems for improving the
efficiency of desalination. Integrated systems consisting of microfiltration (MF), NF, and RO with
a membrane crystallizer coupled to NF and RO can achieve a water recovery factor as high as 92.4%,
thus approaching zero liquid discharge and recovery of valuable raw materials [21]. Integration can be
achieved in several configurations, as mentioned in [22-24]. Integrated membrane systems are also very
interesting from an economical point of view. The specific water cost apparently increases when MD
or MCr are introduced (Figure 3), mainly due to the requirement of steam when operating the thermal
processes with respect to electrical energy demand in pressure driven membrane operations [24].
Nevertheless, the water recovery factor increases significantly with the introduction of MD and MCr
from only 40% in RO (configuration 1) to above 90% for integrated operations (configuration 7).
However, if the sale of CaCO3, MgS0O4-7H;0, and NaCl is considered the water production cost can
be negative (solid lines shown in Figure 3) [24]. In this case, the desalinated fresh water can just be
a by-product of mineral production. In addition to RO brine, other industrial saline water streams can
also be considered for recovery of contained minerals.

Several developments are due for widespread applications of membrane distillation/crystallization
process. The biggest issue is the unavailability of specific membranes with the required hydrophobicity,
porosity, pore size distribution, and antifouling/wetting character. From a phenomenological point of
view, a better understanding and control of temperature polarization is required. Research efforts are
also required to improve the module design and to develop better logics for energy recovery. There is
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a need to develop large scale prototypes to assess the true techno-economic potential of the process
and to comprehend the unforeseeable problems.

—
—
7
i
—
6 ......
# Without ER, with TE
5
=
g = With ER ahd TE
g
34 ) )
= # With ER, without TE
&
3 = Without ER and TE
2
1
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Specific water cost ($/m?)

Figure 3. Specific water cost of different integrated configurations without considering sale of salt
(patterned bars) and after considering sale of salt (solid lines). ER: Mechanical energy recovery;
TE: Thermal energy recovery; MF, Microfiltration; NF, Nanofiltration; MD, membrane distillation;
1 = Configuration 1: RO alone; 2 = Configuration 2: NF-RO; 3 = Configuration 3: MF-NF-RO;
4 = Configuration 4: MF-NF(-MCr)-RO; 5 = Configuration 5: MF-NF-RO(-MCr); 6 = Configuration 6:
MEF-NF(-MCr)-RO(-MD); 7 = Configuration 7: MF-NF(-MCr)-RO(-MCr).

2.2. Energy Production in Desalination Sector

New developments and progresses in membrane engineering are creating exciting opportunities
to generate renewable and sustainable energy in the desalination sector. This can be achieved by
mixing two streams with different salinity gradients. The power generated is termed as blue energy
or salinity gradient power. The total global potential of blue energy has been estimated to be about
1.4-2.6 TW out of which ~980 GW is extractable depending on the technology applied [25]. It has
been demonstrated that salinity gradient energy is able to fulfil 20% of the current global energy
demand. This can impart a significant contribution in lowering the dependence on carbon based
energy production. PRO and RED are two of the most interesting membrane operations to harness
this energy. Integration of these operations with conventional and emerging desalination operations
produces synergetic effects. Besides reducing the net energy consumption of desalination processes,
these operations also make desalination more clean and green by producing electricity with zero
carbon emission and by diluting the concentrated brine which otherwise is a nuisance. By combining
PRO or RED with membrane-based desalination systems like RO and MD, a synergetic advantage of
both systems can be obtained in the logic of process intensification.

2.2.1. Reverse Electrodialysis (RED)

In hybrid RED-membrane desalination systems, highly concentrated reject brine (from both
thermal and membrane desalination plants) is used for energy recovery. The generated electricity can
be used to fulfill (partly or entirely) energy requirements of desalination system. Various integrations
of RED with RO are possible [18]. RED can serve as a pretreatment, post treatment, or both steps for
RO. Depending upon the configuration applied, RED can serve as energy reducer to the net energy
generator in an RO desalination plant [18]. Similarly, integration of RED with MD can give synergetic
effects. Application of MD at RO retentate can increase recovery factor while RED connected at
retentate of MD can produce electricity while simultaneously decreasing its concentration.

Recently, Tufa et al. experimentally evaluated the integrated application of RED and MD for
clean water and energy generation [22]. The conceptual illustration of the investigated hybrid system
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is presented in Figure 4. In particular, MD was operated with seawater RO retentate (1 M NaCl).
Brine with concentrations of up to 5.4 M of NaCl (near supersaturation) was obtained from direct
contact membrane distillation (DCMD) operated on RO brine (1 M NaCl) at a feed recirculation time
of 20 h and a temperature gradient of 30 °C [15]. The DCMD brine was then used for energy recovery
by RED system. The level of output power of RED depends on feed (MD brine) concentration and
operating parameters like temperature and flow rate. For example, the maximum power density of
a RED system was observed to increase from 0.9 W/m? to 2.4 W/m? when the MD brine concentration
was increased from 4 M NaCl to 5.4 M NaCl, respectively [15]. The output power from the RED was
also observed to increase with temperature (0.027 W/°C on average) and flow velocity, which can be
optimized to set appropriate working conditions for improved system performance. In general, energy
recovery from DCMD brine by RED enables the supply of extra energy required for desalination.
This represents a promising strategy towards low energy desalination and Near-Zero Liquid Discharge.
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Figure 4. Integrated application of MD with RO and RED (reverse electrodialysis) for water and energy
production [26]. HCC and LCC represent High Concentration Compartment and Low Concentration
Compartment of the RED cell, respectively.

The feasibility of an integrated MD-RED depends on several factors affecting the performance
of individual system units. Different strategies can be followed to improve the performance of the
system in terms of water production capability, output power, and energy efficiency. The energy
consumption in RO or MD can be reduced by controlling the operating conditions, using appropriate
pre-treatment techniques, and designing optimal membranes and modules [12,21]. The potential and
hence the output power from a RED unit can be improved by the development and use of highly
permeable and low resistance IEMs (ion exchange membranes) [11]. Besides the benefit obtained at
higher temperatures for both systems (MD and RED), the coupled system enables the possibility to
use and convert waste heat to electricity.

2.2.2. Pressure Retarded Osmosis (PRO)

PRO is one of the most interesting membrane processes to harness clean energy from a salinity
gradient. In PRO, a semipermeable membrane is applied to separate high and low salinity solutions.
The osmotic pressure extracts the fresh water from dilute to the concentrated solution. The pressure
generated on the high salinity solution side can be used to run a hydro turbine [27,28]. For this process,
several combinations of feed and draw solutions have been tested including river and seawater [29],
seawater brine and wastewater retentate, freshwater and synthetic NaCl solution [30], and seawater
and municipal wastewater [31].

Synergetic effects can be achieved by introducing PRO into desalination systems in terms of
reduction of waste footprint of feed solution, and the dilution of the draw solution, which can reduce
the energy demand of desalination system and can minimize the environmental consequences of
brine disposal. Achili et al. [31] have reported experimental data on a RO unit getting a benefit from
pressure generated by a PRO unit. The authors have also reported the power density data of PRO-RO
system ranging between 1.1 W/m? to 2.3 W/m?. The authors have concluded that the proposed
system can bring the desalination energy demand down to 1 kWh/m?. In order to increase the power
density of the PRO process, Han et al. [30] have proposed the integration of PRO with a closed loop
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MD process. MD maintains a high concentration of draw solution that extracts freshwater from the
feed solution. The authors have claimed that the proposed system can achieve a high recovery factor,
huge production of power, and minimum membrane fouling and environmental impacts.

The concept of integrating PRO with other membrane operations is also gaining attention at
industrial scales. Currently, Applied Biomimetics and partners have setup two pilot plants aiming
to generate electricity from geothermal wastewater by using PRO technology (energyforskining.dk/
node/8345). The proposed plan is expected to produce emission free electricity while at the same
time bringing the salinity level of the geothermal brine below the permissible limits. The dilution
of geothermal brine via PRO will also reduce the corrosion and scaling potential of a geothermal
stream. A similar concept has been used in a Mega-ton project where a pilot plant has been constructed
in Fukuoka (Japan). The plant uses 460 m3/day of RO brine which is mixed with 420 m?/day of
wastewater. The plant has been able to achieve power density as high as 13 W/m? at 30 bar hydraulic
pressure by using commercial hollow fibers from TOYOBO (Osaka, Japan).

Another pilot-scale PRO-hybrid research project is being conducted under the name “Global
MVP (Membrane distillation, Valuable resource recovery, Pressure retarded osmosis) Project” in Korea
(Figure 5). The objective of this project was to evaluate the feasibility of the RO-MD-PRO hybrid
process in terms of reducing the discharged water concentration and the energy consumption. In the
hybrid process, the concentrated RO brine enters the MD feed side, and the further concentrated
MD brine is then utilized as a PRO draw solution while the waste water effluent is used as the feed
solution. Consequently, an improvement in the total plant efficiency compared to a stand-alone RO
plant is expected due to the additional water production by MD and the reduction of net energy
consumption resulting from the PRO energy generation. Specifically, the following pilot plant will be
built: a RO system capable of 1000 m3/day water production, a MD system with a water production
capacity of 400 m®/day, and a PRO system having a 5 W/m? power density [32]. Recently Statkraft
has terminated its activities on power generation through PRO. The company has been operating
a prototype with 10 kW capacity by applying seawater and river water as draw and feed solutions,
respectively, which were separated through a membrane with power density of 1 W/m?, which
was far less than the economical break-even point (5 W/m?). Although membranes with power
densities as high as 10 W/m? have been reported in current literature, the price and commercial
availability of these membranes still remain the unanswered questions. Besides high power density,
the appropriate membranes should exhibit high selectivity and minimum reverse solute diffusion.
Internal concentration polarization and fouling are the other main issues hindering the performance
of PRO processes. Due to exposure of the support layer to the feed solution, fouling and internal
concentration polarization issues are more severe in PRO than pressure driven processes. Besides the
proper treatment of feed solution, the design and modification of the support layer must be emphasized
to alleviate this phenomenon.
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Hydroturbine

Wastewater elTluent

Seawater |

Pretreatment
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Figure 5. Schematic diagram of hybrid RO-MD-PRO in Korea implemented under Global MVP project.



Appl. Sci. 2017, 7, 100 9of 14

3. Evaluation of New Metrics

A comparison of different overall desalination processes in terms of various metrics for process
intensification has been provided in Figure 6. MSF (multi-stage flash), being the most widely used
thermal desalination process, has been considered as the base line and therefore the value of all
the metrics for this is one. The figure indicates that various metrics show huge variations for
different processes. MI (mass intensity) for RO and MD reduce greatly due to improved recovery
factor (considered 50% and 86%, respectively, in current study). RO shows the maximum value
of productivity /weight ratio (PW) due to high membrane permeability and elimination of heavy
metallic parts, which are essential components of MSF plant. This aspect is particularly important for
off-shore or remote installations. It is also evident from the figure that the PW for RO is higher than
MD, which can be attributed toward the high flux of RO considered in the current study (Table 1).
Larger membrane area requirement in case of MD implies a larger number of modules that will increase
the weight, and thus PW will go down. Similarly, PS for MSF is the least, thereby indicating the large
foot print of the plant. Overall, the comparison indicates that new membrane operations (MD in the
current example) can be optimum candidates to overcome the drawbacks (limited MI) of conventional

RO processes.
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Figure 6. PI (process intensification) metrics for MD, multi stage flash (MSF), and RO. M,
mass intensity; PW, productivity /weight ratio; PS, productivity /size ratio.

Table 1. Parameters and assumption used in calculation of various PI (process intensification) metrics

shown in Figure 6.

Feed solution Seawater
Plant capacity (m3/h) 1250 [33]
MD flux assumed (kg/ m2-h) 4
Volume of MSF (multi stage flash) unit (m?) 18 x 4 x 3[33]
Material of construction of MSF unit Stainless steel
Density of steel (kg/m?) 8000
Average permeate flow for RO (reverse osmosis) (m3/h) 24.6
Weight of one element for RO/MD (kg) 16
volume of one RO/MD element (m?) 1.016 x 0.0286 x 0.201

Weight and volume of MD module has been considered equal to that of the RO reported in [34].

Besides the traditional low concentrated solutions, emerging membrane operations have the
capability to treat highly concentrated solutions which are beyond the application limit of traditional
processes, thus offering the possibility to achieve the values of MI and WI (Waste intensity) which
otherwise are not feasible. This aspect has been explained by considering the example of the treatment
of produced water by using membrane crystallization. The experimental details of the study have been
explained elsewhere [35]. Changes of mass and waste intensities and overall recovery with respect
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to size of membrane (0.2 m>—active surface area) and weight (0.467 kg—module) were identified
(Figure 7). In the beginning of the experiment, water was only considered the product and in the
end of the experiment both water and salt were considered. From the time of saturation, NaCl was
being produced at a rate of 0.063 + 0.012 kg/h. MI and WI decreased significantly with increases
in water recovery factor from above 35 to below 3 and 2 for MI and WI, respectively. In the carried
out experiments a recovery factor of only 37% was obtained and continued treatment could further
improve MI and WI.
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Figure 7. Mass and waste intensities and overall water recovery factor with duration of treatment.

4. Renewable Energy in Desalination

Despite rapid increases in membrane based desalination facilities, the use of fossil fuel based
energy creates serious concerns regarding the sustainability and cost of obtaining water from
desalination. In order to make desalination perfectly aligned with objectives of PIS, the carbon
footprint of desalination plants must be reduced. Furthermore, the energy consumption of the process
must be lowered to make it affordable for less fortunate communities as well. So far, the largest
expansion of desalination facilities has been recorded in energy rich regions and/or regions of the
developed world including Spain, Australia, and North America. This is due to the high energy
demand of traditional desalination processes. Reverse osmosis is the most economical desalination
technology available at a commercial scale at the moment, but still the energy consumption of this
technology is more than double the minimum theoretical energy requirements of the process [36].
This scenario has attracted a large interest in the development of desalination based on renewable
energy resources.

The cost of renewable desalination is in the same range as that for the traditional resources [37].
The types of renewable energy sources suitable for desalination mainly include solar energy, geothermal
energy, and wind energy. The selection of renewable energy sources and applied desalination
techniques (RO, thermal, EDs (electrodialysis), etc.) depends upon several factors, mainly including
the type of renewable energy sources available in the area, the nature of local water (seawater
or brackish water), production capacity, remoteness of the area, etc. [38]. Currently, most of the
renewable based desalination facilities are based upon RO and are driven by solar and wind energy [39].
These plants have capacities ranging from a few cubic meters to several hundred cubic meters per day.
The specific energy consumption of these units for brackish water ranges from 0.9 to 29.1 kWh/m3
and 2.4 to 17.9 kWh/m?3 for brackish and seawater, respectively [40]. Solar and wind energy sources,
however, do not allow continuous operation without the use of storage batteries. To overcome this
drawback, renewable energy desalination has been integrated with conventional energy sources
including grid electricity, diesel generators, etc. The second largest beneficial form of renewable energy
based desalination is electrodialysis, which has mainly been operated with wind energy. MD represents
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another emerging player in the field. MD plants driven with solar energy and geothermal energy have
been installed in different regions across the globe.

Membrane based renewable desalination is expected to emerge as an interesting sector in the
future to reduce carbon emission and desalination costs, particularly in remote regions with abundant
sources of saline water and renewable energy but poor infrastructure of electricity. The key factor for
further growth of renewable energy desalination is the development and progress in more efficient,
cheap renewable energy systems, and improved control and logic systems to regulate the energy
output. Moreover, the techno-economic feasibility of membrane based desalination technologies
driven with renewable energy sources at large scale needs to be investigated.

5. Conclusions and Perspectives

The concept of the process intensification strategy has been significantly implemented in the
desalination sector where large, heavy, and energy intensive technologies have been replaced with
membrane based technologies with low energy consumption, small footprints, and low environmental
consequences. On the basis of process intensification metrics, the membrane operations clearly
surpass their conventional thermal counterparts. Relatively less explored membrane based operations
including MD/MCr, PRO, RED, etc. are emerging with demonstrated potential to increase water
recovery factor, to achieve minerals recovery and renewable energy production, thus breaking the
traditional bounds and applications of membrane technology in desalination. Interesting developments
of these operations are appearing at commercial scales and mega desalination projects including
MEDINA, Seahero, Mega-ton, and the Global MVP project have witnessed the interest of practical
applications of these processes. The reshaping of the desalination industry can be foreseen due to the
implementation of these processes, and it can be realistically expected that the desalination industry
will turn into the energy and raw material sector in the future, with freshwater as a useful byproduct.
The promises of new processes, however, are strongly related with successfully overcoming several
challenges including the development of better membranes for PRO, RED, and MD/MCer, better control
of internal concentration polarization and biofouling, better spacer design, improvement in efficiency
of energy recovery devices, improved module design, etc. In remote areas with poor infrastructure,
the implementation of renewable energy sources in membrane based desalination is expected to gain
more attention. MD is expected to emerge as a strong contester of RO in this field, particularly in the
regions with abundant sources of solar and geothermal energy.
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Abbreviations

The following symbols are used in this manuscript:

Configuration 1 RO alone

Configuration 2 NF-RO

Configuration3  MF-NF-RO
Configuration 4 ME-NF(-MCr)-RO
Configuration 5 MEF-NF-RO(-MCr)
Configuration 6 ME-NF(-MCr)-RO(-MD)
Configuration 7 MEF-NF(-MCr)-RO(-MCr)

DCMD Direct contact membrane distillation
ED Electrodialysis

ER Mechanical energy recovery

FO Forward osmosis

IEMs Ion exchange membranes

MCr Membrane crystallization
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MD Membrane distillation

MD-RED Membrane distillation—reverse electrodialysis

Ml Mass intensity

MEDINA Membrane Based Desalination: An Integrated Approach

MF Microfiltration

MSF Multi-stage flash

NF Nanofiltration

PIS Process intensification strategy

PS Productivity/size ratio

PW Productivity /weight ratio

PRO Pressure retarded osmosis

RO Reverse osmosis

RED Reverse electrodialysis

TE Thermal energy recovery

WI Waste intensity
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