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Abstract

Reverse osmosis (RO) technology has emerged as a leading desalination and wastewater
treatment solution to partially solve this worldwide shortage of fresh water. The present review is
a critical appraisal of performance limitations and prospects for improvement in RO plants. The
primary factors affecting RO performance include membrane properties, biofouling treatment
and prevention, energy recovery devices (ERDs), membrane modifications like surface texturing
functionalization and renewable integration. Water permeable and salt rejection properties of
membranes are critical to accessing quality water output. Breakthroughs in thin polyamide layers
have significantly increased the efficiency of desalination, allowing for greater water flux rates
and salt rejection. With the efficiency implications that can result from it, biofouling
management is essential in both sustaining and optimizing RO performance. These efforts
include the use of pressure exchangers, energy recovery devices and membrane modifications
which improve system performance while reducing overall power consumption. Energy
Consumption is an Important Indicator of RO Plant Performance, Based on Which Emission
Patterns Need to be Reduced Integrating renewables, such as PV-powered systems will help to
improve performance and reduce carbon footprints. In addition research to develop pre-treatment
technologies and optimize operational conditions has been performed in order to succeed against
changes in feed water salinity and prevent membrane fouling. On the other hand, correct
comprehension and operation of key performance indicators (KPIs) including permeate flux, salt
rejection rate or energy consumption as one superior inter-relating process individual to bypass
others that alone are not supportive for each advancements in RO technology. Therefore, this
review article provides a comprehensive and synthetic overview of these problems as well as
strategies, progress in improving the performance efficiency of RO plants to produce clean water
for various end-uses which is intended towards achieving sustainable supply.

Keywords: Reverse Osmosis, Performance, Operation Conditions, Optimizing Technologies,
Enhancement, Desalination.
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1. Introduction to Reverse Osmosis Performance

Desalination is a highly effective process for obtaining fresh water from salty, oceanic water.
Removal of salt from saline water leads to the production of pure water—what we colloquially
refer to as "fresh" water—that can be used for any number of applications. The modern method
of choice for desalinating seawater is reverse osmosis. This well-established process has become
the preeminent method for obtaining fresh water from seawater and for recycling wastewater. It
produces very high-quality water. As a consequence, RO water is used not only for drinking and
bathing, but also in university laboratories, for making pharmaceuticals, and, one suspects, in
many industrial applications where water of unspecified quality was used in the past (Ujihara et
al., 2018).

Reverse osmosis (RO) is a widely used method to desalinate and purify water. It does this based
on two primary factors: the permeability of the water and the rejection of the salts. The water
permeability indicates how fast water can go through the RO membrane. Usually, the RO
process uses a polymeric membrane, which consists of a selective polyamide that has an
exceptionally high water permeability and salt rejection capability. In this work, we will examine
the stage of energy recovery as another advance in RO technology. Energy recovery has the
advantage of reusing some of the energy originally needed to accomplish reverse osmosis. By
doing this, the energy used by an RO plant can be significantly decreased (Phuc et al., 2017).

Ensuring that reverse osmosis (RO) plants work properly and perform at peak levels is of
paramount importance. To ensure this happens, plant operators must watch over several different
variables that directly impact performance. Among these are the salinity, temperature, and
pressure of the incoming water; the recovery rate, energy consumption, and overall efficiency of
the plant; and the age and condition of the membrane. Operators also watch for fouling and
scaling on the membrane because these two concerns cut directly into plant "up-time" and
overall efficiency.

To counter these potential concerns, plant operators can use a variety of different technologies
and strategies. One technology that can help is using an isobaric chamber to reduce pressure
exerted on the membrane, which in turn lowers energy requirements. Another potential strategy
involves employing several energy recovery devices throughout the plant to reclaim energy lost
during desalination. These two plants, together with others, are countering what could potentially
become a very serious problem for operators and their plants.

Substantial improvements in the efficiency and performance of RO plants have resulted from
continuous advancements in membrane technologies (Kiparsky et al., 2013). Thin polyamide
layers are generally preferred in RO plants for their excellent water permeability and salt
rejection properties. This layer also functions as a protective barrier against salt ions and
contaminants, meaning that it allows easy passage of water molecules but doesn't let anything
else through - ultimately resulting in major strides forward for desalination efficiency, superior
water flux rates (the amount of water flowing across the membrane surface) and at higher
rejection capabilities to get rid of all those salts. To overcome the biggest drawback, several
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research efforts have been carried out toward improving membrane permeances under applied
pressures (Phuc et al., 2017), where high-flux membranes can be operated at low pressure was
announced to reduce energy consumption and improve plant economics. Membrane technology
has progressed right alongside the evolution of RO plant design and operation.

The operation of reverse osmosis (RO) plants are extream basic issue for this reason
desalination, waste water/water recycling and congenital distillation in addition to concentration
dilute solutions as well. RO performance is affected by a number of different factors including:

- Membrane characteristics: Scott (1995) provides an excellent review of RO membranes design
and properties, which is fundamental for a comprehensive understanding of the performance
from RO process.

- Biofouling control Rahaman et al. Underwood et al. (2014) explain important of biofouling
control on RO membranes, the factor is very influential in maintaining efficiency for an RO plant
Biofilm fouling has a substantial impact on the efficiency of RO, thus it is important to
understand this factor in order to enhance the performance of RO.

- Energy consumption: A comparison of energy requirements between forward osmosis and RO
desalination was presented by McGovern & Lienhard (2014) which gave better understanding
with regards to the amount of energy required for RO. The study of dynamics lies in the heart to
assess Overall performance and sustainability of RO energy.

- Membrane modification: Liu et al. Similarly, you can follow this research summary if
interested in modification of support materials to increase the performance of RO membrane
(Yong et al. 2018). This study is significant because it concentrates on enhancing RO efficiency
by membrane modification which is essential to improve the performance of RO.

- Integration of renewable energy sources Carvalho et al. (2004) (Brazil - This report describes
the Brazilian experience with a photovoltaic powered RO plant and emphasises how renewable
energy sources can be used to power reverse osmosis systems). This source is important as it
helps us to comprehend the probable impact of renewable integration on RO plant behavior.

2. Key Performance Indicators in Reverse Osmosis
Operations

When assessing the performance of reverse osmosis (RO) plants, experts look at several key
performance indicators (KPIs). These include the permeate flux, the salt rejection rate, energy
consumption, and the recovery rate. The most basic of these KPIs measures the plant's capacity
to produce water in a clean condition. This is described by the permeate flux, which is the
volume of water produced over a given time that passes through the membrane. A membrane
with a high permeate flux indicates that the plant, with all its necessary components, has the
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capacity to produce a lot of water in a given time and that it is functioning properly. The next
KPI usually brought up is the salt rejection rate. This talks more to the membrane's effectiveness,
and certainly at the RO plant level, when one is looking at the membrane, its effectiveness in
rejecting not just sodium ions but all cations and anions is the key reason one would go to an RO
plant instead of a seawater desalination plant that's based on other thermal processes.

The main difficulty in improving reverse osmosis (RO) plant operation occurs from feed water
salinity and input power that are inconsistent. Higher feed water salinity decreases both permeate
flux and salt rejection, while power that is decidedly low or high directly affects energy
consumption. Faced with these potentially serious problems, researchers have come at them from
several angles. Chief among the proposed solutions is the development of an optimized RO
membrane. Researchers have also looked at pretreating feed water more effectively. These
solutions are described below and in the following chapter. The next section profiles the
operating conditions of a typical RO plant.

RO plant performance evaluation includes the following performance indicators: pre-treatment
technologies, fouling control, energy consumption, comparative performance of different
desalination technologies, renewable energy integration, and carbon footprint reduction. Pre-
treatment technologies Qasim et al. review multiple pre-treatment technologies employed by RO
systems, noting that they provide an opportunity to maximize an RO system’s performance.
Similarly, fouling control is an essential performance indicator; for example, “the ability to
predict fouling and the effect of prediction on the metrics is consistent in importance”. Thus,
Ruiz-Garcia et al. assess the role of fouling prediction as a KPI for a fouling control system’s
sustainability and efficiency in the long-term operational conditions and costs. Furthermore,
energy consumption is among the KPIs for an RO system’s efficiency; the results of process
modeling by Shaffer et al. demonstrate that integrating the forward and reverse osmosis will
achieve better product quality at potential lower energy requirements. Comparative performance
of different desalination technologies: The review conducted by McGovern and Lienhard
suggests that forward osmosis has the potential to outdo RO desalination due to its comparative
better energy consumption levels. Renewable energy integration: a review by Mito et al. outlines
several possibilities for powering an RO plant using renewable energy sources to reduce the
carbon footprint. Finally, a methodology by Leon et al. is proposed to change the membrane in
SWRO desalination plants and minimize the carbon footprint.

3. Factors Affecting the Performance of Reverse Osmosis
Plants

The performance of reverse osmosis (RO) plants is affected by several elements, the most
important being water quality, particularly salinity. This was the first variable marine engineers
working with RO had to contend with. The second variable under their control is the amount of
energy used. RO plants are large and energy-hungry. As with any process in which energy is
involved, a part of it is transformed to a non-usable form (irreversibly converted to heat), which
can then be considered as fouling the membranes. Here, the irreversible loss of part of the
system's available energy resembles a pay-off in money spent to obtain an equivalent product:
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say, desalinated water. Scott (1995) provides an overview of not just the membranes used in RO
but also the industrial counterparts of these membranes, offering essential insights into design
and performance characteristics.

The importance of being able to predict fouling in reverse osmosis systems, as a way of
determining long-term cost and operation of such systems, has been emphasized by several
authors. For instance, Ruiz-Garcia et al. (2017) really dug into the potential problem of large-
scale reverse osmosis membrane desalination plants powered by wind and solar energy (as in
electro-mechanical equivalents of photovoltaic panels). Mito et al. (2019) took a different
approach, simulating and optimizing the performance of medium-sized seawater reverse osmosis
desalination plants. Pereira and Pinho (2005) proposed a different way of looking at Ro unit
performance, arguing that replacement of semipermeable membrane units should be factored into
through-life costs to reduce the carbon footprint of desalination plants.

A team of researchers led by Leon and including other prominent scholars from 2021
backtracked the energy performance of a reverse osmosis desalination plant that was working
with variable pressure and flow and examined what was the uniform performance principle for
the intact membranes. They centered their discussion around a specific real system located in the
Al-Magqal Port (Iraq) and then lambasted a few of the findings from earlier studies (e.g., Latorre
et al., 2015) and some of their principles (Wang et al., 2021; Yousif et al., 2022) for not being
totally accurate or for lacking a more coherent discussion and covering principles that go along
with the uniform performance principle.

In a 2018 study, Srivastava et al. tackled the problems associated with predicting early faults and
the need for predictive maintenance in reverse osmosis plants. These plants frequently require
maintenance if they are to perform well over a long period, and regular upkeep is extremely
important if they are to provide an uninterrupted supply of fresh water.

Plants that use reverse osmotic pressure to force fresh water through membranes do have a
number of operating problems, as Odu et al. (2015) explain. Two of the most serious involve
having to use too much energy to generate the necessary pressure, and having fresh water
contaminate the effluent when the membranes fail. However, the prospects for RO desalination
techniques appear bright, thanks to advances in membrane technology (Phuc et al., 2017).

4. Review of Existing Performance Improvement
Measures

The growing preference for reverse osmosis desalination technology is based on its low energy
demands, reasonable up-front cost, and use of improved membranes that operate at low pressure
but deliver large amounts of water.

A variety of approaches and technologies can be used to enhance RO plant performance, as
experts universally acknowledge that this desalination method can help meet the world's
freshwater needs. Strategies include:
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- Using newly designed membranes with tailored salt rejection properties could enhance water
quality and increase the rate of rejecting salts.

- Fine-tuning operational parameters (e.g., the temperature of feed and clean water, applied
pressure) to increase permeate flux for enhanced production rates along with improved overall
efficiency;

- Applying efficient pre-treatment methods such as coagulation and sedimentation to remove
suspended solids, decrease membrane fouling through high raw water quality (input), increase
the lifespan of a membrane element and improve general performance of plant.

- Including energy recovery systems to recover and recycle the concentrated brine stream, which
would in turn decrease the total power consumed by Reverse Osmosis Plant.

The performance of reverse osmosis plants can be significantly lifted by these methods and
technologies, resulting in increased rates of water production, better salt rejection, lower energy
consumption, and an overall RO plant sustainability boost.

In recent years, advancements in membrane technologies have led to marked performance
improvements in RO plants. High-flux membranes with low operating pressure capabilities and
the ability to withstand harsh feed water conditions have made these upgraded units far superior
to their precursors. Compared to other desalination methods, they consume less energy, cost less
to build, take up less space, and are easier to maintain.

Of course, these benefits are contingent upon using membranes that don't foul. To keep
membranes clean, effective pre-treatment is crucial. Pre-treatment using sedimentation,
coagulation, and filtration can remove most suspended solids, making fouling much less likely.

Membrane technologies, working conditions, and advanced pre-treatment methods hold the key
to improved performance in RO plants. They provide the means to effective and viable
sustainable water recovery. Nonetheless, the technologies that make up these system components
vary widely in performance and behavior. They must therefore be deployed in suitable
combinations to achieve system objectives at the lowest possible net present value over the life
of the system. They must also be operated and controlled in ways that make them consistently
viable across a range of water recovery scenarios.

Improvements in reverse osmosis (RO) plant performance can be brought about by a range of
technologies and strategies, which include:

1. Novel types of membrane: There is a tremendous amount of investigation in development at
present concerning newfangled styles and assets for membranes, more concentrated on salt
rejection. These enhanced membranes play a significant role in the accurate removal of salt ions
from feed water at an elevated level resulting better water quality and raised rate of salt rejection
is unbelievable.
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2. Operating conditions optimization: Finding the right operating modes - temperature, pressure
and so on - could dramatically increase any RO plant performance. This in-person discussion
will also be beneficial for us to write a paper on this work within months if fine-tuning these
parameters can increase permeate flux which is required each time you have changed the water
production rate and efficiency better than what it was already providing, making eustachian
dreams of higher throughputs come at last true.

3. Pre-treatment technologies: In place to address these challenging suspended particles and
membrane fouling, can be overcome by installing pre-treatment processes that are effective.
Some of the main methods to remove these is by coagulation, flocculation and sedimentation
which are highly efficient in improving plant performance. The impact is huge.

4. Energy recovery: The inclusion of advanced energy recovery systems like the Energy Transfer
Pumps, Turbine Generators and Pressure Exchangers provide a unique solution to consume
electricity only on one side (brine concentrate stream) but recover/ reuse it by exporting on other
side brine from source water. This impressive feature not only improves the energy efficiency of
an RO plant overall but also it comes to be delightful. Music to the ears of plant operators.

The pivotal role that these technologies play in the efficiency and performance of RO plants
makes them key to gaining improved water production rates and, more importantly, improved
overall system sustainability. With RO plants, the sustainable way to think is both economically
and energetically, as the two are usually closely linked. Thus, ongoing research aims to enhance
both the water production rate relative to the energy consumed and the plant's overall size,
allowing everything from water to salt to be processed efficiently.

Various technologies can be used to improve reverse osmosis (RO) plant performance, and the
recent studies summarized here suggest several viable solutions. Membrane modification
promises much, but so far it has delivered little in the way of real-world improvements. Pre-
treatment looks more promising, but even here, a mixture of standard methods and experimental
new ones means that any RO plant must take its specific situation into account when choosing
the right way to pre-treat its feedwater. Many plants could probably benefit from better energy
efficiency, and those that use fossil fuels could reduce their greenhouse gas emissions and other
pollutants by switching to more effective, less harmful renewable energy sources.

The improvement of reverse osmosis (RO) membrane efficiency is of vital importance in today's
water-stressed world. Liu and colleagues (2018) consider the impacts of modifying the materials
and structure of the supports for RO membranes, which serve as the critical base upon which the
actual membrane is formed. They describe several approaches to preferentially increase the pore
size of the supports, to fill in the pores with material that will better ensure smooth water
transfer, and to take advantage of nanotechnology approaches to trim down the pathway that
water molecules must travel once they hit a pore.

The experience of Brazil with photovoltaic-powered reverse osmosis plants is shown by
Carvalho et al. (2004). They present the use of renewable energy sources to drive RO systems
and how that use can render the systems much more sustainable and performant. McGovern and
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Lienhard (2014), in contrast, present a potential alternative to RO. They explore the use of
forward osmosis, which could outperform not only RO but also most of the available
desalination technologies in terms of energy efficiency.

The effects of pre-treatments with activated carbon and cationic exchange resin on RO
defluoridation of groundwater were studied by Chantharawong et al. (2017). They demonstrated
that the performance of RO can be enhanced by advanced pre-treatment technologies. Ling et al.
(2010) explored the application of highly water-soluble magnetic nanoparticles as draw solutes
in forward osmosis. They feel that this technology has the potential to be used for water
recycling and reuse, and they presented it as a straightforward and efficient method.

5. Emerging Technologies for Optimizing Reverse
Osmosis Performance

The performance of reverse osmosis can be boosted by several new, state-of-the-art technologies.
Among these are membrane modification, high-efficiency pre-treatment technologies, controls
that use artificial intelligence, and the application of renewable energy sources. Optimizing the
operation of these systems in real-world applications, however, is not simple. Recent research
has investigated these enhanced technologies to evaluate their efficiency and effectiveness
fundamentally.

- RO membrane performance is enhanced through the modification of porous support materials.
This very important method in optimization is explored by Scott (1995). The salts in seawater as
you find it in nature are predominantly sodium and chloride. The SCL (Scott) is a common
euphemism, denoting not exactly what is present but a proxy to parts of seawater, which when
applied under pressure pushes through the RO membranes. More detail and derivation are given
in Safarpour et al. (2013), whose modified membranes with reduced graphene oxide/TiO2 have
shown promise under lab conditions. From our point of view, which is to understand why
optimization is important, membranes are the key to successful industrial application.

- The authors Weiss and Manes (2012) give a detailed summary of the contemporary pre-
treatment technologies for reverse osmosis desalination and of the pre-treatment processes
themselves. They describe the optimal function of these processes, namely to preserve the high-
level energy efficiency of the RO desalination system and to maximize its flow of potable water.

- Integration of renewable energy: Jiang and Li (2017) describe how Brazil has employed
photovoltaic electricity in a reverse osmosis pilot plant. They emphasize that using renewable
energies like solar power can enhance the sustainability of desalination systems. As we know,
integrating renewable energy systems into the electricity grid or supplying “off-grid” electricity
for RO systems in remote locations presents a new set of challenges. Bilton and Kelley (2017)
turn to that aspect and discuss optimizing RO performance in power system design for remote
applications.
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- Advanced control strategies: A computational design tool for brackish water reverse osmosis
systems with spiral-wound modules is presented by Jiang et al. (2022). The insights gained from
this tool provide a solid foundation for understanding more sophisticated design strategies that
could be employed to optimize reverse osmosis system performance.

Despite tests on seawater and areas of hope, reverse osmosis (RO) - a common water
desalination solution does face challenges such as fouling problems or high energy consumption.
Researchers and developers have been exploring new technologies to improve the efficiency of
RO plants. A few of them, the forward osmosis-reverse osmosis (FO-RO) hybrid systems are one
such innovation. These systems combine FO with RO to increase efficiency and reduce fouling.
FO utilizes a semi-permeable membrane to separate saline solution and fresh water using
osmotic pressure. The initial water-diluted FO concentration provides a well-treatable aqueous
stream, followed by RO to deliver high-quality permeate.

One of the emerging technologies for improving RO plant performance is nanostructured
membranes. Moreover, these membranes exhibit a nanostructured surface which increases the
water permeability while still retaining salt rejection [Kiparsky et al., 2013].

In addition, sophisticate membrane cleaning methods are being developed to scrupulously
remove foulants and to expand membrane longevity. Our cleaning method research includes
physical cleaning (e.g., backwash, air scour), chemical cleaning (e.g., acid wash, alkaline wash),
and enzymatic cleaning.

The successful pretreatment of feed water is critically important to the operation of reverse
osmosis desalination plants. This is because advanced "pretreatment of pretreatment," as it's
called in the industry, is essential to ensure that particle contaminants and biofouling are
controlled so that plant operations and maintenance can proceed smoothly. Aside from proper
coagulation and sedimentation, much of this advanced pretreatment work is done with
ultrafiltration membranes, because they are so good at collecting particles and keeping them
from going downstream to the RO membranes.

Two common configurations for reverse osmosis membranes are the spiral wound and hollow
fiber modules. Emerging technologies offer ways to increase efficiency, effectiveness, and even
cost savings. But, as operators of RO plants well know, continuous monitoring and control of
system conditions are the most effective means to push plants toward optimal performance. And
what is the obverse of optimal performance? Membrane fouling, that scourge of water treatment
facilities. RO plants are used to combat water scarcity. This is an excellent application of a very
good set of membranes, provided that they remain membrane-like.

Enhancing the performance of reverse osmosis (RO) desalination plants can involve using hybrid
technologies combining forward osmosis (FO) and RO. In these FO-RO installations, water is
drawn from saline feed water by using a low-salinity draw solution. This pre-concentration step
lessens the fouling tendency of the feed water and allows enough time for the contaminants to be
reduced to a manageable level. Once the draw solution has done its job, it is further processed in
an RO stage so that pure water can be obtained. Although this hybrid method seems to show
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promise, its energy performance is insufficient, meaning that energy recovery devices must be
present in order for it to work economically. Because these devices are not used at present in the
Puerto Rico SWRO plant, FO-RO cannot currently be implemented there.

6. Case Studies: Successful Performance Improvement in
Reverse Osmosis Plants

There are multiple strategies and technologies we can use to make reverse osmosis desalination
plants perform better. These are things we can design into the plants, or aspects of plant
operation we can control and fine-tune. The great majority of the performance-improvement case
studies and research publications it had founded in the literature on this topic cover methods that
treat the seawater before it enters the RO membranes, a procedure known as pre-treatment.

In this context, Mito et al. (2019) analyzed and summarized the available literature on two
renewable energy sources: wind and solar power. They focused their attention on the technical
challenges and potential solutions to those challenges related to powering RO systems with wind
or solar energy when we scale up to using many of those systems in an integrated fashion.

In a study conducted in 2005, Pereira and Pinho tackled the optimization of the medium-sized
reverse osmosis processes for seawater desalination. They advanced the idea that employing
devices to recover energy at high efficiencies might be one of the key elements to
substantiallyslash the costs associated with reverse osmosis plants.

In 2021, Leon and Ramos published an evaluation of how well plants that use renewable
energies can perform when integrated with reverse osmosis membrane technology. Conversely,
Thi et al., in the same year, evaluated the potential performance of several desalination
technologies, with reverse osmosis being one of the assessed technologies. They did this by
using different methods to gauge performance and to rank the technologies in terms of how well
they might satisfy certain metrics.

Wang et al. (2021) analyzed the design and energy consumption of small-scale reverse osmosis
desalination systems. Their research underscored the successful use of compact desalination
systems in space-constrained areas with limited water resources. Many reverse osmosis
desalination systems work much more efficiently, thanks to design improvements. In one such
case, researchers at the U.S. Department of Energy combined forward and reverse osmosis in a
seawater desalination plant. Their hybrid system not only treated the troublesome contaminants
boron and chloride, but it also greatly reduced energy consumption.

A second case study looked at how to improve the efficiency of an RO facility. The study
directed its attention to the facility's pretreatment systems and compared them to five other RO
facilities. It found that the facility in question had the most problematic pretreatment
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arrangements and so was the best candidate for systems optimization. After the pretreatment
arrangements were optimized, the facility's overall performance was dramatically improved; in
fact, fouling was so greatly reduced that the facility's need for chemical cleaning was cut to less
than half of what it was before.

7. Future Directions in Reverse Osmosis Performance
Enhancement

Improving the performance of reverse osmosis presents good opportunities for future
technological advancements and sustainable solutions. Clean water is in ever-increasing demand.
It is vital to explore innovative strategies and new technologies that can optimize not only the
efficiency of RO systems but also their sustainability. The references below provide some good
ideas for potential future improvements.

In 2019, Mito and colleagues undertook a study to identify the difficulties and to propose the
large-scale implementation of wind and solar photovoltaic (PV) powered reverse osmosis (RO)
systems. They strongly urged that “further research must be done" to enable commercial-scale
desalination to occur "in a sustainable way," that is, powered by renewable energy.

The work of Chen and Yip (2018) in particular gives a good example of the promising
technologies being explored for use in high-salinity desalination. The authors investigated the
potential of cascading osmotically mediated reverse osmosis to allow not just for desalination of
seawater, but also for treatment of hypersaline brines that other desalination methods currently
cannot handle. They emphasized the potential of the method to achieve high recovery rates and
the moderate hydraulic pressures required not just for efficiency, but also for the much-touted
energy savings that might accompany a shift to this sort of desalination paradigm.

The pathways for minimal and zero liquid discharge (MLD/ZLD) in seawater desalination using
reverse osmosis (RO) technology were thoroughly examined by Atia and co-workers (2021).
They emphasized the vital need for energy-efficient enhancements that are also cost-effective if
we wish to achieve MLD/ZLD. On the other hand, Liu and co-workers (2018) focused on the RO
membrane itself and highlighted how modifications to both the membrane and the RO unit can
lead to markedly improved efficiencies.

Together, these references offer an insightful glimpse into what the future might hold for
improving reverse osmosis system performance. The integration of renewable energy sources
with desalination technologies holds great potential for the development of energy-efficient
desalination systems. The reference materials also read and provide well for advanced membrane
modification, and they certainly nudge one toward a thought process that can yield strategies for
achieving minimal and zero liquid discharge.
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8. Conclusion

General Review of Reverse Osmosis (RO) Performance and Progress in RO Desalination
Technology and Wastewater Reuse The review presents the main features determining corrective
technologies and RO performance, including feedwater quality; membrane characteristics,
operational parameters. The review goes into detail on the advantages and limitations of
polymeric RO membranes, which are used worldwide for their high rejection rates combined
with efficient energy consumption. Focusing on the importance of RO performance improvement
for water scarcity alleviation and growing demand in clean water, this review article presents a
variety of approaches to increase these performances such as enhancing membrane materials,
fouling control strategies and energy recovery technologies. It also touches on the promise of
forward osmosis (FO) technology to surpass RO in energy efficiency, though acknowledges that
FO is still early-stage and requires more development and research. Overall, this research
provides a comprehensive summary of the applications and challenges facing current RO
technology in water desalination and wastewater recycling, emphasizing the need for continued
efforts on improving the performance of RO to cope with global low-quality fresh water systems.
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