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The circular economy (CE) is gaining attention globally, given its potential to
contribute significantly toward sustainable development. The demands for
cleaner and safer water amid rising waterborne diseases and stringent
environmental regulations are driving the need for reverse osmosis (RO)
membrane desalination processes. RO membrane desalination processes are
associated with extensive material and energy use, with resulting waste
generation, and have ever-growing ecological footprints. Extensive theoretical
knowledge on CE and sustainability exists, although it lacks the practical bridge to
implementation. In this article, a structured and practical framework is developed
and applied to an RO membrane desalination system. Features of this framework
allowed breaking the RO membrane desalination system into phases of design
(DP), manufacturing (MP), use (UP), and end-of-life (EoLP) and assessing it against
both the 3R and 9R ladder strategic frameworks. The resulting CE and
sustainability importance trend in the order of DP > MP > UP > EoLP allows
for setting the initial implementation starting point, phase(s), or stage(s) for
prioritization and maximization to overcome some of the initial
implementation challenges. This opens the door for continuous
improvements and incremental progress to take on an entire circular or
sustainability project in the long term. CE broken into implementation clusters
of circular business models (CBM), resource efficiency strategies (RES), and
regenerative sustainability practices (RSP), assessed against each of DP, MP,
UP, and EoLP phases, offered valuable insights into myriads of opportunities
associated with RO membrane desalination system CE implementation. The
framework provides step-by-step guidance to bridge the gap between CE and
sustainability theoretical knowledge and practical implementations for industrial
adoption to reap the countless opportunities.

circular economy implementation, circular economy implementation framework,
circular economy implementation guidance, circular business model, resource
efficiency strategies, regenerative sustainability practices, R-ladder strategies
application, reverse osmosis membrane desalination
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1 Introduction

Membrane science and technology is a multidisciplinary field
that deals with the design, development, and various applications of
membranes. Applications of membranes involve separation,
selective transport, controlled delivery, and discrimination. Above
all, separation is gaining ground because of its wide applications and
competitiveness with some existing conventional industrial
processes (Anim-Mensah, 2025).

Membrane  processes  include  microfiltration  (MF),
ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO),
pervaporation (PV), vapor permeation (VP), dialysis (D),

membrane distillation (MD), electrodialysis (ED), and reverse
electrodialysis (RED-) (Koros et al., 1996).

Membrane separation processes involve driving pressure,
temperature, concentration, and/or electrical forces (Lopez et al.,
2023). Synthetic membranes of interest are made from materials
including synthetic organic polymers, metallics, ceramics, zeolites,
and their hybrids (Ezugbe and Rathilal, 2020). Polymeric pressure-
driven membranes are gaining ground, given their flexibilities,
including high surface area per volume (ie., space efficiency),
lower cost, ease of manufacturing, and use (Anim-Mensah, 2025).

The membrane filtration market, driven mostly by polymeric
pressure-driven membranes, especially MF, UF, NF, and RO, is
estimated to grow from 7.51 billion USD in 2024 to 13.03 billion
USD in 2032 with a CAGR rate of 7.12% (Gotadki, 2025). RO
membranes contributed to about 45% of the total market annual
revenue in 2023 and are projected to grow at an 8.4% CAGR rate
from 2024 to 2032 (Gotadki, 2025). The growth associated with RO
membranes is driven by the need for cleaner and safer water due to
the rising awareness of waterborne diseases, stringent environmental
regulations, and growth in wastewater treatment (Precedence
Research, 2025; Data Bridge Market Research, 2025). Other
growing industries for RO membranes include chemical,
petrochemical, biotechnology, food, beverage, dairy, and medical
(Credence Research, 2024). Clean energy production from fuel cells
(Tariq et al., 2024) and cleaner hydrogen from electrolyzers are also
on the growth horizon (Anim-Mensah et al., 2024).

The human population globally is expected to grow from
7.8 billion (2020) to 9.7 billion (2050) (Gu et al, 2021),
representing a 24.4% rise. EIA estimates approximately a 50%
rise in global energy use from 2020 to 2050 (Courtney, 2021),
while UNEP projects an 81% rise in municipal solid waste
generation from 2.1 billion tons in 2023 to 3.8 billion tons in
2050 (UNEP, 2024). Plastic production and associated pollution,
known to negatively impact the environment, are expected to double
to 121 million MT by 2050, with a corresponding increase in
greenhouse gas emissions of 37% to 3.35 billion tons CO,
equivalent in the absence of interventions (Pottinger et al., 2024).

The increasing human population presents challenges, including
rising demands for resources with corresponding waste and
pollution, in light of dwindling resources. If nothing is done
about the conventional linear economic lifestyle, that is, take-
make-use-dispose (Rajput and Singh, 2019; Korhonen et al,
2018), which is unsustainable, this will impact our own existence
and that of future generations. This necessitates the need for
of which a circular

interventions, economy (CE) is an

excellent choice.
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CE is a sustainable economic model with regenerative systems
aimed at reducing waste and excessive resource utilization by
promoting reuse, recycling, and upcycling of products and
regenerating materials at the end of their service life. This
involves combinations of maximization and optimization. In
basic terms, CE seeks to conserve natural resources and decrease
waste and pollution while promoting sustainable economic growth.
CE leads to protecting the environment, while the conventional
linear economic model negatively impacts the environment (Rajput
and Singh, 2019; Valencia et al., 2023). Lieder and Rashid consider
CE as a “collaborative economy” where its implementation is based
on resource scarcity (ie., energy and material consumption),
environmental impacts (i.e., solid waste, landfills, emissions or
pollution) and economic benefits (i.e., cost reduction, increased
revenue, or gross domestic product) (Lieder and Rashid, 2016;
Arruda et al., 2021).

The European Commission projects that the adoption of CE
principles by the European Union (EU) manufacturing sector could
result in an annual economic gain of 600 billion euros, while the
adoption by the global economy could create a 1,000 billion USD per
annum market (Korhonen et al, 2018). Industries aligning their
operations to comply with CE principles can reduce their ecological
footprints, improve sustainability, and contribute to a more
regenerative and restorative economy, collectively lowering
humanity’s impacts on the earth (Kiimmerer et al., 2020).

In general, the life cycle of pressure-driven membranes involved
in separations is associated with material selection, membrane
design, membrane fabrication, testing, membrane system design
(Anim-Mensah, 2025), system construction and manufacturing,
system installation, system commissioning, system operation, and
decommissioning (Khanzada et al., 2024; Glover et al., 2022). This
membrane life cycle in phases can be grouped into four groups: (1)
design of the membrane and system; (2) production of the
membrane and systems; (3) using the membrane and system; (4)
end-of-life of the membrane and systems (Konig et al., 2024). In
each phase, regulations and policies exist to assist in complying with
CE principles to derive the necessary benefits.

CE pursuit is driven by a treasure of theoretical knowledge and
the shared desire for sustainability. Nevertheless, the pathway to
practical implementation is plagued with complex technical, social,
and economic challenges (Chrispim et al., 2023; Ferriz-Papi et al.,
2024). It is worth pointing out that neither the challenges nor the
solutions are the same for every industry or application (Ferriz-Papi
et al., 2024). Moreover, there is a need for strategic infrastructure
development, robust business guidance and methodologies,
innovative market solutions, and integrated methods to span
entire value chains to overcome these challenges (Iacovidou et al.,
2021; Ferriz-Papi et al.,, 2024).

The barriers to CE implementation are multilayered, ranging
from internal company limitations to external regulatory and
market factors. The bridge between theory and practice requires
cross-disciplinary research and practical solutions to navigate these
complexities. This calls for the development and implementation of
effective strategies and plans to unlock the full potential of CE to
drive sustainable growth (Chrispim et al., 2023; Tacovidou et al.,
2021; Ferriz-Papi et al., 2024).

In this article, a structured CE implementation framework is
developed and applied to reverse osmosis (RO) membrane
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desalination systems, which are pressure-driven, given their
extensive use and growth. RO membrane desalination footprints
are growing, given the increasing demands for cleaner and safer
water (Zapata-Sierra et al, 2021). RO membrane desalination is
associated with intensive material and energy use and waste
generation (Miller et al, 2015), and adopting CE principles is
necessary for sustainability compliance.

2 Literature review
2.1 Introduction to circular economy (CE)

2.1.1 Definition and overview of circular
economy (CE)

In 2019, the Ellen McArthur Foundation stated, “A circular
economy is a systemic approach to economic development designed
to benefit businesses, society, and the environment. In contrast to
the ‘take-make-waste’ linear model, a circular economy is
regenerative by design and aims to gradually decouple growth
from the consumption of finite resources” (Ellen McArthur
Foundation, 2019).

After analyzing 114 CE definitions, Kirchherr et al. (2017) wrote
that “A circular economy describes an economic system that is based
on business models which replace the ‘end-of-life’ concept with
reducing, alternatively reusing, recycling and recovering materials in
production/distribution and consumption processes, thus operating
at the micro level (products, companies, consumers), meso level
(eco-industrial parks) and macro level (city, region, nation and
beyond), with the aim to accomplish sustainable development,
which implies creating environmental quality, economic
prosperity, and social equity, to the benefit of current and future
generations” (Kirchherr et al.,, 2017). Figge et al. considered this
definition too broad and thought it failed to meet a good criterion for
a CE definition (Figge et al., 2023). Kirchherr et al. conceptualized
CE to have three (3) pillars of sustainability: environmental, social,
and economic, and found 95 different definitions of CE among the
114 definitions reviewed (Kirchherr et al., 2017).

Moreover, Kirchherr et al. (2023), after analyzing 221 CE
definitions, shared that the CE concept over the past 5 years has
both been consolidated and differentiated,
development has been the main driver. Additionally, Kirchherr

and sustainable

et al. pointed out the need for in-depth analysis to determine the
necessity for conceptual consolidation and develop targeted
strategies to facilitate its practical implementation. A pivotal
inquiry persists concerning the capability of CE strategies to
concurrently support both environmental sustainability and drive
long-term economic development (Kirchherr et al,, 2023).

Figge et al. defined CE after considering these four necessary
criteria: (1) closed loop for resources opposing the necessity for
virgin resource; (2) optimization of resource flows and their
directions where input and output are the same in a fully circular
system; (3) multilevel concept operating across two synergistic
levels—a high level resource circularity-like cluster or industry-
wide enabled by a low level activities including refuse, rethink,
reduce, recycling, remanufacture, and many more to be executed by
the implementor firms; (4) due to thermodynamic constraints and
imperfect systems, circularity cannot be reached fully; hence, a
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steady state cannot be achieved, necessitating a diversified
approach to reduce resource use sustainably (Figge et al., 2023).

Based on the foregoing four criteria, Figge et al. defined CE by
writing, “a circular economy is a multi-level resource use system that
stipulates the complete closure of all resource loops. Recycling and
other means that optimize the scale and direction of resource flows
contribute to the circular economy as supporting practices and
activities. In its conceptual perfect form, all resource loops will be
fully closed. In its realistic imperfect form, some use of virgin
resources is inevitable” (Figge et al., 2023).

The above suggests the need for standardization of CE
definitions and terminologies. Today, there is much evidence to
confirm that many businesses have successfully implemented and
are benefiting from CE, with the adoption rate gradually increasing
(Ellen McArthur Foundation, 2015; Dey et al., 2022; Kansheba et al.,
2025; Kirchherr et al., 2023).

The concept of a circular economy (CE) creates a powerful tool
to drive sustainability that businesses, policymakers, and individuals
can understand and adopt (Corona et al., 2019; Korhonen et al.,
2018). As a sustainable economic model, CE aims to reduce waste
and resource consumption by promoting the reuse, recycling, and
upcycling of products and materials while preserving the
environment (Kiimmerer et al., 2020). As a closed-loop system,
CE ensures materials stay in use to derive maximum benefit,
maximizing value while minimizing or eliminating waste, which
is achievable through recycling, reuse, refurbishment, and repairs
(Rajput and Singh, 2019).

Key aspects of CE include design for circularity where products
and services are designed to be recycled, reused, biodegradable, or
upcycled; sharing and collaboration where companies and
individuals share resources, expertise, and assets to reduce waste
and improve efficiency; and regeneration and restoration where
natural resources are regenerated and restored, rather than depleted
(Kiimmerer et al., 2020; Arruda et al., 2021; Ellen McArthur
Foundation, 2019).

2.1.2 The benefits of CE

CE benefits include resource maximization, resource efficiency,
environmental sustainability, sustainable economy (Valencia et al.,
2023), and social, environmental, and economic benefits (Arruda
et al., 2021).

2.1.3 Drawbacks and challenges of CE

Despite the many benefits of CE, the drawbacks include limited
circular material availability, implementation
scalability ~ challenges, regulatory
frameworks, lack of standardization, awareness, and education
(Takacs et al, 2022), social impacts (Kndble et al, 2022), and
higher initial costs (Itanola et al., 2024; Kochanski et al., 2024).

Challenges are technical, economic, policy, regulatory, and

complexity,
technology  dependencies,

organizational in nature (Rosdrio et al, 2024; Galvao et al,
2018), which in basic terms include designing for circularity,
closing the loop, materials biodegradability, sharing economy,
and systemic change (Kirchherr et al, 2023). Another key
challenge is the lack of consensus on the definition and
terminology of a CE (Arruda et al,, 2021). These drawbacks and
challenges highlight the complexities and difficulties associated with
transitioning to a CE. Transitioning will require clear objective
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statements, careful planning, collaboration, and innovation to
successfully implement a CE.

2.2 Circular economy (CE) principles and
compliance

2.2.1 Key principles of circular economy

CE principles refer to the concept of designing systems,
products, and services to be restorative and regenerative by
design, keeping existing resources in use for as long as possible,
and deriving maximum value while minimizing or eliminating waste
(Liang and Knauer, 2023). The strategic goal of CE includes
addressing the challenges of resource scarcity, as waste disposal is
a win-win manner from the perspectives of economic and value
(Galvao et al., 2018).

2.2.2 Compliance with circular economy principles

CE compliance means adhering to regulations, standards, or
guidelines that promote CE principles, such as reducing waste,
increasing  recycling, and using renewable  resources.
these

principles can contribute to a more circular and regenerative

Governments, businesses, and individuals adopting
economy, reducing waste, promoting sustainable growth, and

enhancing the wellbeing of life on earth (Korhonen et al., 2018).

2.3 Circulareconomyandsustainability
relationship

2.3.1 Overview of the connection between circular
economy and sustainability

Sustainability and a CE are closely interconnected concepts that
aim to reduce humanity’s environmental footprint and promote a
more regenerative and restorative economy. A CE is a key strategy
for achieving sustainability, while sustainability provides a
foundation for a CE (Walker et al., 2022). CE means of achieving
sustainability includes closed-loop systems, regenerative practices,
sharing, and collaboration, while sustainability as a foundation for
circularity considers environmental awareness, social responsibility,
and economic viability (Liang and Knauer, 2023).

2.3.2 Key differences between circular economy
and sustainability

Key differences between sustainability and the CE revolve
around the objective, scope, focus, and approach. Sustainability,
being much broader, involves environmental, social, and economic
aspects, while CE primarily focuses on resource management in
terms of materials flow and waste reduction (Sustainability
Directory, 2025).

In addition, sustainability aims at meeting today’s and future
needs across various categories, while CE promotes regenerative
systems that promote optimizing resources and reducing wastes in a
closed loop. Moreover, sustainability relies on incremental
improvements while addressing a host of issues, whereas CE
requires a more radical transformation of systems and business
models targeting resource management, with emphasis on

Frontiers in Membrane Science and Technology

10.3389/frmst.2025.1604508

minimization, reusing, recycling, upcycling, and regeneration
(The Debrand Team, 2024).

Additionally, sustainability science’s fundamental concerns are
from overexploitation of resources and environmental degradation,
while pursuing continued growth. Circular economy, rooted
similarly in sustainability, uniquely integrates a wide array of
concepts. This convergence results in circular economy having a
multifaceted definition, with its sole unifying objective being
optimization of resource utilization (Velenturf and Purnell, 2021).

2.3.3 R-ladder strategy framework for sustainability
and circularity

The R-Ladder is a framework comprising strategic “R”
sustainability and circularity keywords arranged in hierarchical
steps to close material loops toward greater alignment with
sustainability and circularity (Alivojvodic and Kokalj, 2024).

The R-ladder objective is to reduce waste or maximize resource
use, optimize resources, extract value, and promote regenerative
growth. This leads to reduced environmental impacts while driving
the realization of economic and new growth opportunities
(Evolveable Consulting, 2024).

Many authors use a similar RO to R9 (or 9R) strategic framework
version and keywords with the “Rs” order of importance in
order from refuse (RO), rethink (R1), reduce (R2), reuse (R3),
repair (R4), refurbish (R5), remanufacture (R6), repurpose (R7),
recycle (R8), to recover (R9) (Mufoz et al., 2024; Alivojvodic and
Kokalj, 2024; Evolveable Consulting, 2024; Smol et al., 2024; Potting
et al, 2017). This is shown hierarchically in Figure 1 with some
explanations.

Refuse (R0), rethink (R1), and reduce (R2), or R0O-R2, on the top
portion of the hierarchy, are referred to as “upper” R-strategies (3R).
This is because they prevent waste before it occurs and are
considered the most circular actions. They reduce the need for
raw material use and energy inputs, hence closing the material loop
(Evolveable Consulting, 2024).

Other versions of 9R (i.e., RO-R9), defined differently, include
refuse/rethink (R0), reduce (R1), resell/reuse (R2), repair (R3),
refurbish (R4), remanufacture (R5), repurpose (R6), recycle (R7),
recover (R8), and re-mine (R9). In this situation, 3R, RO-R2, is
defined differently as refuse/rethink (R0), reduce (R1), and resell/
reuse (R2) (Superti et al., 2021). In other situations, 3R is defined to
include reduce, reuse, and recycle as a strategy to maintain the
highest use and value of products, components, and materials
(Scarpellini et al., 2019; Khanna et al, 2022; Kirchherr et al,
2023). This suggests that depending on the objective, the “Rs”
can be tailored to suit the need.

Evolvable Consulting defines the RO to R9 (9R) strategic
keywords as follows:

RO. Refuse: Avoiding or reducing wasteful habits

RI: Rethink: Revolutionize designs, processes, and operations.

R2: Reduce: Improve efficiency but not at the expense of quality,
or reduce new resource use.

R3: Reuse: Increase product longevity or extend life.

R4: Repair: Preserve and restore functionality.

R5: Refurbish: Update to maintain usability.

R6: Remanufacture: Restore value.

frontiersin.org


https://www.frontiersin.org/journals/membrane-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frmst.2025.1604508

Anim-Mensah

10.3389/frmst.2025.1604508

Circular

economy RO Refuse

A

R1 Rethink

R2 Reduce

Extend
lifespan of

R3 Re-use

products and

I R4 Repair
its parts

R5 Refurbish

R8 Recycle

Linear
economy

R9 Recover

FIGURE 1

R6 Remanufacture

R7 Repurpose

Make a product redundant: abandon
function or use different product

Make product use more intensive:
sharing or multi-functional products

Consume less through efficient
manufacturing or use

Re-use of functioning discarded
products by another use

Repair and maintenance of
defects to keep original function

Restore and update
Use parts in a new product

with the same function

Use products or parts in a new product
with a different function

Process materials to obtain the same
(high grade) or lower (low grade) quality

Incineration of materials with
energy recovery

The 9R strategic framework toward circularity and sustainability in priority order (Potting et al., 2017).

R7: Repurpose: Rethink material application or find uses for old
materials or equipment.

R8: Recycle: Cycle material back into production or waste into
new materials.

Harness materials from non-

R9: Recover: energy or

recyclable waste.

Prioritizing the upper R-strategy keywords (R0-R2) lessens the
environmental impacts by (1) lowering carbon footprints; (2)
promoting designs that encourage durability, multifunctionality,
modularity, and minimizing waste generation; (3) avoiding
unnecessary consumption and pollution. Moreover, its economic
benefits lead to (1) cost savings from the use of minimized raw
materials and energy; (2) adopting CE business models, such as
product-as-a-service (PaaS), to create recurring revenue streams; (3)
brand reputation by offering sustainable products to consumers
(Evolveable Consulting, 2024).

2.4 Circular economy, sustainability, and
applications of optimization and
maximization

2.4.1 Overview of optimization and maximization

Optimization and maximization are related concepts used in
mathematics, engineering, economics, and for decision-making
(McKelvey and Neves, 2021). They are also used extensively in
circularity and sustainability to make informed decisions and have
distinct similarities and differences. Similarities include goal
orientation and concepts used for mathematical modeling,
analysis, and supporting decision-making. However, they differ
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by their objectives, constraints, solution space, methodology, and
real-world applicability (Chiandussi et al., 2012).

Optimization seeks out the best balance or most effective
solution among competing goals and constraints (Dagdia and
Mirchev, 2020), whereas maximization aims for the highest
possible outcome regardless of the consequences (Farley, 2012).
Moreover, optimization finds a feasible solution to real-life problems
that have multiple factors and constraints (McKelvey and Neves,
2021; El-Halwagi, 2006), whereas maximization prioritizes a single,
often short-term gain and frequently without fully considering
potential trade-offs with other goals (Haessler, 2020).

Implementing an optimization or maximization framework
involving (1) a clear problem statement defining the optimization
or maximization problem, objective, constraints, and decision
variables (Vasudeva et al, 2022); (2) formulating a model; (3)
selecting appropriate solution algorithms to solve the formulated
model; (4) testing and validating the model (Zeng et al., 2023).

2.4.2 Optimization and maximization techniques in
circular economy and sustainability

On the one hand, optimization is applied to a CE to assist in
balancing competing objectives, designing for circularity, and closed
loops in material flows (Bal and Badurdeen, 2022). On the other
hand, maximization seeks to ensure keeping materials in use for
their high value to minimize scarcity, new material use, waste, and
environmental degradation (Farley, 2012; Negrete-Cardoso et al.,
2022). Both optimization and maximization techniques are used to
achieve efficient use of resources, minimize waste, and promote
environmentally friendly practices.
application include (1)
programing for allocating resources optimally and minimizing

Optimization techniques linear
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waste in especially supply chains (Eldein and Sobhi, 2019); (2) life
cycle analysis (LCA) to assist optimizing product designs and end-
of-life strategies to minimize environmental impacts (Sakib et al.,
2024; Liu et al., 2024); (3) material flow optimization analysis to
reduce waste and promote recycling (Islam and Huda, 2019; Camaj
et al,, 2025); (4) energy system optimization to design and operate
energy system with minimized greenhouse gas emissions while
maximizing renewable energy (Wang et al., 2024; Hussain et al.,
2025; Scarpellini et al., 2019).

Maximization techniques include applications such as (1) profit
benefits
environmental cost in circular business models (CBMs) (Van

maximization from economic while minimizing
Erkelens et al., 2025); (2) resource efficiency maximization by
using renewable resources to minimize depleting and polluting
non-renewable resources (Khan et al, 2023; Wang et al, 2025;
Scarpellini et al., 2019); (3) value maximization where products and
materials values are maximized by recycling, upcycling, and
repurposing, to name a few (Smol et al., 2024).

These techniques are expected to assist CE implementers and
adopters, such as policymakers and businesses, in designing and

implementing effective CE systems.

2.4.3 Maximizing resource efficiency and
minimizing waste in circular economy

Maximizing resource efficiency and minimizing waste, as core
objectives of a circular economy, are examples of maximization
(Hariyani et al., 2024). This results in net positive gains at reduced
environmental impacts while businesses and societies extract
maximum value.

Maximizing resource efficiency strategies include (1) design for
circularity ensuring materials are easily reused, recycled or
biodegradable (Kruczek et al, 2025); (2) resource optimization to
ensure optimizing resource use, reduce consumption and waste
generation (Hariyani et al, 2024); (3) closed-loop systems where
materials are constantly cycled back into production to minimize
waste and the need for the primary resource impacts (Kruczek et al,
2025); (4) sharing and collaboration promoting sharing, leasing and
collaboration to promote resource utilization (Abdelmeguid et al.,, 2024).

Waste minimization strategies include (1) waste prevention,
where generation is minimized from design standpoint and
optimizing processes; (2) waste recycling and upcycling, where
waste is converted to valuable resources (Abdelmeguid et al,
2024); (3) producer accountability for product lifecycle, ensuring
producers are responsible from creation to disposal of their products
(Liu et al., 2022); (4) the use of biodegradable materials, ensuring an
easy return to nature with minimized environmental impacts
(Kruczek et al., 2025).

2.5 Circular economy business
models (CBMs)

2.5.1 Overview of CBMs

Circular economy business models (CBMs) come in various
forms based on the value chains or life cycle phases in which they
operate. A CBM conveys the mechanics of how value is generated
and delivered to various stakeholders while minimizing ecological
and social impacts (BOI, 2025).
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Existing linear business models (LBMs) operate by acquiring
natural resources, creating products, and disposing of waste with
minimal recycling. CBMs design out waste and pollution and
prolong the use of materials and products while regenerating
natural systems. This ensures sourcing products and materials
from the existing economy and not from ecological sources.
CBMs create value for consumers by adding value to existing
products and materials while creating valuable inputs for
immediate consumers and beyond (BOI, 2025).

2.5.2 Types of circular economy business models

Depending on the value chain, types of CBMs include (1)
circular inputs—using renewable, recycled and highly recyclable
inputs in manufacturing to reduce and eliminate waste and
pollution; (2) sharing economy concepts—maximizing idle assets
across a community by providing customers access to products and
services at affordable prices; (3) product-as-a-service (PaaS)—rather
than owning an item outright, customers purchase services for a
limited time where the owners are responsible for maintenance,
upgrade, durability, and treatment at end of use and life; (4) product
use extension—design products that are repairable, upgradable,
reusable, ease to disassemble, recondition and recyclable
components (Abdelmeguid et al., 2024; BOI, 2025); (5) resource
recovery—recover materials, energy, and resources from end-of-life
products and returning non-functional products to manufacturers
for incentives on a contractual basis (Jensen, 2022). Other CBMs
include (6) coordinating a circular value chain—recycle products for
reuse; (7) circular product design—recycle products for reuse; (8)
use-reuse-share-repair—recycled and reused parts to make durable
products as input for other uses; (9) collection and reverse
logistics—closing the loop by upcycling, repurposed, and reselling
created products, and extending the useful lifetime of materials; (10)
sorting and reprocessing—finding alternative value in parts that
makes a product whole (BOI, 2025).

2.5.3 Benefits and challenges of
implementing CBMs

Benefits include (1) cost savings from minimizing waste,
optimizing resources use and competitive advantage (Pilipenets
et al,, 2025; Rizos et al., 2016); (2) creating new markets, revenue
streams and opportunities (Ntsondé and Aggeri, 2021); (3) brand
reputation and commitment to sustainability (Rehman et al., 2023);
(4) reducing the risk of resource scarcity, regulatory compliance, and
environmental liabilities (Pilipenets et al., 2025); (5) driving
innovation and competitiveness (Rehman et al., 2023).

Challenges include (1) high upfront or initial investment (Ting
et al., 2023; Rizos et al., 2016); (2) changing behavioral norms and
subsystems for integration (Sousa-Zomer et al., 2018; Ting et al.,
2023); (3) advocacy and policy change to overcome regulatory
barriers; (4) complexities, needed technologies and technical
know-how (Ting et al, 2023; Rizos et al, 2016); (5) effective
metrics and frameworks to assess impacts (Pilipenets et al., 2025).

2.6 Circular economy enabling technologies

Technology must be leveraged to drive CE implementation

efficiencies and progress. Key technologies include digital
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technology such as IoT, artificial intelligence (AI), and data analytics
for optimizing resources and tracking material flows (Raut et al.,
2025; Hariyani et al., 2024). Biodegradable materials can be created
from biotechnology (Rosenboom et al., 2022; Zhao et al., 2023) and
additive manufacturing (Agrawal and Bhat, 2025). Advanced
materials can be designed and wused for circularity and
recyclability (Zeng, 2024). Al is used to (1) improve sorting for
high recycling rates (Olawade et al, 2024); (2) predictive
maintenance to extend product life (Dereci and Tuzkaya, 2024);
(3) reduce waste and pollution from optimizing logistics (Zejjari and
Benhayoun, 2024; Hussain et al, 2025), predicting demand
fluctuation (Olawade et al.,, 2024; Zejjari and Benhayoun, 2024),
and material traceability (Hung, 2025). Finally, the use of Al tools
enables designers to make environmentally friendly choices (Zejjari
and Benhayoun, 2024) based on data analysis (Raut et al., 2025) as
well as real-time energy consumption analysis, and recommend
changes to minimize wastage (Hung, 2025).

3 The membrane science and
technology field

3.1 Overview

Membrane science and technology is a multidisciplinary field
that deals with the design, development, and application of
membranes for various applications. Membrane basic functions
include separation, discrimination, selective transport, and
controlled delivery (Anim-Mensah, 2025). Membrane processes
have been used for different applications in industries, including
water and wastewater treatment, wastewater management, food and
beverage, pharmaceuticals, medical, health, semiconductor, oil and
gas, chemical, and energy production (Gotadki, 2025). Membrane
key advantages include high energy efficiency, selectivity, precision,
compactness, modular design, and lower environmental impact
(Osman et al, 2024). Recent advances include nanotechnology,
where nanostructured membranes have been developed for
(Aydin et al, 2023).

membranes are designed inspired by nature for enhanced

improved performance Biomimetic
selectivity and advanced and new materials discovery with
improved membrane properties (Rahmah et al., 2024).

The outlook for the field of membrane science and technology
includes playing critical roles in addressing global challenges, such as
water scarcity, energy sustainability, and environmental pollution.
Artificial intelligence (AI) is being employed in various ways to
optimize membrane life cycles (Osman et al, 2024). Ongoing
research and improvement will continue to push limits, enabling
the development of new applications and technologies.

3.2 Membrane processes, driving forces, and
applications

Membrane processes are separation technologies that use

membranes to separate components of mixtures that are
particles, molecules, or ions from feed streams based on size,
charge, shape, affinity, and other properties using various driving

forces (Vermaak et al., 2021).

Frontiers in Membrane Science and Technology

10.3389/frmst.2025.1604508

Membrane separation systems offer versatile and efficient
solutions to various industrial applications, providing high-quality
separations with minimal energy requirements (Osman et al., 2024).
This requires careful considerations, including the selection of
membrane materials, membrane processes, operating conditions,
and pre- and post-treatments to ensure optimal performance and
longevity of the membrane systems (Poirier et al., 2023).

The choice of a membrane process depends on the specific
separation requirements, feed stream characteristics, and driving
force. Table 1 shows some membrane processes with their driving
forces, capabilities, and applications. Pressure-driven membrane
processes are of interest in this article.

3.3 Pressure-driven membrane
separation system

A membrane separation system is a separation technology that
uses membranes to separate components in a mixture that are
particles, ions, or molecules from feed streams based on size,
shape, charge, affinity, or other properties under a driving force
(Anim-Mensah, 2007). The membrane acts as a barrier, allowing
certain components to selectively pass through to achieve the desired
separation and/or purification of interest (Sebiru, 2025).

A pressure-driven membrane separation system comprises
membrane modules that house membranes of flat, tubular, or spiral-
wound configurations (Koros et al., 1996). Force is required to drive the
feedstream through the membrane and result in the required separation
or purification. Piping is required with the required components to
control the various stream flow rates while transporting materials into
dedicated tanks for each of the feed, permeate, and reject streams.
Ancillaries include electricals, controls, sensors for measurements, and
monitoring of process parameters, including flow, level, temperatures,
pressures, and concentrations, to ensure the system operates within
range while meeting product quality (Awerbuch et al,, 2006). Some
membrane systems are equipped with operational nuisance detection
systems to detect membrane fouling and/or scaling and initiate
necessary actions to maintain operational performance and longevity
(Fortunato, 2020). Figure 2 shows a typical representation of a reverse
osmosis (RO) membrane separation system.

In membrane separation involving liquids, there are three possible
streams: feed, permeate, and retentate (or reject). The reject is the
unpermeated products (Judd, 2003). There are situations where both
the permeate and reject are of value or the reject is transformed into
valuable products (upcycling). Generally, to achieve high-quality
separations energy  requirements, careful
consideration is required to select and operate membranes optimally.

with  minimal

4 Membrane science and technology,
and circular economy

4.1 Desalination RO membranes and
circular economy

The field of membrane science and technology has witnessed

significant growth in recent years and is expected to see more growth
in the coming years. This is driven by increasing demand for
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TABLE 1 Various membrane processes, driving forces, capabilities, and applications.

Membrane
process

Driving force/required range

Capability and applications

Microfiltration (MF)
(14.5-43.5 psi)
Ezugbe and Rathilal (2020)

Pressure difference: a transmembrane pressure of 1-3 bar

Retains particles in the range of 0.1-10 um, typically used for removing
suspended solids, bacteria, fats, greases, colloids, and organics from water
(Ezugbe and Rathilal, 2020; Davis, 2019)

Ultrafiltration (UF)
(29.0-72.5 psi)
Ezugbe and Rathilal (2020)

Nanofiltration (NF)
(72.5-217.6 psi)
Ezugbe and Rathilal (2020)

Reverse osmosis (RO)
pressure
15-75 bar (217.6-1,087.8 psi)
Ezugbe and Rathilal (2020)

Pressure difference: a transmembrane pressure of 2-5 bar

Pressure difference: a transmembrane pressure of 5-15 bar

Pressure difference (transmembrane pressure) greater than osmotic

Retains particles in the range of 0.001-1 um, often used for removing
solids, proteins, pigments, sugars, oils, organics, microplastics, and other
macromolecules from water (Ezugbe and Rathilal, 2020)

Retains particles in the range of 0.001-0.01 pm, commonly used for
removing dissolved solids, pigments, divalent cations including heavy
metals, divalent anions including sulfates, carbonates, other inorganic
compounds, lactose, sucrose, and some monovalent ions from water
(Ezugbe and Rathilal, 2020)

Separates particles in the range of 0.0001-0.001 um, typically used for
desalination, wastewater treatment, and production of ultrapure water.
Removes all contaminants from water except gases (Ezugbe and Rathilal,
2020)

Electrodialysis (ED)

Electrical potential difference (Patel et al., 2024; Gurreri et al., 2020)

Separates ions from a feed stream, often used for desalination, brackish,
wastewater treatment, and production of ultrapure water (Patel et al., 2024;
Gurreri et al., 2020)

Electrodialysis

reversal (EDR) (Walaweg et al., 2024)

Electrical potential differences (with periodic reversal)

Separates ions from a feed stream, often used for desalination, wastewater
treatment, and production of ultrapure water (Walaweg et al., 2024)

Dialysis (D)

Vapor permeation (VP)
(Vane, 2022)

Pervaporation (PV)
(Vane, 2022)

Membrane
distillation (MD)

Concentration difference (Zhang et al., 2020)

Chemical potential difference (partial vapor pressure difference)

Chemical potential difference (partial vapor pressure difference)

Vapor pressure difference (Ye et al,, 2024; Soumbati et al., 2025)

Separates particles based on differences in diffusion rates, often used for
removing waste products from blood in medical applications (Vadakedath
and Kandi, 2017), and removes acids or alkalis from wastewater containing
metal ions (Zhang et al., 2020)

Separation of organic vapors from air or other gas streams and used for the
recovery of volatile organic compounds (VOCs) (Vane, 2022)

Separates liquids based on differences in vapor pressure, commonly used
for removing volatile organic compounds (VOCs) from water (Vane, 2022)

Separates liquids based on differences in vapor pressure, often used for
desalination, wastewater treatment, and production of ultrapure water (Ye
et al., 2024; Soumbati et al., 2025)

Membrane

bioreactor (MBR) Hosseinzadeh et al., 2013; Zielinska et al., 2020)

Pressure difference or transmembrane pressure (Zhang et al., 2006;

Combined membrane separation with biological treatment is commonly
used for wastewater treatment applications. (Zhang et al., 2006; Zielinska
et al., 2020; Qrenawi and Rabah, 2023)

sustainable solutions in water treatment, energy production, and
industrial processes (Gotadki, 2025). To meet the growing demands
for membranes, more resources will be needed, leading to associated
generated wastes with their impacts if the conventional linear
economic model, that is, “take-make-dispose,” is still practiced.
More sustainable and reliable means are needed to ensure a
sustainable future (Sendn-Salinas et al, 2021), in which CE
presents many opportunities.

In the membrane science and technology field, CE concepts
translate into: (1) reducing membrane waste by developing
sustainable membrane materials, designing modular, membrane
systems, and implementing take-back programs for spent
membranes; (2) increasing resource efficiency by optimizing
membrane performance, reducing energy consumption, and
promoting water conservation; (3) promoting membrane reuse
and recycling by developing technologies for membrane cleaning,
refurbishment, and recycling (Khanzada et al., 2024).

By adopting the principles of CE, membrane science and
technology will ensure a sustainable future where waste is
reduced, resource efficiency is increased, membrane reuse and
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recycling are promoted, environmental impacts are minimized,
economic viability is improved, and innovation and sustainability
are fostered (Vinayagam et al.,, 2024).

4.2 Membrane science and technology key
groupings for CE implementation

Membrane life cycle phases (MLCPs) include material selection,
membrane design, membrane testing, membrane manufacturing,
system design (Anim-Mensah, 2025), system construction and
testing, system installation and commissioning, and system
operation and decommissioning (Khanzada et al., 2024; Glover
et al.,, 2022). MLCPs can be grouped into four phases: (1) design
of the membrane and system; (2) manufacturing of the membrane
and systems; (3) use of membrane and systems; (4) end-of-life of
membrane and system (Konig et al., 2024). Each of the phases has
policies and regulations to assist the application of CE principles to
drive activities sustainably. In each of the phases, opportunities exist
to apply circular economy principles to derive the necessary benefits.
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Membrane life cycle phases (MLCPs) with policies and regulations unde

The membrane design phase (DP) includes membrane material
specification and selection, membrane design, module design, and
system design, while the membrane manufacturing phase (MP)
includes material sourcing, membrane and module manufacturing,
system construction, and integrations. The membrane use phase
(UP) includes membrane system installation and testing, system
commissioning and operation, and system parts performance, and

Including membrane material
selection, membrane design,
module design and system design,
ete.

Design Phase (DP)

End-of-Life Phase (EoLP)
Mainly membrane  system
decommissioning involving
recovery and recycling, etc
— TR TS |~
Use Phase (UP)

Including parts and system
performance, system

installation and testing, system

commissioning, system
operation, etc

Manufacturing Phase (MP)
Includes material and parts
sourcing, membrane and module
manufacturing, system construction

/ and integrations, etc.
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r consideration for CE implementation.

the membrane end-of-life phase (EoLP) is mainly membrane and

membrane system end-of-life and decommissioning (Konig et al.,

2024). Policies and regulations (PRP) for each phase ensure

alignment with CE principles to encourage sustainable practices.

These groupings provide focus for CE implementation. Figure 3

shows the various MLCPs and policy and regulation considerations

under consideration for CE implementation.
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The different phases of R-ladder strategies that can be implemented (Malooly and Daphne, 2023).

5 Circular and linear economies,
membrane life cycle, and R-ladder
strategies

The R-ladder is a
sustainability and circularity “R” keywords arranged in a

strategic framework comprised of
hierarchical fashion. Figure 4 shows the relationship between
circular and conventional linear economies, membrane life cycle
phases (DP, MP, UP, and EoLP), and the various “R” keywords with
importance towards sustainability and circularity (Malooly and
Daphne, 2023).

In Figure 4, both the design and manufacturing phases are
associated with the upper R-strategy keywords, that is,
RO-R2 or 3R, which are considered as the most circular
actions because they prevent waste before occurrence. The
use and end-of-life phases are associated mostly with the
next seven keywords, with the use phase (R3 to R7), linked
to value retention and the end-of-life phase (R8 to R9) ensuring
that materials cycle back into the system, closing the loop
(Malooly and Daphne, 2023).
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6 Circular economy implementation
clusters for membrane life cycle
assessment

CE implementation is driven by the challenges of resource
scarcity, waste generation, environmental pollution, sustaining
economic benefits (Lieder and Rashid, 2016), regulatory pressure,
changing consumer behaviors, and increasing demands for more
sustainable products and services (Mady et al., 2024).

The principles for CE implementation can be grouped into
clusters of (1) the circular business model (CBM); (2) resource
efficiency strategies (RES); (3) regenerative sustainability
practices (RSP). These clusters have associated economic
benefits and promote the use of advanced technologies (Barros
et al., 2021).

A CBM reflects on business model transformation to promote
circularity, such as product-as-a-service (PaaS), where products are
offered as services, promoting sharing, leasing, product take back,
closing the loop, and designing products for a CE (Van Erkelens
et al.,, 2025).

frontiersin.org


https://www.frontiersin.org/journals/membrane-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frmst.2025.1604508

Anim-Mensah

10.3389/frmst.2025.1604508

Circular Business Model (CBMs)

Ruei. del<’

Practices (RSP
practices  to
bility
g Reg , Ecosystem
Restoration, System Thinking, etc.

Regenerative Sustainabili
Adoption of regenerative

encourage
e i R

envirg

= Q
ve dy

FIGURE 5

circularity including Close-Loop, Product -as
- a -Service (PaaS),
Leasing, Product Design for CE, etc.

to promote

Sharing Economy,

»

Implementation of strategies to optimize
resource use and decrease waste including
Material M and Optimizati

Energy Efficiency, Resource Conservation,
Waste Minimization, etc.

CE implementation clusters for assessing RO membrane desalination systems.

RES leads to the implementation of strategies to optimize
This
energy efficiency, resource

resource use and decrease waste. involves material

maximization and optimization,
conservation, and waste minimization (Konig et al, 2024; Rao
et al.,, 2024). RES also creates new revenue streams and jobs.

RSP drives the adoption of regenerative practices to encourage
environmental sustainability. This includes regenerative systems,
ecosystem restoration, biodegradable materials, and systems
thinking (Kumar et al., 2025). RSP creates new revenue streams
and jobs. Figure 5 shows a diagrammatic presentation of CE
applicable to RO  membrane

implementation  clusters

desalination systems.

7 Methodology

7.1 Framework/methodology for prioritizing
MLCPs for CE implementation using
R-ladder strategies

This is a structured approach involving the assignment of
relative scores to each of the phases based on their relative
influence or impact on a specific R-strategy to rank the phases
by importance. A higher score indicates a greater influence or impact
on a specific R-strategy. The ranking helps determine the initial
phase(s) for prioritization and maximization.

To ensure consistency and accuracy, prior to the relative scoring,
it is essential to establish clear definitions, especially for each of the
R-strategies, the phases involved, and the scoring ranges and steps.
This enables applying the relative scoring and supporting reason
methodology consistently to achieve reliable results. A team scoring
approach is recommended; however, an individual with know-how,
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experience, and expertise could go through the scoring and
reasoning process alone.

The relative scoring process is iterative and collaborative,
involving key stakeholders who refine their assessments by
reasoning until a consensus is reached. The process is presented
in Figure 6. This approach guarantees that the evaluation is
comprehensive and reflects the collective expertise and views
of the team.

The process is broken into easy-to-digest steps:

1. Break the membrane life cycle (MLC) or project into phases
of interest.

2. Tabulate each of the phases against the R-strategies that align
with circularity and sustainability of interest.

3. Develop a scoring scheme for relative scoring of each of the
phases against the R-strategies of interest. High relative scores
mean high circularity and sustainability importance, and
vice versa.

4. Assign relative scores to each of the phases based on the specific
R-strategy backed by reasons, iteratively until consensus
is reached.

5. Sum all the assigned relative scores to a “total relative score” for
each of the phases. High total relative score(s) are associated
with high circularity and sustainability importance, and
vice versa.

6. Arrange the total relative scores from high to low. The highest
is an initial point or phase to allow for prioritization and
maximization.

A step-by-step visual representation of the framework/

methodology for prioritizing MLCPs for a CE implementation
using R-ladder strategies is shown in Figure 6.
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FIGURE 6
Visual representation of the framework/methodology for prioritizing MLCPs for CE implementation using R-ladder strategies.

It is important to point out that the scoring for each of the phases
against the R-strategies could either be a numeric scale (0-10) or a
descriptive scale, such as low (L), medium (M), and high (H).
Moreover, for the numeric scoring increment or steps, the
smaller the step, the better the scoring could capture the nuanced
differences of each of the phase’s influence or impacts on
an R-strategy.

Alternatively, further granularity is achievable with a descriptive
scale by including intermediate scores so that L, M, and H become
(LL), (LM)
medium-medium (MM), medium-high (MH) or high-medium

low-low low-medium or medium-low (M),
(HM), and high-high (HH). However, descriptive scoring will
use numeric banding to assist scoring, for example, L (0-3.5), M
(3.6-7.5), and H (>7.5) or for increased granularity, LL (0-2), ML
(2.1-4), MM (4.4-6), MH (6.1-8), and HH (>8).

The use of relative scoring allows for flexibility in setting the
scoring range and steps, enabling different teams or individuals to

adapt the methodology to their specific needs.

7.1.1 Ranking membrane life cycle phase (MLCPs)
with 3R and 9R ladder strategies

In a tabular form, each of the RO membrane desalination
system life cycle phases is evaluated against 3R (RO-R2, refuse
(RO), rethink (R1), and reduce (R2)) and 9R (RO-R9, refuse (R0O),
rethink (R1), reduce (R2), reuse (R3), repair (R4), refurbish (R5),
remanufacture (R6), repurpose (R7), recycle (R8), and recover
(R9)) strategies and keywords, with reasons for each ranking
(Muiioz et al., 2024; Alivojvodic and Kokalj, 2024; Evolveable
Consulting, 2024; Potting et al., 2017). The various R-strategies
definitions are in Section 2.3.3 of this article, “R-ladder strategy
framework for sustainability and circularity,” while what the DP,
MP, UP, and EoLP phases are described in Section 4.2 of this
article, “Membrane science and technology key groupings for CE
implementation.”

Each of the phases is ranked from 0 to 10 in steps of 0.5 for the
various phases based on the potential of CE influence or impacts.
Increments of 0.5 are used to capture the nuance differences in
influence or impacts of each of the phases. Higher scores imply
greater importance. Prioritizing R-strategies provides opportunities
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for implementing more sustainable solutions while reducing waste,
optimizing resources, and promoting regenerative growth through
the membrane life cycle.

7.2 Framework/methodology for assessing
MLCPs against CE implementation clusters

The step-by-step process for the assessment of the various
phases with their associated policies and regulations (PRP)
against CE implementation clusters is as follows.

1. Break the membrane life cycle (MLC) or project into phases
of interest.

2. Break the
implementation clusters of interest.

circular economy (CE) into applicable
3. Tabulate the phases, including their policies and regulations
against the CE implementation clusters.
. Fill in the blanks in the table either wholly or areas of interest
(s), which could be prioritizing area(s).
5. Refine the table in step 4, agreed to by all stakeholders, and use
information to implement areas of interest.
6. Develop performance evaluation criteria, monitor progress,
evaluate according to criteria, continuously improve, and
implement more phases or stages in steps based on

capacity, improvements, and/or need(s).

A step-by-step visual representation of the framework/
methodology for assessing MLCPs against CE implementation
clusters is shown in Figure 7.

A team approach is recommended; however, an individual with
the know-how, experience, and expertise could go through the
process alone.

7.2.1 Assessing membrane life cycle phase (MLCPs)
against circular economy (CE) implementation
clusters for execution

In a tabular form, each of the RO membrane desalination system
life cycle phases (LCPs) with their associated policies and regulations
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Visual representation of the framework/methodology for assessing MLCPs against CE implementation clusters.

3R and 9R ladder

strategies/membrane
life cycle phases

Design phase (DP)

Manufacturing
phase (MP)

Use phase (UP)

TABLE 2 Assessment of desalination RO membrane life cycle (i.e. DP, MP, UP and EoLP) with 3R and 9R ladder strategies for circularity and sustainability
importance

End-of-life phase
(EoLP)

Refuse (RO)

Avoid non-sustainable materials
and processes (8.5)

Avoid non-sustainable materials
and processes (7.5)

Avoid unnecessary replacement
or upgrades (5.0)

Indirectly applicable (2.0)

Rethink (R1)

Design a sustainable membrane
and separation system (9.5)

Implement sustainable
manufacturing processes (8.5)

Explore new applications or
uses (7.5)

Explore new end-of-life
options (5.5)

Reduce (R2)

Minimize material usage and
waste generation (9.5)

Minimize waste generation and
material usage (9.0)

Optimize membrane
performance and reduce energy
consumption (8.0)

Minimize waste generation
during end-of-life
processing (6.0)

Reuse (R3)

Repair (R4)

Design membranes and systems
for easy cleaning and
maintenance (8.5)

Design for ease of repairs and
maintenance (7.0)

Reuse materials and
equipment (8.0)

Implement predictive
maintenance (6.5)

Proper maintenance, cleaning,
and storage (9.0)

Timely repair and
replacement (8.5)

Repurpose membrane
components or
materials (8.5)

Not very applicable (1.0)

Refurbish (R5)

Remanufacture (R6)

Repurpose (R7)

Design for refurbishment (5.5)

Design for
remanufacturing (6.5)

Design for new
applications (6.0)

Refurbish equipment or
materials (5.5)

Use remanufactured materials or
equipment (7.0)

Repurpose materials or
equipment (6.0)

Refurbish membrane
components during
maintenance (7.0)

Consider remanufacturing
options for membrane
components (4.5)

Repurpose membranes or
systems for different
applications (6.5)

Refurbish membrane
components for reuse (7.0)

Remanufacture membrane
components or
materials (8.0)

Find new uses for
membrane materials or
components (7.5)

Recycle (R8)

Recover (R9)

Use recyclable materials and
design for disassembly (8.0)

Design for energy and material
recovery (5.0)

Use recyclable materials and
recycling production waste (9.0)

Recover energy and
materials (5.0)

Prepare membranes for
recycling at end-of-life (6.0)

Recover energy and materials
during operation (4.0)

Recycle membrane
materials (9.5)

Recover valuables (9.0)

3R Sum (sum of RO-R2)

27.5

25.0

20.5

13.5

9R Sum (sum of R0-R9)

74.0

72.5

66.0

64.0

The various definitions of CBM, RES, and RSP are available in
Section 6.0 of this article, “Circular economy implementation

(PRP) is assessed against CE implementation clusters. This presents
the opportunity to focus on specific CE areas of interest for

implementation. clusters for membrane life cycle assessment.”
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TABLE 3 Circular economy (CE) implementation clusters assessed against RO membrane desalination system phases.

Desalination RO
membrane life
cycle phases

Design phase (DP)

Application of circular economy (CE) principles to desalination RO membrane systems

Regenerative sustainability practices (RSP)
Ecosystem restoration, regenerative systems, systems thinking,
biodegradability, and others

Membrane design: Design system to use recyclable, reusable,
biodegradable, or upcyclable materials, as well as low usage of
non-polluting chemicals, to reduce the environmental impact of
membrane production and disposal (Acaroglu, 2025).

Modularity and scalability: Design a membrane system to allow
for easy assembly, disassembly, simple repairs, and replacement
of worn-out components and reuse of still-functional parts and
support upscaling or downscaling to reduce waste and optimize
resource utilization (Jensen, 2022; BOIL, 2025).

Design simplicity: Simple but efficient design that is easy to
operate and troubleshoot (Dolgui et al., 2024).

System flexibility and adaptability: Design systems that can
adapt to changing feedwater conditions, chemical treatment, and
membrane replacement needs (Kirchherr et al., 2023).

Resource efficiency strategies (RES)
Material optimization, energy efficiency, material conservation,
waste reduction, management, and others

Membrane design: Design membranes with antifouling or
antiscaling properties, mechanical and chemical stabilities, and
high recoveries but low energy use to minimize both material and
energy consumption (Ilyas and Vankelecom, 2023).

Efficiency design: Design the RO system to allow for easy
integration and upgrade to new efficient materials and
components, including membranes, modules, pumps, valves, and
energy recovery devices to support continuous improvement
(Dolgui et al., 2024).

Energy-efficient design: Optimize design for energy efficiency to
reduce the overall energy requirement (Dolgui et al., 2024).

Renewable energy integration: Design systems compatible with
renewable energy sources, such as solar, wind power, and
combinations (Seljak et al., 2023).

Circular business models (CBMs)
Closed-loop, product-as-a-service, sharing economy, recovery,
product design for CE, and others

Close the loop: Design processes such that all waste materials,
including used membrane polymer, modules, plastic piping,
metals, efc., are reused and cycled back into production in a
closed-loop manner (Boyer et al., 2021).

Regenerative by d

ig del: Design membrane systems
with at least two trains to allow for redundancy, flexibility,
energy efficiency, uptime, components long in place, and
closed-loop operations (Ellen MacArthur Foundation, 2015).

Product use extension: Design an RO membrane that can be
reused, refurbished, or recycled (Chenavaz and Dimitrov,
2024).

Circular product design: Design to allow recycling of
products for reuse (BOI, 2025).

Manufacturing
phase (MP)

Use phase (UP)

Transparent sourcing: Promote the use of recycled, recyclable,
or biodegradable materials and facilitate product maintenance
and repair (Rinaldi et al., 2022).

Waste reduction and management: Implement waste reduction
and recycling strategies during membrane and system production
(Chenavaz and Dimitrov, 2024).

Return policy program: Encourage return models where
unused extra parts can be returned to the vendor (Zhang et al.,
2023).

Quality control: Enable tracking of materials and components
throughout the production process (Rejeb et al., 2022)

Supply chain transparency: Ensure transparency in the supply
chain to identify potential environmental and social risks (Zhang
et al., 2021).

Reduced chemical usage: Optimize production processes to
minimize chemical usage, reducing waste and emissions (Ilyas
and Vankelecom, 2023).

Renewable energy-powered manufacturing: Power
manufacturing facilities with renewable energy sources, including
solar, wind, or hydroelectric power (Seljak et al., 2023).

Waste programs: Proper collection of waste, sorting, and
recycling (BOIL, 2025).

Informed purchasing decision:

Awareness of the practices behind the products they buy with
necessary labeling and transparency (Boyer et al., 2021; Ortiz-
de-Montellano et al., 2023).

Local sourcing: Prioritize local sourcing of materials and services
to reduce transportation-related emissions and support local
economies (Piila and Sarja, 2024).

Pilot-scale testing and scale: Conduct pilot-scale testing to
evaluate membrane and system performance, energy
consumption, and chemical usage under real-world conditions
before scaling up.

Energy-efficient manufacturing: Implement energy-efficient
production processes, including LED lighting, optimizing
equipment performance, and reducing consumption (Dolgui
et al., 2024).

Feed pretreatment: Effective feed pretreatments to support high
recoveries and high up times (Landaburu-Aguirre and Molina,
2023).

Product use extension: Selecting products that are repairable,
upgradable, reusable, easy to disassemble and recondition and
using recyclable components (Jensen, 2022)

Membrane leasing: RO membrane leasing services, where
customers pay for membrane performance rather than owning
the membrane outright (Elzinga et al., 2020).

(Continued on following page)
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TABLE 3 (Continued) Circular economy (CE) implementation clusters assessed against RO membrane desalination system phases.

End-of-life phase
(EoLP)

Policies and
regulations

Application of circular economy (CE) principles to desalination RO membrane systems

Optimization and monitoring: Continuously monitoring and
optimizing membrane performance, energy consumption, and
chemical usage (Cairone et al., 2024)

Optimized operation: Optimized operational conditions
(pressure, temperature, and flow rates) to minimize energy
consumption, chemical usage from frequent cleaning,
antiscalants, or antifoulants use, reducing waste generation and
promoting membrane uptime and life (Ilyas and Vankelecom,
2023).

Pay-per-use: Customers only pay for the water treated,
reducing waste and promoting efficient use (Elzinga et al.,
2020).

System monitoring and controls: Implement condition
monitoring systems to detect membrane degradation, fouling,
and scaling, allowing for timely cleaning and maintenance to
reduce waste. (Landaburu-Aguirre and Molina, 2023; Cairone,
et al., 2024)

Membrane system optimization: Ensure the membrane system
is properly tested and commissioned to optimize performance
and minimize waste and environmental impacts (Bong et al.,
2022).

Membrane sharing: Encourage membrane sharing among
customers, reducing the number of membranes needed and
promoting collaborative consumption (Elzinga et al., 2020).

Maintenance and repair: Proactive maintenance over reactive.to
maximize uptime and reduce waste (Alcayaga et al., 2019).

Material recovery: Recover valuable materials from
decommissioned membrane systems, such as metals, plastics, or
other recyclable materials (Landaburu-Aguirre and Molina,
2023).

Lessons learned: Document key lessons learned during the
membrane system’s life cycle to inform future design, fabrication,
manufacturing, and operation (Oghazi and Mostaghel, 2018).

Reverse logistics: Enable material tracking throughout the
lifecycle, facilitating the development of reverse logistics systems
(Singh et al,, 2023).

Brine reuse and recycling: Recycling part of the rejected brine
stream to the feed stream to harness both waste pressure and
water to minimize waste (Mengesha and Sahu, 2022).

Brine upcycling: Use rejected brine as feedstock to another
process or upcycled new products to reduce environmental
impact and lower regulation requirements (Morgante et al.,
2022).

Take-back programs: Establish take-back programs for spent
RO membranes, ensuring responsible disposal and potential
reuse or recycling (Hidalgo-Crespo et al., 2024; Elzinga et al.,
2020).

Membrane recycling programs: Develop membrane recycling
programs, where spent membranes are collected, processed,
and transformed into new products (Jensen, 2022).

End-of-life planning: Develop end-of-life plans for membrane
systems, including recycling, reuse, or proper disposal
(Lejarazu-Larrafiaga et al., 2022).

Waste reduction: Designing products considering transparent
sourcing enables reducing waste and minimizing environmental
impact (Rinaldi et al., 2022).

Responsible disposal: Ensure responsible disposal of spent RO
membranes, minimizing waste and environmental impacts
(Lejarazu-Larrafiaga et al., 2022).

System standardization: Standardize RO membrane designs and
sizes to facilitate interchangeability, reducing waste and
promoting reuse (Avila-Gutiérrez et al., 2019).

Recycling and upcycling: Explore opportunities to reuse, recycle,
and upcycle spent RO membranes, reducing waste and
promoting a CE (Del Villar et al., 2023)

System standardization: Standardize designs and sizes to
facilitate interchangeability, reducing waste and promoting reuse
(Avila-Gutiérrez et al., 2019).

RO brine trading programs: A market-based approach that
encourages other industries to use the generated brine for new
products like salt producers, chemical manufacturers, etc.
(Morgante et al., 2022; Del Villar et al., 2023).

Performance-based contracts: Performance-based contracts,
securing payment to membrane performance, promoting
efficient operation and maintenance (Selviaridis and Wynstra,
2014).

Design for recyclability standards: Develop standards for
designing RO membranes for recyclability, driving innovation,
and promoting a CE (Upalkar, 2025)

Membrane take-back regulations: Advocate for regulations
that require manufacturers to take back spent RO membranes,
promoting responsible disposal and potential reuse or

recycling (Hidalgo-Crespo et al., 2024; Elzinga et al., 2020).

Factory transparency: Manufacturers disclose information about
their production processes, labor practices, and environmental
impact (Rinaldi et al., 2022).

Supply chain visibility: Designers can make informed decisions
by knowing the sourcing practices of their suppliers (Singh et al.,
2023).

National strategies: Encourage development of national CE
strategies that include specific goals and targets for the RO
membrane desalination industry (Schroder and Barrie, 2024).

(Continued on following page)
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TABLE 3 (Continued) Circular economy (CE) implementation clusters assessed against RO membrane desalination system phases.

Application of circular economy (CE) principles to desalination RO membrane systems

Compliance: Manufacturers ensure compliance with regulations
and industry standards by maintaining transparent sourcing
practices (Avila-Gutiérrez et al., 2019; Acaroglu, 2025).

Reporting requirements: Require disclosing sourcing
information as part of regulatory reporting requirements
(Acaroglu, 2025).

Sustainable procurement criteria: Advocate for the inclusion of
sustainable procurement criteria in public tenders for
desalination projects, promoting the adoption of CE solutions
(Wijayasundara et al., 2022).

Supply chain transparency: Ensure transparency in the supply
chain to identify potential environmental and social risks (Singh
et al,, 2023).

Regional initiatives: Participation in regional CE initiatives
that promote the sharing of best practices, knowledge, and
resources (Schroder and Barrie, 2024).

Research initiatives: Support research initiatives with the
emphasis on developing new business models and CE
technologies and for the RO membrane-desalination industry
(Ortiz-de-Montellano et al., 2023; Jabbour et al., 2019).

Industry certifications: Require industry certifications, such as
Fairtrade or Organic certifications (Nygaard, 2023).

Extended producer responsibility (EPR): Manufacturers are
accountable for the environmental impacts of their products
through their entire life cycle (Wijayasundara et al,, 2022).

CE certification schemes: Support the development of CE
certification schemes that recognize companies that adopt CE
principles in their operations (Nygaard, 2023).

Risk management: Maintaining transparent sourcing practices
to mitigate risks related to supply chain disruptions, regulatory
non-compliance, and reputational damage (Piila and Sarja,
2024).

Innovation hubs and accelerators: Cooperation on the
formation of innovation hubs and accelerators that promote
the development and scaling of CE solutions for the RO
membrane-desalination industry (Preston et al., 2019).
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8 Results

Table 2 shows the RO membrane desalination system life
cycle—DP, MP, UP, and EoLP—assessed with 3R and 9R ladder
strategies for alignments and gaps with circularity and sustainability.
For each of the 3R and 9R ladders, the higher the individual score or
total score, the higher its importance on the path to higher
circularity and sustainability. This ranking allows for accessing
the initial step for prioritization for whole, stagewise, or
phasewise CE implementation.

Table 3 shows the results after RO membrane desalination
life the CE
implementation clusters in tabular form. Each unit in the table

system cycle phases are evaluated against
allows for focusing on a specific area requiring detailed analysis to

derive optimum and maximum benefits.

9 Discussion

9.1 Assessment of RO membrane
desalination system life cycle phases with 3R
and 9R ladder strategies

Table 2 shows both the individual R-relative scores and the
R-total relative scores associated with DP, MP, UP, and EoLP based
on 3R and 9R strategic frameworks for circularity and sustainability.
3R, comprising refuse (R0), rethink (R1), and reduce (R2), is
considered more circular because these steps prevent waste
before its occurrence. However, 9R considers the entire life cycle
because waste cannot be eliminated totally, and every effort toward
sustainability improvements counts.

For both 3R and 9R, the possible R-total relative scores for the
various phases (i.e., DP, MP, UP, and EoLP) are ranked in Equations
(1) and (2), respectively.

3R strategic frameworks: DP (27.5) > MP (25) > UP (20.5) > EoLP (13.5)
1)
9R strategic frameworks: DP (74) > MP (72.5) > UP (66) > EoLP (64)
2)

The higher the numeric total relative score, the higher the
alignment towards more circularity and sustainability. The
individual R-relative scores associated with the phases are
important for circularity and sustainability. However, the total
relative scores suggest both DP and MP are comparatively better
at driving circularity and sustainability than UP and EoLP, given
their high individual relative scores and total relative scores
associated with 3R in terms of preventing waste before occurrence.

However, no matter how well 3R is implemented, 9R is still
relevant given that its regime covers all RO membrane desalination
system phases. The trends suggest initially prioritizing either only
DP or both DP and MP, given their high R-relative score or total
relative scores, could lead to maximization based on available
resources and know-how, while continuously improving to
gradually take on the entire CE implementation project.

The relative scores and supporting rationale for the phases in
Table 2 were based on the author’s knowledge, expertise, experience,
and R-strategy definitions. For instance, in Table 2, the relative score
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for the design phase (DP) influence or impact on “Refuse or avoid
(RO)” is 9.5, which is a high impact or influence on the circular
economy of sustainability. The design phase (DP) merited the score
given that (1) design decisions made during design phase have
significant impact on an entire lifecycle, inclusive of MP, UP, and
EoLP; (2) the design phase offers opportunities to design for
circularity, such as designing for recyclability, reusability, and
biodegradability; (3) design decisions can minimize waste and
emissions throughout a lifecycle; (4) design decisions can impact
production costs, material usage and cost, and end-of-life costs.

Prevention is key, and it is the design phase that offers the best
opportunities to address prevention or minimization of waste and
pollution most effectively. Design decisions have long-term impact
on environmental and social footprints while offering prospects for
innovation and creativity for designing sustainable products
and services.

The manufacturing phase (MP) is critical for efficient
production of the membranes, modules, membrane systems, and
others; it is the design phase decisions that specify them and the
system’s environmental impacts. The use phase (UP) is important
for membrane system operation and maintenance, but design
decisions can influence system efficiency, maintenance, and
longevity. End-of-life (EoLP), crucial for waste management,
nevertheless has a design phase determination for recyclability,
reusability, or biodegradability. The above reasoning is what was
used for the relative scoring of the various phases against the
R-strategies. The ranking of DP, MP, UP, and EoLP is about the
relative power of each phase to contribute to an effective
sustainability or CE impacts, and the above explains why DP
ranks higher than MP, UP, and EoLP.

All of the RO membrane desalination system life cycle phases
rely on each other, although the criticality or importance of the
phases is different. The design phase (DP) specifies or determines
the manufacturing phase requirements and constraints, including
the materials to use and how the system needs to be manufactured
and operated (i.e., part of use). A well-designed system for circularity
can minimize costs, reduce waste, and promote sustainability.
Moreover, the design determines what material to select, use,
how the various parts of a system need to be assembled and
disassembled, how they work together, what energy sources to
use, and much more.

The manufacturing phase (MP) ensures the RO membrane
desalination system is built or constructed to the design
specifications and quality, bringing the design into reality. A
well-executed manufacturing RO membrane desalination system
guarantees operating efficiently and safely, leading to minimizing
costs, reducing waste, and promoting circularity and sustainability.

The use phase (UP) involves actual operation of the RO
membrane desalination system to produce the required water for
consumption or use. An effectively manufactured system guarantees
that the operation will run efficiently and safely, ensuring high
uptime, and in the long term, minimizing costs, reducing waste, and
promoting sustainability. UP provides useful insights into the
operational performance, maintenance needs, and hazards that
feed into the end-of-life phase. The end-of-life phase (EoLP)
ensures recovery, recycling, safe disposal, and repurposing of the
various components or the whole of the RO membrane desalination
system. This is crucial for environmental and safety compliance.
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The right design will ensure that the system achieves the
CE
manufacturing sticks with the design while the system is
operated as stipulated by the
requirements. EoLP ensures that materials are cycled back to the

overarching goal for implementation, so long as

design and manufacturing

system to close the loop. Policies and regulations (PRP) ensure DP,
MP, UP, and EoLP are mindful of the various policies and
regulations to stay compliant and not infringe while navigating
the CE implementing journey.

This suggest an entire CE project broken into phases or stages
allows for initial prioritization on the effective ones for
maximization while limiting resources, managing complexities,
mitigating risk, incremental learning, allocating resources
effectively, building confidence, building capacity, -effectively
engaging stakeholders, building the know-how base, shifting
mindset, and in the end, continuously improving along the
journey to execute the entire project in phases or stages.

CE systems could be considered a continuum given the
interconnectedness, continuous flows in different directions, and
regenerative intent. The goal is to keep resources in a continuous
cycle of reuse, recycling, and regeneration, mirroring the natural
ecosystem where nothing goes to waste. The interconnected loops
and flows are such that a disruption or break in one system could
have ripple effects throughout an entire continuum or entire system.
Regenerative intent requires maintaining the continuum to ensure
lasting environmental and economic benefits.

A CE system considered as a continuum is an ideal system and
opens the door for continuous improvement and progress.
Continuous improvement suggests starting from somewhere,
however imperfect, and continuously improving conscientiously.
It is the desire not to break CE systems into discrete sections;
however, given real-life constraints such as unavailable investment
or high initial investment requirements, gaining expertise and
improving incrementally comes with some initial transient
imperfections. In essence, CE implementation is a journey where
continuous innovation, adaptation, and collaboration are required
to build a more sustainable and robust future. In the foregoing
thoughts, CE implementation, decomposed into discrete clusters of
CBM, RES, and RSP, provided the opportunity for implementation
in phases or stages to allow taking a step-by-step approach to
entirely implement a CE project that this article presents.

Implementing CE in phases or stages allows for reducing initial
cost, provides the opportunity to gain experience, manage risk, and
continually improve towards a perfect system. Moreover, each of the
CE implementation clusters, that is, CBM, RES, and RSP, is aligned
with R9. For CBM, the design strategy starts with refusing (R0) the
unneeded and rethinking (R1) to make things more circular. Reduce
(R2) is linked to resource efficiency by minimizing resource
consumption. Core to CBM are value retention strategies such as
reuse (R3), repair (R4), refurbish (R5), remanufacture (R6), and
repurpose (R7), while recycling (R8) and recovering (R9) ensure
cycling back to close the loops.

The 9R contribution to RES includes refusing (R0), where
eliminating unnecessary resource use upfront, rethinking (R1) to
optimizing product design for efficiency, and reduce (R2) to
minimizing resource consumption. Extending product life and
lowering the need for new resources is accomplished by reuse
(R3), repair (R4), refurbish (R5), remanufacture (R6), and
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repurpose (R7). Recycle (R8) converts waste into new resources
and lessens the need for virgin resources, while recovery (R9) allows
reclaiming material or energy from waste, optimizing the use of
resources. In conclusion, implementation of 9R leads to CE resource
efficiency strategies (RES), minimizing resource extraction and
consumption, maximizing resource value retention, while reuse
closes the material loop to reduce waste and pollution.

9R contributes to RSP by promoting healthier systems while
refusing (RO) harmful materials, rethinking (R1) to align designs to
natural ecosystem and regenerative principles, while reduce (R2)
lessens resource consumption to minimize environmental impacts.
Extending lifespan and retaining value is accomplished by reuse
(R3), repair (R4), refurbish (R5), remanufacture (R6), and repurpose
(R7). Recycling (R8) and recovering (R9) materials close the loop
and regenerate natural systems. In conclusion, implementation of
9R leads to CE regenerative sustainability practice by restoring and
regenerating natural systems, promoting biodiversity and ecosystem
health, and creating positive environmental impacts, going beyond
sustainability to regeneration.

Implementing any new concept, such as a CE framework, is a
continuous journey of improvement and progress, rather than a
fixed destination. While the potential benefits of the frameworks are
listed, it is critical to acknowledge that some imperfections and
challenges exist. Challenges could be technical issues that call for
careful implementation, so as not to run into economic viability
issues. This requires workaround strategies and plans to assist
implementation.

R-ladder strategies involved in the framework have their own
practical challenges, despite presenting avenues to assess and
the sustainability. A
workaround strategy and planning may be necessary in situations

implement circular economy and
lacking an R-strategy solution, or those with a solution that is too
costly or ineffective. Given the evolving and improvement nature of
the CE, implementation could be considered as work in progress,
where it is prudent to start with the “low-hanging fruit,” that is,
technically feasible and economically viable solutions that exist,
while continually researching, learning, and improving. Moreover, a
phased, staged, or stepwise approach, coupled with careful planning
and a focus on economic viability, can help navigate these
challenges.

Ultimately, any implementation strategy must weigh technical
capabilities and economic viability and their trade-offs. A strategic
approach, driven by a team with team members of stakeholders with
diverse backgrounds, can help find a middle ground that leverages
strengths to navigate challenges.

In the case of rethinking (R1) a design, several innovative
designs could result, with different pros and cons. The goal is to
select the best design that balances technical feasibility, economic
viability, circular economy, and sustainability. While the best
designs may initially be associated with higher costs, long-term
benefits such as durability, energy efficiency, quality products, new
revenue streams, and brand equity can outweigh these costs to drive
favorable economics. In the case of refusing (R0), the challenge
includes the nonexistence of circular materials or parts. Even if such
parts exist, durability and quality concerns or high cost may not
satisfy circular requirements such as “extended life in place.” While
some “refusing” could be done, it may not be done totally in some
cases due to issues. In this event, interim durable non-circular parts,
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components, or materials that allow satisfying “extended life in
place” could be used. This, coupled with improved operational
strategies, could lead to “extended life in place” that outweighs
cost and is technically feasible, contributing to favorable economic
feasibility in the long run. A CE, as pointed out, could be pursued
with better workaround strategies to achieve the same end goal. The
above rethinking (R1) and refusing (RO) cases buttress the
suggestion to begin imperfectly and improve while solutions to
challenges become available and at a reasonable cost to drive
economic feasibility.

For membranes, especially polymeric membranes, the challenge
remanufacturing (R6) faces includes the different membrane types
(reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and
microfiltration (MF)) with varying levels of complexities and
flexibilities, (2) material of construction, and (3) different
contaminants or foulants associated with the different membrane
applications. These could impact effective cleaning and restoring
membrane surfaces and structures, assessment, and addressing
material degradation and ensure remanufactured membranes
meet performance and quality standards. This could lead to high
costs affecting favorable economics. This shows that currently not all
the proposed R-strategies are technologically viable at scale, but
research is ongoing and aspects of CE implementations are works in
progress (WIPs).

9.2 Assessment of RO membrane
desalination system life cycle with CE
implementation cluster

Table 3 presents the various specific opportunities, what to do,
and directions associated with assessing a desalination RO
membrane life cycle with CE implementation clusters. Tables 2
and 3 work together. Table 2 provides information on where in an
entire CE system could initially prioritize or focus on for
maximization in the course of executing an entire circular and
sustainability project, if needed.

It is worth noting that regulatory assistance and hindrances exist
in the adoption of CE clusters, and the subsequent paragraphs
discuss some of the hindrances, assistance, and regulatory
evolution opportunities.

CBM-assisting regulations include (1) extended producer
responsibility (EPR) policies that hold manufacturers responsible
for the waste generated by their products, encouraging them to
design more sustainable products and take back used products; (2)
waste reduction and recycling target regulations set waste reduction
and recycling targets can generate a favorable environment for
CBM:s, such as Paa$, which support waste reduction and material
reuse; (3) green public procurement, where governments can use
their purchasing power to boost sustainable products and services,
creating the need for CBMs; (4) tax incentives, including green tax
incentives, for sustainable businesses or products to encourage
companies to adopt CBMs.

CBM-hindering regulations include (1) the existing linear
which
economy business

economy-focused  regulations, often prioritize the

conventional linear models, making it
challenging for CBMs to operate within the current regulatory

framework; (2) a lack of clarity on product ownership where
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regulations may not visibly define product ownership in PaaS
models, creating uncertainty and potential liability issues; (3)
warranty and liability concerns where regulations may not
consider addressing warranty and liability concerns specific to
PaaS models, where products are used by multiple customers; (4)
taxation and accounting rules that may not adapt to CBMs, making
it difficult for companies to correctly account for their financial
performance.

CBM-associated hindrances and assistances open the door for
regulatory evolution opportunities, such as governments creating
adaptive regulatory frameworks that encourage innovation and
experimentation with CBMs, governments developing regulations
specifically designed to support the development of CBMs, such as
Paa$, and stakeholder engagement, where regulators engage with
stakeholders such as businesses, NGOs, and consumers, to better
understand the needs and challenges of CBMs.

RES-assisting regulations include (1) environmental regulations
where standards set for environmental protection, such as air and
water quality, can boost companies adopting resource efficiency
strategies; (2) waste management regulations, where recycling
targets and waste reduction goals can encourage resource
efficiency; (3) energy efficiency standards for buildings,
appliances, and industrial processes can drive the adoption of
energy-efficient technologies; (4) green tax incentives for
investments in resource-efficient technologies or practices can
encourage companies to adopt resource efficiency strategies.

RES-hindering regulations include (1) existing linear economy-
focused regulations that often prioritize conventional linear
economy practices, making it challenging for companies to adopt
resource efficiency strategies; (2) a lack of clear definitions and
standards, making it difficult for companies to understand and
comply with requirements; (3) inadequate enforcement of
existing regulations, creating an uneven playing field, where
companies that invest in resource efficiency are at a competitive
disadvantage; (4) regulatory barriers to innovation where
regulations are not designed to accommodate or make room for
new technologies or innovative practices, impeding the adoption of
resource efficiency strategies.

RES-associated hinderances and assistances open the door for
regulatory evolution opportunities such as (1) governments creating
integrated regulatory frameworks that promote resource efficiency
across multiple sectors and industries; (2) regulations focusing on
performance-based outcomes, such as energy efficiency or waste
reduction, rather than prescriptive requirements; (3) governments
providing incentives for companies to develop and adopt innovative
resource-efficient technologies and practices, and (4) regulators
engaging with stakeholders, including businesses, NGOs, and
communities, to better understand the needs and challenges of
resource efficiency and develop effective regulations.

RSP-assisting regulations include (1) environmental protection
laws protecting ecosystems, biodiversity, and natural resources can
boost regenerative practices; (2) conservation policies endorsing
conservation and restoration of ecosystems can support
regenerative sustainability; (3) green infrastructure incentives
such as green roofs and urban forests, can reassure regenerative
practices; (4) sustainable procurement policies promoting
sustainable procurement can drive the need for regenerative

products and services.
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RSP-hindering regulations include (1) existing regulations often
prioritize linear economy practices, making it challenging for
regenerative practices to compete; (2) a lack of regenerative-
specific regulations to address regenerative practices specifically,
leading to uncertainty and barriers to adoption; (3) inadequate
enforcement of environmental regulations can destabilize efforts
to implement regenerative practices; (4) existing regulations may
not accommodate or make room for new technologies or innovative
regenerative practices, impeding their adoption.

RSP-associated hindrances and assistances open the door for
regulatory evolution opportunities, such as (1) governments
advancing policies specifically supportive of regenerative
practices, such as ecosystem restoration and biodegradable
materials, (2) regulations integrating systems thinking,
considering the interconnectedness of environmental, social, and
economic systems, (3) governments offering incentives for
companies to develop and adopt regenerative technologies and
practices, and (4) regulators bodies involving stakeholders,
NGOs, and to better

understand the needs and challenges of regenerative sustainability.

including businesses, communities,

10 Conclusion

A wealth of knowledge on CE and sustainability exists; however,
the challenge is implementation. This article seeks to provide
with
implementation. A CE and sustainability implementation is not a

frameworks step-by-step  practical  guidance  for
destination but a journey with continuous improvements and
progress, given that it is prone to imperfections, technical
barriers, and economic viability challenges, where workaround
plans and strategies, trade-offs, and steadfast commitment to
succeed are necessary to reap the benefits.

These frameworks assist in bridging the gap between theory and
practice and make it easier for practitioners and organizations to
take that crucial first step towards CE implementation while
gradually improving to execute an entire CE and sustainability
project. One part of the framework involves ranking life cycle
phases with the R-ladder strategy or R-strategy to determine the
initial point or phase to prioritize and maximize CE implementation
to reduce some initiation challenges, while the other part requires
assessing the phases with the CE implementation clusters, laying out
the various opportunities.

While the framework works as expected, it is important to
point out that inherent issues with some of the R-ladder
strategies or R-strategies exist, such as scalability, nonexistent
technology, and  economic which
implementation requires being circumspect of economic
viability. Moreover, CBM, RES, and RSP could be assisted or

hindered by existing laws, policies, practices, and regulations. At

viability  issues,

the same time, the hindrance opens the door for advocating,
engagement with regulators, and training to drive CE and
sustainability smooth implementations.

The frameworks applied to the RO membrane desalination
system life cycle phases trend, according to CE and sustainability
priority, in the order of DP > MP > UP > EoLP. Moreover, DP, MP,
UP, and EoLP assessed with CBM, RES, and RSP laid out a bird’s-eye
plan to visualize the various opportunities, areas to focus or improve,
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and associated policies and regulations to comply with and/or take
advantage of for maximization and optimization.

This article shows the numerous opportunities that exist for the
RO membrane desalination industry as well as the membrane
industry as a whole to implement a circular economy, given the
associated economic, social, and environmental benefits.

The concept presented here shows how industries could adopt
the frameworks to assess and implement CE and sustainability
projects for the benefits, while saving the earth and its
inhabitants from environmental impacts.
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