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Abstract: This paper aims to nurture the need to find an ecological solution to the use of conventional plastic

materials, which has risen to be a threat to the environment and economic activities due to increased carbon

emissions and the depletion of resources. It looks at the possibility of using sustainable polymers (SPs), which

offer many benefits over traditional polymers in terms of carbon footprint and resource usage. The study then

systematically analyzes how the technological developments in renewable energy (RE) deployment and

circular economy have informed integration with SP production, including cost recoveries and potential for

generating employment in sustainable sectors. However, there is also information on the impediments that

prevent the broader application of nanomaterials: the high cost of fabrication, the unsuitable characteristics of

most materials, and supply chain issues. The paper ends with a proposal for future research works on polymer

degradation, the manufacturing cost of SPs, and the incorporation of carbon capture to make the application

of SPs favorable economically and ecologically in different industries.
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1. Introduction

Since the industrial revolution, society has been in a linear economy where the use of resources
has been in danger because the energies used are conventional non-renewable energies such as fossil
fuels. Natural resource depletion has been observed to be a serious issue, and currently natural
resources are used at twice the rate used for production, and in the year 2050. It can be used at thrice
the production rate [1]. This growth in resource use is in sync with the growth of the world population
which is estimated to touch 8 at some point in the future. Contributing to the estimated global
population of 9.5 billion in 2030, the population increase consequently leads to the overexploitation
of natural resources [2]. Waste has become an international benchmark for the use and application of
resources and clean low-impact energy, systems where the carbon and water footprint are minimal
[3]. But globally natural resource depletion together with the greenhouse gas emission rate has risen
and is still rising. With this, it is believed that increasing attention to improving the circular economy
could provide one of the most effective solutions for environmental harm reduction [4]. The circular
economy matches an economic and systemic model concerning the approach to production and
consumption, resource management, maximizing resource use, and minimizing resource waste and
the time environmental sustainability is advocated for. It is premised on the annulment of life cycles
of products, materials, and resources with a view of reducing on the use of natural resources,
recycling, and recovering products as well as different materials at the end of their useful life [4].

In contrast to the prevalent conventional linear economy system, the circular economy is
designed to be in a closed-loop system where resource value is circulating as long as possible. This
comprises increasing the product life, supporting their easy repair and refurbishment, enabling reuse
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or exchange, and providing schemes for the recycling and recovery of the product's components for
reprocessing and reintegration into the loop. The circular economy is not only a set of activities that
take into account only the environment but also the economic and social advantages and gains [5]

From the point of view of the economy, such approaches promote the completion of life cycles
of products and materials thus catalyzing job creation, new technologies, optimization of cost, and
fortification of economic stability. But the dependency on mining/yancing and other natural
resources for production reduces hence; the bearing on the environment for production reduces as
well and the bio-diversity is sustained. From the social perspective, the circular economy can
contribute to social equity since it relies on business models that are more centralized on sharing
within a community [6]. It can also boost environmental literacy and thus ensure that communities
become more responsible towards the environment. Therefore, in the year 2002, the concept of Cradle
to Cradle was developed, abbreviated as C2C, where waste is utilized to create new products [4].
Thus, the current system of generation and disposal of different materials has become unsustainable;
one of the best examples relates to synthetic polymers, and although the world production of these
materials has grown from 15 million tons in the sixties to 311 million tons in 2014, the expected
increase in this value by the middle of the present century is threefold [7]. Therefore, the world
production of plastics apart from PET and PA fibers in 2019 was 51% in China, 19% in the United
States, 16% in Europe, and 4% in Latin America [4]. There are multiple advantages of sustainable
polymers over regular petroleum-based plastics in terms of environmental impact. The first benefit
is the ability of these cars to minimize emissions of carbon. This is because sustainable polymers use
renewable feedstocks like plant-based materials or recycled plastics thus reducing the use of fossil
fuels and hence reducing greenhouse gas emissions [8].

In addition, these polymers use lesser amounts of resources as a whole such as fossil fuel, water,
and energy in processing them. They also endorse recycling and biodegradability, that's is they do
not favor landfill dumping so much. From the pollution point of view sustainable polymers are less
hazardous to the environment as compared to conventional plastics. They employ environmentally
less hazardous materials and uphold processes that follow the principles of a circular economy which
help address problems such as microplastic pollution as well as the discharge of toxic substances to
the environment [9]. The benefits of sustainable polymers include the creation of employment, the
establishment of new markets, cost efficiencies, and business promotion. The way sustainable
polymers create new employment opportunities in areas like; renewable raw materials, polymer
production, recycling, and disposal industries thus contributing to economic development and
diversification [10]. As consumers become conscious of sustainable products, there is a market for
sustainable polymers and this becomes a novel market opportunity for businesses that put into
practice these polymers [11]. While the procurement costs of sustainable polymers are generally
higher than those of conventional plastics, it is possible to cut expenses on energy consumption and
waste disposal and extend the product's life cycle. Furthermore, the manufacturers who first adopt
sustainable polymers for their products can gain a competitive edge and attract more customers since
they're aware of a growing trend of sustainability. In general, the sustainable polymers concept does
not hinder the environmental objectives but contributes to the multiple economic dimensions [12].

1.1. Sustainable Polymers

Sustainable polymers are polymers that are derived from renewable, recyclable, or have a low
carbon footprint in the feedstock or raw material further, these sustainable polymers are processed
and used in an environmentally sound manner at the end of their life cycles (EoL) [13]. Natural,
modified, and synthetic polymers are employed in this approach to function throughout their
scientifically-inspired life cycle while adhering to the concepts of circular economy [14]. Figure 1
provides a graphical representation of sustainable polymer's life cycle from feedstock to regeneration.
Emerging environmental problems, including the continued and increased presence of plastics on
land and sea surfaces, have stimulated further development of new green polymers, as well as
corresponding efforts to initiate global production processes of such materials, even though mankind
had been employing such materials for extended periods [14].


https://doi.org/10.20944/preprints202411.0895.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 November 2024 d0i:10.20944/preprints202411.0895.v1

3
Feedstocks Green manufacturing
- Natural biomass Chemistry
R
Waste residues Supply Energy
|
CO, Engineering
o Sustainable polymers g
Al * Economical j!,‘
© e Eco-friendly g
5 * Societal benofits
)
e
End of life Applications
Performance
‘ Downcyeling f
properties
’ \ Collecting and Economic
‘ Upcycling sorting analysis
Life cycle

- Organic/biological
recycling assessment

Figure 1. Life-Cycle Of Sustainable Polymers.

As for the key challenges of introducing sustainable polymers, these include supply chain
sustainability and efficiency; achieving cost parity and polymer performance on a par with or better
than conventional petrochemical polymers; and material design for reuse, reprocessing through
mechanical recycling, and/or depolymerization recycling or biodegradation at end of life [15].
Understanding sustainable polymers deals with the whole life cycle of the material, it involves a
multidisciplinary research viewpoint, which includes the field of polymer science, engineering of the
practical processing of polymers, biology, economics of cost and procurement, and ecology. Nature
demonstrates key principles of biomimetic sustainable polymer science for enhancing the efficiency
of chemistry and processes [16]. By employing ordered structures and combinations of biological
macromolecules for instance amino acids, saccharides, liposomes and ribonucleic acids” complex life
functions and composite materials can be developed. Such natural processes may be employed to
learn from and then facilitate the design of sustainable polymers [17]. There have been many review
articles written on the topic of green polymers and their issues for development. These works have
discussed the new feedstocks for polymeric products, their possible uses in the future, and the impact
on people’s lives using waste carbon dioxide or different types of biomasses [18]. Therefore, it is
crucial to focus on the development of new environmentally friendly polymers that could potentially
replace existing materials and that provide a wider range of EoL opportunities, including easier
recyclability and biodegradation [19]. From an elemental perspective, for polymers, a molecule
needs to be chemically redesigned from the ground up to incorporate renewable feedstocks other
than conventional fossil feedstocks in such a way that it can conserve energy and valuable resources
in chain structures after use, the molecular structures of the polymers need to be disassembled and
the properties of the polymers need to be regenerated after going through several recycling loops
[20]. It has been pointed out that one has been manufactured with characteristics similar to those of
high-density polyethylene (HDPE) and it is capable of achieving all these. This makes the material
derived from renewable plant-derived or microalgae-derived monomers and it can in turn be
chemically depolymerized back to the monomers [21]. This results in to need for the big platform of
bio-based monomers to be handled by broad-based technologies starting with selective reactions,
reversible processes, specific catalysts, and so on. This makes product and process sustainability
analyses difficult hence making the price of the final product a critical success factor. To close the gap
and align sustainability with market demands, pre-identifying useful polymers as well as specific
monomers from which such polymers can be derived, assists in identifying areas that can benefit
from limited research monies, minimizes risks as well as integrates the products to existing structures
and equipment [22]. The possibility of such an approach largely depends upon the research work
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being carried out for converting bio-based monomers into bio-based polymers and the final usability
of such polymers for meeting technology requirements [23]. The conversion of bio-based monomers
to sustainable polymers is done by either chemical or microbial polymerizations. Several types of
polymerizations including step-growth polymerization and chain-growth polymerization are the
most common categories [24].

1.2. Research Aim and Objectives

This research paper aims to provide a comprehensive analysis of the environmental and
economic effects elicited by the use of sustainable polymers in managing carbon footprints and
resource consumption. In this research, an effort is made to identify whether sustainable polymers
can be useful in creation of a circular economy system and the role that they play in enabling the
prevention of the degradation of the environment and at the same time promote economic growth.

Objectives are:

e To evaluate the reduction in carbon emissions achieved by adopting sustainable polymers

compared to conventional plastics.

e To analyze the economic benefits of sustainable polymers, focusing on cost savings, job

creation, and market opportunities.

e To identify key challenges in scaling up sustainable polymers, such as cost competitiveness,

supply chain efficiency, and material performance.
2. Material and Method

2.1. Research Design

This work employs the systematic review method in analyzing sustainable polymers' effects on
carbon emission and resource consumption. The systematic review process is chosen because this
approach enables a more structured and comprehensive analysis of the state of the current literature.
It allows the selection of the studies that fit into some established criteria and also helps to
systematically analyze the data to make valid conclusions [25]. This research will aim to review
previous literature on the topic with particular emphasis on literature that offers information on
sustainable polymer technologies, the benefits of such technologies to the environment, and the
profitability of the polymer technologies.

In order to sound the study methodologically, the Joanna Briggs Institute (JBI) approach to
undertaking systematic reviews was considered for the current study [26]. The presented approach
makes the process of sourcing, selecting, and analyzing research studies a well-reproducible and
accurate one. This specific systematic review also concerns compiling qualitative and quantitative
evidence regarding the adoption and application of sustainable polymers for bringing efficient
change in the circular economy and for lowering global warming potential and resource footprint.

2.2. Data sources and the Strategy

The literature search was made using relevant general and scientific databases and sources in
order to collect substantial amount of information. These databases were Scopus, Web of Science,
Google Scholar, ScienceDirect and PubMed databases [27]. Both the databases were selected with
respect to their scientific, economical and environmental importance of the study. Further, relevant
articles and research papers available from government agencies and trade magazines were also
consulted to get in-depth information about real-life application and difficulties of sustainable
polymers [27,[28].

Researcher used suitable keywords to search for the studies based on a given strategy. These
keywords are the concept-oriented terms such as sustainable polymers, bio-degradable plastics,
circular economy, bio-based monomers, carbon emission reduction, and resource efficiency; Boolean
operators were employed in order to filter the articles and join the key terms, thus, only the articles
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that are most relevant and have immediate connection to the sustainable polymer technology and the
environmental/economic effects of its implementation were selected [29].

Specific criteria for inclusion of the studies were developed to increase the relevance and validity
of the selected studies. Peer-reviewed publications were considered based on the year of publication
with a specific focus on the review and advances and applications in sustainable polymers in the
recent years from the period 2020 to 2024. In selecting the keywords, articles that presented only the
environmental or the economic aspect on sustainable polymers were excluded; Instead, articles that
made both the environmental and economic analysis were given preference in order of the following
categories: Life Cycle Analysis (LCA), reduction on carbon footprint, recyclability and
biodegradability of polymers. Also, articles had to have English translations and offer much
information or insight. The excluded Articles were those that involved general plastics or non-
polymeric materials, lacked quantification, and if the articles were not peer-reviewed.

2.3. Study Selection Process

The steps employed in choosing research papers to be included in the synthesis included three
broad sub-phases. The first stage was the titles and abstracts of the studies to look for directly related
studies to the research goals. At this stage, the articles that were not somewhere related to sustainable
polymers, circular economy, environment, or economy were removed. This step proved to be
essential in filtering the outcome to only those studies that provided a vast emphasis on the utilization
of sustainable polymers for environmental and economic improvement [30].

The second step was scanning articles that passed the initial filtering for the presence of the full-
text article in the databases. This stage was helpful in reviewing the studies towards the achievement
of the inclusion criteria with much attention. At this stage, articles were screened based on
methodological quality or soundness, the extent of their analysis, and their findings portrayment to
address the identified research questions [31]. The papers that did not state their methodological
approach or offered little data were excluded at this point.

The last step of the systematic review was data extraction, whereby specific details from each of
the selected papers were extracted [32]. Other essential aspects gathered included the author of the
article, the year in which the article was published, the type of study done, and the origin of the
survey. In the data extraction process, more emphasis was given to the environmental consideration
(as in carbon footprint and resource consumption) and economic value (cost savings and
employment opportunities for the sustainable polymers. This way there is no question of bias
creeping in while the two authors accomplished the data extraction process [33].
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Figure 2. PRISMA Flow Chart.

2.4. Data Synthesis and Analysis

The process of synthesizing the data and comparing it with the results of the selected studies
involved a thematic analysis. Thematic analysis was suggested since it enables the detection of
common themes, patterns, and trends within the extant literature. This process was divided into two
main areas of focus: impact evaluation into two categories that include the impact on the environment
and the impact on the economy [34].

From the environmental perspective, the assessment centered on the measurement of CO2
emissions saved through utilizing green polymers [35]. As examined by the above-examined studies,
the compared results highlighted the emissions of conventional petroleum-based plastics and
sustainable plastics, including bio-based polymers and recycled plastics. This also focused on
resource efficiency of sustainable polymers, particularly in the minimization of fossil fuel, water, and
energy use during the manufacturing and use of the polymers. Particular emphasis was given to
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LCA, which assessed the impact of sustainable polymers right from the feedstock stages up to
disposal or recycling.

The second topic of interest was the economic benefits of employing sustainable polymers.
Indeed, the reviewed studies revealed many other economic gains, such as the development of new
markets for bio-based materials and products, employment opportunities within renewable materials
and recycling industries, cost savings from the decreased usage of energy and waste management.
Some of them also touched on the benefits that accrue to companies that use sustainable polymers,
such as larger market share due to consumers shifting towards green products [36]. The assessment
considered cost-effectiveness in the short-term and long-term, focusing more on the price range
wherein sustainable polymers can effectively compete with traditional plastics.Data extraction was
standardized and consistent across all identified studies to achieve high inter-observer reliability. The
process involved reaching out for information such as study objectives, methodology, the findings of
carbon emissions, resource consumption, and the economic effects of sustainable polymers. Some of
the critical data points to be presented will be the LCA, the performance of the polymer material, the
costs involved, and issues related to the supply chain. To improve the efficiency of the process, a data
extraction form was used in all studies. Required fields included study type, type of polymer,
environmental and economic consequences, and identified issues. This form also enforces the format
for entering data in various studies and reduces the chances of omitting certain data. Regarding data
management, reference management software like EndNote was used, and qualitative data
management software, Excel, was used to code structure, sort, and categorize the extracted data in a
thematic format.

2.5. Challenges and Limitations

Although the review established that sustainable polymers are feasible, the review also made
several recommendations that need to be fulfilled for the large scale use of sustainable polymers. A
key issue is to reduce the production cost down to the level of competing for generic petrochemical-
based plastics [37]. Recoverable polymers, especially those manufactured using bio-based feedstocks,
can be relatively expensive since searching for renewable resources is not easy. In addition, efficient
technologies are used to produce polymers. These costs can be costly, thus making it difficult for it to
be adopted in industries that require large quantities of cheap plastic materials. The final and other
enormous problem is the feasibility of the supply chain for sustainable polymers. The feedstock of
bio-based materials must be renewable, and herein lies the problem, as factors such as climate change,
inadequate agricultural production, and geopolitical instability might arise to hamper the availability
of feedstock. Also, proper infrastructure to recycle or biodegrade sustainable polymers at the end of
their life cycle still needs to be developed in most locations [38]. To facilitate the recycling of
sustainable polymers and their proper positioning in the circular economy, a lot of money has to be
invested in overall recycling processes and equipment. Finally, the more sustainable polymers need
to provide similar and better performance to make the conventional plastics popularise them. In
many industries, including packaging, automobile, construction, and so on, specific attributes such
as strength, endurance, or even resistance to some conditions are needed. Although remarkable
progress has been achieved in enhancing sustainable polymers, there is still more ground to be
covered to satisfy the needs of such industries. The method and material section describes the
approach used in the systematic review to evaluate sustainable polymers' environmental and
economic consequences. Utilizing a systematic and explicit research approach and thematic analysis
offers a robust and well-founded approach to integrating the current literature on sustainable
polymers [39]. The discovered difficulties prove the need for further study and development to
overcome the main obstacles within the polymer economy and the supply chain that can prevent
sustainable polymers. Therefore, This review is useful for future research based on sustainable
polymers and the chance they offer towards increased circularity of an economy [40].

3. Results
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Using sustainable polymers is gradually becoming a viable approach to addressing
environmental concerns associated with conventional plastics. This chapter is devoted to evaluating
sustainable polymers' environmental and economic potential, especially in reducing means of carbon
emissions and material conservation. It also measures the efficiency gain from the product where the
areas of cost advantages and employment generation potential are recognized vis-a-vis the
difficulties involved in raising the scale of output. Sustainable polymers are biodegradable polymers,
bio-based polymers, and recycled plastics. These materials include those obtained from renewable
resources such as plants, wastes, or recycled plastics. They are used in packaging, automotive parts,
medication applications, and textiles as reagents to the regular plastics market with principles such
as reusability and low carbon footprints that congregate the circular economy.

Table 1. Selected Studies and Their Relevance.

Author(s) Year | Study Type | Study Relevance

Objective: To evaluate the
reduction in carbon emissions
achieved by adopting sustainable
polymers compared to

conventional plastics

Mohanty etal, [41] 2022 | Review Assessed  sustainable  polymers'
potential to reduce carbon emissions
compared to conventional plastics,

focusing on renewable resources.

Amulyaetal., [42] 2021 | Experimental | Explored the development of low-
carbon biodegradable polymers and
their contributions to reducing

greenhouse gas emissions.

Hailemariam and Erdiaw-Kwasie | 2023 | Review Focused on circular economy

MO [43] strategies and the role of sustainable
polymers in reducing emissions and
improving environmental
sustainability.

Pires da Mata Costa, et al. [44] 2021 | Review Studied the capture and reuse of

carbon dioxide for a circular plastics
economy, contributing to lower

carbon emissions.

Yang, et al. [45] 2023 | Review Analyzed circular economy
strategies aimed at reducing
environmental impacts, including
carbon emission reductions via

sustainable polymers.

Objective: To  analyze the
economic benefits of sustainable
polymers, focusing on cost

savings, job creation, and market

opportunities
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Sheldon and Norton [46] 2020 | Review Discussed the economic benefits of
green chemistry in  polymer
production, including cost
efficiencies, job creation, and market

opportunities.

Das, et al. [47] 2022 | Review Examined the economic advantages
of using natural and industrial waste
for sustainable polymer composites,

focusing on cost reductions and job

creation.
Rosenboom et al., [48] 2022 | Review Explored economic opportunities
associated with bioplastics,

highlighting market expansion and

cost savings in a circular economy.

Moshood, et al. [12] 2022 | Review Evaluated the economic potential of
biodegradable plastics, focusing on
market expansion, cost efficiencies,
and their role in reducing plastic

pollution.

Okogwu,, et al. [49] 2023 | Empirical Investigated the integration of
sustainable materials in supply chain
management,  highlighting  the

economic benefits of sustainable

polymers.

Objective: To identify key

challenges in  scaling up

sustainable polymers, such as cost

competitiveness, supply chain

efficiency, and material

performance

Shanmugam, et al. [50] 2021 | Review Addressed challenges in scaling
biocomposites, focusing on cost
competitiveness,  supply  chain
sustainability, and material
performance.

Carroccio, et al. [51] 2022 | Review Investigated  the  impact  of
nanoparticles on the sustainability of
polymer nanocomposites,
highlighting the challenges in
production scalability and supply
chain efficiency.

Di Bartolo et al., [52] 2021 | Review Discussed the adoption of bioplastics

in the circular economy and the
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challenges associated with material

performance and scaling.

Fagnani, et al. [53] 2020 | Viewpoint Examined the issues in scaling up
sustainable polymers, particularly

achieving  cost  parity  and

maintaining high material
performance.
Farhana, et al. [54] 2022 | Review Focused on the challenges in

adopting renewable energy in
polymer production, addressing cost
competitiveness and supply chain
hurdles.

The long-term use of sustainable polymers has been considered a potential approach to
mitigating emissions and enhancing overall economic prosperity; however, there are several barriers
to integrating sustainable polymers, including cost, efficiency of the supply chain, and material
performance. Works such as Mohanty et al. (2022) and Amulya et al. (2021) argue that Polymers
derived from renewable resources, for example, plant-based materials, will reduce greenhouse gas
emissions compared to fossil-based plastics. Supporting these arguments, Hailemariam and Erdiaw-
Kwasie (2023) comment on the prospects of sustainable polymers that invariably contribute to
circular economy approaches that minimize the utilization of virgin fossil fuels and encourage
recycling. It is compelling and unique that the work recommended by Pires da Mata Costa et al.
(2021) was that carbon dioxide should be captured and utilized for polymer production to close the
carbon cycle completely. Yang et al. (2023) argue for the potential for incorporating sustainable
polymers in circular economy plans to contribute to decreasing environmental effects, such as in the
case of packaging and manufacturing. From an economic point of view, commercially sustainable
polymers have attractive advantages such as lower costs, new job opportunities, and market
prospects. According to Sheldon and Norton (2020), the cost of sustainable polymers is slightly high
at the beginning of procurement. Still, the cost of energy and disposal of wastes in the long run is
relatively low. Also, Das et al. (2022) have established that these economic benefits are also realized
since natural and industrial wastes, if used in the production of polymers, are cheaper than other raw
products, and employment is created. Rosenboom et al. (2022) note that once consumers begin
demanding greener products, those firms that venture into developing sustainable polymers stand
to benefit from new market opportunities. Moshood et al. (2022) assess the cost advantage of
Biodegradable Plastics by arguing that because they come at a higher cost than conventional plastics,
their lasting Characteristics make them cheaper in the long run in terms of expenses towards waste
disposal. From the channel perspective, Okogwu et al. (2023) demonstrate that sustainable polymers
will no longer necessarily rely on fossil resources and that incorporating sustainable polymers can
make the supply chain shorter in most cases. However, there are a few problems in utilizing large-
scale sustainable polymers because of their high costs and poor performance. According to
Shanmugam et al. (2021) and Fagnani et al. (2020), bio-based polymers are still more costly overall
than traditional plastics, which is a crucial challenge, as discussed earlier.

Further, Carroccio et al. (2022) complete this list by pointing out that although polymer
nanocomposites exhibit enhanced performance, they are expensive and problematic in
manufacturing. Some factors that impact the ability to incorporate sustainable polymers include the
performance of the material and factors such as durability and recyclability, which have also been
highlighted by Di Bartolo et al. (2021). Farhana et al. (2022) state that high-energy consumption in
producing Bio-based polymers makes the overall cost high, thus derogating their commercial
prospect. However, the global utilization of sustainable polymers in decreasing carbon emissions and
fueling economic prosperity is still promising; the next generation of technology and more policies
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to reach cost-competitive prices and improve the thermal and mechanical properties of polymers are
required.

3.1. Control of Carbon Emission Through the Sustainable Polymers

An essential advantage of sustainable polymers is their lower carbon footprint than petroleum-
based polymers, usually produced. The sustainability-focused research explored in the current
review demonstrates how using sustainable polymers can help decrease the carbon impact of
industries using plastics.

Available literature by Mohanty et al. (2022) gives an account of sustainable polymers and their
effectiveness in reducing the emission intensity of greenhouse gases [41]. This study stresses the need
to embrace biomass, such as plant-derived sources, that help minimize the use of fossil fuels.
Therefore, the synthesis of disposable polymers is considerably less emitting compared to the
production of regular plastics. Mohanty et al. state that biopolymers specifically derived from
renewable raw materials like corn and sugarcane yield lower carbon dioxide emissions throughout
their lifecycle [41].

Amulya et al. (2021) focused on synthesizing low-carbon biodegradable polymer matrices. Their
study concentrated on the green benefits of biodegradable polymers due to their component in
decreasing greenhouse gas emissions [42]. It also revealed that these polymers, usually produced
with low-energy processes, help lower total carbon emissions in industries where conventional
plastics are substituted with biodegradable polymers [42]. This goes alongside the idea that though
such polymers are not the perfect solution to the plastic pollution crisis, green polymers are some of
the best ways to cut down on the carbon footprint of the plastics industry [42].

Pires da Mata Costa et al. (2021) considered the case of carbon capture and reuse in the
production of polymers using carbon dioxide [44]. Their research also pointed out how capturing
carbon dioxide and then using it to produce sustainable plastics is likely to have a vast impact on
eradicating emissions [44]. The carbonization process is beneficial in minimizing carbon emissions
into the atmosphere. Still, it also helps utilize waste carbon to produce valuable products with a
closed-loop carbon cycle [44].

In addition to arguing for the environmental advantages of sustainable polymers, Hailemariam
and Erdiaw-Kwasie (2023) argued how such materials were best incorporated into circular economy
paradigms [43]. They established that green polymers contribute to lowering overall carbon
footprints because they do not require virgin fossil fuels in their production and do not generate
waste. Therefore, the study focused on the circular economy strategies that are considered
instrumental in making sustainable polymers a realistic substitute for conventional plastics in various
sectors [43].

In the same way, Yang et al. (2023) reviewed circular economy initiatives that focused on
mitigating environmental effects such as emissions [45]. According to their study, circular practices,
including recycling, reusing, and minimizing the use of plastics in industries, significantly decrease
carbon emissions. Yang et al. revealed that sustainable polymers, when put into the circular economy,
could help contribute a lot to climate goals, especially in industries that use plastics [45].

3.2. Economical Advantages of Sustainable Polymers

Sustainable polymers present several economic benefits. These include cost-cutting, which has
been seen to make a lot of sense financially, creating employment, and opening up new market
prospects. Many studies reviewed here discuss the economic considerations to show that sustainable
polymers spur development for business organizations or society.

Sheldon and Norton (2020) also highlighted cost savings as the benefit of using sustainable
polymers. In their study, they noted that, even though procuring sustainable polymers may initially
cost more than procuring conventional polymers, they entail lower energy consumption costs and
minimal waste disposal expenses [46]. The environmental liabilities are also smaller, as are the
regulatory penalties, making sustainable polymers the best solution for companies looking to cut
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their costs [46]. The authors also described methods of applying green chemistry for polymer
production that would save energy and waste elimination costs [46].

Das et al. (2022) discussed the utilization of natural and industrial waste towards developing
renewable polymer composites [47]. In their study, they also established that using waste materials
in production not only aids in cutting the cost of acquiring raw materials but also generates
employment for society through recycling and waste management companies. Polymer production
is a perfect example of how waste can be recycled to help achieve environmental objectives while at
the same time improving the advancement of the economy [47]. Das et al. discovered that industries
implementing these business models could obtain cost savings and access the emerging market for
green products [47].

Regarding the case of circular economy and bioplastics, Rosenboom et al. (2022) set their interest
on the economic benefits [48]. They insisted that in pursuing consumers’ awareness about
environmental problems, the market for environmentally friendly products such as bioplastic is
bound to grow [48]. Therefore, early adopters of sustainable polymers can reach a more significant
competitive advantage than their competitors simply because they have been more favorable to the
environment [48]. The paper also highlighted the effect of the change in trends towards green
polymers in developing new market segments because consumers of different products prefer using
environment-friendly products [48].

Moshood et al. (2022) also investigated the costing analysis of biodegradable plastics,
emphasizing their economic viability [12]. Even though biodegradable plastics are costlier than
regular plastics to some extent, the beneficial effects associated with their utilization, such as a
reduction of the costs incurred during waste disposal and the expenses incurred in cleaning the
environment, may outweigh some of these costs [12]. Moshood et al. also pointed out the increase in
demand for biodegradable plastics and their use in different sectors, which gives rise to new
opportunities for companies [12].

Okogwu et al. (2023) investigated the use of sustainable materials, including polymers, in supply
chain management [49]. According to their findings, integrating sustainable polymers will help cut
supply chain lengths by decreasing dependence on fossil fuel-based feedstocks [49]. Shifting the
production line from a single country also minimizes supply chain risk through diversification of the
materials sourced [49]. Most supply chains tend to rely on renewable materials, which can help
business entities reduce the risks related to price fluctuations and the availability of fossil fuels [49].

3.3. Difficulties of Implementing Sustainable Polymers at Scale

There are several issues on how to effectively increase the use of sustainable polymers as
disclosed below. Some of the leading issues affecting the market include cost control, supply chain
management, and material characteristics.

The drawback that Shanmugam et al. (2021) discussed is the absence of cost-effectiveness, as SPs
remain costlier to manufacture than traditional plastics [50]. This is a significant concern, as proven
by cost difference being a major factor hindering the manufacturing of these products from being
widespread, especially in industries that incorporate cheap plastic material. Some of the suggestions
that Shanmugam et al. put forward as ways to make more efficient and sustainable polymers include
the development of new technologies to work towards cutting down on the cost of production [50].

The study by Carroccio et al. (2022) established that although polymer nanocomposites
outcompete conventional composites in regard to performance, their fabrication costs and logistical
constraints hinder their large-scale use [51]. Their studies revealed that the addition of sustainable
polymers into current manufacturing systems demands heavy infrastructure, which a number of
firms might be unwilling to incur [51].

Di Bartolo et al. (2021) centered the impacts on material aspects, specifically durability and
recyclability [52]. They concluded that bioplastics and sustainable polymers lack performance,
although better than conventional plastics [52]. This makes them less ideal for applications like
packaging and construction since strength and hardness are significant. Di Bartolo et al. also urged
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scientists to study the means to enhance the performance characteristics of sustainable polymers to
make them more efficient than traditional plastics [52].

Fagnani et al. (2020) well highlighted the concern of attaining cost-equalization with traditional
plastics. In their study, the authors identified that while significant achievements have been made in
sustainable polymer science, the costs remain prohibitive [53]. Cost remains the most significant issue
in sustainable polymers, and it may not immediately match the prices of the usual polymers used in
industries unless there is a breakthrough in the polymerization processes and feedstock sourcing [53].

Farhana et al. (2022), the authors also pointed out the difficulties concerning energy
consumption in the sustainability of polymer production [54]. Their work indicated that
manufacturing bio-based polymers is energy-intensive, escalating the cost of the product. Farhana et
al. argued that if the energy requirements of sustainable polymers’ production are to be cut down,
then sustainable polymers will become more affordable [54].

Table 2. Key Findings.

Author(s) Key Findings

Mohanty, etal. Sustainable polymers made from renewable feedstocks significantly
reduce carbon emissions by minimizing fossil fuel use compared to

conventional plastics.

Amulya, et al. Low-carbon biodegradable polymer matrices reduce greenhouse gas

emissions due to low-energy production processes.

Pires da Mata Costa, et | Carbon capture and reuse in sustainable polymer production reduces

al. overall carbon emissions, creating a closed-loop system.
Hailemariam and | Integrating sustainable polymers into a circular economy lowers carbon
Erdiaw-Kwasie MO footprints by reducing reliance on virgin fossil fuels and minimizing

waste generation.

Yang, et al. Circular economy strategies combined with sustainable polymers

significantly reduce carbon emissions by promoting reuse and recycling.

Sheldon and Norton Sustainable polymers offer long-term cost savings by reducing energy
consumption and waste disposal costs, while creating job opportunities

in green industries.

Das, et al. Using natural and industrial waste as feedstocks reduces raw material
costs and creates job opportunities in recycling and polymer production

sectors.

Rosenboom et al., Bioplastics create new market opportunities and promote cost

efficiencies within a circular economy framework.

Moshood, et al. Biodegradable plastics provide long-term savings through reduced

waste management costs, despite higher initial procurement expenses.

Okogwu,, et al. Integrating sustainable polymers into supply chains reduces production
costs and dependency on fossil fuels, offering economic benefits and

new opportunities.

Shanmugam, et al. High production costs remain a significant barrier to the large-scale

adoption of sustainable polymers, despite their environmental benefits.

Carroccio, et al. Challenges with integrating nanoparticles into polymer nanocomposites

include high production costs and supply chain inefficiencies.
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Di Bartolo, et al. Bioplastics face challenges in material performance, including durability

and recyclability, which limit their suitability for industrial applications.

Fagnani, et al. Achieving cost parity with conventional plastics is difficult, slowing the

adoption of sustainable polymers despite advances in polymer science.

Farhana, et al. Bio-based polymer production requires high energy inputs, increasing

costs and reducing competitiveness with traditional plastics.

4. Discussion

The results of the current study support the argument that sustainable polymers offer
environmental and economic value including; Carbon capture, cost efficiencies as well as job
opportunities. Nevertheless, the challenge is to scale up the process in terms of cost and performance.
This section reviews these findings with respect to prior research and the working hypotheses to
address their implications for practice and to outline avenues for future research.

The first conclusion that can be made from this review is that green polymers play a significant
role in globally reducing carbon emissions than non-green plastics. By utilising renewable feedstocks
from plants rather than the traditional, and by now, almost synonymous with carbon emission, use
of fossil based feedstocks [42,45,49]. This is in line with other studies which have indicated that
biopolymers extracted from renewable resources were environmentally beneficiary. On this
hypothesis suggesting the effect of sustainable polymers on decreasing carbon emissions, the data
available in multiple sources support the hypothesis by stating repeatedly the use of renewable
feedstocks in the production of polymers eventually reduces the greenhouse emissions [50].

One of the methods embraced in this review that brings in a new dimension is the release and
recapture of carbon dioxide in the creation of polymers for the green economy. It is a closed-loop
method that can work in parallel for minimizing carbon emissions and at the same time using eco-
friendly material. This discovery is relevant to prior literature in carbon capture and utilization
technologies, which are widely used in the energy industry, but this is a relatively novel approach to
extending their use to polymer synthesis [55]. It is also worth mentioning that the integration of
carbon capture in this context is presented as a promising direction for the further investigation in
more details, including matters connected with its scalability and cost-effectiveness.

However, there are some issues when speaking about penetration of sustainable polymers on
the base of circular economy [56]. The global recycling initiatives, and managing the options for
avoiding the virgin fossil fuels, reuse and recycle options are critical for reducing the carbon footprint.
Although these strategies are gradually emerging in different industries, they presuppose significant
changes to the orientations of production activities. These changes will not happen overnight, and
established industries which have been using standard carbon-based plastics will find it quite
challenging to adapt to circular system being based on sustainable polymers.

As it is highlighted, sustainable polymers bring the economic advantages where cost savings as
well as development of new markets is an issue. Some of the conclusions establishing the monetary
value of sustainable polymers include higher initial cost of production, lesser energy utilization in
production, comparatively lower expenses on waste management, and regulation compliance,
among others [53,57]. This supports the working hypothesis that the possession of sustainable
polymers is also economically advantageous as it leads to the avoidance of such drawbacks as
environmental penalties and fines, which are being enforced on industries that use renewable
polymers.

Creating new jobs is another economic advantage of tourism that may be realized in the future.
Using sustainable polymers leads to growth in sectors that include renewable, recycled, and polymer
markets. This is in line with other studies conducted on the overall effect of the renewable energy
sector, where employment generation is one of the primary forces behind this industry. This means
that with the frequent use of sustainable polymers in the market, there will be a high demand for
skilled workers in these fields that will, in turn, help the economy's development.
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Sustainable polymers also spawn new market prospects, especially as buyers remain
increasingly sensitive to environmental factors. Companies that use sustainable polymers can benefit
from the market trend of increased consumer preference towards environmentally friendly products.
This competitive advantage has already been noted in sectors like the packaging industry, where the
firms that produce biodegradable or renewable plastic products are encroaching on the market share
of their traditional counterparts. However, to achieve these market opportunities, challenges
involving cost stations with conventional plastics create more problems that hinder their
comprehensive implementation.

The properties of polymers have shown that both the sustainability of polymers and the cost
associated with them are beneficial in terms of economic value. Nevertheless, polymers also present
several challenges in terms of large-scale production [52,58,59]. The costs of producing these
polymers are relatively high, especially made from renewable resources, thus limiting their use. This
has echoed previous studies where researchers have deemed it paramount to enhance technology to
lower the cost of manufacturing bio-based plastics. This aspect forms a key goal for the
industrialization of sustainable polymers so that more industries could adopt them since the profit
margins are very narrow.

One of the significant challenges that arise with the use of e-commerce systems is performance-
related problems. Polymers that are eco-friendly have been developed and are used to, but the actual
problem is that these polymers lack the durability and recyclability of the common plastic. This is
especially so in industries where material performance is critical, such as packaging, construction
and automobile manufacturing. To nearly meet the specifications of traditional plastics and, more
importantly, compete with them in the sectors above, there is still a need for more research on
sustainable polymers, especially in mechanical properties, durability, and recyclability.

However, using new materials, including polymer nanocomposites, opens up fresh
opportunities and risks for the industry [60]. In general, nanocomposites provide better performance
characteristics than conventional composites; however, it is challenging to mass produce them due
to high cost and other related supply chain issues. This also shows that incorporating sustainable
polymers into the existing supply chains is problematic since these chains are usually developed for
the conventional plastics. Dealing with such current issues of supply chain will be crucial in achieving
an increase in production and application of sustainable polymers.

Another challenge is the inability to reach cost equivalence with conventional plastics often
presented as the main advantage of this type of material [61]. Despite the enhancements of polymer
science in the recent past, the synthesis of bio-based rats is comparatively expensive because of the
relatively expensive raw materials, which are renewable and the high energy cost involved. From
tangible evidence on the existing research work on sustainable polymers, it is rather challenging to
foresee how sustainable polymers will be preferred over more traditional polymers based on plastics
for several years. This underlines the need to further undertake more investigations on this area to
enhance the usage of sustainable polymers as a viable option in the world. The publication of this
review has revealed several significant research directions for the forthcoming investigations. First,
correct implementation of carbon capture technologies within polymer production processes
combined with further utilization of carbon dioxide for polymers synthesis can be recognized as a
potential area that has a beneficial effect on both, minimizing the emission of carbon dioxide to the
atmosphere and saving the material costs [62]. The research in the field should continue and the
emphasis should be made on developing these technologies further and analyzing how economically
feasible they are in the long-run. This could include training chemists to come up with new ways of
trapping co2 during the manufacturing process then incorporating these methods in the industrial
polymer production.

Second, there is a distinct research opportunity namely focusing on enhancement of various
parameters of sustainable polymers. Although improvements have been made, there is still
considerable progress ‘to be made in the various areas in Bioplastic including improve the life span,
recycling capability and other properties of the Bio-plastics material [63]. This may entail searching
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for new ways of polymerization, employing superior materials such as nanoparticles or coming up
with composite materials from the bioplastics and conventional plastics.

Finally, further studies have to build on extending existing research on cost and revenue
considerations and other economic effects of adopting sustainable polymers. This requires more
research to establish the ratios of the long-term economic gains in different industries and
geographical areas so as to establish realistic evidence backing the expansion of sustainable polymers
in industries.

5. Conclusions

The findings of this study reveal the importance of shifting to sustainable polymers from an
environmental and economic standpoint. Due to lower carbon emissions and the development of a
new economy, polymers provide innovation compared to regular plastics. However, problems of
cost-effective competition, the performance of the materials used, and supply chain shortcomings
have slowed mass adoption. However, further research is needed to enhance production cost and
performance to bring the best out of sustainable polymers. Necessary measures should also be taken
to shift to more sustainable plastic production: firstly, solutions based on the circular economy should
be integrated; secondly, carbon capture technologies need to be further developed. In applying
circular economy solutions and carbon capture technologies, the adoption of sustainable polymers
need to act now. Short-term goals should consist in increasing recycling potential and using captured
CO2 for polymer synthesis which is already successfully implemented by players like Covestro.
Short-term strategies must look at increasing polymer performance through investigations on bio-
sourced material while showing improvement in energy in the synthesis process. It is critical to bring
down costs for industrial change that will suit industries to have competitive methods of mass
production. In the future, the development of nanocomposites along with changes in feedstock choice
might enhance the significance of sustainable polymers and correlate them with the ongoing
modernization of the polymer market and consumers’ search for eco-friendly materials.
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