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Abstract: The ubiquitous nature of polymers have led to a widespread demand for sustainable polymers in 

numerous industrial applications. However, lack of well laid out guidelines, product development pathways 

and certifications have resulted in a lot of commotions and confusions within the polymer value chain. Herein, 

a meticulous review is conducted on the topic of polymer sustainability shedding light on the standards, 

product declarations, biobased-biomass concepts, product carbon footprint etc. It is critical that companies 

significantly contribute on such sustainability efforts in lieu of market readiness and competitive advantages. 

Any discussion within the sustainability horizon references a couple of terms/abbreviations/concepts. In this 

article, such key terminologies and concepts related to polymer sustainability are reviewed with a holistic 

outlook on the widespread approaches within the polymer sustainability horizon.  

Keywords: biobased; sustainability; carbon footprint; biomass; bio-attributed; greenhouse gas; mass balance 

approach  

 

Introduction 

Sustainability is the most sought-after topic in the polymer industry and are a critically 

examined value chain in lieu of its ubiquitous nature [1]. Numerous polymer products are found in 

our everyday life, from pens, and bottles to different coatings, composites and tires[2–6]. Though a 

polymer can be technically distinguished into plastics, fibers, elastomers, films, thermosets etc., its 

universal nature has led to more simplistic “plastic” reference in common discussions[7]. There is a 

lack of clarity when it comes to the available standards, certification methods, design guidelines, 

carbon footprint calculation etc.[8]. The plethora of terminologies only worsen the already existing 

confusions and overlaps[9]. To give clarity of the terms used in sustainability forums, an introductory 

structure was first adopted in this short communication to provide a more holistic approach. The 

jargons around polymer sustainability or just sustainability in general is abundant. Without a 

standardized and established guideline for each, these terms would just remain as words with very 

less value[10]. A good understanding of these terms is important for distinguishing what each term 

encompasses in terms of sustainability[11]. In the later sections, more in-depth discussion is provided 

to clarify the concept of biobased/biomass/bioattributed concepts. It sure sounds different, but the 

foundational factor remain the same and a detailed discussed is entailed. The last section provide a 

specific perspective on polymer sustainability adopted by the major polymer manufacturers in 

regard to the greenhouse gas emission reduction targets[12]. Therefore, an attempt is made in this 

short communication to contextualize the labyrinth within the polymer sustainability horizon and 

steps to navigate through them. 
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Holistic Outlook 

As shown in the Figure 1 and Table 1, the first stage in development of a more sustainable 

product involves setting the guideline called the product category rules (PCR). PCR are a distinct set 

of environmental product attributes within a defined product category[13]. These rules can vary by 

region/geographical location and product category. Most recognized PCRs are usually set by 

consortium of internal stakeholders within the industry, including industry collaborators, individual 

manufacturers, LCA practitioners, subject matter experts, often from academia, competing 

companies, non-biased government, and non-government agencies[14]. This process is conducted in 

the presence/mediation of nationally recognized program operators so that these independent 

science based environmental factors are discussed with highest levels of transparency. For coatings 

industry specifically, an institution involving in PCR generation would include American coating 

association (ACA)[15]. As an American National Standards Institute (ANSI) eligible program 

operator, NSF’s National Center for Sustainability Standards is an operator that guide industries, 

trade organizations or individual companies through an ISO 14025-compliant process to develop a 

PCR for their product categories. An exemplary example of ACA’s contribution in PCR can be 

observed in the architectural and powder coating industries, wherein a consensus was reached 

between all the stakeholders on the PCR needed to define architectural and powder coating 

products[13,14]. All polymer industries can follow the footsteps and devise a similar PCR report. 

 

Figure 1. Schematic layout of holistic polymer sustainability approach. 

Table 1. Important abbreviations and ISO standards in the polymer sustainability horizon. 

Abbreviations Full form 

PCR Product Category Rules 

PCF Product Carbon Footprint 

EPD Environmental Product Declarations 

LCA Life Cycle Assessment/Analysis 

EOL End of Life 

GWP Global Warming Potential 

GHG Greenhouse Gas 

GaBi 
Created by PE INTERNATIONAL, LCA databases containing ready-to use Life 

Cycle Inventory profiles 

NCSS NSF International’s National Center for Sustainability Standards 

TRACI 
Tool for the Reduction and Assessment of Chemical and Other Environmental 

Impacts 

ISO Standards Title/topic 

ISO 14040 Environmental management, Life cycle assessment, Principles, and framework 

ISO 14044 
Environmental management, Life cycle assessment, Requirements, and 

guidelines 

ISO 14064 
Greenhouse gases, Part 1: Specification for quantification and reporting of 

greenhouse gas emissions and removals 

ISO 14025 
Environmental statement and programs for products, Environmental product 

declarations 

ISO 14067 
Greenhouse gases, Carbon footprint of products, Requirements, guidelines for 

quantification 
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ISO 16,620 -1  Plastics: Biobased content, Part 1: General principles 

ISO 16,620 -2 Plastics: Biobased content, Part 2: Determination of biobased carbon content 

Furthermore, PCR defines the parameters for conducting the life cycle assessment (LCA) for a 

particular product group. In accordance with the PCR, LCA is carried out (use of software or in-house 

calculation tool utilizing ISO standards) to evaluate environmental impact of a product[16]. The 

process involves raw material acquisition, production processing, use and end of life. It is necessary 

that scope of the life cycle of a product would need to be set prior as the boundary condition for 

effectiveness; example, cradle to gate (factory gate), or cradle to end of life (EOL) approach[17] 

(Figure 2). LCA also helps identify the critical environmental impact categories enabling the most 

beneficial and cost-effective product development operational practices and business approaches. 

Environmental product declarations (EPD) is a standard report that’s collected during the LCA 

process of a product utilizing ISO 14,025 standards entailing a critical communication process to 

ensure that the ISO standards and the industry consensus standards described in the Product 

Category Rule (PCR) document are followed[18]. Product carbon footprint (PCF) on another hand, 

would then be a factor in the EPD as it is derived from the Global warming potential (GWP) part of 

EPD[19]. Calculating scope 3 emissions are particularly challenging for a polymer company due to 

the direct and indirect aspects (upstream and downstream) encompassing the suppliers and 

customers. Scope 3 targets can be achieved only through co-operations with the associates along the 

value chain, innovation, and a detailed plan of action involving all the stakeholders involved. 

 

Figure 2. Schematic representation of the greenhouse gas emissions and scopes. 

ISO 14,067 is used for the PCF calculation and can be a stand-alone report that polymer 

manufacturers/suppliers can provide to the customers. Similarly, paint manufacturers can request 

the same from their suppliers. The cradle-to-gate or partial Product Carbon Footprint (PCF) will be 

the sum of greenhouse gas (GHG) emissions, expressed as CO2 equivalents, from the resource 

extraction up to the production of the final product/factory gate[20]. EPD thus opens up the 

possibility to objectively compare and describe a product environmental impact throughout the 

specified life cycle. EPDs and PCRs are not required by law or Federal regulation at the moment but 

can give a competitive edge on sustainably advantaged products as they can differentiate products 

in the marketplace, when responding to increased demand for sustainable product with more 

transparent and credible environmental claims[21]. Notably, sustainability guidelines and green 
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certification programs might give preferential treatment to products with verified EPDs. Examples 

of published EPDs from industry competitors constitute architectural coating products category by 

companies like PPG and Sherwin Williams utilizing PCRs set by ACA, LCA database by 

GaBi/Sphera[22–24] and together for sustainability (TFS) or Science based target initiative (SBTi) .  

In order to decipher Figure 1 and above discussion with ease, it is important that ongoing 

chemical transformations are reflected with the help of an example or case study. Further, it can also 

help illustrate the practical application and benefits of these tools in the industry. In that context, 

resinous floor coatings are examined here as the case study. PCR for resinous floor coatings was 

published by ACA.[14] Figure 3 shows a detailed schematics on the PCR, LCD, PCF, EPD 

terminologies. This type of layout can be devised for any type of coatings or polymer products by 

analogous trade associations or consortiums. GHG emissions are the most prominent in the raw 

material acquisition and manufacturing stage. Efforts are ongoing to include renewable energy 

sources (solar, wind, geothermal/0 to offset some of the GHG emissions reducing the scope 1 and 

2[25,26]. Moreover, utilizing raw materials from bio-based sources (example: bio-epoxides from seed 

oils, polyols from castor oil etc.) enables the introduction of biogenic carbon into the product life cycle 

ultimately resulting in a carbon footprint reduction[5,27]. Further, wide approval and 

standardization of such PCR by competing manufacturers would be critical to level the field of 

sustainable product development. 

 

Figure 3. Deciphering PCR, LCA, EPD, PCF based on floor coating case study. 

In summary, PCR provides an agreed–upon framework for measuring the environmental 

impacts of a product based on a defined set of criteria, which allows the manufacturers to conduct 

LCA of their products in a standardized way, and publish this information in an EPD, if they so 

choose, including a separate PCF report. PCF and EPD thus help companies differentiate their 

products in the marketplace and meet sustainability goals. 

Deep Dive into Bio-Based/Biomass/Bio-Attributed Approaches 

There are always a couple of terms that keeps dangling when a discussion arises on polymer 

sustainability, specific to biobased components in products[28]. Some of these terms are bio-based, 

biomass, mass balance approach, biogenic CO2, negative carbon footprint and bio-attributed 

components. This section discuss each of the topics in detail, trying to untie the knots of terminology-

based entanglement. Biogenic CO2 uptake usually refers to the CO2 captured from the atmosphere 

by the biomass/plant during the photosynthesis process across its growth cycle[29]. Negative product 

carbon footprint would then imply a net removal of CO2 from cradle to gate based after factoring in 

the biogenic CO2 uptake[30]. It would mean that the transformation of biomass into products signifies 
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a net CO2 extraction through its storage in the final product[31]. Use of actual biobased/recycled raw 

materials for numerous polymer applications like coatings, composites, tires are the most straight 

forward route[32,33]. Examples include seed oil/vegetable oil-based polymer components, UV cured 

systems, recycled tires, natural fibers in composites etc.[4,34,35]. With standardize guidelines like the 

ASTM D6866 (biobased organic carbon content of the product by an 14C isotope quantification 

method[36–38]) and ISO standards (ISO 16620), there exists methodologies to evaluate the biobased 

content of a polymer product. In regard to official certifications, United States Department of 

Agriculture (USDA) has instituted the bio-preferred program or biobased label in the US that follows 

the ASTM 6866 testing guidelines[39]. In Europe, the, TUV Austria and DIN CERTCO certification 

bodies follow the 14C carbon dating based EN 16640, CEN 16,137 and award eco-label if biobased 

carbon content is equal to or more than 20% [12].  However, it is not possible or practical to shift an 

existing formulation into a complete biobased polymer manufacturing overnight. That’s where mass 

balance approach plays a key role.  

Mass balance approach can be regarded as the first step of a transformative step by step large 

scale phasing out of fossil based raw materials[40,41]. Even in the mass balance approach there are 

differences depending on the exact terminologies and definitions a manufacturer choose to proceed 

with and its scope (Figure 4). One widely accepted mass balance concept is mixing both fossil based 

and renewable/recycled materials in the existing system and tracking it across the processes 

allocating them to specific products[42]. This would mean that there might not be actual biobased 

components in the final product, but a third party certification would verify the total renewable 

content that has been allocated in lieu of the initial manufacturing steps[43]. Initially used in energy 

sector for electricity and recognized by better cotton initiative, Forest stewardship council etc., the 

mass balance methodology is now being integrated into the polymer industry[44]. However, it is 

crucial that these process allocations are transparent with reliable certifications since complexity rises 

as a result of differences in applying mass balance method. A point to note here is that terminologies 

and exact methodology may vary from company to company. Example: 1) Perstorp follows traceable 

mass balance (chemical and physical traceability) enabling easy identification of recycled or 

renewable content[45,46], 2) mention of “bio-attributed” mass balance (Arkema and Braskem)[47,48], 

and 3) mention of biomass balance (BASF)[42] and many others. Overall, the underlying principle of 

mass balance approach is implemented but with specific modifications by the respective company; 

some of them add the actual biobased component in the later stage of the process whereas others 

utilize renewable feedstock in the early manufacturing stage or use renewable resources like 

solar/wind energy in the plant operations. The production route from mass balance bio-attributed or 

fossil feedstock, have the exact same quality, characteristics, and properties. The use of existing 

infrastructure and logistics are also advantages. The mass balance method thus traces the material’s 

footprint across the value chain and allows a gradual transition towards sustainability. Many 

companies now incorporate a mix of bio-attributed/renewable feedstock in the manufacturing 

processes coupled with actual biobased raw material in the production formulation. . It is also 

essential to address some of the possible limitations and challenges associated with implementing 

such mass balance approaches in practice. It is still a challenge to extract the exact amount of certified 

material entering into the supply chain[49] data availability challenges, unit conversion 

inconsistencies, and levels of uncertainty[50]. Further, green washing by excessive marketing and 

promotion without the technical backing, and self-proclaimed “universal” sustainable 

methodologies are also prevalent[8,51]. Regardless, mass balance approach has indeed emerged as 

the most sought-after sustainable methodologies for developing a sustainable polymer. 
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Figure 4. Mass balance approach schematics. 

Targets, Certifications Within the Polymer Industry  

Sustainability certification enables the standardization of sustainable polymer products 

facilitating guarantee on the credibility of the product claims. It thus helps validate product 

sustainability claims and can be a strategic move for companies to attain that sustainability marketing 

edge. It enhances brand reputation, and also incubate a global market where consumers are 

environmentally conscious. It also helps create a framework to measure and improve sustainability 

of products and supply chain[51]. Most importantly, certifications of such a method needs to be 

transparent, reliable, and applied in all parts of the value chain, all the way back to the point of origin 

with yearly auditing.  The certification bodies that certify the mass balance approach include 

International Sustainability and Carbon Certification (ISCC) PLUS, REDcert etc.  focusing on GHGs 

reduction throughout value chain via sustainable land use, protection of nature, bio-renewable 

component incorporation and social sustainability intended for commodity manufacturing[44,52]. 

REDcert2 is specifically used food industry applications sourced from sustainable agricultural raw 

materials along with biomass derived materials for the chemical industry[52].  

The first and foremost contribution to polymer sustainability is via the supplier of monomers 

and polymers for product application industries such as coatings, composites etc. which can 

culminate in most optimized sustainable polymer products for end users[53,54]. Thus, it is critical 

that we understand the sustainability approach of some of such upstream and raw material 

manufacturing companies[55–57]. We identified the major players operating in the polymer 

manufacturing industry by sifting through market research reports and utilizing the experience in 

the field.  Table 2 shows the list of companies that were narrowed down based on largest market 

share, revenue, and diverse polymer products portfolio. Some of the companies listed in the table are 

pure polymer manufacturers, while others make monomers and chemicals used in polymer 

manufacturing. In addition to GHG emission targets for Scope 1, 2 and 3, few other important aspect 

of interest include lower water intake and wastewater, landfilled non-hazardous and hazardous 

waste reduction etc.[58–61]. As observed from the Table 2, major polymer manufactures are now 

certified by ISCC+ and incorporate a mixed mass balance approach either by use renewable 

feedstocks in the plant operating level using mathematical allocation and/or actual biobased 

components. 

Table 2. List of major polymer manufacturers and its certifications and GHG emission targets. 

S.No Company name Certifications 
Sustainability commitments: GHG emissions 

target 2030 
   Scope  Reduction % Baseline year 

1 BASF SE ISCC+, RedCert2 
1,2  25 2018 

3 15 2022 

2 Perstorp ISCC+ 1,2  46.2 2019 
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3 27.8 2019 

3 Arkema  ISCC+ 
1,2  48.5 2019 

3 54 2019 

4 Evonik ISCC+, TUV 
1,2  25 2019 

3 11.7 2019 

5 Clariant ISCC+, RedCert2 
1,2  40 2019 

3 11.14 2019 

6 Dow Chemical ISCC+ 1+2+3 15 2020 

7 LyondelBasell ISCC+ 
1,2  40 2020 

3 11.14 2020 

8 SABIC  ISCC+ 1+2+3 20 2018 

9 Avient ISCC+ 1,2  60 2019 

10 DSM ISCC+ 
1,2  59 2016 

3 28 --- 

11 Eastman ISCC+ 1,2  33.3 2017 

12 Mitsui Chemicals ISCC+ 1,2  40 2013 

13 Dupont ISCC+ 
1,2  50 2019 

3 25 2020 

14 Solvay ISCC+ 
1,2  31 2018 

3 24 2018 

15 Braskem ISCC+ 1,2  15 2019 

16 Mitsubishi Chemical Corp. ISCC+ 1,2  32 2019 

17 LG Chem ISCC+ 1,2  27 2018 

18 Covestro ISCC+ 
1,2  60 2020* 

3 30 2021* 

19 INEOS ISCC+, RedCert2 1+2+3 33 2019 

* Goal year 2035. 

Discussion and Future Aspect 

The demand for sustainable polymers are surely at its epitome now with trade shows and 

conferences concentrating on the sustainability topics and introducing new circular economy 

products[62]. Sustainable polymer sector is set on impeding growth as part of greenhouse gas 

emissions and carbon footprint reduction, paired with environmentally aware consumer base. 

Polymer recycling is also an important issue of sustainable development, since the decay period of 

synthetic polymers is long and plastic pollution is a serious environmental challenge[63,64]. There 

are few challenges that involves a possible recycling difficult by virtue of mixed polymers in the 

waste recycling streams, inferior properties though new academia researches show comparable 

properties (recycled PU foam)[34,65]. Circular polymer solutions are possible though the increase of 

resource efficiency via reduction of hazardous chemical use and utilizing more bio-based and 

recycled systems. Currently, microplastic pollution of the planet is a serious environmental 

problem[66,67]. Considering this ubiquitous microplastic challenge, it’s time to start contemplating 

the production of polymers from the extraction of raw materials to the disposal of the material 

(Cradle to grave). End of life evaluation in terms of recycling, reusing, degradability, energy recovery 

is a key factor to avoid overlooking the LCA[68].   

Sustainability is a necessity for continuous innovation for the future generations and should be 

regarded just as a trend. Sometimes it’s not just about bio-based raw materials in polymer products 

but the overall reduction of carbon dioxide emissions in the entire product cycle. PCF and EPD play 

a major measure in this aspect with the global warming potential and carbon footprint. By reduction 

of industry’s dependence on virgin fossil raw materials while allowing downstream industries to 

reduce their Scope 3 emissions, helps create products with a reduced carbon footprint, with no 

compromise on performance. In a nutshell, for developing a sustainable polymer manufacturing 

system, one or all aspects of the following need to be considered 1) mass balance approaches with 

renewable feedstock in the manufacturing process/mathematical allocation and/or followed by use 

of actual bio-based components, 2) recycling and upcycling of products, 3) use of bio based raw 

materials as opposed to petroleum derived, lowering carbon footprint 4) a cumulative life cycle 

analysis (LCA) of products in terms of carbon sequestration, lowest GHG emissions, minimal energy 
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resources used and its degradability/reusability and, 5) establishing measures to prevent further 

addition of plastic pollution and microplastics due to the new products.  

Future developments of a sustainable polymer industry involves materials derived from 

renewable sources which are further recycled or disposed in environmentally friendly manner. This 

can be achieved by synthesizing degradable polymer, developing polymers from renewable 

feedstock, developing reprocessable thermosets, developing novel catalyst catalysts system that can 

help produce competitive sustainable polymers[69–71]. Strong collaboration between academia and 

industry is also critical for fundamental understanding and efficient commercialization. This 

contribution attempts to highlight the numerous concepts and terms in the polymer sustainability. 

We hope that this communication provides a very good foundation for anyone undertaking to 

formulate sustainable polymers in terms of standards, certifications, methodologies for academia, 

and industry alike. 
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