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EXECUTIVE SUMMARY 
 
Plastic waste management has become a topic of increasing public interest due to the growing 
amount of plastic waste entering landfills, being combusted, or being leaked into the environment 
due to mismanagement. The portion of plastic products that is currently recycled remains low (< 
9 % in the U.S.).1 This is driven by numerous factors including infrastructure and collection needs 
to improve the recycling rate of plastic waste, technological constraints in recycling the wide 
variety of plastic products associated with the diverse range of (non-transparent) formulations, and 
economic limitations for recycling plastic and using recycled plastic in new plastic products (e.g., 
consumer incentives to recycle, economic value of recycled plastic).2 The relative importance of 
these factors is not well understood, and each requires additional research.   
 
This report aims to provide insights into implications of plastic product formulations by developing 
an approach to evaluate the potential impacts of additives on embodied environmental impacts and 
recyclability of plastic products as well as to validate the approach by evaluating a limited number 
of additives and plastics. This study provides one approach to categorize additives used in plastic 
products. It assesses 18 different additive groups and considers their impact on different 
environmental and health hazards characteristics, typical mass fraction used, and global 
consumption and production, and occurrence in plastic products made with the four thermoplastic 
resins considered (high-density polyethylene, polypropylene, polyvinyl chloride, and polyethylene 
terephthalate). This approach led to the identification of four additive groups – plasticizers, flame 
retardants, pigments, and stabilizers – as the most likely to be impactful and, thus, are the focus of 
the life cycle assessment (LCA). Although it should be noted that limitations related to availability 
and quality of information about additives limit the ability to make definitive conclusions related 
to identification of most impactful additives across the plastic manufacturing sector. 
 
After identifying additives groups on which to focus, this report conducted a cradle-to-gate life 
cycle assessment of two example additives from each of the four target additive groups to evaluate 
their greenhouse gas (GHG) emissions, fossil energy use, and water consumption. Table ES-1 
indicates that among the additives evaluated, the two flame retardants have the greatest GHG 
emissions and fossil energy use per kg. Meanwhile, certain chemicals used in pigments (lead 
chromate) and stabilizers (benzophenone) show the highest water consumption. 
 

Table ES-1. Environmental impacts for selected additives 

Group Chemical 
GHG emissions 

(kg CO2e/kg) 
Fossil energy 

(MJ/kg) 

Water 
consumption 

(L/kg) 
Flame retardants Tetrabromobisphenol-A 9.4 159.0 8.9 

Decabromodiphenyl ether 9.7 164.6 8.8 
Plasticizers Di-isononyl phthalate 3.5 84.5 16.4 

Di-2-ethylhexyl phthalate 2.4 76.9 4.6 
Pigments Lead-chromate 6.2 91.7 30.8 

Chromium trioxide 3.8 52.2 5.9 
Stabilizers Barium nonylphenate 2.2 119.2 12.6 

Benzophenone 3.1 82.1 23.4 
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To investigate the potential impact of these additives on plastic products, a cradle-to-gate LCA 
was also conducted at the product level for five example polyvinyl chlorine (PVC) products – vinyl 
flooring, window frames, insulation, sewer pipes, and cable coating – which were determined to 
have the highest production volume in the United States. PVC was selected because PVC product 
formulations tend to include the widest variety and largest mass fractions of additives. The analysis 
assumed that the eight additives identified above were used in the formulation for these products 
while the contribution from fillers was omitted. The estimated impacts in Table ES-2 are shown 
as a range depending on which example of each additive type was used in the analysis. Under these 
assumptions, the example products used for insulation and vinyl flooring showed the highest GHG 
emissions, fossil energy use, and water consumption, mainly due to the high mass fraction of 
plasticizers used in their formulation (28 % and 31 %, respectively). Furthermore, the results of 
the LCAs showed that the environmental impacts across these five example PVC products were 
estimated to be more significantly influenced by the mass fraction of additives than by the 
environmental impacts per kg of additive because the variability in mass fraction for additive use 
is significantly greater than the variability in environmental impact per unit of mass across 
additives. It should be noted that these results cannot be generalized to formulations containing 
different additives and the example plastic product LCA modeling may not be representative of 
the products on the market for each product category. 
 

Table ES-2. Estimated environmental impacts of PVC-based formulations for different 
products. 

Product 
Mass fraction of 

additives a 
GHG emissions 

(kg CO2e/kg) 
Fossil energy 

(MJ/kg) 

Water 
consumption 

(L/kg) 
Vinyl flooring 33 % 2.3 to 2.7 59.3 to 61.4 3.5 to 7.7 
Window frame 9 % 2.3 to 2.4 52.9 to 53.2 3.2 to 4.7 
Insulation 36 % 2.4 to 2.8 63.2 to 64.2 3.9 to 7.9 
Sewer pipe 2 % 2.2 50.5 to 51.0 2.8 to 3.1 
Cable coating 36 % 2.7 to 2.3  62.3 to 60.7 7.9 to 3.6 
a Depict the total mass fractions of additives used in the formulation, excluding fillers 

 
This report also developed an approach to estimate the impacts of additives on recycling through 
the utilization of material flow analysis (MFA). It provided a hypothetical scenario to show how 
an evaluation can be completed if information is available on the influence of additives (or any 
other constraint) on plastic recycling rates and recycled plastic mass fractions in new plastic 
products. The analysis estimated the expected changes in the recycled content of polyethylene 
terephthalate (PET) bottles, virgin material use, and solid waste generation of PET by increasing 
the recyclability of PET plastic product waste based on projections for the technologically feasible 
share of recycled resin diverted from landfilling and other recycling paths to closed loop (bottle-
to-bottle) recycling. These generalized rates were selected because there is limited information on 
the correlation between additive mass fraction and recycling flows. The approach developed in 
this study could be applied specifically to additives if future research can estimate the impact on 
recyclability from reducing additives. 
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The MFA results indicated that increasing the recycling yield and recycling rates of PET bottles 
could result in higher recycled content of PET bottles and decreased virgin material use relative to 
current manufacturing. These variations in recycling could possibly lead to reductions in GHG 
emissions of PET bottles production. 
 
A major challenge identified during this work is that there is limited information on the quantity 
and impacts of additives used in plastic products. Future data collection and research to fill these 
gaps are needed to determine the relative prevalence and impact of current additives on 
recyclability of plastics. Additionally, a greater understanding is needed into how increasing the 
mass fraction of recycled plastic used in new plastic products could impact recyclability because 
as the plastic supply chain becomes more circular (i.e., increase in recycled content), the mass 
fraction of additives in these products could significantly increase due to accumulation over 
multiple recycling cycles.  
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1. INTRODUCTION 
 
Global production and consumption of plastics*, along with their release into the environment, are 
increasing rapidly, creating a growing environmental waste management crisis. In 2019, the world 
produced about 368 million metric tons of new plastic from fossil-based sources and generated 
over 287 million metric tons of plastic waste.3,4 Approximately 49 % of waste from plastics and 
other polymeric materials (i.e., elastomers and coatings) is sent to landfills, while nearly 22 % is 
dispersed into the environment.5 Although recycling technologies, from mechanical to advanced 
recycling (e.g., pyrolysis, gasification, methanolysis, enzymatic hydrolysis, etc.), offer an 
opportunity to mitigate the environmental concerns of end-of-life plastics, global recycling rates 
are low for majority of plastic products and the prevalent technology is mechanical recycling.5 The 
challenges for scaling recycling technologies for plastics are derived from limited markets for 
recycling content, high cost, degradation of mechanical properties, inconsistent quality products, 
and level of contamination. The focus on plastic performance improvements, primarily based on 
the development and use of additives, have brought additional challenges to mechanically 
recycling plastics. Additives such as reinforcing agents, antioxidants, plasticizers, dyes, and flame 
retardants, which enhance mechanical and physicochemical properties of resins, are very difficult 
to remove from the base polymer due to the low molecular diffusion rate.6  High levels of additives 
can also constrain mechanical recycling technologies. For instance, a major challenge for 
mechanically recycled polyvinyl chloride (PVC) is the presence of high levels of additives (e.g., 
plasticizers added during PVC production to achieve the desired material quality)6 some of which 
are considered hazardous chemicals. Moreover, the environmental and social challenges of 
additives are also important to consider, as some additives within plastic products have the 
potential to leach into the surrounding environment, and may result in toxicity to organisms, 
including potential carcinogenesis and endocrine disruptions in humans.7  
 
Many environmental analyses, via life-cycle assessment (LCA), of plastic resin production and 
plastic recycling technologies have been presented in the literature.8–13 However, discussion 
around the type of additives and their impact in the LCA has been limited. This is due in part to a 
lack of processing data for additives manufacturing and limited insight into mass fractions used in 
the resin formulation since this information is often proprietary and treated confidentially. Bishop 
et al.11 suggest that, in the absence of clear evidence indicating that additives contribute less than 
one percent to mass, energy, or environmental impacts, it would be beneficial for LCA studies to 
include these additives in their life-cycle inventories (LCI). This is especially relevant when 
multiple additives are present in a resin formulation to ensure that cumulatively significant 
environmental impacts are not overlooked.11 Broeren et al.9 discuss that additives (e.g., 
compatibilizers), which are used to provide adhesion between the components of their starch-based 
plastics contributed up to 40 % of the GHG emissions, indicating the large impacts of additives 
within plastic LCA. Therefore, it is important to identify the major additives used in resin 
formulation and understand the impact of plastic manufacturing and the limitations of additives in 
increasing the recycling rates of plastic products. The study presented here addresses this issue by 
identifying the key additives mixed with major resins and investigating some of those additives’ 
potential impacts on environmental burdens using the LCA and material flow analysis (MFA) 

 
* For the purposes of this report, we use the term plastics to encompass both thermoplastics and thermosets. See 

expanded definition in the glossary. 
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frameworks. This work also presents a conceptual framework to evaluate the potential effect that 
material flow factors, hypothetically influenced by variations in additive concentration, have on 
the mechanical recycling of polyethylene terephthalate (PET) bottles. This analysis was structured 
in this manner because mechanical recycling is the most prevalent recycling technology today, 
PET bottles are a plastic product with a high recycling rate, and sufficient data was available. 
Therefore, the main objectives of this work are summarized as follows:  
 

1. Categorize and identify key additive groups used in thermoplastic resins that may prevent 
recycling and potentially cause health and environmental issues. 

2. Investigate the LCA impacts of at least two key additives within the identified groups. 
3. Identify additives that pose technical difficulties in recycling and cause potential health 

and environmental issues during and/or after recycling processes of at least four major 
resins. 

4. Quantify the potential variations in the mass of plastic recycling flows and associated 
environmental impacts resulting from changes in material flow factors hypothetically 
influenced by additive concentration. 

 
For this analysis, four resins are considered: high-density polyethylene (HDPE), polypropylene 
(PP), PET, and PVC. These resins were among those with higher global production volume in 
2022 (See Figure 1), representing 55 % of virgin plastic production. 
  

Figure 1. Share (%) of resins in the global virgin plastic production in 2022.14 PP: 
Polypropylene, LDPE: Low-density polyethylene, PVC: Polyvinyl chloride, HDPE: High-
density polyethylene, PET: Polyethylene terephthalate, PU: Polyurethane, PS: Polystyrene. 

 
The work presented here is organized as follows: The first part identifies four key additive groups 
through a mapping exercise. This determination is based on characteristics such as higher 
production and consumption volumes in a global context, higher mass fraction in resin, and 
potential causes of health and environmental issues. Once the four key additive groups are 
identified, an LCI is developed for two sample additives within each of these groups. The purpose 
of this LCA is to determine the environmental impacts (GHG emissions, fossil energy use, and 
water consumption) of the production pathways associated with these additives. Argonne’s 
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Research and Development Greenhouse Gases, Regulated Emissions and Energy Use in 
Technologies (R&D GREET) model version 2023 is employed to evaluate such environmental 
impacts. 
  
The following task consisted in evaluating the environmental impacts of incorporating these 
additive groups in resin production, for which the mass fraction of the selected additives groups in 
different PVC products (i.e., vinyl flooring, window frame, insulation, sewer pipe, and cable 
coating) was investigated. The selection of PVC as a model resin was due to its high variety of 
additive groups used in their products compared to the other three resins (PP, HDPE, PET). 
 
The final analysis assessed the effect of using additives in the recycling flows of plastics. PET was 
the modeled resin used for this analysis, because there is more information available on its material 
losses and flows during recycling compared to the other selected resins. However, it must be noted 
that the level and variety of additives in the PET bottle stream modeled is low compared to other 
products, such as the PVC applications identified above. In this analysis MFA was utilized in 
conjunction with LCA to determine the end-of-life and recycling flows as well as the GHG 
emissions associated with varying quantities of additives used in PET resin production. 
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2. IDENTIFICATION OF KEY PLASTIC ADDITIVE GROUPS 
 
2.1 CLASSIFICATION OF PLASTIC ADDITIVES 
 
To investigate the various additives used in plastic production, an extensive literature review 
comprising over 20 scientific publications was conducted. These sources offered insights into the 
different categories, groups, chemical classes, and compounds employed in plastics, as well as key 
characteristics relevant to the mapping exercise, such as global production and consumption, and 
ecotoxicity. It should be noted that while these references encompass thermoplastic resins, they 
also contain information related to other polymeric materials such as thermosets and elastomers. 
The identified categories and groups of additives used in this report are summarized in Figure 2. 
The focus of this work is on thermoplastic resins, therefore, the classification shown in Figure 2 
will be applied to this type of plastics. The information provided by UNEP,15 Andrade et al.,16 and 
Hansen et al.17 offers an overview of the extensive range of additives used in plastics. However, 
the selection and use of additives depends on the polymer resin and product.  
 
As observed in Figure 2, there are four main categories to classify additives: 1) functional 
additives, 2) colorants, 3) fillers, and 4) reinforcements. Functional additives are important 
components that enhance certain characteristics of plastic resins. For instance, they provide 
essential characteristics that facilitate processing of the resin, increase mechanical and thermal 
resistance and photostability, and achieve the desired properties of the plastic product. As observed 
in Figure 2, functional additives can impart a wide variety of properties, however, these targeted 
properties depend on the specific type of resin and its intended application. Pigments provide color 
to the plastic resins and are used at low dosages to avoid resistance loss due to the incompatibility 
of the pigment with the chemical structure of the polymer resins.18 Fillers are inert materials that 
increase the density of the plastic resins, although their use could also improve stability and 
resistance. They are used in high quantities of up to 70 wt.% of the total plastic resins. The use of 
fillers in plastic resins greatly reduce production costs, as their price is not subject to fluctuations 
in oil and gas prices.19 Reinforcements are essential in enhancing the mechanical properties of 
resins, including their ability to resist bending and exposure to heat, and to minimize deformation 
under stress.20   
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Figure 2. Categories and subcategories of plastic additives. Adapted from UNEP,15 Andrade 
et al.,16 and Hansen et al.17 SCCPs: Short chain chlorinated paraffins, MCCPs: Medium chain 

chlorinated paraffins, PFCAs: Perfluorocarboxylic acids, PFSAs: Perfluoroalkane sulfonic acids. 

  

2.2 MAPPING OF KEY ADDITIVE GROUPS 
 
A comprehensive literature review was conducted to collect information about the occurrence, 
mass fraction in plastic, production and consumption, potential mitigation, health issues, 
and implications to recycling for over 80 additives organized by group. 
 
Despite a thorough effort to collect information, the literature provides limited data for several 
additive groups concerning the evaluated characteristics. For instance, to the best of the authors’ 
knowledge, information on the occurrence of reinforcements and the mass fraction in plastic of 
fragrances and surface coatings is difficult to find. Similarly, specific production and market 
statistics for surface coatings, fragrances, antistatic agents, blowing agents, slip agents, cross-
linkers, antimicrobials, and reinforcements were not available. Additionally, information on health 
hazards is available for only a limited number of additives, primarily within the plasticizers, flame 
retardants, stabilizers, and colorants groups. Consequently, the outcomes of the mapping exercise 
rely solely on the available information. A comprehensive overview of the information collected 
on occurrence, mass fraction in plastics, health hazards, and restrictions and regulations for all the 
additive groups shown in Figure 2 is available in Tables A1 to A9 in Appendix A1. 
  
Table 1 summarizes the mapping exercise conducted in this study. The occurrence information 
focuses only on the four resins studied in this work, namely HDPE, PP, PET, and PVC. The table 
indicates a “typical” mass fraction of additives, reflecting general values across a wide range of 

A. Functional 
additives

C. Fillers

D. Reinforcements

No groups

B. Colorants
1. Soluble azocolorants

2. Pigments Cadmium and chromium compounds, Lead chromates.

Group Chemical classesCategory

1. Plasticizers/softeners
2. Flame retardants
3. Stabilizers
4. Antioxidants
5. Lubricants
6. Impact modifiers
7. Surface coatings
8. Antistatic agents
9. Blowing agents 
10. Slip agents 
11. Fragrances 
12. Biocides/ antimicrobials 
13. Cross-linkers 

Phthalates, SCCPs, MCCPs.

Cadmium, lead,  tin, and zinc compounds, barium and calcium 
salts, phenolic benzotriazoles, benzophenones.

Fatty acid esters, metal stearates, amide waxes, ester waxes.

Organic tin and arsenic compounds, Ag-Zn zeolites, 
quaternary ammonium salts.

Ethoxylated amines, glycerol esters, ammonium salts.
Azo compounds, tetrazoles, hydrazine derivatives, inorganic 
carbonates.

Organic peroxides

Compounds: Calcium carbonate, barium sulfate, magnesium 
silicates, kaolin, carbon black, and clay

Brominated and chlorinated, Organophosphates, inorganic.

Arylamines, organophosphites.

Methacrylate butadiene styrene compounds, acrylic 
polymers.

No groups Compounds: Glass fibers, carbon fibers, aramide fibers.
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products and plastics, not specific to thermoplastics, as denoted by the data sources.17,16,15 
Additionally, the global production share reflects the distribution of the production of additives 
that are used in plastic products, as reported by Geyer et al.21  
 

Table 1. Mapping of additives application in resins 

 
Occurrence in resins17,16,15 

Typical mass fraction 
in resins 17,16,15 

Global 
production 
share (%) 21   HDPE PP PVC PET Total Min Max Average 

Plasticizers 1 1 1 1 4 0.001 70.0 35.0 34 

Flame retardants 1 1 1 1 4 0.001 60.0 30.0 13 

Antioxidants 1 1 1 1 4 0.002 3.0 1.5 6 

Stabilizers 1 1 1 1 4 0.001 10.0 5.0 5 

Impact modifiers 1 1 1 0 3 10.0 n.a. n.a. 5 

Lubricants 1 1 1 1 4 0.1 3.0 1.6 2 

Surface coatings 1 0 0 1 2 n.a. n.a. n.a. <1 

Biocides/antimicrobials 1 1 1 1 4 0.001 3.0 1.5 <1 

Antistatic agents 1 1 1 0 3 0.1 3.0 1.6 <1 

Blowing agents 1 1 1 1 4 0.05 20.0 10.0 <1 

Slip agents 1 1 1 0 3 0.05 2.0 1.0 <1 

Fragrances 1 1 1 1 4 n.a. n.a. n.a. <1 

Cross-linkers 1 1 1 1 4 1.0 10.0 5.5 <1 

Colorants/Pigments 1 1 1 1 4 0.001 40.0 20.0 2 

Fillers 1 1 1 1 4 15.0 50.0 32.5 28 

Reinforcements 0 0 0 0 0 15.0 30.0 22.5 <1 

Total 15 14 14 12      
 
 
Key additive groups were selected based on a range of factors including higher production volume 
and consumption in a global market, higher mass fraction in resins, and their occurrence in HDPE, 
PP, PVC, and PET. The additive groups described in Figure 2 were used to guide the mapping 
exercise. Recycling implications, as well as health and environmental concerns associated with 
use of additives were also considered, however, these characteristics were not included in Table 1 
due to insufficient data for all the investigated additives. 
 
2.2.1 OCURRENCE IN PLASTIC RESINS AND MASS FRACTION 
 
Figure 3 shows the representation (occurrence and mass fraction) of the additive groups that were 
identified in the categorization process. The data for occurrence focuses on the four thermoplastic 
resins (HDPE, PP, PVC, and PET) selected while the data on mass fraction pertains to general 
plastic resins. Figure 3a indicates that eleven additive groups are used in all the selected plastics 
resins. Particularly, PET shows the least number of additives incorporated in its products, which 
is consistent with the information provided by industry partners. Moreover, the occurrence of 
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reinforcements in the four selected plastic resins is reported as “not available” because there is 
insufficient data to identify which resins utilize them. 
 

Figure 3. Representation of additive groups. (a) Occurrence in four plastic resins and (b) mass 
fraction in plastics resins.15–17,22 

 
According to Figure 3, plasticizers, fillers, reinforcements, and flame retardants have the largest 
mass fraction among the various additive groups used in plastic resins. Of these, plasticizers and 
fillers can constitute up to 70 % and 50 %, respectively, of the mass in the plastic resin 
formulation.15,23 Besides, flame retardants can comprise as much as 60 wt.% of the polymer 
mass.16 However, the values presented in Figure 3 do not specifically indicate the mass fractions 
of additives used in HDPE, PP, PVC, and PET. Consequently, the wide range of mass fractions 
observed for certain additive groups is due to the variability of plastic resin, beyond the four 
thermoplastic resins, and their intended use. This can be exemplified with plasticizers, which are 
used in many products including food and beverage packaging, toys, and infant products, and 
building and furniture materials. They are used to interact with the polymer chains to render the 
material more flexible and malleable.24 Figure 4a shows the mass fraction of commonly used 
plasticizers in the selected plastic resins for specific products, such as vinyl flooring and wire 
coatings.25,26 Based on the collected data, phthalates are the most representative chemical class of 
plasticizers, including chemicals like di-iso-nonyl phthalate (DINP) and di-isodecyl-phthalate 
(DIDP) with mass fractions of up to 46 wt.% and 28 wt.%, respectively, in the plastic 
formulation.25  
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Figure 4. Mass fractions of specific (a) plasticizers and (b) flame retardants in selected 
plastics. The values are specific for the products and samples reported in the references. 16,17,25–27  

 
Flame retardants, as its name indicates, are used to slow the spread of fire or reduce smoke 
evolution. Flame retardants work by either producing extinguishing agents at high temperatures or 
creating a non-flammable char layer on the surface to insulate and keep oxygen out.24 As shown 
in Figure 4b, brominated flame retardants (BFRS) are present in specific HDPE, PVC, and PET 
products at mass fractions of 20 %, 10 %, and 10 %, respectively.16,27 
 
2.2.2 GLOBAL PRODUCTION AND CONSUMPTION 
 
The global production share of additives used in plastic products is presented in Figure 5, which 
shows that plasticizers are the most widely produced additive group, followed by fillers. Together, 
these two groups make up more than 60 % of the total production of plastic additives.21 This is 
consistent with the trends observed in Figure 3b, indicating a possible correlation between the high 
mass fractions of these additive groups and their high production. Flame retardants are the third 
most produced group of additives globally, followed by antioxidants, which comprise only 6 % of 
the total production volume. Due to the lack of publicly available information, market share data 
was used as an estimate of the consumption of different additive groups. As observed in Figure 
5b, plasticizers dominate the plastic additives market.28 This can be attributed to their high mass 
fraction in PVC products which are known for their high demand. Notably, more than 90 % of the 
plasticizers in the market are used in the production of flexible PVC.29 Stabilizers, although not 
used as frequently as plasticizers, have a high market value and are therefore the second most 
important additive group in the market. Flame retardants are the third major player in the plastic 
additives market due to their use in a wide range of industrial sector. 
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Figure 5. Share (%) of (a) global production21 and (b) global consumption28 of additive 
groups used in plastic manufacturing. Global production data is representative for 2015, 

whereas global market reflects information from 2023. 

 
2.2.3 ECOTOXICITY 
 
The majority of the additives used in plastics are not chemically attached to the polymer chains, 
making them susceptible to environmental release and subsequent exposure.30 Many of these 
plastic additives are known to pose significant hazards to organisms and to persist in the 
environment, intensifying the extent of their impact to ecosystems. The ecotoxicological effects 
can be measured in a range of ways, including toxicity to aquatic and terrestrial life, environmental 
persistence, and physicochemical properties. While the diverse nature of available measurement 
approaches can make the consolidation of ecotoxic effects in one single variable difficult, certain 
researchers have successfully developed indicators that assess the total ecotoxicological impact of 
plastic additives. One example of this approach is the total ecotox endpoint developed by Barrick 
et al.31 This indicator employs a single value to represent the occurrence of ecotoxicological data 
available in regulatory and commercial databases for additive groups. The value for each additive 
group is determined by the data from a subset of additives, which can range from as few as one 
additive (in slip agents) to as many as 22 additives (in flame retardants).  The total ecotox endpoint 
for seven additive groups is presented in Figure 6. The values indicate that stabilizers, flame 
retardants, and plasticizers are the additive groups for which most ecotoxicity data are available. 
The chemicals used in these additives are usually categorized as permanent organic pollutants 
(POPs) and have undergone extensive research to determine their environmental hazards. Notably, 
flame retardants, stabilizers, and stabilizers are among the additive groups with the highest 
production and consumption (see Figure 5) and therefore have been subject to continuous 
assessment. 
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Figure 6. Total ecotox endpoint for different additive groups†. Adapted from Barrick et al.31 

 
2.2.4 HEALTH HAZARDS 
 
There are approximately 2486 plastic additives with demonstrated health and environmental 
concerns that are considered substances of very high concern (SVHCs) because they may be 
carcinogenic, mutagenic, genotoxic, ecotoxic, and can induce endocrine disruption and organ and 
reproductive damage. These additives are also associated with other health hazards, including 
diabetes mellitus, obesity,  inflammation, infertility, and cirrhosis.32,33 Also, in the majority of 
cases additives are not strongly bound to the polymer chains which may allow them to disperse 
into the surrounding environment, increasing the risk of exposure.30 When persistent, these 
chemicals can have long-term impacts to the environment.15 
 
Flame retardants are classified as POPs due to their high stability, which enables them to 
accumulate in natural environments.15,30 However, the use of certain flame retardants has been 
regulated in various countries due to their documented harmful effects, including endocrine 
disruption, neural and reproductive toxicity, and carcinogenic and genotoxic properties.15,34 As a 
result, their presence in plastic products and the environment continues to be a source of concern. 
 
The weak interactions between plasticizers and polymer chains allow for their easy migration into 
the environment, increasing the risk of exposure to humans. Many phthalates, chemicals 
commonly used as plasticizers, have been identified as endocrine disruptors and are associated 
with a range of health problems, including reproductive disorders, respiratory issues, diabetes 
mellitus, genotoxicity, tissue damage, hypertension, and obesity.15,30,33,34 Due to their documented 
harms, many countries have strict regulations surrounding the use of certain phthalates, with some 
being banned. It is important to note that some plasticizers containing polycyclic aromatic 
hydrocarbons (PAHs) are carcinogenic.15 
 

 
† Ecotox endpoint is an indicator which represents the occurrence of ecotoxicological data available for different 

additive groups in regulatory and commercial databases of additives. 

Plasticizer 
3575

Stabilizers 
8443

Slip agent 661

Pigment/colorant 
2714

Cross linking agent 
1064

Biocide 
1942

Flame retardant
5097
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Lead and cadmium are common components of heat stabilizers and are associated with negative 
health effects on bone density, kidney function, and neurological development.34 Meanwhile, 
ultraviolet (UV) stabilizers, such as nonylphenol, may act as endocrine disruptors and pose risks 
to reproductive health. Other UV stabilizers, like benzophenones, have been linked to ecotoxicity 
and inducing allergies in humans,15 while benzotriazoles have been associated with endocrine 
disruption and negative effects on the development of children.30  
 
Pigments, like heat stabilizers, are often made up of metals like cadmium, chromium, and lead. 
These metal-containing additives have been shown to be highly toxic to aquatic environments and 
can negatively affect the nervous system.15 Antimicrobials are known to be toxic to aquatic 
environments and cause a range of health hazards in humans including damage to the respiratory 
and endocrine systems, eyes, and skin. In addition, certain chemical species of antimicrobial have 
demonstrated genotoxic properties.15 Other additive groups, like antistatic agents are comprised of 
perchlorates that affect the endocrine and the nervous system.35 
 
2.2.5 IMPLICATIONS TO RECYCLING 
 
The presence of hazardous additives in plastic products can hinder the recycling process, as they 
may transfer into the recycled materials and exceed the permissible thresholds set by regulations. 
To ensure successful recycling, regulated additives must be removed before processing, as failing 
the compliance with regulations may result in the outright banning of the recycled products from 
the market, reducing the recycling rates.34 These regulated additives include phthalates, 
compounds containing cadmium, and lead, which are commonly found in plasticizers, flame 
retardants, and stabilizers. Furthermore, the high temperatures of the extrusion process can cause 
volatile additives to harm recycling facility workers.23 Additive groups such as plasticizers, flame 
retardants, stabilizers, and colorants have been identified as the most impactful in preventing 
recycling.34,36 
 
Pigments, particularly in food packaging, may also cause rejection for recycling. For instance, the 
Association of Plastic Recyclers’ (APR) Design® Guide states that only clear, transparent blue or 
green PET bottles are preferred for recycling. Other colors or pigmented PET are considered 
detrimental as they result in low value recycled PET.37 Fillers and reinforcements may not present 
health hazards or ecotoxicological effects. However, the increased density of filled resins requires 
potentially expensive separation steps if the target product of a recycling process is unfilled. As a 
result, filled thermoplastics are often recycled into other filled plastics where impact resistance is 
needed.38,39 Lastly, antioxidants can complicate sorting and affect the appearance of recycled 
resins.39  
 
2.3 DOWN SELECTION OF KEY ADDITIVE GROUPS 
 
A qualitative exercise, drawing on information from Section 2.2 and Appendix A1, organized the 
most representative additive groups for each characteristic into a decision diagram (Figure 7). The 
diagram highlights only the four most prevalent additive groups within each characteristic 
(indicated with a check mark), except for the “occurrence,” “mass fraction in plastic” and “global 
production,” as there were several additive groups sharing similar values in those categories. The 
absence of certain additive groups in the “ecotoxicity,” “health hazards,” and “implications for 
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recycling” characteristics does not imply that these groups lack those characteristics. Rather, it 
suggests that they are not the most prevalent among all the additive groups in that specific 
characteristic. 
 
Plasticizers, flame retardants, stabilizers, and pigments were down selected as the most important 
additive groups according to the seven analyzed characteristics. However, this assessment depends 
on the quality and availability of information in the references used. For instance, there is limited 
information on the evaluated characteristics for reinforcements, fragrances, surface coatings, 
antistatic, blowing, and slip agents, and cross-linkers. Also, data on global production and 
consumption do not specifically focus on the four thermoplastics under analysis. Therefore, as 
more information becomes available, other additive groups might rise to preeminence. Plasticizers 
and flame retardants are particularly important due to their high mass fraction and market share, 
as well as their adverse effects on human health and the environment, which have subjected them 
to multiple regulations, including restrictions on their use. The third most important group was 
stabilizers, mainly because of their impact on health, environmental hazards, and global production 
and consumption. Additionally, pigments were showcased as important, as they present adverse 
effects on the environment and recycling. 
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Figure 7. Decision diagram for the down selection of key additive groups. 
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3. LIFE CYCLE INVENTORY (LCI) FOR SELECTED ADDITIVES 
 
This section presents the LCIs, which comprise the material and energy requirements to 
manufacture a selected range of additives. These selected additives are considered representative 
of the key additive groups that were identified in the previous section based on their extensive 
utilization in past formulation of plastic resins, as well as due to the environmental and health 
hazards that were identified, resulting in their regulation. Two representative additives were 
chosen for each additive group, resulting in a total of eight additives which are listed in Table 2. 
These additives were selected due to their potential health hazards. Additionally, there is available 
information to estimate the material and energy requirements associated with their production. A 
comprehensive literature review was conducted to build process flow diagrams and determine 
material and energy inputs for each of these additives, utilizing publicly available sources (i.e., 
patents, peer review journals, and manufacturing reports). 
 

Table 2. Additives for the key additive groups. 

Group Chemical 

Plasticizer 
Di-2-ethylhexyl phthalate (DEHP) 
Di-isononyl phthalate (DINP) 

Flame retardant 
Tetrabromobisphenol-A (TBBPA) 
Decabromo diphenylether (decaBDE) 

Pigments/ colorants 
Lead-chromate 
Chromium trioxide 

Stabilizers 
Barium nonyl phenate (heat stabilizer) 
Benzophenone (Light stabilizer) 

 
 
3.1 PLASTICIZERS 
 
3.1.1 DI-2-ETHYLHEXYL PHTHALATE (DEHP) 
 
Di-2-ethylhexyl phthalate (DEHP) is used as a plasticizer for PVC but also in pesticides, dielectric 
fluids, erasable inks, and vacuum pump oils. Its production amount is estimated between 4.5 to 22 
thousand tonnes per year40 and it is classified as a restricted substance due to its potential 
reproductive and developmental hazards. 40 Figure 8 shows a process flow diagram (PFD) of the 
production of DEHP. The process involves the esterification of phthalic anhydride with 2-
ethylhexanol, a two-step reaction that involves the formation of a monoester by alcoholysis with 
phthalic acid followed by the conversion of the monoester to a diester.41 The material and energy 
inputs to produce one kg of DEHP were obtained from Li41 and are summarized in Table 3. This 
LCI considers a system boundary from primary fossil feedstocks extraction and aggregated 
primary energy consumption from all the stages involved to form DEHP, therefore, individual LCI 
data for the materials is not presented.  
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Figure 8. Production of DEHP. Adapted from Li.41 

 

Table 3. LCI data to produce one kg of DEHP. Adapted from Li.41 

Material requirements 
Crude oil as feedstock (MJ) 27.73 
Natural gas as feedstock (MJ) 22.25 
Energy requirements 
Coal (MJ) 1.48 
Residual oil (MJ) 9.09 
Natural Gas as fuel (MJ) 13.71 
Hydrothermal (MJ) 0.24 
Nuclear (MJ) 1.33 
Hydrogen (MJ) 0.0004 

 
 
3.1.2 DI-ISONONYL PHTHALATE (DINP) 
 
Di-isononyl phthalate (DINP) is a commonly used plasticizer for PVC and flexible vinyl products 
such as toys, flooring, gloves, and drinking straws. Its production is estimated between 45 and 113 
thousand tonnes per year and is considered a restricted substance by REACH due to its ecotoxicity 
effects, including hepatic alterations in animals, and kidney and liver damage in aquatic species.42 
Figure 9 provides an overview of DINP manufacturing, which involves catalytic esterification of 
phthalic anhydride (PAN) with isopropanol at elevated temperatures (140-250 °C). Isononanol is 
obtained from hydroformylation (oxo-process) of isooctane, which is derived from the 
dimerization of n-butane. Phthalic anhydride is obtained from the oxidation of O-xylene, which is 
usually obtained as a coproduct from steam cracking. The LCI for producing DINP comes from 
previously reported information.43  
Table 4 shows the aggregated material and energy inputs from primary fossil feedstock extraction 
and primary energy sources to the production of DINP. 
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Figure 9. Production of DINP. Adapted from ECPI.43 

 

Table 4. LCI data to produce one kg of DINP. Adapted from ECPI.43 Water consumption 
refers to water used for the process after recycling. 

Material requirements 
Natural gas as feedstock (MJ) 20.00 
Crude oil as feedstock (MJ) 20.00 
Energy requirements 
Natural gas as fuel (MJ) 16.95 
Electricity (MJ) 0.77 
Coal (MJ) 2.96 
Residual oil (MJ) 17.00 
Water consumption* 
Water (L) 12.04 

*Water consumption refers to the amount of water added to a process to compensate for losses 
due to evaporation, leakage, or discarding. 
 
3.2 FLAME RETARDANTS 
 
3.2.1 TETRABROMOBISPHENOL-A (TBBPA)  
 
Tetrabromobisphenol-A (TBBPA) is a flame retardant used not only in plastic products, but also 
paper, and textiles. Its production is estimated between 9 and 45 thousand tonnes per year with 90 
% of its production used as an additive in plastics.44 TBBPA is produced from the bromination of 
bisphenol A under the presence of sodium hydroxide (see Figure 10). The LCI for the production 
of TBBPA (Table 5) was obtained from Jonkers et al.45 The material inputs were estimated from 
stoichiometric estimations, while the energy inputs were determined using data from the 
production of dichlorobenzene through halogenation. 
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Figure 10. Reaction scheme for the synthesis of TBBPA via bromination of bisphenol A. 

 

Table 5. LCI data to produce one kg of TBBPA.45 

Material requirements 
Sodium hydroxide (kg) 0.25 
Bisphenol A (kg) 0.42 
Bromine (kg) 0.59 
Energy requirements 
Natural gas (MJ) 0.95 
Electricity (MJ) 0.12 

 
 
3.2.2 DECABROMODIPHENYL ETHER (decaBDE) 
 
Decabromodiphenyl ether (decaBDE) is a brominated flame retardant widely used in plastics, 
textiles, and adhesive applications with an estimated production volume of less than 500 tonnes 
per year.46 DecaBDE is produced via catalytic bromination of diphenyl ether at 59 °C under the 
presence of sodium hydroxide and bromine as shown in Figure 11. The LCI was obtained from 
Jonkers et al.,45 with material inputs estimated from stoichiometry and energy inputs assumed to 
be similar to the synthesis of dichlorobenzene via halogenation, as shown in Table 6. 
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Figure 11. Reaction scheme for the synthesis of decaBDE via bromination of diphenyl 
ether. 

 

Table 6. LCI data to produce one kg of decaBDE.45 

Material requirements 
Sodium hydroxide (kg) 0.25 
Diphenyl ether (kg) 0.18 
Bromine (kg) 0.83 
Energy requirements 
Natural gas (MJ)  0.95 
Electricity (MJ) 0.12 

 
3.3 PIGMENTS AND COLORANTS 
 
3.3.1 LEAD CHROMATE 
 
Lead chromate is a common yellow pigment used in various applications such as plastics and inks 
with a production capacity estimated at less than 500 tonnes per year.47 Lead chromate may cause 
cancer, and damage to organs through prolonged and repeated exposure and is highly toxic to 
aquatic organisms. The process of producing lead chromate involves several steps (depicted in 
Figure 12) that begin with the reaction of lead nitrate and sodium dichromate dihydrate, sodium 
sulfate, sodium hydroxide, and ammonium bifluoride. Excess lead is added to the reaction to 
facilitate the formation of lead chromate crystals. Once the pigment is precipitated, the excess lead 
is removed, and the process continues with precoating, stabilization, and additional precipitation 
steps carried out at 70 °C. Filtering, washing, and drying are required to obtain the final product. 
The material and energy inputs required for the entire process are summarized in Table 7.  
 
To develop the LCI presented in Table 7, heat capacities were utilized to estimate the energy 
requirements for heating. The heat losses and electricity required for stirring and mixing were 
estimated based on work performed by Majeau-Bettez et al.48 Additional information about the 
process, including reaction and drying times, were obtained from Sole et al.49 
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Figure 12. Production of lead chromate. 

 

Table 7. LCI data to produce one kg of Lead chromate.49 

Material requirements 
Lead nitrate (kg) 1.05 
Sodium dichromate dihydrate (kg) 0.86 
Sodium sulfide (kg) 0.29 
Sodium hydroxide (kg) 0.09 
Ammonium bifluoride (kg) 0.03 
28 % SiO2 Sodium silicate solution (kg) 0.12 
Ammonium sulfate (kg) 0.30 
Antimony pentoxide (kg) 0.03 
Antimony trioxide (kg) 0.04 
Zinc phosphate (kg) 0.03 
Zinc hexametaphosphate (kg) 0.03 
Energy requirements 
Natural gas (MJ) 2.98 
Electricity (MJ) 0.53 
Water consumption* 
Water (L) 19.93 

*Water consumption refers to the amount of water added to a process to compensate for losses due 
to evaporation, leakage, or discarding. 
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3.3.2 CHROMIUM TRIOXIDE 
 
Chromium trioxide serves as a popular color additive in various products, with its production 
capacity estimated between 23 000 tonnes to 45 000 tonnes per year. This is attributed to its 
potential to irritate the eyes and respiratory tract and its ability to induce dermatitis after extended 
exposure.50 However, its toxicity level is low for aquatic organisms. The production of chromium 
trioxide is based on a wet process where a hot sodium dichromate solution reacts with sulfuric acid 
to form a precipitate of chromium trioxide (Figure 13). The reaction is indicated in equation (1)  
 

Na2Cr2O7 + 2 H2SO4 → 2 CrO3 + 2 NaHSO4 + H2O (1) 
 
After filtration and sodium hydrogen sulfate removal, the product is melted and decanted for 
further purification. The LCI used the data reported by Althaus51 and the estimation of material 
requirements is based on stoichiometric calculations, assuming a yield of 98 %, whereas energy 
requirement data was obtained from operation in a European plant. Table 8 provides an overview 
of the material and energy inputs. 

 

Figure 13. Production of chromium trioxide. 

 

Table 8. LCI data to produce one kg of chromium trioxide.51 

Material requirements 
Sodium dichromate (kg) 1.38 
Sulfuric acid (kg) 1.00 
Energy requirements 
Natural gas (MJ) 2.00 
Electricity (MJ)  1.20 
Water consumption* 
Water (L) 3.00 

*Water consumption refers to the amount of water added to a process to compensate for losses due 
to evaporation, leakage, or discarding. 
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3.4 STABILIZERS 
 
3.4.1 BARIUM NONYLPHENATE (HEAT STABILIZER) 
 
Barium nonylphenate’s primary functions are as a heat stabilizer in PVC, although it has also 
applications in the production of lubricants, surfactants, and fungicides with an annual production 
of less than 500 tonnes.52 Production of this additive chemical is shown in Figure 14, while Table 
9 presents the material and energy inputs. The reaction between barium sulfide, phenol and 
nonylphenol occurs at 125 oC and produce hydrogen sulfide. The reaction products go through a 
series of separation processes, including distillation, to recover phenol, water, and toluene. These 
vapors are vented to the atmosphere. Filtration followed by solvent extraction are required to 
obtain purified barium nonylphenate. Prutto et al.53 provide additional details regarding the 
production process. The energy requirements of distillation were estimated based on the heat 
capacities of the reactants and heating duty of the reactor to evaporate the phenol during the 
specified time. The heat losses and electricity consumption were evaluated based on previous 
literature by Majeau-Bettez et al.48  It was also assumed that the solvent evaporation was carried 
at the boiling point of toluene. In addition to barium nonylphenate, other by-products are 
generated, including hydrogen sulfide (0.06 kg), phenol (0.33 kg), and toluene (0.53 kg), which 
are lost through air and not accounted for in the LCA. The solid impurities are discarded through 
landfill disposal. 
 

Figure 14. Production of barium nonylphenate. 
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Table 9. LCI data to produce one kg of barium nonylphenate.53 

Material requirements 
Nonyl phenol (kg) 0.77 
Barium sulfide (kg) 0.30 
Phenol (kg) 0.33 
Toluene (kg) 0.52 
Energy requirements 
Natural gas (MJ)  0.56 
Electricity (MJ) 0.08 
Water consumption* 
Water (L) 0.09  

*Water consumption refers to the amount of water added to a process to compensate for losses due 
to evaporation, leakage, or discarding. 
 
3.4.2 BENZOPHENONE (UV STABILIZER) 
 
Although, benzophenone is commonly used as a UV blocker in plastics and is also applied in other 
products including insecticides, agricultural chemicals, and pharmaceuticals. Its annual production 
is approximately 450 thousand tonnes per year.54 This additive is known to have harmful effects 
on aquatic organisms, specifically in their reproduction and hormonal functions.54 Production of 
benzophenone occurs in a two-step reaction,55 starting with benzoyl chloride production (equation 
2),  

C7H6O + Cl2 → C7H5ClO + HCl (2) 
followed by the reaction of benzene and benzoyl chloride in the presence of aluminum chloride 
(equation 3). 
 

C6H6 + C7H5ClO → C3H10O + HCl (3) 
Figure 15 illustrates the production process for benzophenone, wherein unreacted compounds are 
recycled back to the reactor, and the coproduced hydrochloric acid (0.2 kg) is sold as a coproduct. 
Since the process generates two co-products, mass allocation was employed to develop an LCI 
that only reflects the burdens associated with benzophenone production. Table 10 provides an 
overview of the material and energy inputs after allocation. 
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Figure 15. Production of benzophenone 

 

Table 10. LCI data to produce one kg of benzophenone. Adapted from Hubber et al.55 

Material requirements 
Benzene (kg) 0.36 
Benzoyl chloride (kg) 0.64 
Aluminum chloride (kg) 0.39 
Energy requirements 
Natural gas (MJ) 1.76 
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4. LIFE CYCLE ASSESSMENT (LCA) FOR SELECTED ADDITIVES 
 
4.1 GOAL AND SCOPE OF THE LCA OF ADDITIVES  
 
This LCA aims to address the knowledge gap regarding the environmental impacts of plastic 
additives by providing comprehensive information on the GHG emissions, fossil energy use, and 
water consumption for major additive groups utilized in the production of plastic products. To 
achieve this goal, a cradle-to-gate LCA is conducted for each of the selected additives using the 
LCI data available from Table 3 to Table 10. The impacts resulting from GHG emissions, fossil 
energy use, and water consumption are reported in units of kilogram of carbon dioxide equivalents 
(kg CO2e), megajoule (MJ), and liters (L) for a functional unit of one kg of the selected additive 
chemical. Furthermore, the estimation of GHG emissions takes into account emissions of carbon 
dioxide (CO2), methane (CH4), and nitrous oxide (N2O). Further information on how these 
emissions are integrated into the total GHG emissions values is available elsewhere.12,56  
 
The Research and Development Greenhouse Gases, Regulated Emissions and Energy Use in 
Technologies (R&D GREET) model version 2023 was employed to conduct the LCAs in this 
report.57 Although the processing stages for producing each additive differ, the analysis considers 
a system boundary that encompasses stages from raw material extraction to intermediate chemical 
production and conversion of these intermediates to the final additive. The environmental impacts 
of most of the materials available in the LCI were obtained from the database within R&D GREET 
considering a U.S. average scenario.58 For the compounds not available in GREET, LCIs were 
developed using similar criteria as section 3. These additional LCIs are provided in Appendix A2. 
Upstream and combustion emissions of the various energy sources were also obtained from R&D 
GREET with electricity assumed to have environmental impacts equivalent to the U.S. average 
grid electricity mix. Because of the specific U.S. average scenario employed in the LCA, the 
findings associated to the environmental impacts are not representative of the global average 
additive production. These values present a high degree of uncertainty if applied to other regions 
worldwide. This LCA assumed all solid wastes are disposed of in landfill, while gaseous 
byproducts (i.e., hydrogen sulfide, phenol, and toluene vapors) are lost to the atmosphere. 
Although almost all the additive production pathways do not generate co-products, for 
benzophenone, hydrochloric acid is coproduced. Therefore, to allocate the environmental impacts, 
a mass-based allocation approach between benzophenone and hydrochloric acid was employed. 
 
4.2 GHG EMISSIONS OF ADDITIVES 
 
The GHG emissions of the eight selected additives are shown in Figure 16. As observed, the two 
flame retardants generate the highest GHG emissions on a per kg basis compared to any of the 
additives from the other groups. This is mainly due to the GHG emissions associated with bromine 
extraction from brines, which is a high-energy intensive process requiring a significant amount of 
energy input (approximately 142 MJ/kg). Therefore, this process generates a high amount of GHG 
emissions (10.6 kg CO2e/kg). The two pigments evaluated rank third and fourth in terms of GHG 
emissions. The major contributor to the GHG emissions associated with lead chromite and 
chromium trioxide is sodium dichromate dihydrate, although for lead chromate, the use of lead 
nitrate also significantly contributes to its GHG emissions. The two plasticizers generate similar 
GHG emissions to the two stabilizers assessed, (2.4 and 3.5, 2.2 and 3.1 kg CO2e/kg respectively). 
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For plasticizers, it is not possible to specify the contribution of intermediate chemicals because the 
LCI is presented in an aggregated form. For stabilizers GHG emissions are primarily associated 
with the usage of chemicals such as nonyl phenol and aluminum chloride. 
 
Additionally, Figure 16 includes the GHG emissions resulting from PVC production in the U.S. 
without the use of additives for reference.58 Except for barium nonylphenate, the GHG emissions 
associated with the different additives evaluated exceed those of PVC resin. For instance, the 
emissions can be up to four times higher for the two flame retardants selected and almost three 
times higher for the pigment lead chromate. This comparison highlights that the use of any of the 
eight selected key additives will increase the GHG emissions associated with PVC production 
beyond the baseline without additives. The extent of the GHG emissions increase will depend on 
the mass fraction of additives in PVC formulation. It is important to note that these outcomes 
cannot be generalized to all additives within a group and are specific to the two additives selected 
from each group for analysis. Section 5 will present an evaluation of the extent to which PVC 
GHG emissions increase in resin formulations. 
 

Figure 16. GHG emissions of the selected additives. The dotted line represents the GHG 
emissions to produce one kg of PVC without the inclusion of additives. TBBPA: 

Tetrabromobisphenol-A, decaBDE: Decabromodiphenyl ether, DINP: Di-isononyl phthalate, 
DEHO: Di-2-ethylhexyl phthalate. 
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4.3 FOSSIL ENERGY AND WATER CONSUMPTION OF ADDITIVES 
 
The fossil energy use of the additives is shown in Figure 17a. As for GHG emissions, the two 
flame retardants are the additives with the highest fossil energy use. However, in this case they are 
followed by the two stabilizers. In the case of barium nonylphenate, this can be attributed to the 
fact that although its production requires more energy than that of lead chromate, certain chemicals 
such as the sodium silicate solution used in the production of lead chromate, release additional 
non-combustion CO2 emissions. For reasons like this, the gap between the impact values of the 
key additives selected and PVC without additives (dotted line in the figure) is lower for fossil 
energy use than for GHG emissions. 
 

Figure 17. (a) Fossil energy use and (b) water consumption of the selected additives. The 
dotted line represents the fossil energy use or water consumption to produce one kg of PVC 

without the inclusion of additives. TBBPA: Tetrabromobisphenol-A, decaBDE: 
Decabromodiphenyl ether, DINP: Di-isononyl phthalate, DEHO: Di-2-ethylhexyl phthalate. 
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Figure 17b presents water consumption for the key additives selected in this study. This impact 
comprises the water utilized in material and energy inputs (i.e., electricity generation) and make-
up water to compensate for losses due to evaporation, leakage, or discarding. However, not all the 
LCIs included the make-up water quantity and it is unclear if the if the missing data is due to make-
up water not being required or an omission in the database. Given this uncertainty, water 
consumption estimates are based on the data as provided by the references. Unlike GHG emissions 
and fossil energy, each the additives selected for a group presents a significantly different impact 
that the other member of the group. For example, the additive with the largest use is the pigment 
lead chromate, followed by the stabilizer benzophenone, and then by the plasticizer DINP. Lead 
chromate and benzophenone have high water consumption because of the use of zinc 
hexametaphosphate and aluminum chloride, respectively, which are materials with high water 
demand (33 L/kg for zinc hexametaphosphate and 47 L/kg for aluminum chloride). Six of the 
analyzed additives exhibit water consumption that exceeds by more than four times the value from 
PVC production without additives. Therefore, water consumption is the impact category showing 
the biggest gap between the key additives selected and PVC without additives. 
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5. LCA OF PVC FORMULATED WITH ADDITIVES  
 
5.1 GOAL AND SCOPE OF THE LCA OF PVC PRODUCTS WITH ADDITVES 
 
This LCA is carried out to evaluate the potential environmental impacts of additives on PVC 
formulations. The focus in this section is solely on PVC since it is the resin with the highest use 
of additives among the four selected resins in the mapping exercise. This LCA evaluates the GHG 
emissions, fossil energy use, and water consumption using a functional unit of one kg of resin. 
R&D GREET version 2023 was also employed for this analysis and the methodology adheres to 
the same principles employed in the LCA carried out for additives (i.e., GWP potential of GHGs, 
upstream and combustion emissions). 
 
5.2 PVC FORMULATIONS FOR DIFFERENT PRODUCTS 
 
A product-focused analysis was conducted to account for the variability in additives used in PVC-
based formulations. Vinyl flooring, window frame, insulation, sewer pipe, and cable coating were 
selected for evaluation as they are the PVC products with major production in the U.S.59 The mass 
fraction of additives employed in the resin formulation for each product is presented in Table 11. 
It is noteworthy that plasticizers and fillers have the highest mass fractions, which aligns with the 
information presented in Figure 5b. 
 

Table 11. Average mass fraction of additives and resin in different example PVC 
products.60,61 

 
Component Vinyl 

flooring 
Window 
frame 

Insulation Sewer pipe Cable coating 

Filler 31.2 % 4.4 % 13.2 % 4.3 % 24.0 % 
Plasticizer 18.0 % - 27.1 % - 24.5 % 
Flame retardant - - 0.4 % - - 
Stabilizer 1.9 % 3.7 % 3.1 % 1.8 % 2.3 % 
Pigment 1.6 % 3.0 % - 0.4 % 0.5 % 
PVC resin 43.2 % 68.7 % 56.0 % 93.1 % 48.0 % 
 

Because fillers were not selected as key additives for analysis their contribution was disregarded 
in the LCA of formulated PVC resins. To account for this, a normalization process was carried out 
on the mass fraction values provided in Table 11. The normalization added the mass fractions of 
all the components except fillers and divided the contribution of each remaining individual 
component by the total contribution of the components (without fillers). As a result, the normalized 
fractions of the analyzed additives for various PVC products sum up to 100 %, as illustrated in 
Figure 18. Additionally, Figure 18 displays the mass fraction of fillers relative to the additives and 
PVC resin included in the normalization to provide a perspective of the total contribution of 
additives. Although plasticizers are only used in three products, they show the highest fraction in 
the formulations among additive groups, reaching values of 28 %, 31 %, and 33 % for vinyl 
flooring, insulation, and cable coating, respectively, after normalization. Conversely, stabilizers 
are utilized in all five selected products, making them the most prevalent additive group. 
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Figure 18. Fraction of additives used in the different PVC products after normalization. 
The mass fraction of fillers is relative to the additives and PVC included in the normalization. 

 
5.3 GHG EMISSIONS OF RESINS FORMULATED WITH ADDITVES 
 
The estimated environmental impacts of PVC resins formulated for different products were 
calculated using the normalized fractions. The environmental impacts per kg of each component 
(GHG emissions, fossil energy use, and water consumption) were multiplied by the corresponding 
fraction of each component. The analysis assumed that the eight additives selected are used in 
these formulations. Consequently, the environmental impacts associated with additive production 
were taken from the results of the analysis presented in Section 4, while the environmental impacts 
associated with PVC resin production without additives are taken from R&D GREET 2023 
considering a U.S. average scenario.57,58 The GHG emissions of PVC without additives are 
estimated at 2.21 kg CO2e/kg and account for the impacts of crude oil and natural gas used as 
feedstocks and the different energy sources (electricity, natural gas, residual oil, diesel, gasoline, 
and coal). The selected method allowed for the estimation of the environmental impacts of one kg 
of PVC resin formulated with additives. Additionally, given that two additives were selected for 
each group (see Table 2), the environmental impacts were estimated using a “low” and a “high” 
bound of the results. The “low” impact estimation uses the additive in each group with lower GHG 
emissions (DEHP, decaBDE, chromium trioxide, and barium nonylphenate), while the “high” 
impact estimation considers those additives within each group with the highest GHG emissions 
(DINP, TBBPA, Lead chromate, and benzophenone). 
 
Figure 19a shows the GHG emissions of PVC resin formulations for various products and their 
comparison with PVC resin without additives. The results indicate that for the high impact bound 
(considering only the additives with higher GHG emissions in each group), the GHG emissions of 
PVC formulated with additives increase by up to 25 % for insulation, relative to PVC without 
additives. In contrast, for the low impact bound (considering only the additives with lower GHG 
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emissions in each group), the increase can reach up to 4 % for vinyl flooring, compared to PVC 
without additives. PVC resins formulated for vinyl flooring, insulation, and cable coating exhibit 
the largest difference in GHG emissions with PVC without additives among all the tested products. 
The higher GHG emissions in these cases are primarily derived by the mass fraction of plasticizers 
in PVC formulation (Figure 18) which account for 28 %, 31 %, and 33 % for vinyl flooring, 
insulation, and cable coating, respectively, after normalization. Pigments, despite comprising up 
to 4 % of the mass of certain resin formulations, are the second most important additive group for 
determining the GHG emissions. In the case of flame retardants, which is the group with the two 
additives showing the highest GHG emissions, their impact on the GHG emissions is not as 
significant as that observed for plasticizers due to their low mass fraction in the PVC formulation. 
 
These results suggest that the impact of additives in the GHG emissions of formulated resins is 
primarily driven by their mass fraction within the formulation, rather than their individual GHG 
emission per kg. Nonetheless, these outcomes are only representative of the key additives selected 
and the resin formulations presented in Table 11. Using different additives for each group or 
variations in resin formulations for the same products may lead to different findings than those 
presented in this report. 
 
5.4 FOSSIL ENERGY AND WATER CONSUMPTION OF RESINS FORMULATED 
WITH ADDITVES 
 
Fossil energy use for the different formulated PVC resins is shown in Figure 19b. Among the 
products, vinyl flooring, insulation, and cable coating exhibited the highest fossil energy use. In 
the high impact bound analysis (considering only the additives with higher GHG emissions in each 
group), PVC formulated with additives can increase fossil energy use by 23 % for vinyl flooring 
and 28 % for insulation, compared to the baseline PVC resin (without additives). Water 
consumption showed the most substantial increment in the results due to the influence of additives, 
even without including process water for all the additives. This can be attributed to the fact that 
majority of the additives have a water consumption four times higher than PVC resin without 
additives (Figure 17b). When combined with the high fraction of additives, particularly 
plasticizers, the water consumption of formulated resins can increase up to three times than that of 
PVC without additives. However, this effect is less pronounced when additives comprised less 
than 5 % of the resin’s mass. It is evident that the evaluation of environmental impacts for 
formulated PVC resins with additives is more influenced by the mass fraction of the additive within 
the resin than by the individual environmental impact of the additive itself. However, as previously 
mentioned, these results are dependent on the key additives selected and the specific formulations 
presented and should not be generalized. 
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Figure 19. (a) GHG Emissions, (b) fossil energy use, and (c) water consumption of PVC 
resin formulations for different products. The dotted line indicates the impact for PVC 

without additives. 
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6. INFLUENCE OF ADDITIVES IN THE RECYCLING AND MATERIAL FLOWS 
OF THE SUPPLY CHAIN OF PLASTICS 

 
6.1 OBJECTIVE AND SYSTEM DEFINITION OF THE ANALYSIS 
 
After understanding the effect of additives in the environmental impacts of formulated resins, an 
important question remains regarding the impact of additives on the material recovery through 
recycling. Additives, such as plasticizers and flame retardants, can pose health and environmental 
hazards. For instance, when plastics are mechanically recycled, these toxic additives persist in the 
recycled resins, resulting in their accumulation and potential increase of their concentration over 
the life of the plastic. Additives like pigments can affect certain quality attributes of the recycled 
resins (i.e., appearance), which may prevent them from meeting the required quality specifications. 
Consequently, several post-use plastics containing high concentrations of additives are not 
included in the recycled streams and are disposed in landfills or incinerated. 
 
To date, there are no available studies that evaluate the effects of varying concentrations of 
additives on the recyclability of plastics. Because of this significant information gap, this report 
employs an alternative approach by using a conceptual framework to assess how variations in two 
material flow factors – recycling rate and recycled PET (rPET) bottle share – impact the 
recyclability of plastics. Hypothetically, these factors could be influenced by variations in the 
concentration of additives in resins. Speculative targets for these factors are proposed based on 
reported values from the implementation of recycling strategies.62 Virgin material use, solid waste 
generation, recycled content, and GHG emissions of the recycled resin were used as indicators in 
the analysis. This framework can be employed to estimate the effects of additive concentration on 
recycling once sufficient data and evidence are available. 
 
Although PVC products were initially chosen to evaluate the influence of additives on the 
environmental impacts of plastic formulations, the lack of available data of recycling parameters 
and material flows for PVC led to a shift in focus to PET resin, for which more information is 
accessible. Particularly, PET bottles are among the plastic products with the highest recycling 
rates. 
 
6.2 MATERIAL FLOW ANALYSIS AND ADDITIVE MASS FRACTIONS IN PET 
BOTTLES 
 
MFA is a methodology utilized to track and estimate the quantities of various input and output 
streams involved in the different stages of a system.13,63 For this analysis, the system boundary 
was focused on PET bottle production, including the mechanical recycling process, as shown in 
Figure 20. The process starts with the production of virgin PET (vPET) through the polymerization 
of ethylene glycol and purified terephthalic acid, followed by the manufacturing of bottles through 
injection stretch blow molding (ISBM). Losses at the ISBM process led to the generation of pre-
consumer PET bottles that are discarded and sent directly to landfill storage, incineration, or 
recycling. After use, post-consumer PET bottles are collected with refuse trucks and sent to 
material recovery facilities (MRFs) to be sorted out from other types of wastes. Bales from MRFs 
are sent to reclaiming facilities where they undergo shredding to form flakes. Mechanical extrusion 
is then used to convert these flakes into recycled PET (rPET) pellets.  
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Depending on the quality, a fraction of the rPET pellets is sent back to bottle manufacturing, while 
the remaining fraction is used in the recycling of non-bottle applications. Post-consumer PET 
bottles discarded after collection and material lost during the different process stages are managed 
through landfill storage or combustion. From the EPA 2018 data, in the U.S. 29.1 % of PET bottles 
and jars were recycled, 56.9 % were landfilled, and the remaining 14.0 % were incinerated.64 
 
MFA involves the definition and establishment of factors, including shares, yields, and rates, that 
determine the intermediate material flows within the system. In this analysis, the major factors 
influencing the material flows of PET bottles production and recycling were defined from Gracida-
Alvarez et al.13 These factors are presented and defined in Table 12, which also provides the values 
of these factors considering the state of PET bottles production in the U.S. in 2017. The annual 
production of PET bottles in that year was estimated at 2680 thousand tonnes (kt).65 
 

Table 12. Factors utilized in the MFA estimations of PET bottles.  

Parameter Value Definition  

Recycling rate65 29 % 
Fraction of discarded post- and pre-consumer PET bottles that are 
recycled 

Sorting yield66 87 % 
Fraction of PET that is properly identified, sorted, and packed at 
material recovery facilities (MRFs)  

Bottle-to-flake yield67 67 % 
Percentage of input PET, from bales, that remains in flakes after the 
reclaiming process 

Flake-to-pellet yield68 96 % 
Percentage of PET input from flakes that remain in the recycled PET 
(rPET) pellets after mechanical extrusion 

rPET bottle share65 21 % 
Fraction of rPET processed in bottle-to-bottle (closed-loop) recycling, 
which is converted back into bottles. 

Resin-to-bottle 
yield13 

91 % 
Percentage of input PET resin that remains in bottles 

 
The estimated mass fraction of additives in PET bottles is shown in Table 13. This information 
was obtained from various sources69–72 and discussions with experts from the plastic industry. All 
this information was essential in determining mass fractions that align with current industry 
practices. In addition to some of the additive groups discussed previously, PET bottles employ 
other additives such as oxygen scavengers, acetaldehyde scavengers, and fast reheat stabilizers. 
The information in Table 13 provides ranges in the mass fraction of the different additives. 
Through technical discussions with industry experts and a literature review, it was determined that 
only pigments and oxygen scavengers can significantly impact the recyclability of PET bottles. 
Regarding pigments, certain colored bottles are completely excluded from recycling due to their 
significant alteration of the appearance of PET bottles produced from recycled resins. Oxygen 
scavengers, on the other hand, induce yellowness and hazing. Acetaldehyde scavengers and 
catalysts have moderate effects on recycling, while UV and fast reheat stabilizers do not prevent 
recycling. Based on these findings, only pigments, oxygen scavengers, acetaldehyde scavengers, 
and catalysts are considered additives that may lead to the rejection of bottles from the recycling 
streams. 
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Table 13. Mass fraction range of additive groups utilized in PET bottles. 

Additive group Additive chemical 
Mass fraction range 

Low Average High 
Pigment Titanium dioxide 0.50 % 1.05 % 1.60 % 

Oxygen scavenger 
Oxbar® (Nylon-
based) 

0.03 % 1.02 % 2.00 % 

Acetaldehyde 
scavenger 

Anthranilamide  
(2-aminobenzamide) 

0.03 % 0.08 % 0.12 % 

UV stabilizer Benzophenone 0.10 % 0.20 % 0.30 % 
Fast reheat Carbon black 0.005 % 0.008 % 0.01 % 
Catalyst Antimony trioxide 0.01 % 0.02 % 0.03 % 

 
6.3 MATERIAL FLOW ANALYSIS OF PET BOTTLES 
 
Due to the absence of information connecting variations in the mass fractions of additives in PET 
with the extent of PET recycling flows, this report presents a conceptual analysis based on three 
sensitivity cases. These sensitivity cases, briefly described in Table 14, define (1) a reference 
estimation or baseline case, (2) a hypothetical case assuming an increase in rPET bottle share from 
reductions in the mass fraction of additives, and (3) an additional hypothetical scenario suggesting 
the same increases in rPET bottle share while simultaneously enhancing the recycling rate through 
the implementation of mechanisms such as recycling refund. 
 
The “increased rPET bottle share” case assumes that lower additive concentrations in PET pellets 
after recycling could lead to higher quality resin, which would increase the proportion (compared 
to the baseline state) of rPET pellets being redirected to closed-loop recycling (bottle-to-bottle). 
The share of recycled resin used for bottles is assumed to increase up to 70 % based on reported 
increases in the proportion of bottles processed through closed-loop recycling from the 
implementation of recycled refund mechanisms.62 The “increased recycling rate” case considers 
the implementation of broader recycling enhancement with a hypothetical increase of the recycling 
rate set up to 75 %. This value represents the highest documented recycling rate for PET bottles in 
any U.S. state (Maine), which others have attributed to the application of recycling refund 
mechanisms.62 
 

Table 14. Sensitivity cases designed for the MFA of PET bottles 

Case ID Name Description 

1 Baseline 
Factors for baseline practice of PET recycling and average mass 
fraction of additives (Table 12). 

2 
Increased rPET bottle 
share 

Increase of the rPET bottle share from 21 % to 70 %. 

3 Increased recycling rate 
Increase of the rPET bottle share from 21 % to 70 %, an increase 
of the recycling rate of PET bottles from 29 % to 75 %. 

 
Figure 21 shows the Sankey diagram with the MFA results of the baseline case, assuming only 
one recycling cycle for post- and pre-consumer PET. To fulfill the annual demand of 2680 kt PET 
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bottles, it is necessary to produce 2773 kt of vPET resin, because of the 91 % yield of ISBM. This 
amount of PET requires the supply of 957 kt and 2386 kt of EG and PTA, according to the material 
requirements of polymerization.57,73 From the 2680 kt of PET bottles that are produced annually, 
782 kt are sent to recycling (recycling rate of 29 %), with the remaining 1898 kt being disposed 
through landfill storage and incineration. Additionally, it is assumed that 29 % of the 265 kt of 
pre-consumer PET bottles and scrap discarded from ISBM are also sent to recycling. From the 
total 859 kt of PET that is recycled, only 502 kt of rPET pellets are obtained due to the yields of 
the sorting, bale-to-flake, and flake-to-pellet processes (87 %, 67 %, and 96 %, respectively). It is 
important to acknowledge that pre-consumer PET bottles are not affected by the sorting yield as 
they are not combined with other types of waste (see Figure 20). From the total amount of rPET 
produced (502 kt), 103 kt (21 %) are sent back to the ISBR process to produce PET bottles, while 
the remaining amount (399 kt) is recycled to fibers or straps. During the baseline case, a total of 
2444 kt of solid waste are generated, while 2773 kt and 103 kt of vPET and rPET, respectively, 
are used to meet the demand of 2680 kt of PET bottles. This means that per kg of PET bottles 
produced, 1.04 kg and 0.04 kg of vPET and rPET are required and ultimately 0.91 kg of solid 
waste is generated. Considering the input flow of rPET (orange stream), along with contributions 
from vPET (light green stream) and additives (dark blue streams) used in bottle production, it is 
estimated that in the baseline case, PET bottles have 4 % recycled content. 
 

Figure 21. Sankey diagram of the MFA of PET bottle production in the baseline case. 
Numbers in the figure indicate kt. EG: Ethylene glycol, PTA; Purified terephthalic acid, vPET: 

Virgin PET, rPET: Recycled PET. 

 
The MFA results for the “increased rPET bottle share” and “increased recycling rate” cases are 
shown in Figure 22a and Figure 22b, respectively. Similar to Figure 21, this analysis only reflects 
one recycling cycle for post- and pre-consumer PET. In the former case, reducing additive use 
while expecting a 70 % increase in the rPET bottle share results in a more than threefold increase 
(340 kt) in the flow of rPET to bottles (see orange rPET flow in Figure 22a). Therefore, in this 
case, the rPET use per kg of bottles increases to 0.12 kg (12 % recycled content) from the 0.4 (4 % 
recycled content) observed in the baseline case. However, when the recycling rate increases to 75 
%, the flow of rPET to bottles increases to 873 kt, indicating an rPET use of 0.30 kg per kg of 
bottle (30 % recycled content). Notably, the increase in the recycling rate is more impactful to the 
recycling content than the increase in the rPET bottle share. This is because the flows entering 
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mechanical recycling in the “increased recycling rate” (Figure 22b) case are 2.5 times higher 
compared to those in the baseline and the increased rPET bottle share cases (Figure 21 and Figure 
22a, respectively). These results indicate that variations in the recycling rate have a more profound 
effect on the recycled content of PET bottles than changes in the rPET bottle share. 
 

Figure 22. Sankey diagrams for the MFA of PET bottles for (a) Increased rPET bottle 
share (Case 2) and (b) Increased recycling rate (Case 3) sensitivity cases. Numbers in the 
figure indicate kt. EG: Ethylene glycol, PTA; Purified terephthalic acid, vPET: Virgin PET, 

rPET: Recycled PET. 

 
Other metrics that can be estimated from the MFA are virgin material use and solid waste 
generation.13 Solid waste generation and virgin material use are evaluated by dividing the total 
amount of solid waste generated (purple flows in the Sankey diagrams) and the sum of the total 
input of vPET (light green flow in the Sankey diagrams) and additives to ISBM (dark blue flows 
in the Sankey diagrams), respectively, by the total 2680 kt of bottles produced. Figure 23 illustrates 
the changes in these metrics resulting from varying the rPET bottle shares from 10 % to 75 % 
under two different recycling rates (29 % and 75 %). The figure emphasizes that differences in 
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rPET bottle share cause a significant drop (especially for case 3) in virgin material use compared 
to solid waste generation. This can be attributed to the fact varying the rPET bottle share only 
affects the solid waste generated from mechanical recycling but does not impact the solid waste 
generated that goes directly to landfill and incineration, as indicated by the purple output flows 
from post- and pre-consumer plastic in Figure 21 and Figure 22a. Conversely, Figure 22b points 
out a significant reduction of the solid waste generated when the recycling rate increases to 75% 
(purple output flows from post- and pre-consumer plastic in Figure 22b). There was a notable 32 % 
decrease in solid waste generation when the recycling rate of PET bottles increased from 29 % to 
75 %. 
 

Figure 23. (a) Virgin material use and (b) solid waste generation at different values of the 
recycled resin bottle share. RR: recycling rate. The different cases are indicated with shadowed 

areas as described in Table 14.  

 
On the other hand, as observed in Figure 23a, virgin material use is directly influenced by both the 
rPET bottle share and the recycling rate. These factors increase the incoming flow of rPET to bottle 
production, reducing the requirements of vPET. However, this reduction in virgin material use 
becomes more pronounced at higher recycling rates compared to lower rates, as indicated by the 
comparison of the vPET (light green) flow in Figure 22a and Figure 22b. Regarding the baseline 
case, the virgin material use (1.05 kg/kg PET bottles) can be reduced by 8 % and 27 % in the 
“increased rPET bottle share” and the “increased recycling rate” cases, respectively.  
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6.4 GHG EMISSIONS OF PET BOTTLES 
 
The GHG emissions of PET bottles were estimated by multiplying the amount of additives, virgin 
PET, and recycled PET by their corresponding GHG emissions per kg as presented in previous 
work13 and added them up to calculate the total GHG emissions per kg of bottles. Similar to the 
evaluation of virgin material use, the GHG emissions results presented in Figure 24 demonstrate a 
significant impact of the increased use of rPET in bottle production. This higher rPET usage is the 
result of combined increases in the rPET bottle share and the recycling rate, leading to a reduction 
of the GHG emissions per kg of bottles. For instance, by increasing the rPET bottle share from 21 
% to 70 % the GHG emissions are reduced from 2.50 kg to 2.42 kg CO2e/kg bottle (3 % reduction, 
see Figure 24a). When the recycling rate is also increased from 29 % to 75 % the GHG emissions 
are further reduced to 2.22 kg CO2e/kg bottle (21 % reduction, see Figure 24b). This reduction is 
mainly due to the lower GHG emissions associated with recycled PET (0.7 kg CO2e/kg) compared 
to virgin PET (1.7 kg CO2e/kg). Thus, increasing the rPET bottle share has a direct effect on 
reducing the overall GHG emissions.  
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Figure 24. GHG emissions at different values of rPET bottle share at (a) 29 % recycling 
rate and (b) 75 % recycling rate. ISBM: Injection stretch blow molding. The different cases 

are indicated with shadowed areas as described in Table 14.  
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7. CONCLUSIONS 
 
This study provides an approach for assessing the environmental impacts of additives used in 
plastics and their effect on plastic product production impacts. It also explores the influence that 
variations in material flow factors and parameters, hypothetically influenced by the mass fraction 
of additives in plastics, could have on the material recovery for recycling. Plasticizers, flame 
retardants, pigments, and stabilizers emerged as the key additive groups with the most significant 
impacts considering characteristics such as occurrence in plastics, mass fraction, environmental 
and health hazards, global production and consumption, and implications on recycling. However, 
this selection was subject to limitations in the quality and availability of the data.  
 
The LCA results of eight specific additives within the key additive groups indicated GHG 
emissions ranging from 2.1 kg to 9.7 kg CO2e/kg. Among the selected additive groups, the two 
flame retardants had the highest GHG emissions and fossil energy use, while a pigment (lead 
chromate) and a stabilizer (benzophenone) showed the highest water consumption. The 
comparison between the specific additives and PVC resin without additives consistently 
demonstrated that nearly all the eight additives analyzed had higher environmental impacts. These 
increases were estimated at up to 25 %, 28 %, and 152 % for GHG emissions, fossil energy use, 
and water consumption, respectively. Consequently, PVC resins formulated with additives 
exhibited higher environmental impacts on a mass basis. The environmental impacts of formulated 
plastic resins were found to be highly dependent on the product and mass fraction, as that 
determined the group and fraction of the additive comprising the formulation. Vinyl flooring and 
insulation were identified as the products with the highest environmental impacts among the five 
products analyzed. Furthermore, it was evident that the mass fraction of additives had a more 
significant role in determining the environmental impact of the resin formulation, rather than the 
specific environmental impact of the additives themselves. Nonetheless, these outcomes cannot be 
generalized to all plastic products and additives, as they are specific to the eight additives and the 
five product formulations evaluated in this study.  
 
The findings from the conceptual framework for material flows on PET recycling demonstrated 
that increasing the rPET bottle share to close-loop recycling can enhance the recycled content in 
plastic resins by up to 12 % and reduce the GHG emissions by 3 % compared to the baseline. 
Moreover, when the recycling rate was increased from 29 % to 75 %, the recycled content rose by 
up to 32 % and the GHG emissions decreased by 21 %. Other impacts, such as virgin material use, 
exhibited a similar trend, while solid waste generation was predominantly influenced by the 
recycling rate. Therefore, strategies that enhance recycling rates and technologies that improve 
sorting and recycling capabilities are crucial for simultaneously reducing virgin material use, solid 
waste generation, and GHG emissions associated with plastic packaging production. Further 
research is needed to understand the effect that variations in mass fraction of additives in plastics 
could have on these impacts. 
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8. FUTURE WORK 
 
This study focused on specific resins for analysis, primarily due to the availability of information. 
However, further research is needed to gather more comprehensive data on the use of additives for 
different resins and products. For instance, durable goods and filled products could contain a 
significant mass fraction of fillers and reinforcements, which can substantially influence their 
environmental impacts. Expanding the scope of this analysis to include additive groups not 
evaluated in this study (i.e., fillers and reinforcements), could help reduce the uncertainty regarding 
the environmental impacts of additives in plastics. 
 
It is particularly important to obtain recycling statistics of post-consumer streams for plastic resins 
like PVC, which have high additive content. Collaboration with companies focused on increasing 
the recycling content of plastic products could offer valuable insights. With this additional 
information, the methodology employed in this report can be expanded. 
 
Further research is also needed to understand the effects of additive concentration on the recycling 
of different resins. Studies investigating the relationship between additive concentration and 
recovery and recycling rates are necessary for developing plastics that are designed for recycling 
while still meeting functionality requirements. It is important to note that both the plastic product 
composition entering the recycling stream and the end use application for the recycled material 
must be considered as they will affect the type and quantity of additives entering the recycling 
stream as well as the tolerance for differences in composition. Once this information is available, 
it can be integrated with the conceptual framework presented in this report to estimate the impacts 
on recycled content, GHG emissions, virgin material use, and solid waste generation. It is 
important to mention that changes in the concentration of additives could limit the functionality of 
plastic packaging and shorten the life span of the products contained in it. This could increase 
waste generation and the demand for plastic products. Therefore, adoption of a broad systems 
perspective when conducting such analyses could provide added value. 
 
Exploring alternatives to current additives with reduced health and environmental hazards can 
guide the development of chemicals that meet the specifications of plastic products while 
minimizing the adverse effects during disposal and recycling processes. Therefore, more research 
efforts focusing not only on varying additive concentrations but also on the development of novel 
substitute additives are needed for advancing sustainable and environmentally conscious material 
design. 
 
The analysis in this report only considered a single recycling cycle, so the impact of additive 
accumulation over multiple cycles was not accounted for. The accumulation of plasticizers 
(phthalates) in PVC after each recycling cycle, for example, increases the toxicity recycled 
products,39,74 and the inability to separate these additives from the polymer during the recycling 
process has led to the closing of PVC recycling plants in Europe.34 Subsequent studies could 
evaluate not only the effects of additive accumulation but also potential changes or adaptations in 
recycling processes (i.e., inclusion of advanced recycling) to manage additive concentrations in 
recycled plastics. 
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APPENDIX 
 
A.1 COLLECTED INFORMATION FOR FUNCTIONAL ADDITIVES 
 
Information about the compounds within the four key additive groups identified in the mapping 
exercise has been gathered from several sources. These data, presented in Tables A1 to A9, 
includes details on the use in plastic resins, mass fraction in plastic, health hazards, and applicable 
restrictions and regulations. When specific information on use in plastic and mass fraction was 
scarce, general data for the corresponding additive class was utilized. For health hazards and 
restrictions and regulations missing information is marked as “Not available” to prevent 
generalization. 
 
Health hazards are reported in three categories: (1) carcinogenic, mutagenic and/or toxic for 
reproduction (CMR), (2) specific target organ toxicity, and (3) endocrine disruptive chemical 
(EDC), as detailed by Wagner et al.22 Additionally, the data on stabilizers has been divided into 
two major subclasses: heat stabilizers and UV stabilizers, which are detailed in Table A3 and Table 
A4, respectively. 
 
The information presented in Table A1 to Table A5 is not exhaustive; a more comprehensive 
information of compounds can be found in the sources cited in the first row of each Table. 
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Table A1. Classes and characteristics of plasticizers 

Class Compounds Occurrence in plastic resins15–17,22,27 Mass fraction in plastic17,25–27 Health hazards22 
Phthalates Di-2-ethylhexyl phthalate (DEHP) PVC, PET 0.003-35 % CMR, STOT, EDC 

Dibutyl phthalate (DBP) PVC 0.004-0.37 % CMR, STOT, EDC 
Benzyl butyl phthalate (BBP) PVC, PET 0.01-30 % CMR, STOT, EDC 
Di-isobutyl phthalate (DIBP) PVC 0.004-20 % CMR, EDC 
Di-isopentyl phthalate (DIPP) PVC 0.006 % CMR 
Di-isononyl phthalate (DINP) PVC 0.05-47 % Not available 
Di-isodecyl phthalate (DIDP) PVC 0.05-28 % CMR 
Di-n-octyl phthalate (DNOP) PVC 0.005-19 % CMR 
Di-isoheptyl phthalate (DIHP) PVC 10-40 % Not available 
Di-n-pentyl phthalate (DPP) PVC 0.5-70 % a CMR, STOT 
Di-isohexyl phthalate PVC CMR 
Di-hexyl phthalate (DHP) PVC CMR 
Di-isooctyl phthalate PVC Not available 
Bis(-2-methoxyethyl) phthalate (DMEP) PVC CMR 
1,2-benzenedicarboxylic acid PVC Not available 

Short chain chlorinated 
paraffins 

Decane chlorides (C10Cl4 to C10Cl8) PVC, PP, HDPE, PET b 0.002-2.5 % STOT 
 Undecane chlorides (C11Cl4 to C11Cl9) 0.001-3.6 % 

Dodecane chlorides (C12Cl4 to C12Cl10) 0.009-3.1 % 
Tridecane chlorides (C13Cl4 to C13Cl10) 0.001-2.9 % 

Medium chain chlorinated 
paraffins 

Tetradecane chlorides (C14Cl4 to C14Cl10) PVC, PET 0.001-3.6 % CMR, STOT 
Pentadecane chlorides (C15Cl4 to C15Cl10) 0.004-1.8 % 
Hexadecane chlorides (C16Cl4 to C16Cl10) 0.003-0.6 % 
Heptadecane chlorides (C17Cl4 to C17Cl10) 0.003-0.3 % 

a: General mass fraction for the entire group, not specific to the chemical group, b: Resins where the group is generally used, not specific to the chemical group. 
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Table A2. Classes and characteristics of flame retardants 

Class Compound Occurrence in plastic resins17,22,27 Mass fraction in 
plastic16,17,26,27 

Health hazards22 

Brominated and 
chlorinated 

Tetrabromobisphenol A (TBBPA) PVC, PET 5-10 % CMR 
Short-chain chlorinated paraffins (SCCPs) PVC, PP, HDPE, PET 

 
0.001-3.6 % STOT 

Medium-chain chlorinated paraffins (MCCPs) PVC, PET 0.001-3.6 % CMR, STOT 
Hexabromocyclododecane (HBCDD) PP 2-28 % a CMR 
Decabromodiphenyl ether (decaBDE) PVC, PP  CMR, STOT 
Decabromodiphenyl ethane (DBDPE) PET  
Octabromodiphenyl ether (OBDE) PP, HDPE CMR, STOT 
Pentabromodiphenyl ether (PeBDE) PP, HDPE, PVC, PET STOT 
Hexabromodiphenyl (HBB) PP, HDPE, PVC, PET b CMR 
1,2-bis (2,4,6-tribromophenoxy) ethane (BTBPE) Not available 
Hexabromobenzene (HBBz) Not available 
Long-chain chlorinated paraffins (LCCPs) Not available 

Organophosphates Triphenyl phosphate (TPhP) HDPE, PVC 2 % CMR, EDC 
Tris (2-chloroethyl)phosphate (TCEP) HDPE, PVC 0.001-20 % CMR, STOT 
Tris(1,3-dichloroisopropyl)phosphate (TDCPP) PVC 2-60 % a STOT 
Tris(2-chloroisopropyl) phosphate (TCPP) PP STOT 
Tris(2-butoxyethyl) phosphate (TBOEP) HDPE Not available 

Inorganic Aluminum hydroxide PP, HDPE, PVC, PET 0.25-50 % Not available 
Magnesium hydroxide PP, HDPE, PVC, PET 4-8 % STOT 

a: General mass fraction for the entire group, not specific to the chemical group, b: Resins where the group is generally used, not specific to the chemical group. 
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Table A3. Classes and characteristics of heat stabilizers 

Class Compound Occurrence in plastic resins22,27,34,75,76 Mass fraction in plastic17,23,27 Health hazards22 
Cadmium compounds Cadmium stearate PVC 0.1 % CMR, STOT 

Cadmium laurate PVC 0.1-5 % CMR, STOT 
Lead compounds Lead oxide sulfate PVC 0.1-5 % Not available 

Pentalead tetraoxide sulfate PVC 2 % CMR, STOT 
Tetralead trioxide sulfate PVC 2 % CMR, STOT 
Di-basic Lead stearate PVC 2 % CMR, STOT 
Di-basic Lead phthalate PVC 0.1-5 % CMR, STOT 
Tetra-basic Lead sulfate PVC 0.1-5 % CMR, STOT 
Lead stearate PP, HDPE, PVC, PET 0-5 % CMR, STOT 

Barium salts Barium nonylphenate PVC 0.5-3 % Not available 
Calcium salts Calcium-2-nonylphenate PVC 0.5-3 % Not available 

Calcium stearate PVC, HDPE, PP 0.1-5 % Not available 
Tin compounds Di-n-octyl tin mercaptide PVC 1 % Not available 

Dibutyltin dilaurate PP, HDPE, PVC, PET 0.001-3 % CMR, STOT 
Dioctyltinbis(2-ethylhexyl mercaptoacetate) PVC 2 % CMR, STOT 
Octyltin tris(2-ethylhexyl mercaptoacetate) PVC 2 % CMR, STOT 
Methyltin mercaptide PVC 4 % STOT 
Methyltin tris(2-ethylhexyl mercaptoacetate) PVC 2 % STOT 
Dibutyltin maleate PVC 0.001-1 % CMR, STOT 

Zinc compounds Zinc laurate PVC 2 % Not available 
Octadecanoic acid, 12-hydroxy-, zinc salt (2:1) PVC 2 % Not available 

a: General mass fraction for the entire group, not specific to the chemical group, b: Resins where the group is generally used, not specific to the chemical group. 
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Table A4. Classes and characteristics of UV stabilizers 

Class Compound Occurrence in plastic resins15,22,27,30 Mass fraction in plastic17,27 Health hazards22 
Phenolic benzotriazoles Bumetrizole (UV-326) PVC, PP 0.3-1 % Not available 

Octrizole (UV-329) PVC, PET 0.3 % Not available 
2-(2H-Benzotriazol-2-yl)-4,6-bis(1-methyl-1-
phenylethyl)phenol (Tinuvin 234) 

PVC, PET 0.2-5 % Not available 

Bisoctrizole (UV-360) PP, HDPE, PVC, PET 0.2-6 % Not available 
Drometrizole (UV-P) PVC 0.05-10 % a  STOT 
2-(2H-benzotriazole-2-yl)-4,6- 
bis(1,1-dimethyl ethyl)-phenol (UV-320) 

PVC, PET, PP STOT 

2,4- di-t-butyl-6- 
(5-chloro-2H benzotriazole-2-yl) phenol (UV-327) 

PVC, PP STOT 

2-(20-hydroxy-30,50-dipentyl-, phenyl) 
Benzotriazole (UV-328) 

PVC, PP STOT 

2-(2H-Benzotriazol-2-yl)-6-(butan-2-yl)-4-tert-
butylphenol (UV-350) 

PET STOT 

Hydroxyphenyltriazines 1,3,5-tris[(2S and 2R)- 
2,3-epoxypropyl]-1,3,5- 
triazine-2,4,6-(1H,3H,5H)- 
trione (β-TGIC) 

PE, PP, PVC b 0.05-10 % a  CMR, STOT 

Hindered amine Bis(2,2,6,6-tetramethyl-4-piperidyl) sebacate (Tinuvin 
770) 

PP, HDPE, PVC, PET 0.2-1 % Not available 

Benzophenones Octabenzone PVC, HDPE, PP 0.2-5 % Not available 
Benzophenone HDPE, PP, PVC 0.05-10 % a  CMR, STOT 
Oxybenzone PVC, PP, HDPE STOT 
2,4-Dihydroxybenzophenone (Uvinul 400) HDPE, PP, PVC Not available 
2,2'-Dihydroxy-4-methoxybenzophenone (Cyasorb UV-
24) 

PVC Not available 

2-Hydroxy-4-methoxybenzophenone (Cyasorb UV-9) PVC, PP, HDPE STOT 
a: General mass fraction for the entire group, not specific to the chemical group, b: Resins where the group is generally used, not specific to the chemical group. 
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Table A5. Classes and characteristics of colorants 

Class Compound Occurrence in plastic resins22,27 Mass fraction in plastic17,27,30 Health hazards22 
Cadmium 
compounds 

Cadmium sulfide PP, HDPE, PVC, PET 0.01-10 % a CMR, STOT 
Cadmium selenide PVC 0.01-1 % CMR, STOT 
Cadmium (elemental) PVC 0.01-1 %  
Cadmium fluoride PP, HDPE, PVC, PET 0.01-1 % CMR, STOT 
Cadmium (II) formate PP, HDPE, PVC, PET 0-10 % a STOT 
Cadmium oxide PP, HDPE, PVC, PET CMR, STOT 
Cadmium sulfate PP, HDPE, PVC, PET CMR, STOT 

Chromium 
compounds 

Chromium (VI) oxide PP, HDPE, PVC 1 % CMR, STOT 
Potassium chromate PP, HDPE, PVC, PET 0-1 % CMR, STOT 
Sodium dichromate PP, HDPE, PVC, PET 0-5 % CMR, STOT 
Potassium dichromate PP, HDPE, PVC, PET 0.01-10 % a CMR, STOT 
Strontium chromate PP, HDPE, PVC CMR, STOT 
Chromic chromate PP, HDPE, PVC CMR, STOT 
Chromic acid PP, HDPE, PVC CMR, STOT 
Chromium trioxide PP, HDPE, PVC CMR, STOT 
Sodium chromate PP, HDPE, PVC CMR, STOT 
Barium chromate PP, HDPE, PVC CMR, STOT 
Dichromic acid PP, HDPE, PVC CMR, STOT 
Zinc chromate PP, HDPE, PVC CMR, STOT 
Chromyl chloride PP, HDPE, PVC CMR, STOT 
Zinc potassium chromate PP, HDPE, PVC CMR, STOT 

Lead 
chromates 

Lead chromate molybdate sulphate red PP, HDPE, PVC, PET 0.01-10 % a CMR, STOT 
Lead sulfochromate yellow PP, HDPE, PVC, PET CMR, STOT 
Lead chromate PP, HDPE, PVC, PET CMR, STOT 
Lead oxide (orange lead) PP, HDPE, PVC, PET CMR, STOT 

Other Cobalt (II) acetate PET 0.001-5 % CMR, STOT 
Zinc sulfide HDPE, PP, PET 2-10 % Not available 
Zinc oxide PP, HDPE, PVC, PET 5 %  STOT 
Iron oxide PP, HDPE, PVC, PET 1 % STOT 
Titanium dioxide PP, HDPE, PVC, PET 5-20 % STOT 
Carbon black PP, HDPE, PVC, PET 2.5-40 % STOT 

Soluble 
azo 
colorants 

2,4,6(1H,3H,5H)-Pyrimidinetrione, 5,5'-(1H-isoindole-1,3(2H)-
diylidene)bis- (Yellow 139) 

PP, HDPE, PVC 2 % Not available 

2-[2-[1-[[(2,3-Dihydro-2-oxo-1H-benzimidazol-5-yl)amino]carbonyl]-
2-oxopropyl]diazenyl]-benzoic acid (Yellow 151) 

PP, HDPE, PVC 2 % Not available 

2-Naphthalenecarboxamide, N,N'-(2,5-dichloro-1,4-phenylene)bis(4-
((2,5-dichlorophenyl)azo)-3-hydroxy- (Red 214) 

PP, HDPE, PVC, PET 2 % Not available 

3H-Pyrazol-3-one, 4,4'-[(3,3'-dichloro[1,1'-biphenyl]-4,4'-diyl)bis(2,1-
diazenediyl)]bis[2,4-dihydro-5-methyl-2-(4-methylphenyl)- (Orange 
34) 

PP, HDPE, PVC, PET 2 % Not available 
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5-((2,3-Dihydro-6-methyl-2-oxo-1H-benzimidazol-5-yl)azo)barbituric 
acid 

PP, HDPE, PVC, PET 2 % Not available 

Barium 4-((5-chloro-4-methyl-2-sulphonatophenyl)azo)-3-hydroxy-2-
naphthoate (Red 48) 

PP, HDPE, PVC 2 % Not available 

Butanamide, N-(2,3-dihydro-2-oxo-1H-benzimidazol-5-yl)-3-oxo-2-[2-
[2-(trifluoromethyl)phenyl]diazenyl]- (Yellow 154) 

HDPE, PP 2 % Not available 

Calcium bis(4-((1-(((2-methylphenyl)amino)carbonyl)-2-
oxopropyl)azo)-3-nitrobenzenesulphonate) 

PP, HDPE, PVC 2 % Not available 

N-(4-Chloro-2,5-dimethoxyphenyl)-3-hydroxy-4-((2-methoxy-5-
((phenylamino)carbonyl)phenyl)azo)naphthalene-2-carboxamide (Red 
146) 

PP, HDPE, PVC, PET 2 % Not available 

N,N'-(2-Chloro-1,4-phenylene)bis(4-((4-chloro-2-nitrophenyl)azo)-3-
hydroxynaphthalene-2-carboxamide) 

PP, HDPE, PVC, PET 2 % Not available 

a: General mass fraction for the entire group, not specific to the chemical group, b: Resins where the group is generally used, not specific to the chemical group. 
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Table A6. Classes and characteristics of antioxidants, impact modifiers, lubricants, surface coatings, and slip agents. 

Group Class Compound Occurrence in plastic 
resins16,22,23,27 

Mass fraction in plastic27 Health hazards22 

Antioxidants Arylamines Pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propionate) (Irganox 1010) 

PP, HDPE, PVC, PET 0.002-0.5 % Not available 

  Bis(2-hydroxy-3-tert-butyl-5-
methylphenyl)methane (Cyanox 2246) 

PVC, HDPE 0.5 % CMR 

  Butylated Hydroxytoluene (BHT) PVC, PP <3.0 % a STOT 
  Butylated hydroxyanisole (BHA) HDPE Not available 
  Hydrocinnamic acid, 3,5-di-t-butyl-4-hydroxy-, 

octadecyl ester (Irganox 1076) 
HDPE Not available 

  2,2'-Methylenebis(6-t-butyl-4-ethylphenol) 
(Cyanox 425) 

HDPE, PP, PVC b Not available 

 Organophosphites Tris(2,4-di-tert-butylphenyl)phosphite 
(Irgafos168) 

HDPE, PET, PP 0.004-0.5 % Not available 

  Tris(nonylphenyl)phosphite (TNPP) HDPE, PP, PVC b <3.0 % a EDC 
Impact 
modifiers 

Methacrylate butadiene 
styrene compounds 

Not available PVC, PE, PP b >10.0 % a Not available 

Acrylic polymers Not available 
Other ethylene vinyl acetate 

chlorinated PE 
Lubricants Fatty acid esters Hexadecanoic acid PVC, HDPE, PP 1.0 % Not available 

Octanoic acid HDPE 0.1-3.0 a 
Palmitic acid, butyl ester PVC 

Amide waxes Docosanamide PP 
Ester waxes Hydrogenated castor oil PVC 

Fatty acids, C16-18, C16-18-alkyl esters PVC, HDPE, PP 
Metal stearates Zinc stearate PET, PVC 0.5-1.0 % 

Surface 
coatings 

No classes reported Dodecamethylcyclohexasiloxane HDPE Not available Not available 
 Dimethyl cyclohexane-1,4-dicarboxylate PET 

N-Vinylcaprolactam Not available STOT 
Slip agents No classes reported Erucamide PP 0.1-3.0 % a Not available 

a: General mass fraction for the entire group, not specific to the chemical group, b: Resins where the group is generally used, not specific to the chemical group. 
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Table A7. Classes and characteristics of antistatic agents and blowing agents. 

Group Class Compound Occurrence in plastic resins16,22,27,77 Mass fraction in 
plastic16,17,27 

Health hazards22 

Antistatic 
agents 

Ethoxylated alkylamines Ethanol, 2,2'-iminobis-, N-tallow alkyl derivs. HDPE, PP, PVC 0.1-2.0 % a  Not available 
(hydrogenated tallow) bis(2-hydroxyethyl)amine HDPE, PP, PVC 
N,N-bis(2-hydroxyethyl)alkyl(C12-18)amine HDPE, PP 

Glycerol esters Glycerol monostearate HDPE, PVC 
Ammonium salts (2-Hydroxyethyl)dimethyl(3-((1-

oxooctadecyl)amino)propyl)ammonium nitrate 
HDPE, PP, PVC 

Other Octadecanoic acid, calcium salt HDPE, PP 
Blowing 
agents 

Azo compounds Azodicarbonamide (ADC) HDPE, PP, PVC 0.05-20 % a Not available 
Tetrazoles 5-phenyltetrazole (5-PT) HDPE 

Barium salt of 5-phenyltetrazole PET 
Calcium salt of 5-phenyltetrazole PET 

Hydrazine derivatives p-toluenesulfonylhydrazide (TSH) PET STOT 
4,4’-oxybis(benzole sulfohydrazide) HDPE, PP, PVC STOT 
Diphenyl sulfone-3,3’- disulfohydrazide PE, PVC Not available 
Trihydrazinotriazine PP 
Benzene disulphonyl hydrazine (BSH) PVC b 

Inorganic carbonates Sodium bicarbonate HDPE, PP, PVC  
Other N,N’-dinitroso-pentamethylenetetramine (DNPT) PVC STOT 

Chloromethane HDPE, PP STOT 
p-toluenesulfonyl semicarbazide (TSSC) HDPE, PP, PVC Not available 
Sulfur hexafluoride PVC b 
Pentane HDPE 

a: General mass fraction for the entire group, not specific to the chemical group, b: Resins where the group is generally used, not specific to the chemical group. 
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Table A8. Classes and characteristics of antimicrobials/biocides and cross-linkers. 

Group Class Compound Occurrence in plastic resins16,22,23,27 Mass fraction in plastic27,76 Health hazards22 
Biocides Organic tin 

compounds 
Triphenyltin chloride PVC 0.001-1 % STOT 
2-n-octyl-4-isothiazolin-3-one in dioctylphthalate PVC, PET 0.001-3.0 % a STOT 
Tributyltin methacrylate PVC Not available 
Tributyltin PVC, PET b CMR, STOT 
Triphenyltin acetate STOT 

Arsenic 
compounds 

10,10’-oxybisphenoxarsine 
(OBPA) 

PP, HDPE, PVC, PET CMR, STOT 

Ag-Zn 
zeolites 

Ag zeolite PVC, PET b Not available 
AgZn zeolite 

Quaternary 
ammonium 
salts 

Fatty acids, C6-18, perfluoro, ammonium salts PVC, PET b Not available 
Fatty acids, C7-13, perfluoro, ammonium salts CMR, STOT 

Other Triclosan HDPE, PVC, PET <3.0 % Not available 
Perfluorooctanoic acid PVC 0.001-3.0 % a CMR, STOT 
2-noctyl-4-isothiazolin-3-one PVC, PET STOT 
Ammonium perfluorooctanoate PVC, PET b CMR, STOT 
1,2,3-Trichloropropane PVC, PET b CMR, STOT 
N-(trichloro-methylthio) phthalamide HDPE, PP, PVC Not available 
Pentadecafluorooctanoyl chloride PVC 

Cross-
linkers 

Organic 
peroxides 

dicumylperoxide HDPE, PET 1-10 % a CMR 
Dibenzoyl peroxide PET Not available 

Other 1,3,5-tris[(2S and 2R)-2,3-epoxypropyl]-1,3,5-triazine-
2,4,6-(1H,3H,5H)-trione (β-TGIC) 

PET CMR, STOT 

Tris(2,3-epoxypropyl)isocyanurate PET CMR, STOT 
Cobalt (II) acetate tetrahydrate PP, HDPE, PVC, PET CMR, STOT 
1,7-octadiene HDPE, PP Not available 
Hexamethylcyclotrisiloxane HDPE Not available 
N,N'-Methylenebisacrylamide PP b CMR, STOT 
Lead (II) acetate CMR, STOT 
Hydrazine CMR, STOT 

a: General mass fraction for the entire group, not specific to the chemical group, b: Resins where the group is generally used, not specific to the chemical group. 
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Table A9. Classes and characteristics of fragrances, fillers, and reinforcements. 

Category or 
group 

Class Compound Occurrence in plastic resins15,16,22,23,27 Mass fraction in plastic27 Health hazards22 

Fragrances No classes reported 2-(4-Tert-Butylbenzyl)propionaldehyde PP Not available CMR, STOT 
m-Xylene PVC STOT 
o-Xylene PVC STOT 
p-Xylene PVC STOT 
Cyclamen aldehyde PP CMR 
2-(Phenylmethylene)octanal HDPE Not available 
2-Ethyl-1-hexanol PVC 
Acetophenone PET 
Benzyl alcohol PVC 
Benzyl benzoate PVC 
D-Limonene HDPE, PET 
Isophorone HDPE, PVC 
Methyl 2-octynoate PVC 
2-tert-Butylcyclohexanol PP 
Ethyl hexadecanoate HDPE, PP 
Methyl octanoate PP 
Phytol PVC 

Fillers No classes reported Kaolin HDPE, PVC, PP 15-20 % CMR, STOT 
Talc PP, HDPE, PVC, PET <50 % a STOT 
Calcium carbonate PP, HDPE, PVC, PET STOT 
Barium sulphate PP, HDPE, PVC, PET STOT 
Zinc oxide PP, HDPE, PVC, PET STOT 
Wollastonite PP, HDPE, PVC, PET STOT 
Hexanoic acid, 2-ethyl-, cobalt(2+) salt PET CMR, STOT 
Clay PP, HDPE, PVC, PET Not available 
Mica PP, HDPE, PVC, PET b Not available 

Reinforcements No classes reported Glass fibers  Specific resins of use are not reported 15-30 % c Not available 
Carbon fibers STOT 
Aramide fibers Not available 

a: General mass fraction for the entire group, not specific to the chemical group, b: Resins where the group is generally used, not specific to the chemical group, c: 
Mass fraction of fiber glass serving as representative for the entire group. 
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A.2 ADDITIONAL LIFE CYCLE INVENTORY DATA 
 
Additional life cycle inventory data for intermediate chemicals and compounds involved in the 
production of key selected additives, which are not available in R&D GREET 2023, are provided 
in Table A10 to Table A25. The corresponding references, cited in the Table captions, have been 
collected from publicly available sources. 
 

Table A10. LCI to extract one kg of Bromine.45 

Material inputs 
Chlorine (kg) 0.44 
Energy inputs 
Natural gas (MJ) 141.65 

 

Table A11. LCI to produce one kg of Phenol.51 

Material inputs 
Cumene (kg) 1.34 
Oxygen (kg) 0.36 
Energy inputs 
Natural gas (MJ) 2.00 
Electricity (MJ) 1.20 
Water consumption 
Water (L) 3.60 

 

Table A12. LCI to produce one kg of Lead nitrate.78 

Material inputs 
Lead (kg) 0.68 
Nitrogen (kg) 0.23 
Nitric acid (kg) 0.34 
Energy inputs 
Natural gas (MJ) 15.45 
Electricity (MJ) 2.45 

 

Table A13. LCI to extract one kg of Chromite ore.79 

Energy inputs 
Natural gas (MJ) 0.01 
Electricity (MJ) 0.28 
Diesel (MJ) 0.01 
Residual oil (MJ) 0.12 
Liquified petroleum gas (MJ) 0.005 
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Table A14. LCI to produce one kg of Sodium dichromate.51 Used as a surrogate for sodium 
dichromate dihydrate. 

Material inputs 
Chromite ore (kg) 1.64 
Limestone (kg) 1.21 
Sodium carbonate (kg) 1.00 
Sulfuric acid (kg) 0.41 
Energy inputs 
Natural gas (MJ) 24.47 
Electricity (MJ) 0.65 
Non-combustion emissions 
Carbon dioxide (kg) 1.25 

 

Table A15. LCI to produce one kg of Ammonium bifluoride. The quantities of materials are 
derived from stoichiometric equations reported by Aigueperse et al.,80 while the energy use is 

determined based on assumptions from Huber et al.55  

Material inputs 
Ammonia (kg) 0.43 
Hydrogen fluoride (kg) 1.00 
Energy inputs 
Natural gas (MJ) 2.12 

 

Table A16. LCI to produce one kg of 28 % SiO2 sodium silicate solution. The material and 
energy use are estimated using stoichiometric equations and engineering estimations applied to 
the process conditions reported by Greenwood and Earnshawn81 and The Science Company.82 

Material inputs 
Silica (kg) 0.28 
Sodium carbonate (kg) 0.15 
Energy inputs 
Natural gas (MJ) 0.44 
Non-combustion emissions 
Carbon dioxide (kg) 0.06 
Water consumption 
Water (L) 0.63 

 

Table A17. LCI to extract and purify one kg of Stibnite.45 

Energy inputs 
Electricity (MJ) 0.08 
Residual oil (MJ) 0.002 
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Table A18. LCI to produce one kg of Antimony trioxide.45 

Material inputs 
Stibnite (kg) 1.17 
Crude iron (kg) 0.29 
Energy inputs 
Natural gas (MJ) 0.87 
Electricity (MJ) 0.11 
Non-combustion emissions 
Sulfur dioxide (kg) 0.33 

 

Table A19. LCI to produce one kg of Zinc phosphate. The quantities of materials are derived 
from stoichiometric equations as reported by Etzrodt,83 while the energy consumption is 

determined based on assumptions from Huber et al.55 

Material inputs 
Zinc oxide (kg) 0.63 
Phosphoric acid (kg) 0.51 
Energy inputs 
Natural gas (MJ) 2.12 
Water generation 
Water (L) 0.14 

 

Table A20. LCI to produce one kg of Category 8 solvent.84 Used as a surrogate for 1-nonene. 

Material inputs 
Crude oil (MJ) 46.07 
Energy inputs 
Natural gas (MJ) 6.44 
Electricity (MJ) 0.25 
Water consumption 
Water (L) 0.71 

 

Table A21. LCI to produce one kg of nonyl phenol. Material quantities are derived from 
stoichiometric equations reported by Chowke et al.,85 while energy use is calculated through the 

application of engineering equations to the process conditions described by Fiege et al.86 and 
product separation assumptions from Kiss and Smith.87 The data already considers mass 

allocation to distribute the emissions among co-products. 

Material inputs 
Phenol (kg) 0.41 
1-nonene (kg) 0.59 
Energy inputs 
Natural gas (MJ) 0.77 
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Table A22. LCI to produce one kg of barium sulfide.88 

Material inputs 
Barite (kg) 1.38 
Hard coal coke (kg) 0.14 
Energy inputs 
Electricity (MJ) 2.00 
Residual oil (MJ) 0.14 
Non-combustion emissions 
Carbon dioxide (kg) 0.52 

 

Table A23. LCI to produce one kg of benzaldehyde. The quantities of materials are derived 
from stoichiometric equations as reported by Brühne and Wright,89 while energy use is obtained 

from Parvatker and Eckelman.90 

Material inputs 
Toluene (kg) 1.24 
Oxygen (kg) 0.43 
Energy inputs 
Natural gas (MJ) 3.06 
Water generation 
Water (L) 0.15 

 

Table A24. LCI to produce one kg of aluminum chloride. Developed from the application of 
engineering equations to the process conditions reported by Helmboldt et al.91 

Material inputs 
Aluminum (kg) 0.20 
Chlorine (kg) 0.78 
Energy inputs 
Natural gas (MJ) 0.53 

 

Table A25. LCI to produce one kg of benzoyl chloride.55 The data already considers recycling 
of unreacted reagents and mass allocation to distribute the emissions among co-products. 

Material inputs 
Benzaldehyde (kg) 0.60 
Chlorine (kg) 0.40 
Energy inputs 
Natural gas (MJ) 1.68 
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GLOSSARY 
 
Additives: Compounds added to resins after polymerization to improve their properties to 
facilitate processing and ensure the intended plastic products meet specifications and 
characteristics. 
 
Additive group: Set of additives with similar properties and function. 
 
Polymer: Substance formed by repeated units called monomers, which are linked by bonds to 
form large molecules (macromolecules). They can be natural or synthetic origin. This report 
focuses exclusively on synthetic polymers.  
 
Plastics: A broad group of polymeric materials of natural and synthetic origin with plasticity that 
allow them to be molded, extruded, and shaped. Plastics are comprised of two major classes: 
thermoplastics and thermosets. 
 
Plastic products: Specific applications or objects obtained from processed polymers. This report 
focuses on plastic products from thermoplastic resins. 
 
Resin: Polymers in the form of small pellets after the polymerization process. These are 
processed through different technologies (i.e., injection molding) to be converted into plastic 
products. This study focused only on synthetic and thermoplastic resins. 
 
Thermoplastics: Class of polymers that soften when heated above certain temperature and 
solidify upon cooling. Their chemical properties remain unchanged through repeated heating and 
cooling cycles, allowing them to be remolded and reshaped multiple times. 
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