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Glossary

Allocation

“Partitioning the input or output flows of a process or a product system between the product system under
study and one or more other product systems” (ISO 14040:2006, section 3.17)

Background System

“Those processes, where due to the averaging effect across the suppliers, a homogenous market with aver-
age (or equivalent, generic data) can be assumed to appropriately represent the respective process ... and/or
those processes that are operated as part of the system but that are not under direct control or decisive
influence of the producer of the good....” (JRC, 2010, pp. 97-98) As a general rule, secondary data are ap-
propriate for the background system, particularly where primary data are difficult to collect.

Chemical Recycling

“Any reprocessing technology that directly affects either the formulation of the polymeric waste or the poly-
mer itself and converts them into chemical substances and/or products whether for the original or other
purposes, excluding energy recovery” (CRE, 2019)

Chain of Custody

“Process by which inputs and outputs and associated information are transferred, monitored and controlled
as they move through each step in the relevant supply chain” (ISO 22095:2020, section 3.2.1)

Chain of Custody Model

“Approach taken to control inputs and outputs and associated information in a particular chain of custody
system...A chain of custody model is typically designed to preserve a set of specified characteristics.” (ISO
22095:2020, section 3.1.3)

Chain of Custody System

“Set of measures designed to implement a chain of custody, including documentation of these measures...
The purpose of a chain of custody system is to provide credibility that the given material or product has a set
of specified characteristics... The information linked to materials or products is transferred, monitored and
controlled throughout the entire supply chain or parts of it.” (ISO 22095:2020, section 3.1.3)

Closed-loop and Open-loop Allocation of Recycled Material

“An open-loop allocation procedure applies to open-loop product systems where the material is recycled into
other product systems and the material undergoes a change to its inherent properties.”

“A closed-loop allocation procedure applies to closed-loop product systems. It also applies to open-loop prod-
uct systems where no changes occur in the inherent properties of the recycled material. In such cases, the
need for allocation is avoided since the use of secondary material displaces the use of virgin (primary) ma-
terials.” (ISO 14044:2006, section 4.3.4.3.3)

Critical Review

“Process intended to ensure consistency between a life cycle assessment and the principles and require-
ments of the International Standards on life cycle assessment” (ISO 14044:2006, section 3.45).
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Foreground System

“Those processes of the system that are specific to it ... and/or directly affected by decisions analysed in the
study.” (JRC, 2010, p. 97) This typically includes first-tier suppliers, the manufacturer itself and any down-
stream life cycle stages where the manufacturer can exert significant influence. As a general rule, specific
(primary) data should be used for the foreground system.

Functional Unit
“Quantified performance of a product system for use as a reference unit” (ISO 14040:2006, section 3.20)
Life Cycle

A view of a product system as “consecutive and interlinked stages ... from raw material acquisition or gener-
ation from natural resources to final disposal” (ISO 14040:2006, section 3.1). This includes all material and
energy inputs as well as emissions to air, land and water.

Life Cycle Assessment (LCA)

“Compilation and evaluation of the inputs, outputs and the potential environmental impacts of a product
system throughout its life cycle” (ISO 14040:2006, section 3.2)

Life Cycle Inventory (LCI)

“Phase of life cycle assessment involving the compilation and quantification of inputs and outputs for a
product throughout its life cycle” (ISO 14040:2006, section 3.3)

Life Cycle Impact Assessment (LCIA)

“Phase of life cycle assessment aimed at understanding and evaluating the magnitude and significance of
the potential environmental impacts for a product system throughout the life cycle of the product” (ISO
14040:2006, section 3.4)

Life Cycle Interpretation

“Phase of life cycle assessment in which the findings of either the inventory analysis or the impact assess-
ment, or both, are evaluated in relation to the defined goal and scope in order to reach conclusions and
recommendations” (ISO 14040:2006, section 3.5)

Mass Balance Model

“Chain of custody model in which materials or products with a set of specified characteristics are mixed
according to defined criteria with materials or products without that set of characteristics...The proportion of
the input with specified characteristics might only match the initial proportions on average and will typically
vary across different outputs.” (ISO 22095:2020, section 3.3.4)

Product System

“Collection of unit processes with elementary and product flows, performing one or more defined functions,
and which models the life cycle of a product” (ISO 14040:2006, section 3.28)

Specified Characteristic

“Set of product characteristics (3.2.6) and/or production characteristics (3.2.7) that the chain of custody is
designed to maintain” e.g., recycled content or biogenic content (ISO 22095:2020, section 3.2.5)

System Boundary
“Set of criteria specifying which unit processes are part of a product system” (ISO 14040:2006, section 3.32)
System Expansion

“Concept of expanding the product system to include additional functions related to the co-products” (ISO
14040:2006, section 3.2.12)
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Executive Summary

Chapter 1: Background

Approximately, 32 million metric tons of post-consumer plastic waste was generated in Europe in 2022, and
~27% (7.7 metric tons) of this material was collected and mechanically recycled, while <0.2 metric tons were
chemically recycled (PlasticsEurope, 2024). The remainder was incinerated or disposed in landfills. Signifi-
cant improvements in the circularity of plastics, require further development and implementation of ad-
vanced chemical recycling technologies that are capable of recycling polymers and plastic waste that cannot
readily be or are not being mechanically recycled. While many life cycle assessments (LCAs) have been per-
formed of chemical recycling technologies to better understand their environmental performance, there is a
need for a standard set of guidelines to ensure that LCAs provide consistent and meaningful results that can
be used to improve decision-making. The purpose of this document is to review and provide guidance for the
critical aspects related to LCAs in the chemical recycling industry. The recommendations in these guidelines
are meant to be relatively flexible so that they can be readily applied by LCA practitioners developing chemi-
cal recycling LCAs for a variety of applications.

Chapter 2: Introduction to LCA

LCA is a framework for estimating the material and energy inputs and outputs and potential environmental
impacts from a product system over its entire life cycle. LCAs are performed in four iterative phases defined
by ISO 14044 as Goal & Scope Definition, Inventory Analysis, Impact Assessment, and Interpretation. Defin-
ing the goal of the study includes describing the objective, motivation, intended application, and intended
audience of the study, while defining the scope includes describing things like the product systems to be
assessed, the function and functional units, system boundary, allocation methods, life cycle impact assess-
ment (LCIA) methodologies, and other aspects of the study. In the life cycle inventory (LCl) phase, data and
models are developed for all the flows into and out of the unit processes included in the product systems
under study. This is followed by the life cycle impact assessment (LCIA), where the flows modelled in the LCI
phase are converted into actual environmental burdens. A common example is using 100-year global warm-
ing potential (GWP) to combine various greenhouse gas (GHG) emissions based on the warming they cause
relative to CO2 over 100 years. Finally, the interpretation phase holistically evaluates the study, results, and
any assumptions or limitations to develop conclusions and recommendations. It should be noted that LCA is
inherently iterative, and practitioners may have to return to previous phases or decisions and make adjust-
ments before continuing.

Chapter 3: System Expansion

Since recycling systems are inherently multi-functional in that they treat a waste stream (a service) and pro-
duce a product (a good), LCAs of chemical recycling systems must account for this multi-functionality. This
is typically done via system expansion, which means that the additional function is also (e.g., waste manage-
ment or product manufacturing) included in the study. System expansion can be performed using an additive
or a subtractive approach. Additive system expansion adds the expanded function to the alternatives that
chemical recycling is being compared against, whereas subtractive system expansion subtracts the ex-
panded function from the chemical recycling system. The benefits of the additive system expansion are that
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it does not provide negative footprint results, which are not meaningful in attributional LCAs. Relative com-
parisons are also generally more insightful in LCAs, so obscuring their meaning is a substantial downside.
Additionally, excluding credits from the chemical recycling alternatives is accepted in environmental product
declarations (EPDs) and product environmental footprints (PEFs). However, a potential downside of additive
system expansion is that if the chemical recycling system is compared to conventional production without
the added burdens from system expansion, then chemical recycling will not look as good as it could compar-
atively. Therefore, it is beneficial to show results with and without credits.

The primary benefit of the subtractive approach is that the chemical recycling results can standalone without
the need to ensure that the additional burdens are included in any comparisons made. This subtractive
upstream system expansion approach is also accepted by the TfS guidelines in "exceptional cases”, while
otherwise requiring a “cut-off” approach that excludes these credits (TfS, 2024).

Recommendations

o Clearly describe and justify the choice of status quo waste management alternatives.

e To provide transparency in reports when presenting system expansion results, include a breakdown
of the impacts from the chemical recycling process itself from the those associated with the waste
management status quo. This allows the credits to be added, subtracted, or excluded completely
depending on study requirements.

e If using subtractive system expansion,

o Clearly explain the source and meaning of any reported negative values.

o Avoid reporting relative percent differences between alternative and instead focus on the abso-
lute differences between them.

o Avoid claiming that products produced via chemical recycling have negative environmental bur-
dens; instead focus on absolute changes in impact values when comparing alternatives.

Chapter 4: Functional Units

The specifics of defining the functional unit in a chemical recycling LCA will depend on whether the study
takes a waste or product perspective as well as whether it takes an additive or subtractive approach to
system expansion. LCAs of chemical recycling that take a waste perspective use the treatment of a set mass
of waste of a specified composition. For example, it could be 1 kg of mixed plastic waste (e.g., (Jeswani, et
al., 2021) (Schwartz, et al., 2021) (Meys, Katelhén, & Bardow, 2019) (CE-Delft, 2020)) or 1 metric ton of
waste tyres (Banar, 2015).

As discussed in Chapter 3, the choice of functional unit when taking a product perspective, whether for an
intermediate chemical, a monomer, a polymer, or an end-use product like film packaging, will depend on
whether an additive or subtractive system expansion approach is being employed. If additive system expan-
sion is being used, then two functional units must be defined. The first for the material or product being
produced and the second for the associated waste that is being managed to produce the material or product.
For example, the Consumer Goods Forum commissioned an LCA of food grade PE/PP film from chemical
recycling and used a functional unit of “1 tonne of food grade film (equal mix of polyethylene [PE]/polypro-
pylene [PP]) produced and the corresponding amount of 1.26 tonne mixed plastic waste managed in Eu-
rope.” (Sphera, 2022). It is important to note that the mass of 1.26 metric tons provides the amount and
type of waste used to produce the 1 metric ton of plastic film. Additionally, for non-comparative declarations
(e.g., EPDs), reporting based on a declared unit of (e.g., 1 kg of product) typically defined by an associated
PCR is the norm. However, if a subtractive system expansion approach is used, then only one functional unit
needs to be defined. For chemical recycling LCAs, this is usually the mass of a product or material that is
then compared to conventional means of producing that same mass of product or material if the two are
functionally identical. Products of different quality levels can potentially still be compared if they are capable
of fulfilling the same function. The comparison will just be based on the function served rather than on a
simple mass basis.
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Recommendations

e For non-comparative declarations (e.g., EPDs), reporting based on a declared unit of (e.g., 1 kg of prod-
uct) is acceptable if accompanied by information about the relevant material properties.
e For comparative studies, products need to be compared based on a functional unit, which may differ
for different applications.
e Only if the compared materials are functionally equivalent on a mass-basis can a meaningful compari-
son be carried out on 1:1 mass basis.
e Clearly state the function and functional unit including any significant quantitative and qualitative per-
formance criteria.
o When taking a waste perspective, this includes the source and type of waste and composition
including contamination and impurities.
o Generally, it is necessary to at least have data on moisture and carbon content for most chem-
ical recycling LCAs for allocation and closing mass and carbon balances.
o When taking a product perspective, this includes the relevant material properties and other
performance characteristics required of the product produced.
e When using additive system expansion, the second functional unit of conventional waste management
of an equivalent mass and type of waste as used as a feedstock for chemical recycling needs to be
added to the conventional product system.

Chapter 5: System Boundary

When taking a waste perspective, the system boundary will be from cradle-to-grave, even though there are
no upstream burdens associated with the waste feedstock. Material flows are tracked from the point of
waste generation to the point of recycling or final disposal (Viveros, 2022). When taking a product perspec-
tive, there are more available options. The system boundary could be cradle-to-grave or cradle-to-gate with
end-of-life (Viveros, 2022) or without end-of-life (Jeswani, et al., 2021). Regardless of the system boundary
chosen, the starting point of the analysis must first be defined.

Depending on the source, there may be burdens associated with the feedstock used for chemical recycling.
Post-consumer recyclables can be regarded as burden-free because it does not fulfil any appreciable func-
tion and there is no demand for it. However, some post-industrial waste streams may be considered co-
products that carry some burdens of their production. The Circular Plastics Alliance (CPA) has developed a
decision tree (CPA, 2021) to determine if a feedstock is to be considered a waste (no upstream burden) or
a co-product (upstream burden via subdivision or allocation).

Even if there is no upstream burden associated with the feedstock, defining the starting point of a chemical
recycling LCA is not necessarily simple. There are multiple methodologies that can be followed to determine
the appropriate starting point. A primary question is when does a material become a waste, and the answer
to the question can change the starting point.

According to the “cut-off method” described by TfS (TfS, 2024), “the impact of preparatory steps and sup-
porting activities such as collection, transportation, sorting, dismantling, or shredding shall be added to the
inventory results of the product system producing the secondary product.” The next method that could be
used to define the system could be based on simple causality. The argument is that in the status quo case,
the waste would still be collected and sorted to remove the high-value plastics from residual mixed plastic
waste. Pre-processing, which may include additional sorting, is therefore first step that is only required be-
cause the material is to be chemically recycled, and so the system boundary should begin there. Next there
is the “reverse cut-off method” proposed by TfS (TfS, 2024) which states that “the impact of preparatory
steps and supporting activities such as collection, transportation, sorting, dismantling, or shredding shall be
added to the inventory results of the product system generating the waste.” Finally, EN15804+A2 follows a
“polluter pays principle”, which is defined as “processes of waste processing shall be assigned to the product
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system that generates the waste until the end-of-waste state is reached.” And they provide a decision-tree
for determining when the end-of-waste is reached.

After defining the starting point, it is necessary to define the end point. Many chemical recycling LCAs that
take a product perspective use a cradle-to-gate system boundary (Jeswani, et al., 2021), (Quantis, 2020),
(Coleman et al., 2020) because the primary purpose is to compare a material produced via chemical recy-
cling to a chemically equivalent product produced via conventional means. In cradle-to-gate product studies,
it is still necessary to define the “gate” of the process. If the intention is to make comparisons with conven-
tional products, then the gate must end with the equivalent of a conventional product. This may require
extending the gate of the study beyond the gate of the chemical recycler. Placing the gate later in the system
allows for a more comprehensive understanding of the product system and for more realistic use and EOL
scenarios.

Recommendations

e Non-comparative declarations should, at a minimum, cover the cradle-to-gate stage up to the point of
substitution where a virgin material can be substituted (e.g., naphtha, monomers, polymers, or other
chemicals).

e Comparative LCA studies should, in principle, be performed over the full life cycle. They may omit life
cycle stages beyond the production stage only if the recycled and the virgin materials are functionally
equivalent. If the final application of the material is unknown or manifold, include at least the EOL
stage and consider exploring the most common applications via scenario analysis.

e If the comparison is carried out against an existing impact profile extracted from an LCA software or
published elsewhere, the requirements of ISO 14067, Annex B should be met.

e Use the CPA decision tree (CPA, 2021) to determine if a feedstock is to be considered a waste (no up-
stream burden) or a co-product (upstream burden via subdivision or allocation).

e For waste feedstocks, have the system boundary begin at waste collection. This is consistent with the
starting point defined in the “cut-off method” described by TfS (TfS, 2024).

e Follow the requirements of ISO 14044, clause 4.2.3.3 when excluding any stages, processes, inputs,
or outputs.

Chapter 6: Data Quality Requirements

Data is the foundation of all LCAs, therefore it is important to use the best possible data, to perform checks
of the data, and to understand the quality and uncertainty associated with the data. The data used to create
the inventory model should be as precise, complete, consistent, and representative as possible with regards
to the goal and scope of the study under given time and budget constraints. Completeness is judged based
on the completeness of the inputs and outputs per unit process and the completeness of the unit processes
themselves. The goal is to capture all relevant contributors to the impact categories under study. Identifying
unit processes, inputs, or outputs that may be missing requires domain expertise.

Proxies are frequently used in LCAs when no dataset is an exact match for the material or process in ques-
tion. Geographic proxies are relatively straightforward and represent the situation where data from one geo-
graphic region is used to represent another. Technical proxies are more situational and require a greater
level of domain expertise to identify appropriate replacements. It is best to look for materials that are pro-
duced from similar raw materials and processes. Contribution analysis should be used to check how much
the proxy datasets contribute to the results. If the proxy is a relevant or even dominant contributor, then its
use may represent a significant limitation of the study and better data may be necessary.

There are a number of ways to review data for suitability for use in a LCA study. Mass, water, substance (e.g.,
carbon), and energy balances can help identify missing or erroneous data by showing that the data being
used defies basic physical constraints on mass and energy conservation.
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Recommendations

e Use measurements for direct emissions wherever possible and supplement the measurements with
data from emission estimate guidelines (e.g., AP-42, other LCAs, or proxies for completeness).

o When choosing between multiple reasonable proxies, use a conservative choice for chemical
recycling and an optimistic choice for comparative conventional processes to strengthen the
conclusions of the study.

o When selecting geographical proxies, pick regions with as similar a technology mix as possible
and update energy production data, if possible.

o Choices of technical proxies should be based on data for products made of similar materials
or from similar processes.

o Explore the contributions of proxies on the results in contribution analyses and discuss the
implications as part of the interpretation.

e As a minimum data check, ensure that mass, water, and C balances are closed to the extent possible
and perform a qualitative reasonableness check on the data values (e.g., orders of magnitude all ap-
pear realistic).

o Document the quality of the data used relative to its intended purpose.

Chapter 7: Multi-Output Allocation

When a process has multiple co-products, it is necessary to determine how to allocate inputs, emissions,
and wastes to each of the co-products. For example, some pyrolysis processes produce product gas, tars,
chars, and non-condensable gases. The product gas is typically converted to pyrolysis oil, but the tars and
char can also be further processed and beneficially used. In that case, multi-output allocation would be
necessary. Prior to allocation, it is necessary to determine which outputs are wastes and which are co-prod-
ucts. This can be done using the CPA decision tree discussed in Chapter 5.

ISO 14044 specifies that when there are multi-output processes, the first step should be to avoid allocation
by sub-dividing the process into separate mono-output processes. If sub-division is not possible, the next
step is to avoid allocation through system expansion.

If allocation cannot be avoided, then ISO 14044 prefers physical allocation over other forms of allocation,
i.e., allocation that reflects the underlying physical relationships between the co-products. A common form
of physical allocation is based on mass. However, physical allocation may also be based on energy, carbon
content, exergy, protein content, or any other physical properties depending on the co-products in question.
Typically, allocation among the products from chemical recycling are allocated by carbon content. The one
basic rule of allocation is that the sum of all allocated inventories equals the inventory of the original multi-
output process. Steam crackers are a common process where allocation is necessary among multiple out-
puts, and PlasticsEurope (2017) (PlasticsEurope, 2017) has developed recommendations for steam cracker
allocation.

The WBCSD Pathfinder Framework (WBCSD, 2023) (also adopted by TfS, 2022) provides a slightly different
decision-tree than ISO 14044 where, if allocation is necessary, it should first be based on approved product
category rules or sector specific guidance. If such guidance does not exist and the ratio of economic value
of the co-products is greater than 5, then economic allocation should be used. Otherwise, underlying physical
relationships should be used if possible, and if that is not possible, then again economic allocation or some
alternative allocation should be used.

Recommendations

e Follow the WBCSD Pathfinder (WBCSD, 2023) decision tree for processes with multiple outputs.

e Use PlasticsEurope (2017) (PlasticsEurope, 2017) recommendations for steam cracker allocation.

e Apply different allocation methods to critical processes and discuss how the results affect the conclu-
sions of the study.
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Chapter 8: End-of-Life Allocation

The purpose of end-of-life allocation is to address the question of how to assign impacts from virgin produc-
tion and end-of-life (EOL) recycling processes between the waste-producing and the waste-consuming prod-
uct system. In the cut-off approach, burdens or credits associated with material from previous or subsequent
life cycles are not considered, i.e., are “cut-off”. Accordingly, the system boundary ends at the point of waste
generation; collection, sorting, pre-treatment, and recycling are again considered part of the waste-consum-
ing product system. This approach provides a strong incentive for using recycled content but provides less
of an incentive for end-of-life recycling. It is further unable to distinguish between different forms of EOL
recycling or penalize downcycling in any way.

Alternatively, the substitution approach is based on the perspective that material that is recycled into sec-
ondary material at end of life is technically able to substitute virgin material. Therefore, a credit is given to
account for this substitutability which represents the market-average burden of the substituted virgin mate-
rial. In its “net scrap” variant, any pre- and post-consumer waste collected for recycling is first used to satisfy
the recycled content demand of the cradle-to-gate manufacturing stage. The remaining net scrap is then
sent through EOL recycling and receives a credit based on the technical substitutability of the materials. The
embodied burden approach is similar to the substitution approach, except that it always credits the same
primary inventory that was (or would have been) used in manufacturing to represent the original primary
burden embodied in the material regardless of technical substitutability.

Finally, the Circular Footprint Formula (CFF) method lies somewhere between the cut-off and substitution
methods. It predefines allocation factors of credits and burdens between the waste-producing and the waste-
consuming life cycles and aims to describe market realities that capture both aspects of recycling - the recy-
cled content and recyclability at the end of life. It was developed as part of the Product Environmental Foot-
print Category Rules Guidance (European Commission, 2017).

Recommendations

o Unless otherwise specified by PCRs or other sector specific guidance, the net-scrap substitution ap-
proach can be used a general baseline as it provides incentives to increase both recycled content as
well as EOL recycling.

o Apply different EOL allocation methods and discuss how the results affect the conclusions of the study.

Chapter 9: Mass Balance Approach

The mass balance approach is a chain of custody model for transferring and monitoring the flows of input
materials with specified characteristics (e.g., recycled or biogenic content) to their related product. 1ISO
22095 recognizes two implementation methods: the rolling average percentage method (here called the
proportional method) and the credit method.

The proportional method, equally applies the average input proportion to all associated outputs. For exam-
ple, if 25% of the incoming material is from post-consumer waste, and four products are produced, then all
four of those products can claim 25% recycled content.

Alternatively, using the credit method, the four products could each claim different amounts of recycled con-
tent as long as the total did not exceed 25%. For example, one product could claim 50% recycled content,
while another claims 0%. The plastics industry has further broken down the credit method into fuel-exempt
and polymers-only approaches. The fuel-exempt approach allows the recycled content to be reattributed
among all products and outputs excluding fuel and energy. The polymers-only approach only allows the recy-
cled content to be reattributed between polymer outputs.

Since mass balance is primarily a chain of custody and labeling instrument, there is no direct or obligatory
link to LCA calculations as such. However, there is a desire by some in the industry to calculate separate
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footprints for products labelled “100% virgin/primary” and “100% recycled” in order to help shift demand to
the recycled product. None of the relevant standards (ISO 14025 (ISO, 2006), ISO 14044 (IS0, 2006), ISO
14067 (1SO, 2018), ISO 21930 (IS0, 2017)) addresses such a virtual division of a single product flow (with
some recycled content) into two separate co-products with 100% virgin and 100% recycled content, respec-
tively. However, there is also no language in these standards that would rule out such a calculation per se.

Jeswani et al. (2019) states that the mass balance approach is only applicable when the final products are
completely interchangeable with one another, and when there are no additional differences in processing
utilities and auxiliaries (Jeswani, Kruger, Kicherer, Antony, & Azapagic, 2019). However, if this limitation is
disregarded, then depending on the specific constellation of carbon intensities and recycled content, the
separate calculation of the carbon footprint for the “100% recycled” and the “100% virgin” product may lead
to a lower carbon footprint for the “100% recycled” product despite an increase in the absolute total GHG
emissions when compared to a production without any recycled content. Therefore, it is important to use
caution when discussing LCA results using a mass balance approach. According to ISO 14044, it is important
to describe assumptions and their influence on the results transparently to avoid misinterpretation (ISO,
2006). Therefore, when the mass balance approach is used in an LCA, the effect of its use should be dis-
cussed as part of the interpretation.

Recommendations

e The total amount of mass balanced products is limited to what can be certified by a generally accepted
3rd party based on the inputs and their specific characteristics.
e If a mass balance approach is used in an LCA,
o Follow the method outlined in Jeswani et al. (2019) to apply the mass balance approach in
product-perspective chemical recycling LCAs (Jeswani, Kruger, Kicherer, Antony, & Azapagic,
2019).
o Calculate and publish results with and without mass balance
o Report how adding the recycled materials affects the overall environmental burden of the inte-
grated processes

Chapter 10: Waste Feedstocks

Waste quality and composition are important considerations that typically vary with time by geographic loca-
tion. Specifically, waste quality and composition may vary seasonally, and it is therefore to use at least a full
year of data to account for these variations. Regional variations should be accounted for by using data from
the region under study if possible, and from a region that is as similar as possible to the region under study.

The current conventional treatment of waste is important when considering alternatives for waste-perspec-
tive LCAs and for system expansion in product-perspective LCAs. Since conventional plastics do not anaero-
bically biodegrade in landfills, the landfilling of conventional plastics produces relatively negligible amounts
of greenhouse gases, while the incineration of conventional plastics leads to substantial fossil CO2 emis-
sions. Post-consumer waste management varies significantly across Europe. For example, ~55% of disposed
municipal solid waste in the EU-27 was incinerated in 2020. However, this value ranged from <1% in Croatia
to over 99% in Finland, Sweden, and Switzerland (EuroStat, 2023). Therefore, accurate results require con-
sideration of how waste feedstocks are actually managed in the area under study

Recommendations

o Use at least a year’s worth waste quality and composition data for the geographic reference of the study,
or a region as similar as possible.

o Determine how the waste feedstock in question is currently managed in the area under study (e.g., split
between landfill, incineration with and without energy recovery, secondary fuel use, etc.) and use that
for any comparisons or potential credits.

18 of 73



Chapter 11: Impact Assessment Methods and Indicators

EF 3.1 characterisation factors are considered to be the most robust and up-to-date characterisation factors
available for the European context. They are widely used and respected within the LCA community, and are
required for Product Environmental Footprint studies and Environmental Product Declarations under EN
15804+A2. Studies including North America can also include TRACI v2.1 to see how the results compare to
EF 3.1 (EPA, Tool for Reduction and Assessment of Chemicals and Other Environmental Impacts (TRACI),
2023). Other regions typically do not have widely agreed upon and up-to-date characterization methods, so
using the EF 3.1 characterisation factors is a reasonable starting point, but it may be useful to test additional
methods to see how it may change the results.

Selection of impact assessment indicators will affect the data that is required to be collected especially
related to direct emissions. Global warming potential and non-renewable primary energy demand should be
included because of their relevance to climate change and energy efficiency, both of which are strongly
interlinked, of high public and institutional interest, and deemed to be the most pressing environmental
issues of our time. Eutrophication, acidification, and photochemical ozone creation potentials should be in-
cluded because they are closely connected to air, soil, and water quality and capture the environmental
burdens associated with commonly regulated emissions such as NOx, SO2, volatile organic compounds, and
others.

It is important when selecting indicators to review their relevance to the product system being assessed and
the goals and scope of the study. The robustness of the indicators should also be considered. For example,
EN15804 provides a disclaimer for all included toxicity, abiotic resource depletion, and water deprivation
indicators that says they “shall be used with care as the uncertainties on these results are high or as there
is limited experienced with the indicator.” For example, the precision of the current USEtox™ characterisation
factors ix within a factor of 100-1,000 for human health and 10-100 for freshwater ecotoxicity (Rosen-
baum, et al., 2008).

Recommendations

e Use the latest EF characterisation factors for the European context and use TRACI in a North American
context.

e If regions outside of Europe or North America are included in the study, then EF characterisation fac-
tors are a reasonable starting point, but it may be beneficial to test additional LCIA methodologies.

e The choice of specific indicators will depend on the study. However, toxicity, resource depletion, and
water deprivation indicators should be used with care due to the potential uncertainty. Their use
should be more focused on identifying potentially critical processes and flows.

Chapter 12: Scenario, Sensitivity, and Uncertainty Analysis

Given the inherent uncertainty and variability in the assumptions, data, and models, it is necessary to eval-
uate how this uncertainty and variability affects the results and conclusions. This is done through scenario,
sensitivity, and uncertainty analyses. According to ISO 14044 4.5.1.1, the interpretation of the results re-
quires “a sensitivity check of the significant inputs, outputs and methodological choices in order to under-
stand the uncertainty of the results”.

Scenario analyses can be considered a subset of sensitivity analysis, but they are unique enough to dis-
cussed separately. Scenario analyses test different potential sets of input values or assumptions to explore
and understand discrete alternative cases. While ISO 14044 defines sensitivity analysis as “a procedure to
determine how changes in data and methodological choices affect the results of the LCIA” (ISO, 2006), we
are using it here to focus on how the results change based on changes in input values. They essentially
determine how sensitive the results and conclusions are to such changes. By definition, the results are sen-
sitive to changes in critical inputs and are insensitive to changes to less important inputs. As discussed in
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Chapter 3, the most common type of sensitivity analysis is one-at-a-time perturbation analysis. This type of
analysis would be useful for variables like energy use, process yields, and biogenic C content. For these (or
other inputs), this type of perturbation analysis can be used to calculate “breakeven” points. The breakeven
point represents the value for an input where two alternatives are equivalent.

Uncertainty analysis is used to understand how the results may vary based on uncertainty in the models,
data, and assumptions. Uncertainty analyses can be qualitative or quantitative. A qualitative uncertainty
analysis considers the base results, contribution analysis, scenario analysis, and sensitivity analysis and
discusses how key uncertainties may affect the results. If robust analyses have been performed, this may
be all that is necessary. However, additional quantitative uncertainty may provide additional insights into the
study and may be worth exploring. One type of uncertainty analysis is essentially a scenario analysis where
reasonable best- and worst-case values are used for each critical variable and assumption (e.g., energy use,
product yield, allocation method). Uncertainty propagation is another way to perform uncertainty analyses.
This is most commonly done via Monte Carlo analysis. Monte Carlo analysis requires defining statistical dis-
tributions for uncertain parameters and re-running the model a large number of times using randomly se-
lected values for each parameter. It is a powerful tool, but, like all models, the value of the results is limited
by the quality of the data.

Recommendations

e Test all critical parameters and assumptions in sensitivity and scenario analyses.

e For comparative studies, perform a quantitative uncertainty analysis, either by defining best and worst
case scenarios or by performing a Monte Carlo simulation on the most influential and uncertain pa-
rameters

o If some uncertainties are shared between alternatives, run the analysis on the difference be-
tween alternatives to avoid the issue of independent sampling.

e Include sensitivity checks as part of the interpretation

o LCA s an iterative process. The results may indicate that more data should be collected or
more scenario, sensitivity, or uncertainty analyses should be performed.

Chapter 13: Consideration of Emerging Technologies.

Chemical recycling consists of many still developing technologies. When considering such technologies in
LCA, it is beneficial to consider how those technologies will perform in the future when they are developed
and deployed at full scale. This gives a more accurate comparison to mature technologies such as incinera-
tion. One way to attempt to quantify the maturity of a technology is through Technology Readiness Level
(TRL). TRL assigns a value to the maturity and performance of new technologies to rank and compare them
(Mankins, 2009; Rybicka et al., 2016). LCA of an emerging technology at low TRLs (TRL 2-5) is distinct from
traditional LCA since the evaluation precedes the product life cycle. Existing guidelines of LCA (ISO, 2006)
are suitable to determine environmental burdens of technologies at TRL 7-9 (Gavankar et al., 2015b; Grubb
& Bakshi, 2011; Khanna, Bakshi, & Lee, 2008). If the same methodology is applied to evaluate emerging
technologies at TRL (2-5), it may be misleading because of changes in scale and maturity of technology.

Piccinno et al. (2016) developed a framework for scaling up LCAs of chemical processes from laboratory to
industrial scale. goes on to suggest industrial scale processes to replace lab-scale processes as well as
equations and data for scaling inputs for heating, stirring, homogenizing, grinding, filtration and centrifuga-
tion, distillation, and drying, and pumping as well as output products, co-products, wastes, emissions, and
heat. The data, equations, and recommendations provide a relative robust framework for scaling up many
chemical processes.

The uncertainty in scale-up makes the use of robust sensitivity and uncertainty analyses even more im-
portant. These analyses are not only necessary for identifying the critical factors in the technology, but also
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for better understanding how uncertain technological performance can affect comparisons with existing ma-
ture technologies. Since emerging technologies are expected to be deployed at full-scale at some future
time, it is useful to include scenarios that attempt to represent those future time periods.

Recommendations

e While there is no simple consensus framework for quantifying how differences in TRL between data
and models and the system being represented, larger differences imply greater uncertainty that should
be documented and considered in the interpretation of the LCA.

e Transparently document at least qualitative differences between the TRL of the data and what is being
modeled when discussing Technological Representativeness in the Interpretation of the LCA.

e The scale-up procedure proposed by Piccinno et al. (2016) can be used to scale most chemical pro-
cesses. Whatever method is used, it should be documented and justified.

e Develop and test scenarios for the time period when the technology is expected to be operational at
full-scale. This could include changing the electricity grid, use of biofuels, as well as waste composi-
tion.

Chapter 14: Communication of LCA Results

Effective communication of the results of an LCA can be just as important as the effectively performing the
study itself. The most important requirement in ISO 14044 section 5 is that an ISO conformant third-party
report must be made available whenever LCA are shared with any third party (i.e., other than the LCA com-
missioner and practitioner). Results of LCAs may be used internally without a report, but it is necessary to
back up third-party communications to provide relevant context and background information. ISO 14044
provides detailed reporting requirements that need to be included in the report for each phase of the LCA so
that the audience can effectively understand and evaluate the study and results.

While section 5 of ISO 14044 deals with reporting requirements, section 6 addresses requirements associ-
ated with critically reviewing an LCA. ISO/TS 14071 (ISO, 2006) contains additional requirements and guid-
ance on the critical review process and reviewer competencies. A critical review is the only way to ensure
that an LCA conforms to ISO 14044, and while it may not be strictly required in all circumstances, it is highly
recommended that all LCA reports be reviewed by an independent external expert to add credibility to the
report. LCA studies that are intended to be support comparative assertions intended to be released to the
public, which includes most LCAs of chemical recycling, are required to be reviewed by an external panel of
at least three independent experts that have combined domain and LCA expertise. It should be noted that
footprint studies cannot support comparative assertions as they consider only one environmental impact
category (ISO, 2017).

Recommendations

e Be as transparent as possible in documenting models, data, and assumptions and their potential ef-
fects on the results and conclusions.

e Follow section 5 of ISO 14044 when developing LCA reports.

e All LCA reports should be critically reviewed by least one independent expert.

e Follow section 6 of ISO 14044 and ISO/TS 14071 when performing critical reviews.
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1.

Background

In 2022, ~32 million metric tons of post-consumer plastic waste was generated in Europe, and ~27% of this
material was collected and mechanically recycled, while <0.2 metric tons were chemically recycled
(PlasticsEurope, 2024). The remainder was incinerated or disposed in landfills. Conventional mechanical
recycling is limited by participation, availability of markets, contamination, and resin purity. Therefore, signif-
icant improvements in the circularity of plastics will require further development and implementation ad-
vanced chemical recycling technologies that are capable of recycling polymers and plastic waste that cannot
readily be or are not being mechanically recycled.

Chemical Recycling Europe (CRE) defines chemical recycling as “any reprocessing technology that directly
affects either the formulation of the polymeric waste or the polymer itself and converts them into chemical
substances and/or products whether for the original or other purposes, excluding energy recovery” (CRE,
2019), which is the definition be used in this report. This definition is broader but generally consistent with
ISO 15270:2008, which defines chemical recycling as “the conversion to monomer or production of new raw
materials by changing the chemical structure of plastic waste through cracking, gasification or depolymeri-
zation, excluding energy recovery and incineration” (ISO, 2008). The primary technologies used for chemical
recycling include pyrolysis, gasification, hydrothermal conversion, solvolysis, and depolymerization.

Given the potential uncertainty in novel recycling methods, it is important to fully understand the potential
environmental performance of these technologies compared to conventional product manufacturing and
waste management processes. Life cycle assessment (LCA) is a framework for evaluating the resource use,
emissions, and potential environmental impacts associated with a product system throughout its entire life
cycle from raw material extraction through manufacturing, distribution, use, and end-of-life. LCA has been
applied to many chemical recycling applications, and these studies have shown a wide variability in results
due to differences in their goal and scope definitions, modeling and allocation methodologies, assumptions,
and other choices that must be made when performing LCAs of chemical recycling technologies (Sphera,
2020). A standard set of guidelines is necessary to ensure that LCAs provide consistent and meaningful
results that can be used to improve decision-making.

Therefore, the purpose of this document is to review and provide guidance for the critical aspects related to
LCAs in the chemical recycling. These critical aspects were identified by CRE and Sphera at the beginning of
the project, and this guidance provides recommendations for approaching each of them. The next chapter
provides a brief introduction to LCA, and the rest of the chapters discuss specific aspects of chemical recy-
cling LCAs. Each chapter outlines the issue at hand, presents alternatives, and provides recommendations
for addressing the issue. The recommendations are relatively flexible so they can be readily applied by prac-
titioners developing chemical recycling LCAs for a variety of applications. These guidelines can then serve as
a framework for developing consistent life cycle studies that provide constructive and actionable insights.

As part of creating meaningful LCA guidance, it is important to ensure that the guidance conforms to the
appropriate standards. The most critical of these is ISO 14044 (ISO, 2006), which describes the require-
ments and guidelines for completing LCAs. Depending on the goal and scope of the study, other standards
may also be important. For example, ISO 14067 (1ISO, 2018) and ISO 14046 (ISO, 2014) cover guidelines
for performing carbon and water footprints, respectively. If the study is going to be used as part of environ-
mental product declaration, then conforming to ISO 21930 (ISO, 2017) or EN 15804 (CEN, 2012) are es-
sential. If the LCA is going to be used for comparative marketing purposes in Europe, then ISO 14026 (ISO,
2017) and the proposed EU Green Claims Directive (European Commission, 2023) should be followed, and
it may become necessary to follow the European Commission’s Product Environmental Footprint (PEF)
(European Commission, 2017) standards. Potential issues with standard conformance will be addressed
where relevant.
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2.

Introduction to LCA

The purpose of this chapter is to provide an over-
view of LCA including the key relevant issues that
will be discussed in the following chapters. LCAis a
framework for estimating the material and energy
inputs and outputs and potential environmental im-
pacts from a product system over its entire life cy-
cle. In this report, we will be focused on LCAs of
products produced from chemical recycling and as-
sociated waste treatment systems.

Goal & Scope Definition +——
§4.21SO 14044

Inventory Analysis —

§4.31SO 14044
ISO 14044 defines four phases of LCA as shown in

Figure 2-1. Figure 2-1: LCA phases as defined by
ISO 14040 (I1SO, 2006). LCAs begin by defining the
goal and the scope of the analysis. This includes,
among others, identifying the functional unit and all Impact Assessment — 33
the associated processes within the system bound- §4.41S0 14044 14044

ary. The Life Cycle Inventory (LCl) Analysis phase
then quantifies all material and energy inputs and ~ Figure 2-1: LCA phases as defined by ISO 14040 (ISO,

Interpretation

outputs for each process. These inputs and outputs 2006).

are then aggregated to estimate all the resources removed from the environment as well as the emissions
to the environment over the entire life cycle. These aggregated resource use and environmental emissions
are then used to estimate potential environmental impacts in the Life Cycle Impact Assessment (LCIA) phase.
Finally, the results of the analysis are interpreted to develop conclusions, limitations, and recommendations
for the study. However, it should be noted that LCA is an iterative process, and it is often necessary to revisit
and update previously completed phases based on the findings of a subsequent phase. In the following
sections, we will describe each of the phases in more detail including issues that are relevant to chemical
recycling LCAs.

2.1. Goal Definition

The first step in an LCA is to define the goal of the study, which includes descriptions of each of the following
according to 1S0:14044 (IS0, 2006):

e Objectives: What is the purpose of the study?

e Motivation: Reasons for carrying out the study?

e Intended application: What will the study be used for?

e Intended audience: Who will the results of the study be communicated to?

e Comparative assertions: Whether the results are “intended to be used in comparative assertions
intended to be disclosed to the public.”

For chemical recycling LCAs in particular, it is also during the goal definition where you would determine
whether the study should take a waste or product perspective. Chemical recycling has two functions: treating
waste and creating a product, and LCAs of chemical recycling can therefore be carried out from either per-
spective. An LCA taking a waste perspective would compare chemical recycling to other waste management
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alternatives (e.g., incineration or landfill), while an LCA taking a product perspective would compare the pro-
duction of a material or product via chemical recycling to conventional means of producing that material or
product (Figure 2-2).

Waste Perspective: the treatment of X tons of Product perspective: the production of X tons of
plastic waste valuable product
X ton of plastic waste Virgin feedstock Plastic waste
Waste

management

(incineration, Chemical Conventional Chemical
mechanical VvS. recycling process VS. recycling
recycling, or

Functional unit landfill)

Activity under study Recovered Recovered Vi @ el
product/energy product
Feedstock / product Credits for 5 .
Minus waste
_ recovered AND Credits for Plus waste OR

recovered product management
. product/energy B management Iet
System expansion

Figure 2-2: Explanation of using a waste or product perspective in an LCA (Sphera, 2020)

Multi-functionality exists in both perspectives and is generally addressed via system expansion. In the waste
perspective, recovered products/energies are addressed via substitution of functionally equivalent counter-
parts from primary sources (e.g., thermal energy from natural gas, virgin monomer/polymer). In the product
perspective, multi-functionality is either addressed by adding the conventional waste management function
to the conventional product system or by subtracting it from the chemical recycling product system (see
chapter 3 for details).

2.2. Scope Definition

After defining the goal of the study, the scope is defined next. The most critical aspects of the scope definition
include defining and describing the product systems to be compared, the function of those systems, the
resulting functional unit to be used as a quantitative basis of comparison, and the system boundary.

2.2.1. Product systems

The first step of defining the scope of the study is to define the product systems that are under consideration.
This typically includes a brief description of the products including key performance characteristics. Images
of the products or stylized process diagrams may be used to give the reader a better understanding of the
products or systems being compared.

Note that ISO 14040 defines a “product” to be a good or a service, as such, both waste management (ser-
vice) and production of a material (good) are eligible product systems as outlined above.

2.2.2. Functions and functional unit

After the product systems have been described, the function and functional unit must be defined. Example
functions for chemical recycling LCAs include the management of mixed plastic waste and/or the production
of a recycled polymer or other chemical. The functional unit then provides a quantitative basis of comparison
for the functions described. The functional unit always includes a magnitude and unit. There should also be
a description of any other critical performance characteristics (e.g., food grade for plastic film). Specifying

24 0of 73



the duration may also be necessary if the product systems have different lifetimes (e.g., a single use bottle
versus a reusable bottle).

Therefore, a functional unit for a chemical recycling LCA taking a waste perspective may be the treatment of
1 metric ton of mixed plastic waste with a specified composition. An LCA taking a product perspective might
have a functional unit of the production of 1 metric ton of food grade PE film or 330 ml food grade beverage
containers capable of carrying 1,000 L of water over two years. The latter functional unit could potentially
be used to compare chemically recycled polyethylene terephthalate (PET) bottles to conventional reusable
bottles or other portable beverage packaging. The functional unit is then used to develop the reference flows
for each product system that represent the materials and energies required to provide the functional unit. In
non-comparative LCAs (e.g., EPDs) a declared unit may be used that is the same as the reference flow. The
correct declared unit to use will be specified in the product category rules (PCR).

When a system has multiple functions, such as treating waste and producing a product, then it is possible
to have multiple functional units to account for these multiple functions. This approach of using multiple
functional units is required when using system expansion via addition, which is be further discussed in
Chapter 4, while issues specific to functional units of chemical recycling studies are further explored in
Chapter 5.

2.2.3. System boundary

Defining the system boundary is the next step in the scope definition. The system boundary determines the
processes that will be included in the study, and it should be consistent with the goal of the study. The system
boundary is often illustrated using a process flow diagram that clearly illustrates the major processes or life
cycle phases within the system boundary. For LCAs with a product perspective, there are two primary types
of system boundaries: cradle-to-gate and cradle-to-grave. In these instances, the term “cradle” refers to raw
material extraction, the term “gate” refers to the production gate of a facility, and the term “grave” refers to
end-of-life treatment, recycling, and final disposal.

A cradle-to-grave LCA includes every stage of a product’s life cycle from raw material extraction, manufactur-
ing, distribution, use, and end-of-life, while a cradle-to-gate LCA ends once the product is manufactured and
packaged (at shipping gate). It should be noted that, in principle, LCAs are meant to be cradle-to-grave, and
the omission of life cycle stages “is only permitted if it does not significantly change the overall conclusions
of the study” (ISO 14044, Section 4.2.3.3.1) (ISO, 2006). If the omission of the distribution, use, and/or end-
of-life stages cannot be justified, then the study should be called a “cradle-to-gate study” rather than a “life
cycle assessment” (see also ISO 14040, section 3.2, and Annex A, section A.1.2). It is also common to see
cradle-to-gate LCAs that include EoL and only exclude the use stage. LCAs with a waste perspective do not
easily fit into either of these types of system boundaries. So, phrases like “bin-to-grave” or “gate-to-grave”
are often used to describe those studies. However, they can also be seen as cradle-to-grave studies where
the waste input is free of upstream burdens.

As part of developing the system boundary, it is necessary to define the temporal, technological, and geo-
graphical coverage of the study. Depending on the system under study, the time horizon (e.g., the time over
which impacts are considered) may be an important part of the temporal coverage. It should be noted, that
when defining the scope of the study, these definitions are meant to describe the intended coverage based
on the goal of the study. How well the study actually represents the intended coverage should be evaluated
in a data quality assessment during the Interpretation phase.

Issues specific to the system boundary of chemical recycling LCAs will be explored in Chapter 5.

2.2.4. Attributional versus Consequential LCA

When defining the scope of the study, one can choose between two forms of LCA: attributional and conse-
quential. Attributional is the original and more common form of LCA. This type of LCA attributes a certain
share of the global impacts to a defined functional unit. These global impacts are assumed to be a static
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snapshot in time, and processes interact strictly via physical flows (e.g., mass or energy). For example, one
could compare the environmental impacts associated chemical recycling to those of waste incineration by
attributing impacts to a functional unit of the treatment of 1,000 kg of mixed plastic waste using an attribu-
tional approach.

Alternatively, consequential LCA assesses how global impacts may change due to a marginal change in the
supply or demand of the functional unit. This form of LCA looks at the consequences of choices between
alternatives, and processes may interact via cause-effect relationships. Understanding these causal rela-
tionships requires quantitative analysis of how markets will react to changes (e.g., econometric models, sys-
tem dynamics, partial or general equilibrium models). For example, one could evaluate the case where there
is a new market of PET bottles produced from chemical recycling and compare that to the case where no
such market exists. The study would need to include predictions of the supply and demand of other products
would change due to the existence of this new market. Consequential LCAs therefore require significantly
more time, data, and modeling effort than similar attributional LCAs and introduce additional uncertainties
in the process. Therefore, attributional LCA should be default type of LCA performed.

2.2.5. Allocation

Multi-output allocation

Many production processes produce more than one product (e.g., waste sorting, pyrolysis, and steam crack-
ing). When this occurs, it is necessary to partition the inputs and outputs of the process to each of these
products. In these situations, ISO 14044 first recommends avoiding allocation by either system expansion
or dividing the original process into single product sub-processes. If allocation cannot be avoided, then allo-
cation should preferentially be based on physical relationships between the inputs, outputs, and products
(e.g., mass, energy content, C content). Carbon content is the typically the ideal choice for chemical recycling
outputs, but it is useful to test at least two methods to see how they may affect the results and conclusions.
Allocation based on other relationships may also be used (e.g., economic value). Allocating based on eco-
nomic value places more of the burdens of production and the more valuable products based on the idea
that they are more responsible for emissions because the revenue they provide is a bigger driver of the
activity.

Multi-functional allocation

Multi-functional allocation is closely related to multi-output allocation. The main difference is that while multi-
output allocation deals with two or more physical goods (i.e., mass or energy product flows), a multi-func-
tional process or product system can provide multiple functions in the form of one or more physical goods
and one or more services. For LCA studies of recycling technologies, in particular, this means that the service
of waste management (function #1) is combined with the production of a physical secondary product (func-
tion #2). Since neither subdivision nor co-product allocation are possible for such a combination, system
expansion is the most common way to address this situation (see chapter 3 for further details).

EOL allocation

Another important type of allocation is deciding how burdens and credits associated with recycling or energy
recovery at end-of-life should be handled.

One can distinguish two main approaches to accounting for end-of-life recycling and recycled content.

= Cut-off approach (also known as 100:0 or recycled content approach) - burdens or credits associ-
ated with material from previous or subsequent life cycles are not considered i.e., are “cut off”.
Therefore, waste input to the production process is free of upstream virgin material burdens but,
equally, no credit is received for material available for recycling at end of life. This approach rewards
the use of recycled content but does not reward end of life recycling.
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= Substitution approach (also known as 0:100 or end of life approach) - this approach is based on
the perspective that material that is recycled into secondary material at end of life is technically able
to substitute virgin material. Hence, a credit is given to account for this substitutability which repre-
sents the market-average burden of the substituted virgin material. To avoid double counting the
benefits of recycled content, waste materials collected for recycling in EoL are first used to satisfy
the recycled content demand of the manufacturing phase before being sent to recycling and credit-
ing in EoL. This ‘net scrap’ approach rewards both end of life recycling as well as the use of recycled
content. In open-loop recycling situations where the recycled material substitutes a different mate-
rial, the substituted material burden is credited. Down- and upcycling can be factored in by using
substitution rates smaller or larger 100%.

Alternatively, the Circular Footprint Formula (CFF) method developed as part of the Product Environmental
Footprint Category Rules Guidance (European Commission, 2017) defines an allocation between the cut-off
and substitution approaches with the aim of describing market realities to accurately balance credits and
burdens associated with end-of-life recycling and the use of recycled content.

2.2.6. Other Considerations

In addition to the previously discussed items, ISO 14044, Section 4.2.3.1 also requires that the following
items be “considered and clearly described”:

e LCIA methodology and types of impacts - what impact categories are included?

e Interpretation to be used - how will the results be interpreted?

e Assumptions and limitations - what assumptions have been made and how may they or other is-
sues limit the applicability of the study?

o Data and data quality requirements - what data is required and of what quality?

e Type and format of the report - what form of report is to be produced?

o Type of critical review, if any; briefly describe the critical review process, if any

2.3. Inventory Analysis

The inventory analysis phase is where the inputs and outputs (e.g., materials, emissions, energy) from every
process within the system boundary are quantified and documented. Data collection and modeling occur
during the inventory analysis, and it therefore typically consumes more time and resources than the other
LCA phases. The LCl should be consistent with the defined goal and scope, and a well-defined goal and scope
can make the LCI phase easier by providing clear guidance on what needs to be done when collecting data
and developing models. A critical aspect of the LCl is data collection, the requirements of which will vary for
the defined foreground and background system.

2.3.1. Foreground and background system

LCI models can conceptually be divided into a foreground and a background system. The foreground system
represents the primary focus of the study. These are often the processes directly under operational/financial
control of the study commissioner, and they should additionally consider processes that are specific to the
product system under study. For example, waste collection and sorting, pyrolysis, and pyrolysis oil processing
to provide a recycled alternative to naphtha would be part of the foreground system in many chemical recy-
cling LCAs. Alternatively, the background system represents the necessary processes and flows of materials
in the rest of the technosphere not represented by the foreground system. In chemical recycling LCAs, this
could be the necessary raw material, fuel, and energy inputs into the system to process the waste into pyrol-
ysis. Therefore, the study commissioner typically has a level of control over the foreground system that they
do not have for the background system.
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2.3.2. Data Collection

A substantial part of the time and effort of the inventory analysis is spent in data collection. Ideally, primary
data that is measured or estimated by the study commissioner or process operator is used for the foreground
system. Primary data collection is often informed by qualitative descriptions and flowcharts for product pro-
duction and quantitative measurements or estimates of the inputs and outputs of material, energy, water,
and emissions. Collecting this primary data requires input from domain experts. Secondary data from LCI
databases, LCA reports, or peer-reviewed literature is typically used for the background system.

2.4. Impact Assessment

2.4.1. Impact Assessment Procedure

Life cycle impact assessment (LCIA) uses the results of the LCI to calculate the potential environmental
impacts associated with the functional unit. It consists of three required elements and three optional ele-
ments as shown in Table 2-1. However, besides selecting the methodology and impacts to use during the
scope definition, classification and characterization are generally completed by existing LCA software and
databases without much user input. Additional choices can be made with regard to normalization, grouping,
and weighting to improve interpretation and understanding of the results. It should be noted that weighting
is prohibited in comparative LCAs intended to be released to the public by ISO 14044. Additionally, LCIA
results are relative expressions only and do not predict actual impacts, the exceeding of thresholds, safety
margins, or risks.

Table 2-1: Required and optional elements of LCIA

Required Elements

Selection Select the impact categories, category indicators and characterization models

Classification Assign the LCI results to impact categories

Characterization Calculate the category indicator results

Optional Elements

Normalization Calculate the relative magnitude of the impact relative to a reference

Grouping Sort or rank impacts (e.g., by location or severity)

Weighting Use value-choices to convert and possibly aggregate impact results (e.g., mone-
tary damage)

2.4.2. Impact Assessment Frameworks and Categories

There are numerous impact assessment frameworks with pre-defined characterization factors that are im-
plemented in LCA software including e.g. Environmental Footprint v3.1 (EF 3.1), CML, ReCiPe and TRACI v2.2
(JRC, 2010)The different frameworks are applicable to different regions, include different impact categories,
and may use different calculation methodologies and units. The EF methodology was originally based on the
ILCD recommended methods (Hauschild M, 2011), but several have since been modified and updated by
the European Commission as part of the on-going development of the Product Environmental Footprint initi-
ative. EF 3.1 characterisation factors are considered to be the most robust and up-to-date available for the
European context, are widely used and respected within the LCA community, and are required for Product
Environmental Footprint studies and Environmental Product Declarations under EN 15804+A2.Table 2-2
provides a description of common impact categories and example methods used to evaluate them for the
European context. TRACI 2.2 is recommended for North America as it is the only impact assessment meth-
odology framework that incorporates US average conditions to establish characterization factors. For impact
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categories where TRACI characterization factors are not available (e.g., water footprinting) or where they are
not considered to be the most current (e.g., global warming potential), the methods described in Table 2-2

may be used.

There is ongoing research related to impacts associated with microplastic pollution, however, there is still
significant uncertainty in these methods, and finding or developing the necessary inventory data is difficult
(Maga, et al., 2022) (Schwarts, et al., 2024) (Pellengahr F, 2025).

Table 2-2: Impact category descriptions

Impact Category Description Unit Reference
Climate change A measure of greenhouse gas emissions, suchas COz2and kg CO2 (IPCC, 2013)
(global warming po- methane. These emissions are causing an increase inthe equiva-

tential) absorption of radiation emitted by the earth, increasing lent
the natural greenhouse effect. This may in turn have ad- (eq.)
verse impacts on ecosystem health, human health and
material welfare.

Acidification Poten- A measure of emissions that cause acidifying effects to moles (Seppala J.,

tial the environment. The acidification potential is a measure H* eq. 2006; Posch,
of a molecule’s capacity to increase the hydrogen ion (H*) 2008)
concentration in the presence of water, thus decreasing
the pH value. Potential effects include fish mortality, for-
est decline and the deterioration of building materials.

Eutrophication (ter- Eutrophication covers all potential impacts of excessively T: (Seppala J.,

restrial [T], fresh- high levels of macronutrients, the most important of moles N 2006; Posch,

water [F], marine which nitrogen (N) and phosphorus (P). Nutrient enrich- eq. 2008;

[M]) ment may cause an undesirable shift in species composi- F: kg P Struijs,
tion and elevated biomass production in both aquatic and eq. 2009)
terrestrial ecosystems. In aquatic ecosystems increased M: kg N
biomass production may lead to depressed oxygen levels, eq.
because of the additional consumption of oxygen in bio-
mass decomposition.

Ozone Depletion A measure of air emissions that contribute to the deple- kg CFC- (Guinée, et
tion of the stratospheric ozone layer. Depletion of the 11 eq. al., 2002)
ozone leads to higher levels of UVB ultraviolet rays reach-
ing the earth’s surface with detrimental effects on hu-
mans and plants.

Photochemical A measure of emissions of precursors that contribute to kg C2Ha (Van Zelm R.,

Ozone Formation ground level smog formation (mainly ozone 03), produced eq. 441-453)
by the reaction of volatile organic compounds and carbon
monoxide in the presence of nitrogen oxides under the
influence of UV light. Ground level ozone may be injurious
to human health and ecosystems and may also damage
crops.

Resource use, min- The consumption of non-renewable resources leadstoa kg Sb (Guinée, et

erals and metals decrease in the future availability of the functions sup- eq. al., 2002)

plied by these resources. Depletion of mineral resources
and non-renewable energy resources are reported sepa-
rately. Depletion of mineral resources is assessed based
on ultimate reserves.
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Impact Category Description Unit Reference

Resource use, en- A measure of the total amount of non-renewable primary MJ eq. (Guinée, et

ergy carriers energy extracted from the earth. Resource use is ex- (netcal- al., 2002;
pressed in energy demand from non-renewable resources orific van QOers, de
including both fossil sources (e.g. petroleum, natural gas, value) Koning,
etc.) and uranium for nuclear fuel. Efficiencies in energy Guinée, &
conversion (e.g. power, heat, steam, etc.) are taken into Huppes,
account. 2002)

Respiratory  inor- Particulate matter emissions and secondary aerosols Disease (Fantke,
ganics formed in the atmosphere from NOx, NH3 and SO2 emis- inci- 2016)
sions contribute to human health impacts in the form of dence
respiratory disease and related effects.

Human toxicity/ A measure of toxic emissions which are directly harmful Compa- (Rosenbaum,
to the health of humans and other species. rative et al., 2008)
Eco-toxicity toxic
units
(CTUn,
CTUe)

Water Use An assessment of water scarcity accounting for the net Litres of (Boulay,
intake and release of fresh water across the life of the water 2017)
product system considering the availability of water in dif- eq.
ferent regions.

2.5. Scenario, Sensitivity, and Uncertainty Analysis

After first LCIA results are calculated, it is useful to conduct additional analyses to better understand how
key assumptions and uncertainty in data and models may affect the results and conclusions. Comparative
LCAs intending to be released to public are required to include “an analysis of results for sensitivity and
uncertainty” according to ISO 14044, Section 4.4.5 and 5.3.1.

2.5.1. Scenario Analyses

Scenario analyses are used to assess the effects of sets of discrete values or alternatives on the results, i.e.,
scenarios can differ from each other in more than one way. Scenario analyses can be used to explore how
different situations or methodological choices affect the results and conclusions. For example, one could
only change the electricity grid mix or the choice of allocation methodology, or one could change multiple
parameters and choices at the same time to represent a specific situation.

2.5.2. Sensitivity Analyses

Sensitivity analyses effectively attempt to assess how robust the results and conclusions are to changes in
critical parameter values. The most commonly used method of sensitivity analysis is one-at-a-time perturba-
tion analyses, where the results are recalculated as a parameter is varied from some minimum to maximum
value. These results can then be plotted and/or used to calculate a sensitivity ratio, which is the ratio of the
percent change in the result to the percent change in the parameter. If the relationship between the param-
eter and results is linear, then the sensitivity ratio is a constant value. However, if the relationship is non-
linear, then the sensitivity ratio will be a function of the parameter. If there are parameters that are known
act together non-linearly (e.g., they are multiplied or divided by one another), then two-at-a-time perturbation
analyses can be employed and the results shown on contour plots.
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2.5.3. Uncertainty Analyses

The purpose of uncertainty analysis is to understand how uncertainty in the models, data, and assumptions
may affects the results and the robustness of the conclusions. This can consist of quantitative uncertainty
propagation such Monte Carlo analysis. Monte Carlo analysis requires additional information on the param-
eters used in the model. Monte Carlo analysis requires statistical distributions for each of the parameters,
while interval analysis simply requires minimum and maximum values. Monte Carlo analysis then reruns the
calculations using random values selected from the provided statistical distributions of the parameters to
develop distributions of the result values. One way to implement an interval analysis is to develop best and
worst case scenarios for each alternative product system and then calculate the results for each scenario. |

2.6. Interpretation

There are three primary elements of the interpretation phase of LCA:

e |dentify significant issues
e Evaluate completeness, sensitivity, and consistency
e Provide conclusions, limitations, and recommendations

Identifying significant issues essentially consists of reviewing the LCI and LCIA results to determine those
that are most important to the defined goal and scope. For example, this could include comparisons of the
GWP or other impact assessment results for each of the alternatives as well as the key contributing factors
to those results. Evaluating the completeness, sensitivity, and consistency begins with determining whether
all the necessary information needed for the interpretation are available. The sensitivity check assesses the
robustness of the results based on how they may be affected by uncertainties in data, models, and assump-
tions, and it is informed by the scenario, sensitivity, and uncertainty analyses. Finally, conclusions, limita-
tions, and recommendations are developed based on a holistic evaluation of the previous elements of the
interpretation and the previous phases of the LCA.

2.7. Reporting and Critical Review

According to ISO 14044, clause 5.2, if the results of an LCA are to be communicated to a third party, a third-
party report must be prepared. The report should completely and accurately document how the study was
performed as well as its results and conclusions, as specified by the reporting requirements in ISO 14044,
clause 5.2. The report should document the study in sufficient detail to readily facilitate comprehension of
all the trade-offs and complexities involved in the LCA.

Additionally, if the LCA is meant to support comparative assertions to be disclosed to the public, then a
critical review by a panel of at least three independent experts must be performed. Non-comparative LCAs
do not require a critical review. However, an independent critical review by one of more experts is the only
mechanism to independently confirm the conformity of the study with the ISO 14044 standard, and therefore
performing a critical review improves the credibility of any LCA study.
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2.8. Capabilities and Limitations

LCA is a powerful tool for assessing the potential environmental impacts of product systems, and it can be
used to identify potential “hot spots” and areas for improvement. The holistic nature of LCAs also helps to
avoid burden-shifting and identify unintended negative consequences of decisions. However, LCA is not a

one-size-fits-all tool for quantitative assessment of environmental sustainability, and there are critical limi-
tations. For instance, LCA cannot

assess all relevant environmental issues;

predict actual or precise environmental impacts;

predict the exceeding of thresholds, safety margins, or risks; or
predict market responses to changes in production or consumption.

Therefore, LCA must be combined with additional knowledge, tools, and analyses to overcome these limita-
tions when necessary.
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3.

System Expansion

All mechanical and chemical recycling systems have multiple functions: treating a waste stream and produc-
ing a product. These multiple functions must therefore be properly accounted for when defining the func-
tional unit(s) and system boundary for the LCA. There are two methods for handling this system expansion:
addition and subtraction as shown in Figure 3-1.
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Figure 3-1: Comparison of system expansion by addition and subtraction from a product perspective,
adapted from Koffler et al. (2021).

3.1. Additive and Subtractive System Expansion

When using an additive approach to system expansion, two functions and functional units are defined. The
first function is the production of a material or product, and the associated functional unit is, for example, 1
metric ton of food grade PET granulate. The additional functional unit would therefore be the amount of
waste managed to produce that 1 metric ton of PET. The chemical recycling process inherently provides both
functions, but the treatment of the associated waste would need to be added to the conventional alternative
for producing PET. This is the approach recommended by Sphera (Sphera, 2021).

When using a subtractive approach to system expansion, only one function and functional unit is defined.
This function is the production of a material or product, and a functional unit could be, for example, 1 metric
ton of food grade PET granulate. The treatment of waste is handled by subtracting the inventory associated
with conventional waste management from the chemical recycling alternative. The conventional system is
then modeled as-is with no further consideration of alternative waste management. While a “cut-off” ap-
proach that excludes these credits is the first choice for EoL allocation according to the TfS guidelines, they
do accept the use of “upstream system expansion” in exceptional cases that fulfill the following criteria (TfS,
2024):

e Showing a societal benefit in form of overall reduced GHG emissions in comparison to relevant other
available treatment methods.

e Being a new technology with high likelihood of improvement of efficiencies after commercial scale
up.

e Ensuring the use of regularly updated data according to the TfS guideline.

e Market for the alternative waste treatments is known, the requirements shall be clearly defined.

e |SO compliant substitution approach is applied, the exact use of the waste is known.
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e  Substitution shall only be applied if the alternative treatment directly replaces the final disposal,
and the process is therefore reduced through provision of the co-product.

e Data about the impact of the alternative production process needs to be obtained to calculate the
PCF of the alternative product and compare it to the system under study.

e Aclear description of the process for selecting the final EoL option substituted by chemical recycling
shall be documented.

However, the default approach by TfS is “cut-off”, where such credits would not be applied at all (TfS, 2024).
Therefore, it is useful to present results in such a way that the credits can be applied or excluded as neces-

sary.

3.2. Pros and Cons of Each Type of System Expansion

Table 3-1 summarizes the pros and cons of each approach. The primary benefit of the additive approach is
that it cannot lead to net-negative LCIA results which are not very meaningful in attributional LCAs unless,
for example, there are negative emissions a.k.a. permanent removals of CO2 from the atmosphere. LCAs
with net-negative results due to this sort of system expansion are often met with criticism (Zero Waste
Europe, 2020) (Keller, Voss, & Lee, 2022) because the results are primarily the outcome of an accounting
choice which aims at calculating the difference between a product system with and without chemical recy-
cling rather than the absolute footprint of chemical recycling.

Table 3-1: Pros and cons of additive and subtractive system expansion

Addition Subtraction

Pros v No negative footprint results v Mono-functional, so results can “stand
v" More meaningful relative comparisons alone”
v Accepted for EPDs and PEFs v Results can be directly compared to the

conventional product by itself
v/ Communication is easier
v" Accepted by TfS in “exceptional cases”

Cons % Multi-functional, so possibly more diffi- ¥ Negative footprint results are possible
cult to communicate % Less meaningful relative comparisons
% Misleading when compared to just the x Not accepted for EPDs or PEFs
conventional product by itself

The primary benefit of the subtractive approach is that the results of the recycled material can be directly
compared to the results for conventional material production. When using an additive approach, the conven-
tional waste management always needs to be added to the conventional material production, which makes
comparisons and communication of results less straightforward. On the other hand, additive system expan-
sion ensures that relative comparisons to the conventional product system are more meaningful. As can be
seen from Figure 3-2, the percentage difference between product system A (here: chemical recycling) vs. the
additive product system B+C (here: conventional material production B plus conventional waste manage-
ment C) is -50%. If one instead subtracted C from A, the percentage reduction would increase to -67% and
can, in the event of net-negative results for A-B, even exceed -100%. Since these relative comparisons are
less meaningful, it is best to avoid them where possible. However, in LCAs generally, relative comparisons
are more meaningful. It is much easier to interpret a 34% reduction in climate change impact than it is to
interpret a reduction of 0.56 kg CO2 eq. So, removing obscuring the meaning of relative comparisons is a
substantial downside to the use of subtractive system expansion. However, reporting relative comparisons
of total burdens excluding credits is still useful and can potentially help overcome this limitation.
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Figure 3-2: Exemplary difference between additive and subtractive system expansion

Accordingly, LCAs using subtractive credits are currently not accepted for Type Ill Environmental Declarations
in accordance with 1ISO 14025 (ISO, 2006) or Product Environmental Footprints (PEFs) (Damiani, 2022).
However, even though such declarations are inherently non-comparative, there is a risk that an EPD, LCA, or
PCF of a chemically recycled product will be compared to its conventional counterpart without considering
the additional waste management function. This risk could be mitigated by including the results of a com-
plete comparison in the Additional Environmental Information section of an EPD while providing a link to the
comparative third-party report as required by ISO 14044, clause 5.2 (ISO, 2006).

3.3. Recommendations

o Clearly describe and justify the choice of status quo waste management alternatives.

e To provide transparency in reports when presenting system expansion results, include a breakdown
of the impacts from the chemical recycling process itself from the those associated with the waste
management status quo. This allows the credits to be added, subtracted, or excluded completely
depending on study requirements.

e If using subtractive system expansion,

o Clearly explain the source and meaning of any reported negative values.

o Avoid reporting relative percent differences between alternatives and instead focus on the
absolute differences between them.

o Avoid claiming that products produced via chemical recycling have negative environmen-
tal burdens; instead focus on absolute changes in impact values when comparing alterna-
tives.
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4.

Functional Units

As described in chapter 2, the functional unit quantifies the relevant performance of product systems and
provides the quantitative basis of comparison in the form of reference flows. It is important that all the se-
lected alternatives can be assessed using the same functional unit. The specifics of defining the functional
unit in a chemical recycling LCA will depend on whether the study takes a waste or product perspective as
well as whether it takes an additive or subtractive approach to system expansion. While most chemical re-
cycling LCAs will choose one of these perspectives, there can be situations where using both perspectives
could provide additional insights (Keller, Voss, & Lee, 2022).

4.1. Waste Perspective

LCAs of chemical recycling that take a waste perspective use the treatment of a set mass of waste of a
specified composition including impurities/contamination. For example, it could be 1 kg of mixed plastic
waste (e.g., (Jeswani, et al., 2021), (Schwartz, et al., 2021), (Meys, Katelhén, & Bardow, 2019), and (CE-
Delft, 2020)) or 1 metric ton of waste tyres (Banar, 2015). The most critical part of the defining the functional
unit for waste perspective LCAs is to clearly state the source and composition of the waste because alterna-
tive technologies that treat other waste streams may not be comparable. Consistent specifications on waste
composition are essential to have comparable systems.

4.2. Product Perspective

As discussed in Chapter 3, the choice of functional unit when taking a product perspective, whether for an
intermediate chemical, a monomer, a polymer, or an end-use product like film packaging, will depend on
whether an additive or subtractive system expansion approach is being employed. If additive system expan-
sion is being used, then two functional units must be defined. The first for the material or product being
produced and the second for the associated waste that is being managed to produce the material or product.
For example, the Consumer Goods Forum commissioned an LCA of food grade PE/PP film from chemical
recycling and used a functional unit of “1 tonne of food grade film (equal mix of polyethylene [PE]/polypro-
pylene [PP]) produced and the corresponding amount of 1.26 tonne mixed plastic waste managed in Eu-
rope.” (Sphera, 2022). It is important to note that the mass of 1.26 metric tons provides the amount and
type of waste used to produce the 1 metric ton of plastic film. Additionally, for non-comparative declarations
(e.g., EPDs), reporting based on a declared unit of (e.g., 1 kg of product) typically defined by an associated
PCR is the norm.

However, if a subtractive system expansion approach is used, then only one functional unit needs to be
defined. For chemical recycling LCAs, this is usually the mass of a product or material that is then compared
to conventional means of producing that same mass of product or material if the two are functionally identi-
cal. For example, the functional unit defined by Jeswani et al. (2021) when using a product perspective is
the production of 1 metric ton of low-density polyethylene granulate of virgin-grade quality (Jeswani, et al.,
2021). Note that they clearly state the level of quality required for the material.

Products of different quality levels can potentially still be compared if they are capable of fulfilling the same
function. The comparison will just be based on the function served rather than on a simple mass basis. For
example, it may be possible to use more plastic of lower strength for a packaging application to provide the
same functional quality as a plastic with higher strength. However, in this case the functional unit would be
based on the packaging application, and the reference flows for the two different plastics would be different.
Finally, for non-comparative declarations (e.g., EPDs), reporting based on a declared unit of (e.g., 1 kg of
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product) typically defined by an associated PCR is the accepted norm and should be accompanied by speci-
fied information on the material properties and performance.

4.3. Recommendations

e For non-comparative declarations (e.g., EPDs), reporting based on a declared unit of (e.g., 1 kg of prod-
uct) is acceptable if accompanied by information about the relevant material properties.
e For comparative studies, products need to be compared based on a functional unit, which may differ
for different applications.
e Only if the compared materials are functionally equivalent on a mass-basis can a meaningful compari-
son be carried out on 1:1 mass basis.
e Clearly state the function and functional unit including any significant quantitative and qualitative per-
formance criteria.
o When taking a waste perspective, this includes the source and type of waste and composition
including contamination and impurities.
o Generally, it is necessary to at least have data on moisture and carbon content for most chem-
ical recycling LCAs for allocation and closing mass and carbon balances.
o When taking a product perspective, this includes the relevant material properties and other
performance characteristics required of the product produced.
e When using additive system expansion, the second functional unit of conventional waste management
of an equivalent mass and type of waste as used as a feedstock for chemical recycling needs to be
added to the conventional product system.
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D.

System Boundary

After we have chosen our perspective, method of system expansion, and functional unit, it is necessary to
further define the system boundary. When taking a waste perspective, the system boundary will be from
cradle-to-grave, even though there are no upstream burdens associated with the waste feedstock. Material
flows are tracked from the point of waste generation to the point of recycling or final disposal (Viveros, 2022)
When taking a product perspective, there are more available options. The system boundary could be cradle-
to-grave or cradle-to-gate with end-of-life (Viveros, 2022) or without end-of-life (Jeswani, et al., 2021). As part
of defining the system boundary, it is also necessary to define the temporal, technological, and geographical
coverage of the study. Regardless of the system boundary chosen, the starting point of the analysis must be
defined.

5.1. Upstream Burden of Feedstock

Depending on the source, there may be burdens associated with the feedstock used for chemical recycling.
Post-consumer recyclables can be regarded as burden-free because it does not fulfil any appreciable func-
tion and there is no demand for it. However, some post-industrial waste streams may be considered co-
products that carry some burdens of their production. In many LCAs, the distinction between waste and co-
products is based on revenue (i.e., materials that are sold are co-products). However, this is not the only
distinction that is possible. For example, the European Commission’s (EC) Circular Plastic Alliance proposed
a decision tree in 2021 for distinguishing waste from co-products based on the European Waste Directive
(CPA, 2021). Accordingly, a product is a material that is deliberately produced, while a co-product must

1. have a use that is certain;

2. be directly usable without further processing;

3. be produced as an integral part of the production process; and
4. have a lawful use.

If any of the above conditions is not met, then the material is to be considered a waste. Accordingly, it would
enter the system burden-free. A co-product, on the other hand, would have to carry some share of its pro-
duction burden. In such cases, allocation is used to determine what share of the burden should be appor-
tioned to each product/co-product. Methods for such multi-output allocation are further discussed in Chapter
7.

5.2. Defining the Starting Point

Waste Waste Waste Pre- Chemical Additional
Generation Collection Sorting Processing Recycling Processing

Product

Residuals Residuals

Treatment Treatment

Figure 5-1: A simplified process flow diagram for cradle-to-gate LCAs of chemically recycled products

Even if there is no upstream burden associated with the feedstock, defining the starting point of a chemical
recycling LCA is not necessarily simple. There are multiple methodologies that can be followed to determine
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the appropriate starting point. A primary question is when does a material become a waste, and the answer
to the question can change the starting point.

According to the “cut-off method” described by TfS (TfS, 2024), “the impact of preparatory steps and sup-
porting activities such as collection, transportation, sorting, dismantling, or shredding shall be added to the
inventory results of the product system producing the secondary product.” This means that the system
boundary would begin with waste collection and would include all sorting and pre-processing. This is the
most comprehensive system boundary, and it is frequently used (Jeswani, et al., 2021). Waste collection and
sorting can contribute up to ~10% of total GWP, so they are non-negligible aspects of the system.

The next method that could be used to define the system could be based on simple causality. The argument
is that in the status quo case, the waste would still be collected and sorted to remove the high-value plastics
from residual mixed plastic waste. Pre-processing, which may include additional sorting, is therefore first
step that is only required because the material is to be chemically recycled, and so the system boundary
should begin there.

Next there is the “reverse cut-off method” proposed by TfS (TfS, 2024) which states that “the impact of
preparatory steps and supporting activities such as collection, transportation, sorting, dismantling, or shred-
ding shall be added to the inventory results of the product system generating the waste.” For most systems,
this would lead to a system boundary that begins with chemical recycling. However, this may depend on the
specific steps that are included in pre-processing. Physical pre-processing like “sorting, dismantling, or shred-
ding” would be excluded from the system boundary, but other types of thermo-chemical pre-processing (e.g.,
hydrothermal de-chlorination, torrefaction, and melting.) could be included in the system boundary.

Finally, EN15804+A2 follows a “polluter pays principle”, which is defined as “processes of waste processing
shall be assigned to the product system that generates the waste until the end-of-waste state is reached.”
And they provide a decision-tree for determining when the end-of-waste is reached. The decision tree asks
four questions to determine where the end-of-waste is reached:

1. Is the recovered material commonly used for specific purposes?

2. Does a market or demand exist for the recovered material (e.g., does it have positive economic
value)?

3. Does the recovered material fulfil the technical requirements for the specific purposes and meet
existing regulatory standards?

4. Does the use of the recovered material fulfil the limit values for Substances of Very High Concern
(SVHC)?

If the answer to all four questions is “Yes”, then the end-of-waste has been reached. Under this definition,
pretreatment would not be included in the system boundary because no market or demand exists for mixed
plastic waste.

5.3. Defining the End Point

After defining the starting point, it is necessary to define the end point. There are multiple potential end
points, and the appropriate choice will depend on the goals of the project. Many chemical recycling LCAs that
take a product perspective use a cradle-to-gate system boundary (Jeswani, et al., 2021), (Quantis, 2020),
(Coleman et al., 2020) because the primary purpose is to compare a material produced via chemical recy-
cling to a chemically equivalent product produced via conventional means. Since the primary purpose is the
comparison and the products are equivalent, the use and end-of-life stages are excluded because they are
the same for both materials. However, product LCAs are cradle-to-grave in principle, and according to I1ISO
14044, clause 4.2.3.3.1, “the deletion of life cycle stages, processes, inputs or outputs is only permitted if
it does not significantly change the overall conclusions of the study.” (ISO, 2006) This means life cycle stages
being “the same” is not automatically sufficient reason to exclude them.
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When making direct comparisons between equivalent products, then the exclusion of the use and end-of-life
stages will not change the rankings and absolute differences in the results. However, such exclusions can
change relative comparisons and the identified “hot spots” in the system. Additionally, including end-of-life
makes it possible to consider the circularity of the products (e.g., chemically recycling mixed plastic waste
once and then sending it to landfill or incineration does not do much to help circularity).

The above ISO requirement can be met by simply making sure that the conclusions do not exceed the cradle-
to-gate system boundary (e.g., by combining any comparative claim with a “from cradle to gate” qualifier).
However, it may still be perceived as misleading if an inflated percentage difference between recycled and
primary material is only achieved because of the exclusion of life cycle stages with equal but significant
contributions. As such, the omission of any life cycle stages should be clearly stated and appropriately justi-
fied.

In cradle-to-gate product studies, it is still necessary to define the “gate” of the process. If the intention is to
make comparisons with conventional products, then the gate must end with the equivalent of a conventional
product. This may require extending the gate of the study beyond the gate of the chemical recycler. For
example, if a chemical recycler produces pyrolysis oil that is then sold for further processing, it is not possible
to directly compare raw pyrolysis oil to any conventional product. Therefore, it would be necessary to include
a hydrotreatment process to refine the pyrolysis oil into a product that can be compared to fossil naphtha.
This would represent the earliest potential gate in the system, but the gate could be moved further down-
stream to the production of monomers, polymers, or even end-use products. This choice would depend on
the goal of the project. Placing the gate later in the system allows for a more comprehensive understanding
of the product system and for more realistic use and EOL scenarios.

5.4. Recommendations

e Non-comparative declarations should, at a minimum, cover the cradle-to-gate stage up to the point of
substitution where a virgin material can be substituted (e.g., naphtha, monomers, polymers, or other
chemicals).

e Comparative LCA studies should, in principle, be performed over the full life cycle. They may omit life
cycle stages beyond the production stage only if the recycled and the virgin materials are functionally
equivalent. If the final application of the material is unknown or manifold, include at least the EOL
stage and consider exploring the most common applications via scenario analysis.

e [f the comparison is carried out against an existing impact profile extracted from an LCA software or
published elsewhere, the requirements of ISO 14067, Annex B should be met.

e Use the CPA decision tree (CPA, 2021) to determine if a feedstock is to be considered a waste (no up-
stream burden) or a co-product (upstream burden via subdivision or allocation).

e For waste feedstocks, have the system boundary begin at waste collection. This is consistent with the
starting point defined in the “cut-off method” described by TfS (TfS, 2024).

e Follow the requirements of ISO 14044, clause 4.2.3.3 when excluding any stages, processes, inputs,
or outputs.
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O.

Data Estimates, Requirements, and

Checks

Data is the foundation of all LCAs, therefore it is important to use the best possible data, to perform checks
of the data, and to understand the quality of the data used. The data used to create the inventory model
should be as precise, complete, consistent, and representative as possible with regards to the goal and
scope of the study under given time and budget constraints.

6.1. Completeness of Data Collection

A critical goal of the data collection process is completeness. Completeness is judged based on the com-
pleteness of the inputs and outputs per unit process and the completeness of the unit processes themselves.
The goal is to capture all relevant contributors to the impact categories under study. When data is collected
it should therefore be checked for completeness. Identifying unit processes, inputs, or outputs that may be
missing requires domain expertise.

6.2. Direct Emissions

One area where it can be difficult to get complete data is from direct emissions. Generating data for direct
emissions can pose a unique challenge based on the data availability and type. Often emissions are not
directly measured, or it may only be known that the emissions are below regulatory thresholds. However, this
is not the same as having zero emissions. When directly measured emissions data are available, it is fre-
quently in the form of concentrations or volumetric flowrates that need to be converted to mass relative to
the functional for the purpose of the LCA. Despite the limitations, these direct measurements are the best
available data and should be used when possible. They can then be supplemented from other sources as
necessary for completeness. Estimates can be made using mass balances, stoichiometry, and process sim-
ulation models, while additional data sources include emissions estimate guidelines (e.g., US EPA’s AP-42,
(EPA, 2023)), other LCAs of similar process, or data on the combustion of a similar fuel as a proxy.

6.3. Proxies

Proxies are frequently used in LCAs when no dataset is an exact match for the material or process in ques-
tion. Geographic proxies are relatively straightforward and represent the situation where data from one geo-
graphic region is used to represent another. In these situations, it is useful to pick geographical regions that
are as similar as possible to one another in terms of their production technology pathways. If possible, adjust
the electricity and possible other energy inputs (e.g., fuels) to the appropriate region as that can mitigate
some of the difference between production alternatives in different regions, especially if the environmental
burden is dominated by electricity consumption. The actual effects of using geographical proxies on the re-
sults and conclusions can be difficult to evaluate since it depends on the specific data being represented
and the similarities and differences between the region represented in the data and the region of interest in
the study.

Technical proxies are more situational and require a greater level of domain expertise to identify appropriate
replacements. It is best to look for materials that are produced from similar raw materials and processes.
For many chemicals, it may be possible to find data for precursor chemicals, and these often make suitable
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proxies. In comparative LCAs, if choosing between multiple reasonable proxies, choose the one with relatively
high environmental burdens for the chemical recycling alternative and choose the one with relatively low
environmental burdens for the conventional benchmark. Such a conservative approach to proxy selection
ensures that any potential bias is in the favor of the conventional alternatives and will strengthen the con-
clusions and helps to avoid accusations of bias or greenwashing.

Contribution analysis should be used to check how much the proxy datasets contribute to the results. If the
proxy is a relevant or even dominant contributor, then its use may represent a significant limitation of the
study and better data may be necessary. Regardless of importance, the implications of using proxies should
be discussed in the Data Quality Assessment section of the LCA report.

6.4. Data Quality Requirements

ISO 14044, section 4.2.3.6.2 defines the aspects of data quality that should be addressed in the scope
definition and evaluated as part of the interpretation (Table 6-1). Addressing each of these aspects is re-
quired for LCAs intended to be used in public comparative assertions. Therefore, it is important to document
the quality of the data used relative the system under study.

Table 6-1: Data quality requirements according to ISO 14044

Required elements ‘ What does it represent?

Completeness The fraction of flows and processes included in the system

How uniformly methodologies, assumptions, and choices were applied

nsisten
Consistency across the study

Geographical Coverage | The geographical area data and models should represent

Precision The variability of the data values

How well the data reflects the actual system of interest in terms of geogra-

Representativen
epresentativeness phy, time period, and technology

The extent to which the information provided on the study would allow a

Reproducibilit .
P y third party to reproduce the reported results

The specific technologies or mix of technologies data and models should rep-

Technological Coverage
resent

The age of the collected data and the time period over which the data should

Temporal Cover.
emporal Coverage be collected

Uncertainty of the Infor- | How well the data, models, and assumptions used in the study correspond
mation with the actual system.

6.5. Data Checks

There are a number of ways to review data for suitability for use in a LCA study. Mass, water, substance (e.g.,
carbon), and energy balances can help identify missing or erroneous data by showing that the data being
used defies basic physical constraints on mass and energy conservation. In certain cases, stoichiometry can
be similarly used to determine that the chemical inputs and outputs are balanced and reasonable. Finally,
benchmarking can be used to compare supplied data to datasets for similar processes to see if the results
are similar. If the results are substantially different, that may indicate an error.
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6.6. Recommendations

e Use measurements for direct emissions wherever possible and supplement the measurements with
data from emission estimate guidelines (e.g., AP-42, other LCAs, or proxies for completeness).

o When choosing between multiple reasonable proxies, use a conservative choice for chemical
recycling and an optimistic choice for conventional production to strengthen the conclusions
of the study.

o When selecting geographical proxies, pick regions with as similar a technology mix as possible
and update energy production data, if possible.

o Choices of technical proxies should be based on data for products made of similar materials
or from similar processes.

o Explore the contributions of proxies on the results in contribution analyses and discuss the
implications as part of the interpretation.

e As a minimum data check, ensure that mass, water, and C balances are closed to the extent possible
and perform a qualitative reasonableness check on the data values (e.g., orders of magnitude all ap-
pear realistic).

o Document the quality of the data used relative to its intended purpose.
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7.

Multi-Output Allocation

When a process has multiple co-products, it is necessary to determine how to allocate inputs, emissions,
and wastes to each of the co-products. For example, some pyrolysis processes produce product gas, tars,
chars, and non-condensable gases. The product gas is typically converted to pyrolysis oil, but the tars and
char can also be further processed and beneficially used. In that case, multi-output allocation would be
necessary. A necessary first step prior to allocation is to determine which outputs are wastes and which
outputs are co-products.

7.1. Avoiding Allocation

ISO 14044 specifies that when there are multi-output processes, the first step should be to avoid allocation
by sub-dividing the process into separate mono-output processes.

If sub-division is not possible, the next step is to avoid allocation through system expansion. System expan-
sion via substitution results in a mono-functional inventory by providing a substitution credit for co-products
using average or generic datasets of the substituted material produced in a different process route. For
example, if carbon black is recovered from pyrolysis char, then a substitution credit for carbon black pro-
duced in the predominant furnace black process may be applied.

There are drawbacks to this form of system expansion, though. First, every system expansion adds inventory
data that are foreign to the product system under study. Second, while the substitution credit eliminates the
additional co-products from the inventory, it doesn’t result in a "realistic” emission profile for the product
under study. All it does is subtract inventories from each other with no claim that the result represents a
process that could exist like that in reality. Third, choosing different inventories to subtract will lead to differ-
ent results for the product under study, and the selection of the “right” inventory to subtract can be debated
at length. This includes the question whether the inventory used for substitution can or cannot be an allo-
cated multi-output processes itself. Since system expansion aims to “avoid allocation”, using an inventory
for substitution that itself was created via allocation doesn’t avoid allocation at all but simply relocates it
from the foreground process to a background process. Lastly, it is not uncommon that this type of subtraction
leads to net-negative results in one or more impact categories, which are not meaningful in an attributional
LCA where the goal is to calculate the absolute environmental footprint of the product. As such, multi-output
allocation my be preferable to system expansion in many situations even if ISO 14044 generally prefers
system expansion over allocation.

7.2. Methods of Allocation

ISO 14044 prefers physical allocation over other forms of allocation, i.e., allocation that reflects the under-
lying physical relationships between the co-products. Acommon form of physical allocation is based on mass,
and the most common other form of allocation is by revenue. However, physical allocation may also be based
on energy, carbon content, exergy, protein content, or any other physical properties depending on the co-
products in question. Typically, allocation among the products from chemical recycling are allocated by car-
bon content. However, if one or more co-products do not contain any carbon, for example, then allocation by
carbon content would not appear sensible.

Mass allocation effectively results in all co-products having the same environmental footprint per unit of
mass. Similarly, economic allocation results in all co-products having the same environmental footprint per
unit of revenue, which means high-value co-products are assigned a higher environmental footprint per unit

44 of 73



of mass than lower-value ones. Allocation based on energy content and carbon content are often used for
processes that produce fuels or hydrocarbons, respectively.

It is not always obvious which allocation key is the most appropriate, so the choice of the “right” allocation
key can be debated just as much as the choice of the right inventory for substitution when applying system
expansion. ISO 14044 therefore requires that different allocation approaches are tested in scenario analysis
if more than one appears reasonable.

The one basic rule of allocation is that the sum of all allocated inventories equals the inventory of the original
multi-output process. Note that just like for system expansion, there is no claim here that the allocated in-
ventories are realistic ones. In fact, only mass allocation will preserve mass balances; but even then the
ratios of inputs and outputs do not necessarily amount to a unit process that could ever exist in reality. As
such, mixed forms of allocation have gained popularity in more recent years, where the inputs and outputs
are not all allocated using the same simplistic ratio of [(co-product contribution)/(total output)], but are rather
allocated based on stoichiometry, thermodynamics, or other causal relationships to arrive at more realistic
inventories for each co-product. For example, stoichiometric allocation attempts to represent physical reality
based on chemical transformations i.e., the flow of molecules during chemical reactions.

7.3. WBCSD Pathfinder Framework on Allocation

ISO 14044 specifies that allocation, if necessary, should be first based on actual physical relationships be-
tween the co-products and the input/outputs (e.g., mass, energy content, or C content), and if that is not
possible, allocation by other relationships can be used (e.g., revenue). However, the WBCSD Pathfinder
Framework (WBCSD, 2023) (also adopted by TfS, 2022) provides a slightly different decision-tree (Figure
7-1) where, if allocation is necessary, it should first be based on approved product category rules or sector
specific guidance. If such guidance does not exist and the ratio of economic value of the co-products is
greater than 5, then economic allocation should be used. Otherwise, underlying physical relationships should
be used if possible, and if that is not possible, then again economic allocation or some alternative allocation
should be used. When allocating by revenue, it is a best practice to use at least a years worth of data.

BiEee Is there a
Is sub- PCR or yes

o dominant Follow PCR or sector specific
division sector-

possible? substitute specific guidance

?
product: guidance?

Apply system expansion via

Apply sub-division substitution

Are there

underlying Is the ratio of
Apply economic or physical revenue from no Pty eesrre el
alternative allocation relationships co-products pply

between co- <5?
products?

Apply physical allocation

Figure 7-1: Decision-tree for handling multi-output processes.

The decision-tree provides pragmatic guidance to resolve the multi-output problem. However, besides the
arbitrary nature of any revenue threshold value, the Pathfinder Framework may be interpreted to at least

45 of 73



deviate from if not conflict with the ISO 14044 allocation hierarchy by preferring revenue allocation over
physical allocation if the threshold is met whereas ISO 14044 does not mention such thresholds. However,
as this is done similarly in other contexts (ULE, 2022), the associated communication risk is low. It should
therefore be noted that multiple allocation methodologies or factors should be tested as part of the scenario
analysis to determine how they may affect the conclusions.

7.4. Steam Cracker Allocation

In plastics production, steam cracking is used to produce monomers and other chemicals from hydrocarbon
feedstocks (e.g., refined pyrolysis oil or naphtha). Given the large number of potential products from a single
process, allocation is necessary to assign burdens to each product. (PlasticsEurope, 2019) eco-profiles pro-
gram requires the use of the PlasticsEurope (2017) (PlasticsEurope, 2017) allocation methodology, which
defined eight “main products” from the steam cracker:

e Ethylene

e Propylene

e Benzene*

e Butadiene*

e Hydrogen
e Toluene*
o Xylene*
e Butenes

*if separated, otherwise the mixture is an additional product

All other products are considered “additional products”. They further recommend that feedstock burdens be
allocated by mass to all products, but that the energy demand and emissions be allocated by mass only to
the main products. The additional products do not receive any burdens from energy use or direct emissions.

7.5. Recommendations

e Follow the WBCSD Pathfinder (WBCSD, 2023) decision tree for processes with multiple outputs.

e Use PlasticsEurope (2017) (PlasticsEurope, 2017) recommendations for steam cracker allocation.

e Apply different allocation methods to critical processes and discuss how the results affect the conclu-
sions of the study.
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8.

End-of-Life Allocation

The purpose of end-of-life allocation is to address the question of how to assign impacts from virgin pro-
duction and EOL recycling processes between the waste-producing and the waste-consuming product sys-
tem. Material recycling and energy recovery represent a multi-functionality issue (i.e., waste treatment and
production of a secondary product) similar to the multi-output issue. The goal is to meaningfully allocate
the burdens as well as the benefits of recycling and energy recovery between product systems. This chap-
ter focuses on end-of-life allocation for material recovery, but a consistent methodology should also be
used for energy recovered during end-of-life. Figure 9-1 shows the main approaches used for end-of-life
allocation.

Recycling Virgin

Recycling Virgin

Manufacture/Use

Manufacture/Use

| T

1 Scrap
‘ L Net credit #
- Market based on net - Original
(VARG | Scrapoutput | Virgin
Cut-Off Substitution Embodied Burden

(net scrap) (net scrap)

Figure 8-1: Schematic representation of the cut-off, substitution, and embodied burden approaches.

8.1. Cut-off

Burdens or credits associated with material from previous or subsequent life cycles are not considered, i.e.,
are “cut-off”. Therefore, any recyclable input to the production process is free of any upstream virgin material
burdens; only waste collection, sorting, and pre-treatment are included as upstream burden of the recycling
process. Accordingly, the system boundary ends at the point of waste generation; collection, sorting, pre-
treatment, and recycling are again considered part of the waste-consuming product system. This approach
provides a strong incentive for using recycled content but provides less of an incentive for end-of-life recy-
cling. It is further unable to distinguish between different forms of EOL recycling or penalize downcycling in
any way.

8.2. Substitution

This approach is based on the perspective that material that is recycled into secondary material at end of
life is technically able to substitute virgin material (Figure 9-1). Hence, a credit is given to account for this
substitutability which represents the market-average burden of the substituted virgin material. In its “net
scrap” variant, any pre- and post-consumer waste collected for recycling is first used to satisfy the recycled
content demand of the cradle-to-gate manufacturing stage. The remaining net scrap is then sent through
EOL recycling and receives a credit based on the technical substitutability of the materials.
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Note that there is no general consensus on the substitution factors for different materials, and a 1:1 substi-
tution ratio is often used as a default. Whatever substitution ratio is used, it should be justified and docu-
mented.

The net scrap calculation is advantageous as it avoids assigning an upstream burden to the incoming recy-
clable material, which would have to be the difference between 100% virgin and 100% secondary material
(e.g., the Circular Footprint Formula [CFF]). As such, the cradle-to-gate results are identical to the cut-off
approach described above and provide the same incentive to maximize the recycled content. However, it
further provides an incentive for high-quality EOL recycling as it assigns a credit for the recovered secondary
material and is able to account for up- and downcycling by applying substitution rates larger or smaller 1:1.

8.3. Embodied Burden

The concept of “embodied” environmental burdens is widely used in life cycle assessment and footprinting
literature to describe the cradle-to-gate burdens of a material but has only recently been applied to EOL
allocation (Koffler & Finkbeiner, 2017). The embodied burden approach is very similar to the substitution
approach, except that it always credits the same primary inventory that was (or would have been) used in
manufacturing to represent the original primary burden embodied in the material regardless of technical
substitutability (Figure 9-1). As such, it is not concerned with the substitutability of the secondary material,
be it in closed or open loop situations, but only with the fact that the secondary material takes its “embodied
burdens” with it into the next product system. This is akin to a relay race where the embodied burden gets
passed on from product system to product system until the material is no longer recycled. The product sys-
tem that sends the material to landfill or incineration will then have to assume the embodied burdens per-
manently.

Since technical substitutability can be unknown as the exact composition of the recycled material can be
unknown to the material/product producer, the benefit of this approach is that the product system providing
the waste for recycling can hand off the original primary burden of virgin production on a 1:1 basis regardless
of the technical substitutability. In addition, up- or downcycling can still be factored in by crediting (and there-
fore passing on) the primary material burden for less than 100% of the recycled material.

This approach may be difficult to apply to materials that have been in the technosphere for long periods of
time (e.g., from materials used in buildings or infrastructure to copper first refined in the Bronze Age) because
it will be difficult to find datasets that accurately represent the original burden of production. However, it is
generally the case in LCA that one uses current inventory data to represent past or future activities, so the
issue is not unique to this EOL allocation approach.

8.4. Value-Corrected Substitution

Value-corrected substitution (VCS) as proposed by (Koffler & Florin 2013) uses the ratio of the price of a
specific waste material to the price of corresponding virgin material to estimate the degree of downcycling.
As such, the value correction represents the hypothetical effort to reinstate virgin material quality from a
specific waste material, but it can also be applied to upcycling where the waste material has a higher value
than the virgin material.1 This method can therefore differentiate various types of post-industrial and post-
consumer waste based on historical scrap price data. The biggest difference to the substitution and embod-
ied burden approach described above is that the system boundary is located at the point where recyclables

1 For example, (Koffler & Florin 2013) found that the scrap class of aluminum nodules had a higher value than 99.9% primary aluminum
ingot as it represents a special alloy used for high voltage power lines.
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in question enter the recycling process. The waste material is then credited directly with virgin material using
the price ratio between the two.

VCS can also be combined with a net scrap calculation to preserve the cradle-to-gate results of the cut-off
and the net scrap substitution approach described above, as long as price differences between recycled
content consumed in manufacturing and recyclables generated in manufacturing or collected in EOL are
factored into this calculation. The application of this approach hinges on the availability of price data for both
the specific scrap type (e.g., from www.scrapindex.com) and the virgin material for the same time period and
the same reference region. It is advised to use multi-year data to establish price ratios so that price fluctua-
tions are averaged out.

8.5. Circular Footprint Formula

The Circular Footprint Formula (CFF) method predefines allocation factors of credits and burdens between
the waste-producing and the waste-consuming life cycles and aims to describe market realities that capture
both aspects of recycling - the recycled content and recyclability at the end of life. It was developed as part
of the Product Environmental Footprint Category Rules Guidance (European Commission, 2017). Figure 8-2
shows a schematic representation of the CFF for material recovery. The full formula has additional terms for
energy recovery a disposal at end of life.

The A factor is critical and varies between 0.2 and 0.8. Lower values are for materials with higher demand
than supply of recyclable materials and therefore the formula focuses on recyclability at end-of-life (i.e., it's
closer to substitution), while higher values are for materials with high supply and low demand, and the for-
mula focuses on the recycled content (i.e., it’s closer to cut-off). Default values for the variables in the formula
for different materials are provided in Annex C (European Commission, 2020).
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Figure 8-2: Schematic representation of the CFF for materials recovery.

There are several potential downsides to the CFF. It is relatively complicated to use, which could increase
the likelihood of errors. More fundamentally, it also artificially reduces the maximum achievable recycling
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credit to 80%. The CFF also uses (1 - A) and Qs/Qp to capture the market situation of supply versus demand,
but they are correlated with each other, which shifts the results in favour of recycled content over end-of-life
recycling. Additionally, while this report focuses on material recycling, it should be noted that the equivalent
factor to A for recovered energy is B and is set to zero, which allows waste-to-energy full benefits of energy
recovery that are not achievable when using the CFF for material recovery. Energy recovery also lacks a
Qs/Qp factor, which may further favour energy recovery over material recovery.

8.6. Recommendations

o Unless otherwise specified by PCRs or other sector specific guidance, the net-scrap substitution ap-
proach can be used as a general baseline as it provides incentives to increase both recycled content
as well as EOL recycling.

o Apply different EOL allocation methods and discuss how the results affect the conclusions of the study.
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Mass Balance Approach

The products of chemically recycling are often mixed with conventional petrochemicals as part of the inte-
grated production of final products using existing infrastructure. Therefore, there is a need for a methodology
to estimate the fraction of such products that should be considered as made from 100% recycled feedstock
to meet existing demand. To understand how the mass balance approach handles this issue, it is first nec-
essary to understand chain of custody models in general.

9.1. Chain of Custody Models

ISO 22095:2020 (ISO 2020) defines five chain of custody frameworks that aim to transfer, monitor, and
control the inputs, outputs and other associated information as they move through each step in the supply
chain (Figure 9-1). Typical examples include use of bio-feedstocks, use of recycled feedstocks, and use of
sustainably managed agriculture/forestry products.

) High Physical
1.ldentity Preserved Presence
Item Based
A The material
2.Segregation bears all
characteristics
3.Controlled Blending Market Based
Bovf Taken as a Low Physical
M IXI ng 4 MaSS Balance whole, the Presence
. market for the
OCC U rS material
A delivers the )
5.Book & Claim characteristics No Physical
Presence

Figure 9-1: The five chain of custody models identified by ISO 22095 (1SO, 2020).

Identity preserved and segregation both work by keeping materials physically separated throughout the value
chain to preserve their characteristics. ldentity preserved works by using a single source of material, while
segregation allows for inputs with equivalent characteristics from multiple sources to be processed together.
Alternatively, the other models allow for physical mixing. Controlled blending does so by using a known and
constant proportion of inputs with the specified characteristic, and therefore all outputs contain a verifiable
proportion of the specified characteristic. For example, a paper mill may always use 25% post-consumer
recycled pulp in a certain product. The mass balance approach goes a step further and allows materials with
different characteristics to be mixed at different ratios, but the proportion of the input with the specified
characteristic matches the initial proportions on average and will typically vary across different outputs. ISO
22095 recognizes two implementation methods: the rolling average percentage method (here called the
proportional method) and credit method that will be discussed further in the following sections. Finally, the
book and claim model is not directly connected to the physical flow of materials. Instead, credits are issued
based on the amount of material with the specified characteristic that is produced. These credits are then
sold and traded independently of the material itself. The credits must be reliably controlled to avoid double-
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counting, and they thus ensure that for each purchase for which a claim is made, materials with the specified
characteristic have been produced.

9.2. Mass Balance Approach

The concept of “mass balance” as described in (Jeswani, Kruger, Kicherer, Antony, & Azapagic, 2019) is
applied for the chemically recycled product (through the steam cracker). Even though the concept is de-
scribed for biomass balance (BMB) products (substitution of fossil feedstock with bio-naphtha and/or bio-
methane), the same concept can be applied to chemically recycled products, where, for example, pyrolysis
oil substitutes conventional fossil feedstock. Figure 9-2 shows a simplified diagram of how the allocation of
the recycled share of products is estimated using the mass balance approach when mixed feedstocks are
used in integrated production processes.

Integrated

Total Product
Output

Feedstocks

Production

Recycled Allocated
Use of recycled feedstock at the start Utilisation of existing integrated Allocation of the recycled share
of chemical production production infrastructure to selected products

(e.g., steam cracker)

Figure 9-2: Schematic representation of the mass balance approach for recycled product. Adapted from
Jeswani et al. (2019).

It must be noted that according to Jeswani et al. (2019) the mass balance approach is only applicable when
the final conventional and bio-/recycled products are completely interchangeable with one another, and
when there are no additional differences in processing utilities and auxiliaries. This can be an important
limitation to consider because incorporating larger amounts of recycled content could at some point require
changes to the processing utilities and auxiliaries. Adhering to this limitation could significantly limit the
potential for increases in recycled content due to necessary processing changes as recycled content in-
creases. Despite this limitation, there are numerous existing programs and schemes that utilize or recom-
mend the mass balance or the similar energy balance approach for biofuels, bioenergy, and biomaterials
[66][10][15].

As stated in the previous section, ISO 22095 identifies two methods to implement a mass balance approach:
the proportional method and the credit method (Figure 9-3). It should be stated that these methods are only
distinguishable when there are multiple co-product outputs. The proportional method equally applies the
average input proportion to all associated outputs. For example, if 25% (25 metric tons out of 100 metric
tons) of the incoming material is from post-consumer waste, and four products are produced, then all four
of those products can claim 25% recycled content. Alternatively, using the credit method, the four products
could each claim different amounts of recycled content as long as the total did not exceed 25kg, assuming
there are negligible losses from inputs to products. For example, one product could claim 50% recycled
content, while another claims 0%. However, there has been opposition to the use of the credit method from
groups like Beyond Plastics, an organization that generally opposes chemical recycling, on the basis that is
does not provide customers with an accurate accounting of the recycled content in the individual products
they are purchasing (Bell, 2023). The choice of implementation could have substantial effects when estimat-
ing the impacts associated with a given product.
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The plastics industry has further broken down the credit method into fuel-exempt and polymers-only ap-
proaches. The fuel-exempt approach allows the recycled content to be reattributed among all products and
outputs excluding fuel and energy. The polymers-only approach only allows the recycled content to be reat-

tributed between polymer outputs. The differences between the rolling average and the two credit methods
are shown in Figure 9-3.
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Figure 9-3: Depiction of potential recycled content allocation using different mass balance approaches.
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In October of 2023, twenty plastic industry associations including CRE wrote and open letter to the European
Commission arguing that the use of the fuel-use exempt mass balance approach is necessary for European
countries to meet their 50% plastic recycling target in 2025 (Packaging Europe, 2023). Additionally, organi-
zations such as the American Chemistry Council (American Chemistry Council, 2021) and Plastics Europe
(Plastics Europe, 2020) have made public statements in support of the mass balance approach.

9.3. CRE Position

CRE has taken an official position on the mass balance approach (CRE, 2021) that states that it:

e is a proven chain of custody approach used in many areas bringing innovations to the market such
as fair-trade practices in the food industry and the adoption of “green energy” where a similar En-
ergy-Balance approach enables its flow through the same grid as for fossil energy and the significant
development of the industry,

e s essential in meeting recycling targets for plastics in Europe,

e brings transparency and audited traceability process.

Additionally, CRE believes that the Fuel Exempt method described in section 9.2 is the most preferable.

9.4. Definition of Chemical Value

When virgin feedstocks are completely interchangeable with chemically recycled feedstocks, the mass bal-
ance approach just consists of a straightforward substitution on a mass basis. However, in certain circum-
stances there are differences between the virgin feedstock and the chemically recycled feedstock that is
replacing it (e.g., C content, energy content). In these cases, there is a need to adjust the equivalent quantity
of recycled feedstock. Jeswani et al. recommended using the lower heating value (LHV) as the metric of
chemical value for these purposes (Jeswani, et al., 2021). LHV is recommended because these feedstocks
are typically also used as energy sources and the LHV is readily available across feedstocks. When using
LHV to define chemical values, it is important that the total energy content substituted does not exceed the
amount of energy available. However, properties other than LHV could be used. The most likely alternative
to LHV is C content because it is also readily available and provides a reasonable proxy for the “value” of
hydrocarbons. However, it is important to ensure that the amount of carbon substituted does not exceed the
amount of carbon available.

9.5. Conformance with Standards

There is currently no ISO standard on the mass balance approach. However, an ISO working group under TC
308 - Chain of Custody began work on ISO 13662 on Mass Balance — Requirements and Guidelines in
2023, with publication likely no sooner then 2025 (ISO, 2025). According to ISO 14044, it is important to
describe assumptions and their influence on the results transparently to avoid misinterpretation (ISO, 2006).
Therefore, when the mass balance approach is used in an LCA, the effect of its use should be discussed as
part of the interpretation. This should include a calculation of average results without mass balance to con-
firm that results with mass balance add up to the same total again.

There are additional questions about whether a mass balance approach can be used in EPDs. While most
program operators have not offered an official position on the use of the mass balance approach, ECO Plat-
form, announced in 2023 that “Mass Balance Approaches shall not be used in any ECO EPD.” This restriction
affects EPDs from their 21 participating program operators (ECO Platform, 2023).
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9.6. Mass balance in LCA

Since mass balance is primarily a chain of custody and labeling instrument, there is no direct or obligatory
link to LCA calculations as such. However, there is a desire by some in the industry to calculate separate
footprints for products labelled “100% virgin/primary” and “100% recycled” in order to help shift demand to
the recycled product. Note that none of the relevant standards (ISO 14025 (ISO, 2006), ISO 14044 (ISO,
2006), ISO 14067 (IS0, 2018), ISO 21930 (IS0, 2017)) addresses such a virtual division of a single product
flow (with some recycled content) into two separate co-products with 100% virgin and 100% recycled con-
tent, respectively. However, there is also no language in these standards that would rule out such a calcula-
tion per se.

Nevertheless, a more practical problem may arise in cases where the environmental burden of the combined
processing of virgin and recycled feedstock increases as a result of adding the recycled feedstock (e.g.,
through an increase in energy consumption or a decrease in yield). It should be noted that such a situation
violates the requirement stated by Jeswani et al. that the mass balance approach is only applicable when
the final products are functionally equivalent with one another, and when there are no additional differences
in processing utilities and auxiliaries (Jeswani, Kruger, Kicherer, Antony, & Azapagic, 2019). If this limitation
is disregarded, then depending on the specific constellation of carbon intensities and recycled content, the
separate calculation of, e.g., the carbon footprint for the “100% recycled” and the “100% virgin” product
may lead to a lower carbon footprint for the “100% recycled” product despite an increase in the absolute
total GHG emissions when compared to a production without any recycled content. In this case, a virtual
subdivision could be used to allocate the increase in emissions to the recycled product. Situations like this
are why it is important to transparently report the total emissions, and to provide calculations with and with-
out the mass balance approach.

9.7. Recommendations

e The mass balance approach can be a valuable and meaningful way to report recycled content in prod-
ucts produced through integrated production processes.
e The total amount of mass balanced products is limited to what can be certified by a generally accepted
3rd party based on the inputs and their specific characteristics.
e If a mass balance approach is used in an LCA,
o Follow the method outlined in Jeswani et al. (2019) to apply the mass balance approach in
product-perspective chemical recycling LCAs.
o Calculate and publish results with and without mass balance
o Report how adding the recycled materials affects the overall environmental burden of the inte-
grated processes
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10. Waste Feedstocks

Mixed post-consumer plastic waste is a common feedstock for chemical recycling, however, it is not the only
possible feedstock. For example, some processes use separate polyethylene film, while others convert waste
tyres into new products. The choice of feedstock can have a significant impact on the results of the LCA.
Chemical recycling is meant to compliment mechanical recycling and therefore utilize waste feedstocks that
are not suitable for mechanical recycling. Saputra (Lase et al., 2023) estimated in their most optimistic case
that complimentary mechanical and chemical recycling could potentially improve the plastic recycling rate
to 73 to 80% in Europe. 41% to 46% of this recycling comes from mechanical recycling, and the remainder
from plastic-to-plastic (15% to 38%) or plastic-to-chemicals (19% to 35%) recycling. To achieve these recy-
cling rates, attention must be paid to the waste feedstocks used in chemical recycling and how they affect
LCA results.

10.1. Variations in Waste Quality and Composition

Waste quality and composition are important considerations that typically vary with time by geographic loca-
tion. Specifically, waste quality and composition may vary seasonally, and it is therefore to use at least a full
year of data to account for these variations. Regional variations should be accounted for by using data from
the region under study if possible, and from a region that is as similar as possible to the region under study.
This may not necessarily the closest possible region because other considerations may be more important
(e.g., urban vs. rural, socio-economic level, and mix of residential, commercial, and industry). Relatively re-
cent municipal solid waste composition data is available for most EU-27 countries (EuroStat, 2023). How-
ever, the level of detail may not be uniform and the included categories may vary as waste stream composi-
tions have not been standardized. Therefore, when using geographical proxy data, it is useful to compare
data that is available to the desired region to the region represented in the data and narrow the use of
proxies where possible. For example, the region under study may have data on generation of plastic waste
and its disposition, but the data is not broken down by region. In this case, that data could potentially be
supplemented by the resin composition data from another similar region without having to replace all the
feedstock data. Having or estimating values for moisture and carbon content is also typically necessary in
most chemical recycling systems.

If running future scenarios, it may be necessary to develop or use projections of changes in waste composi-
tion. If the future scenario is relatively soon (e.g., 2030), then projections from current trends can be used.
If the future scenario is later in the future, additional assumptions may need to be made about how the
waste composition will change. One change to consider is increases in the mix of bioplastics among conven-
tional plastics. Companies may also move away from plastic packaging to other materials (e.g., paper), or
may use more plastics that are easier to mechanically recycle (e.g., high density polyethylene and PET).

10.2. Conventional Waste Management

The current conventional treatment of waste is important when considering alternatives for waste-perspec-
tive LCAs and for system expansion in product-perspective LCAs. Since conventional plastics do not anaero-
bically biodegrade in landfills, the landfilling of conventional plastics produces relatively negligible amounts
of greenhouse gases, while the incineration of conventional plastics leads to substantial fossil CO2 emis-
sions. Post-consumer waste management varies significantly across Europe. For example, ~55% of disposed
municipal solid waste in the EU-27 was incinerated in 2020. However, this value ranged from <1% in Croatia
to over 99% in Finland, Sweden, and Switzerland (EuroStat, 2023). This does not even consider the fact that
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solid waste is typically managed in relatively local areas, so it may not be meaningful to use mixes of large
regions (e.g., the EU or large countries) to estimate how the waste in a specific area is managed. Given the
importance of conventional waste management, it is necessary to understand to the extent possible how the
relevant waste feedstocks are actually managed in the area under study.

10.3. Recommendations

o Use at least a year’s worth waste quality and composition data for the geographic reference of the study,
or a region as similar as possible.

o Determine how the waste feedstock in question is currently managed in the area under study (e.g., split
between landfill, incineration with and without energy recovery, secondary fuel use, etc.) and use that
for any comparisons or potential credits.
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11.

Impact Assessment Methods and

Indicators

11.1. Methods

Various impact assessment methodologies are applicable for use in the European context including e.g.
Environmental Footprint v3.1 (EF 3.1), CML, and ReCiPe (JRC, 2010). The EF methodology was originally
based on the ILCD recommended methods (Hauschild M, 2011), but several have since been modified and
updated by the European Commission as part of the on-going development of the Product Environmental
Footprint initiative. EF 3.1 characterisation factors are considered to be the most robust and up-to-date
available for the European context, are widely used and respected within the LCA community, and are re-
quired for Product Environmental Footprint studies and Environmental Product Declarations under EN
15804+A2. When performing studies that include regions outside of Europe, then it may be useful to also
consider additional impact methods to see if the results change significantly. For example, studies including
North America can also include TRACI v2.2 to see how the results compare to EF 3.1 (EPA, Tool for Reduction
and Assessment of Chemicals and Other Environmental Impacts (TRACI), 2023). Other regions typically do
not have widely agreed upon and up-to-date characterization methods, so using the EF 3.1 characterisation
factors is a reasonable starting point, but it may be useful to test additional methods to see how it may
change the results.

11.2. Selecting Indicators

Selection of impact assessment indicators will affect the data that is required to be collected especially
related to direct emissions. Global warming potential and non-renewable primary energy demand should be
included because of their relevance to climate change and energy efficiency, both of which are strongly
interlinked, of high public and institutional interest, and deemed to be the most pressing environmental
issues of our time. Eutrophication, acidification, and photochemical ozone creation potentials should be in-
cluded because they are closely connected to air, soil, and water quality and capture the environmental
burdens associated with commonly regulated emissions such as NOx, SO2, volatile organic compounds, and
others.

Water consumption, i.e., the anthropogenic removal of water from its watershed through shipment, evapo-
ration, or evapotranspiration, as well as the Water Scarcity Footprint (WSF), have high political relevance as
the UN estimates that roughly a billion people on the planet do not have access to improved drinking water,
which entails a variety of problems around ecosystem quality, health, and nutrition.

It is important when selecting indicators to review their relevance to the product system being assessed and
the goals and scope of the study. As long as there are no ozone depleting substances emitted in the fore-
ground system, then ozone depletion potential is unlikely to especially relevant to most chemical recycling
studies. The Montreal Protocol on Substances that Deplete the Ozone Layer was implemented in 1989 with
the aim of phasing out emissions of ozone depleting gases. With a few exceptions, use of CFCs, the most
harmful chemicals has been eliminated, while complete phase out of less active HCFCs will be achieved by
2030. However, it is a mature indicator and can be included for completeness.

It is also important to review the robustness of the indicators. For example, EN15804 provides a disclaimer
for all included toxicity, abiotic resource depletion, and water deprivation indicators that says they “shall be
used with care as the uncertainties on these results are high or as there is limited experienced with the
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indicator.” For example, the precision of the current USEtox™ characterisation factors ix within a factor of
100-1,000 for human health and 10-100 for freshwater ecotoxicity (Rosenbaum, et al., 2008). However,
these more uncertain indicators may still be useful in helping to identify the processes and flows that con-
tribute the most to their associated impact categories.

Similarly, there is ongoing research related to impacts associated with microplastic pollution, however, there
is still significant uncertainty in these methods, and finding or developing the necessary inventory data is
difficult (Maga, et al., 2022) (Schwarts, et al., 2024) (Pellengahr F, 2025).

11.3. Recommendations

e Use the latest EF characterisation factors for the European context and use TRAIC in a North American
context.

e If regions outside of Europe or North America are included in the study, then EF characterisation fac-
tors are a reasonable starting point, but it may be beneficial to test additional LCIA methodologies.

e The choice of specific indicators will depend on the study. However, toxicity, resource depletion, and
water deprivation indicators should be used with care due to the potential uncertainty. Their use
should be more focused on identifying potentially critical processes and flows.
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12. Scenario, Sensitivity, and Uncer-

tainty Analysis

Given the inherent uncertainty and variability in the assumptions, data, and models, it is necessary to eval-
uate how this uncertainty and variability affects the results and conclusions. This is done through scenario,
sensitivity, and uncertainty analyses. According to ISO 14044 4.5.1.1, the interpretation of the results re-
quires “a sensitivity check of the significant inputs, outputs and methodological choices in order to under-
stand the uncertainty of the results”. The purpose of the sensitivity check is to evaluate the robustness of
the results and conclusions by identifying how they are “affected by uncertainties in the data, allocation
methods or calculation of category indicator results, etc.” The sensitivity check must consider any scenario,
sensitivity, or uncertainty analyses that were performed. Sensitivity and uncertainty analyses are required
for comparative LCAs intended to be disclosed to the public, which includes most chemical recycling LCAs.

As discussed in previous sections, there are several key assumptions and parameters that are worth explor-
ing in scenario, sensitivity, and uncertainty analyses:

e Electricity grid mixes (e.g., effect or renewable or future grid mixes)

e Energyuse

e  Process yields

e Biogenic C content (potentially increasing with time)

e Allocation methods

e Methods of conventional waste treatment (e.g., landfill versus incineration)
o LCIA methods, if including regions outside of Europe

e Existence and types of credits

12.1. Scenario Analysis

Scenario analyses can be considered a subset of sensitivity analysis, but they are unique enough to dis-
cussed separately. Scenario analyses test different potential sets of input values or assumptions to explore
and understand discrete alternative cases. For example, additional scenarios could be developed to test
alternative electricity grid mixes (e.g., renewable or future). Scenarios could also be developed to test other
LCIA methods or different types of credits (or no credits). Assessing additional scenarios is a good way to
better. Assessing additional scenarios is useful for “what if?” testing to determine how the results and con-
clusions may change under different circumstances. The results of scenario analyses are usually presented
by comparing them to the baseline results. The intent is to show how each scenario may affect the initial
results.

12.2. Sensitivity Analysis

While ISO 14044 defines sensitivity analysis as “a procedure to determine how changes in data and meth-
odological choices affect the results of the LCIA” (ISO, 2006), we are using it here to focus on how the results
change based on changes in input values. They essentially determine how sensitive the results and conclu-
sions are to such changes. By definition, the results are sensitive to changes in critical inputs and are insen-
sitive to changes to less important inputs. As discussed in Chapter 3, the most common type of sensitivity
analysis is one-at-a-time perturbation analysis. This type of analysis would be useful for variables like energy
use, process yields, and biogenic C content. For these (or other inputs), this type of perturbation analysis can
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be used to calculate “breakeven” points. The breakeven point represents the value for an input where two
alternatives are equivalent. This is illustrated in Figure 12-1. If the breakeven point is outside of the range
of likely values, then it can be claimed that the results are robust with regard to that input value. However, if
the breakeven point is a likely value for the input in question, then that indicates that the results are sensitive
to this specific input value. This can be a final conclusion, or more data could be collected to narrow the
potential range of the input value.
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Figure 12-1: lllustration of a breakeven point in sensitivity analysis.

12.3. Uncertainty Analysis

Uncertainty analysis is used to understand how the results may vary based on uncertainty in the models,
data, and assumptions. Uncertainty analyses can be qualitative or quantitative. A qualitative uncertainty
analysis considers the base results, contribution analysis, scenario analysis, and sensitivity analysis and
discusses how key uncertainties may affect the results. If robust analyses have been performed, this may
be all that is necessary. However, additional quantitative uncertainty may provide additional insights into the
study and may be worth exploring. One type of uncertainty analysis is essentially a scenario analysis where
reasonable best- and worst-case values are used for each critical variable and assumption (e.g., energy use,
product yield, allocation method). If an alternative’s worst case is better than the best case for another al-
ternative, then that is strong evidence that the alternative is actually better than the other. However, if there
is overlap, then there is some remaining uncertainty as to which alternative may be better than the other.

As discussed in Chapter 3, uncertainty propagation is another way to perform uncertainty analyses. This is
most commonly done via Monte Carlo analysis. Monte Carlo analysis requires defining statistical distribu-
tions for uncertain parameters and re-running the model a large number of times using randomly selected
values for each parameter. It is a powerful tool, but, like all models, the value of the results is limited by the
quality of the data. If meaningful statistical distributions cannot be developed for each of the critical param-
eters, then the output distributions will be less meaningful. However, if all that is known is reasonable ranges
of parameters, then uniform and/or triangular distributions can be used for all parameters to provide an
estimate of the potential variation in performance. It should be noted, that Monte Carlo analyses are most
useful when used on the difference between two alternatives. This is because there may be variables that
appear in multiple alternatives that will affect them both in similar ways (e.g., electricity GWP intensity). By

61 0of 73



running the analysis on the difference between two alternatives, the Monte Carlo results then provide infor-
mation on under what circumstances the base results change. This is illustrated in Figure 12-2.
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Figure 12-2: lllustration of Monte Carlo results for the GWP difference between two alternatives
When testing the difference between alternatives, the results indicate the probability that one alternative
outperforms another in any given impact category. Correlations can also be calculated between the

difference in each impact category and the input values to determine which inputs are most critical to
the difference.

12.4. Recommendations

e Test all critical parameters and assumptions in sensitivity and scenario analyses
e For comparative studies, perform a quantitative uncertainty analysis, either by defining best and worst
case scenarios or by performing a Monte Carlo simulation on the most influential and uncertain pa-
rameters
o If some uncertainties are shared between alternatives, run the analysis on the difference be-
tween alternatives to avoid the issue of independent sampling
e Include checks as part of the interpretation
o This is an iterative process. The results may indicate that more data should be collected or
more scenario, sensitivity, or uncertainty analyses should be performed.
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13. Consideration of New and Develop-

Ing Technologies

Chemical recycling consists of many still developing technologies. When considering such technologies in
LCA, it is beneficial to consider how those technologies will perform in the future when they are developed
and deployed at full scale. This gives a more accurate comparison to mature technologies such as incinera-
tion. One way to attempt to quantify the maturity of a technology is through Technology Readiness Level
(TRL).

13.1. Technology Readiness Level

TRL assigns a value to the maturity and performance of new technologies to rank and compare them (Table
13-1) (Mankins, 2009; Rybicka et al., 2016). Within three to five years, many projects reach TRL 1-5 and
then stagnate at that level after the influx of public funds declines. A large-scale transformation of the CR
with sufficient capacity will take 20 to 30 years. Funding should continue after TRL 5 is reached (Crippa et
al., 2019) because technologies with low environmental impact and high maturity are needed in the short
term (Schwarz et al., 2021, p. 340). If a specific project achieves a high TRL, this is not necessarily transfer-
able to other projects of the same technology (Solis & Silveira, 2020).

LCA of an emerging technology at low TRLs (TRL 2-5) is distinct from traditional LCA since the evaluation
precedes the product life cycle. For product LCA, data valid for specific place, situation, or state can generate
useful results. Whereas LCA of technology evaluates general technology where potential impacts under many
different and more general circumstances will generate results of greater utility, but also entailing greater
uncertainty (Sanden, Jonasson, Karlstrom, & Tillman, 2005). Existing guidelines of LCA (ISO, 2006) are suit-
able to determine environmental burdens of technologies at TRL 7-9 (Gavankar et al., 2015b; Grubb &
Bakshi, 2011; Khanna, Bakshi, & Lee, 2008). If the same methodology is applied to evaluate emerging
technologies at TRL (2-5), it may be misleading because of changes in scale and maturity of technology.
Therefore, LCA of emerging technologies requires methodological advances in the current LCA framework.

Table 13-1: Description of the nine levels of technology readiness.2

Category TRL Descriptions

Laboratory 1 Observation and description of the basic principle.
Scale 2 Formulation of the technology concept or application
3 Characteristic proof of concept
Pilot Scale 4 Validation of components and/or subsystems in a laboratory environment
5 Component/subsystem validation in deployment environment
6 System validation in deployment environment
Commercial 7 Demonstration of a similar system at full scale in deployment environment
Scale 8 System completion and qualification through testing and demonstration

9 Operation of the system over the full range of expected conditions
a. Adapted from Mankins, 2009; Moni et al., 2020; Rybicka et al., 2016
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13.2. Handling Emerging Technologies

Moni et al. (2020) reviewed the application of LCA at low TRLs (2-5). In these cases, the available data are
from lab or pilot scale, so the data needs to be supplemented with assumptions regarding scale-up to better
represent the eventual environmental scaling. Lab scale data may overestimate actual potential environ-
mental impacts due to unrealized process yield and efficiency gains that will exist at full scale. Piccinno et
al. (2016) developed a framework for scaling up LCAs of chemical processes from laboratory to industrial
scale. An overview of the procedure is shown in Figure 13-1. Piccinno et al. (2016) goes on to suggest indus-
trial scale processes to replace lab-scale processes as well as equations and data for scaling inputs for
heating, stirring, homogenizing, grinding, filtration and centrifugation, distillation, and drying, and pumping
as well as output products, co-products, wastes, emissions, and heat. The data, equations, and recommen-
dations provide a relative robust framework for scaling up many chemical processes. However, assumptions
will need to be made, and there is inherent uncertainty in scaling of laboratory data to industrial-scale.

Develop Scale Each Connectthe

FallloeylLely Industrial-Scale Perform the LCA

Protocol Plant Flow Chart Process Step Process Steps

Figure 13-1: Scale-up procedure for LCAs of chemical processes.

The uncertainty in scale-up makes the use of robust sensitivity and uncertainty analyses even more im-
portant. These analyses are not only necessary for identifying the critical factors in the technology, but also
for better understanding how uncertain technological performance can affect comparisons with existing
mature technologies. Since emerging technologies are expected to be deployed at full-scale at some future
time, it is useful to include scenarios that attempt to represent those future time periods. Such scenarios
could use future projections of the electricity grid, use of biofuels, as well as waste composition to better
represent the time when the technology will be fully operational.

13.3. Recommendations

e While there is no simple consensus framework for quantifying how differences in TRL between data
and models and the system being represented, larger differences imply greater uncertainty that should
be documented and considered in the interpretation of the LCA.

e Transparently document at least qualitative differences between the TRL of the data and what is being
modeled when discussing Technological Representativeness in the Interpretation of the LCA.

e The scale-up procedure proposed by Piccinno et al. (2016) can be used to scale most chemical pro-
cesses. Whatever method is used, it should be documented and justified.

e Develop and test scenarios for the time period when the technology is expected to be operational at
full-scale. This could include changing the electricity grid, use of biofuels, as well as waste composi-
tion.
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14. Communicating LCA results

Effective communication of the results of an LCA can be just as important as the effectively performing the
study itself. If the results of the best possible LCA study are ineffectively communicated, then the audience
may be left confused or even misled. Fortunately, there are existing standards and directives that can be
followed to help ensure that LCAs are communicated transparently and effectively.

14.1. ISO Standards

Section 5 of ISO 14044 is dedicated to documenting and reporting LCA studies (ISO, 2006). ISO 14026 is
the standard for communicating environmental footprints (ISO, 2017), and ISO 14025 is the relevant stand-
ard for Type Ill Environmental Declarations (EPDs) (ISO, 2006). However, since LCAs provide the foundation
for environmental footprints and EPDs, it is necessary to start with ISO 14044. The most important require-
ment in ISO 14044 is that an ISO conformant third-party report must be made available whenever LCA are
shared with any third party (i.e., other than the LCA commissioner and practitioner). However, confidential
data may be placed in a separate annex that should be critically reviewed but does not need to be made
available to other third parties in accordance with ISO 14044 and ISO/TS 14071.

Results of LCAs may be used internally without a report, but it is necessary to back up third-party communi-
cations to provide relevant context and background information. ISO 14044 provides detailed reporting re-
quirements that need to be included in the report for each phase of the LCA so that the audience can effec-
tively understand and evaluate the study and results.

14.2. Critical Review

While section 5 of ISO 14044 deals with reporting requirements, section 6 addresses requirements associ-
ated with critically reviewing an LCA. ISO/TS 14071 (1SO, 2006) contains additional requirements and guid-
ance on the critical review process and reviewer competencies. The critical review process ensures that:

e the LCA was carried out in manner consistent with ISO 14040 and ISO 14044;

e the LCA was carried out in a scientifically and technically valid manner;

e the data used are consistent with the goal of the LCA;

e the interpretation is consistent with the identified limitations and the goal of the LCA; and
e the LCAreport is consistent and transparent.

The first deliverable from the critical review is the critical review statement that conclusively documents the
review process, the reviewer(s) conclusions and recommendations, and an unambiguous statement whether
the LCA is in conformance with ISO 14044. The second and final deliverable from the critical review.is the
critical review report that includes the detailed comments from the reviewer(s) and the responses of the
practitioner.

A critical review is the only way to ensure that an LCA conforms to ISO 14044, and while it may not be strictly
required in all circumstances, it is highly recommended that all LCA reports be reviewed by an independent
external expert to add credibility to the report. LCA studies that are intended to be support comparative
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assertions intended to be released to the public?, which includes most LCAs of chemical recycling, are re-
quired to be reviewed by an external panel of at least three independent experts that have combined domain
and LCA expertise. When selecting a panel to critically review an LCA it is typically beneficial for at least one
member to have domain expertise in chemical engineering (Keller, Voss, & Lee, 2022). Environmental foot-
print studies (e.g., carbon footprints) and Type Il Environmental Product Declarations (EPD) have their own
requirements for external assurance. Figure 14-1 shows the required as well as the recommended forms to
maximize credibility in the marketplace.

Recommend single
expert review

G&s

disclosed to the

No external Study report? End
public? assurance needed
It is called
Yes "werification™ under
IS0 14025
Itis called "critical
review” under 1SO
1404414071
0 14046/8 Yes Critical revigw . panel
gotprint study?2 [> mandatory (single ——> .
expert)
Critical review ; Recommend single
. Mo optional expert review
I1SO 14044 study . . ) )
Gray area when, e.g., comparing different product designs or competing
products sold by the same company.
See hitps:/link springer.com/article/10.1007/s11367-019-01706-7 for details.

Critical review
mandatory (panel)

Critical review

optional

v
Recommend single
expert review

Figure 14-1: Decision tree for critical review of LCA communications

2SO 14044:2006, clause 3.6 defines comparative assertions as “environmental claim regarding the supe-
riority or equivalence of on product over a competing product that performs the same function”. Footprint
studies cannot support comparative assertions as they consider only one environmental aspect.
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14.3. EU Green Claim Directive

In March 2023, the European Commission released a Proposal for a Directive on green claims (European
Commission, 2023). The proposed directive aims to ensure that consumers “receive reliable, comparable
and verifiable information to enable them to make more sustainable decisions and to reduce the risk of
‘green washing’.” The foundation of the directive is that environmental claims will need to be externally ver-
ified and substantiated using LCA. It prohibits the use of phrases like “net zero”, “carbon neutral” and
“eco-friendly” from all marketing and packaging unless the claims have been verified and substantiated.
This means that having a critically reviewed LCA or carbon footprint study will be necessary to support envi-

ronmental marketing claims.

14.4. Negative Carbon Emissions

An issue that must be specifically addressed is the reporting of negative carbon emissions. It can be risky
to report negative carbon emissions in an attributional LCA if carbon has not actually been permanently
removed from the atmosphere. The most common way this occurs in LCAs of chemical recycling is through
the use of subtractive upstream system expansion (Chapter 4). The avoided emissions can be larger than
emission burdens from chemical recycling leading to net-negative emissions. However, these negative re-
sults quantify a change in emissions from status quo to a situation where the waste is diverted from con-
ventional waste management to chemical recycling. As such, it represents a form of consequential model-
ing rather than an attributional “footprint” study, which is why such subtractive system expansion is not
currently allowed in environmental footprints or EPDs.

14.5. Recommendations

e Be as transparent as possible in documenting models, data, and assumptions and their potential ef-
fects on the results and conclusions.

o Follow section 5 of ISO 14044 when developing LCA reports.

e All LCA reports should be critically reviewed by least one independent expert.

o Follow section 6 of ISO 14044 and ISO/TS 14071 when performing critical reviews.
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